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ITepiAndn

H oxpiBric ‘avtiotoiyion Leuywyv Bdoewy’ oe uopio RNA, mou odnyel otnv npdiedn
Twv deutepoTay®y douwyv tou RNA, elvon {otinig onuociog v tnv e€fynomn dyve-
oTwV Ploloyixwy Asttovpyiwy. Ipdogata, o COVID-19, uia evpéng SLadedouévr o-
cvévela, tpoxdhece Tolholg Yavdtoug, ennpedlovtag TN avipmToOTNTA UE AGOAANTTO
teomo. O SARS-CoV-2, évag 16¢ povéxhwvou RNA, anédeile ) omoudadtnto Tng
AVEAUOTIC AUTOV TV HOEIWY %ot TwV dop®Y Toug. Auth 1 dlte3r) oToyelel 0To va
onuovpyHoeL éva 6UVORo GlYYEOVKY Epyalelnwy oTny xatedtuvon tne TeoPBiedng ou-
Yxexpéveny dounv RNA, ue ypron teyvixmdy cuvtaxTixic oavoryvmplong TeoTUTwY.
ITio ouyxexpéva, ctoyelel vo cuPfdher oe autd To TEdlo elodyovTag €vo GLVO-
MO XOUWVOTOUWY CUGTNUATKY TOL ATOGXOToUY 6NV TEOBAed wotiBwv deutepotayoic
douric RNA yvwotohv e deudoxdufwv RNA, ue ) yeron tTexvixdy cuvtoxtxnc o-
VOIY VORLOTE TEOTUTWY X0l TWV £VVOLWY Tou Yéyio tou TAfdoug (euy oy Bdoewy xat Tng
ehdyotne ehedidepne evépyetag. ‘Eyoviag emxevipwiel ot mpofliédeic deudoxdy-
Bwv, ot Tpotewvouevee uedodoloyieg dlauoppdvouy Ty TedBAedn tng deutepotayois
douric Tou RNA ¢ éva mpofBinuo avdhuong xat, SEUTERELOVTWG, WS Eval TEOBANUA
Behtwotonoinone. To mpdto clotnua mou avantdyvnxe, 1o Knotify, avtiuetonilel
10 TEOPBANUa Tne TedPBAedne PeudoxduPwv npdtne téEne (titou H). Ewdryer po ypoy-
porte) ywele ovugealépeva (CFG) mou emtpénet Ty avory vodpeton mdovey npotinemy
(eudoxduPuv. To Knotify nopoucidlel pla mapdpota txavotnto npdBAedng ye to mo
GUYYPOVOL GUC THUOTA AVOLY VORLOTE TN SeuTEpoTaryol Sourc Tou RNA, ahhd elvon mo-
A0 TO amoBoTIXG OGOV APOEE TOV YPOVO EXTEAEONC. 2TT CUVEYELD, TOROUCIALETAL Lol
Beltiotomoinuévn ExBoaoT aUTOY, XoTd TNV OTolol YENCULOTOLELTOL Wit TEY VIXY| XAXDEU -
TOC GUVTOXTIXOV DEVORMY, VLol TEPAUTERW TEPLOPIOUO TOL ypeovou extéleons. [ tny
TeoBAedn o nepimhoxwy neoTinwy PeudoxduBwy Titou H, avartiydnxe to chotnua
Knotify+, to omolo avtyetwnilet to npdBinua e medfredng deudoxduBwy tinou
H, ocuunepilapBévovtog actupetpous Bedyouc/eEoyxduata (bulges) xou eowtepnoie
Bedyoue (internal loops), expetahheLOUEVO TN BUVOUN TNS YROUUOTIXAC Ywele ouy-
pealopeva (CFG). Booileton oto Knotify, odAd evioylel tnv ex@pooTixdtntd tou
avalnTovTag To ToAlThoxo TeOTUTA 6Toug Bedyoug Tou (eudoxduPou. Téhog, ue
o0TOY0 TNV TEOPBAedN evog omdviou, odkd Tepithoxou TOnou PeudoxduBou, Tou heu-
doxopPou tumou L, nopouctdleton enione €va vEo ol TNUa PACIOPEVO GE YRUUUOTIXY
Y welg cLUPEAlOUEVI TOU ATOBEXVIETOL ATOTEAECHUATIXG GTNY TEOBAEPN xou ToV Yedvo
exTéleong o oUYXELOT PE dhAa GUYY POV CUCTAHUNTA. AUTA ToL XOUVOTOUN GUC THUO-
TAL X0 Ol AVAAOYES UPYITEXTOVIXEG GTOYELOUV GTNY EVIGYUCT TV SUVITOTATOY TOV
Blordywy otny TedBredmn wotifwv RNA, e éupaon oTic Slapopetixée xatnyoples (peu-
doxouPwy. Eyouv tn duvatdtnta egapuoyic ot didpopoug Brohoyxois topelc, omwg
N Yowdioxy| Vepamela, 1 oyEDOT PUOUINWY XOL 1) XUTAVONOY TN AELTOLEYIAS TOU
RNA. Emniéov, autég ol npooeyyioelg unopolv va cuvouactoly pe dhheg pedodoro-
yieg yio va Behtidoouy v oxplfBeta g meoPBredng tne Sounc Tou RNA. O tnyodol



xwOxeg tou Knotify, Knotify+, tou cucthuatoc npdfiedne tomou L xou ou Aento-
uépetec vhomoinong etvar drardéoiuot oo dladixtuo ot anovetrpla Tov GitHub yio Ty
o&tonolnor Toug amd TV XOWOTNTA, UE GXOTO TNV UTOGTARIEN Xou TNV evidppuvon
aUTAC TNG TEWTOPoVALaS.

A€Zeig xhewdid: H-timou deudoxdufor, L-timou eudoxoufor, RNA, cuvtaxtixol
OVOAUTES, YRUUUATIXES YwplC CUUPEACOUEVA, CUVTAXTIXY VO VMELOT) TEOTUTMV.



Abstract

Accurate "base pairing" in RNA molecules, which is an essential task in order
to predict RNA secondary structures, plays a crucial role in explaining unknown
biological processes. The COVID-19 pandemic, a widespread disease, has had a
devastating impact on humanity in recent years. This extreme condition enhances
the significance of analyzing RNA molecules, and their structures have been high-
lighted by SARS-CoV-2, a single-stranded RNA virus that causes COVID-19 dis-
ease. This thesis aims to develop a pioneering set of frameworks that leverage
syntactic pattern recognition to predict specific RNA structures. Specifically, it
focuses on introducing novel systems for predicting RNA secondary structure pat-
terns including pseudoknots, utilizing syntactic pattern-recognition strategies, and
concepts such as maximum base pairing and minimum free energy. By primarily
treating pseudoknot predictions as parsing and optimization problems, the pro-
posed methodologies formalize the prediction of RNA secondary structures. The
first developed framework, called Knotify, addresses the prediction of first-order
pseudoknots (H-type). It introduces a context-free grammar (CFG) capable of
recognizing potential pseudoknot patterns. Knotify exhibits prediction capabilities
similar to state-of-the-art frameworks, but significantly outperforms them in terms
of execution time efficiency. An optimized version of Knotify is also presented,
utilizing pruning techniques for further efficiency gains. To predict more complex
patterns of H-type pseudoknots, Knotify+ introduced, which extends the power of
CFG by searching for intricate patterns in the pseudoknot’s loops such as bulges
and internal loops, while incorporating the advantages of maximum base pairing
and minimum free energy. Knotify+ demonstrates superior accuracy in predict-
ing core stems compared to existing frameworks. It performs exceptionally well
in small sequences and maintains a comparable accuracy rate in larger ones, all
while requiring shorter execution times than well-known platforms. Finally, a new
grammar-based system is presented to address the prediction of a rare but complex
type of pseudoknot, the L-type pseudoknot, that proves effective in prediction and
execution time when compared to other novel systems. These innovative systems
and architectures aim to improve the ability of biologists to predict RNA motifs,
including pseudoknots. They hold the potential for application in various biological
domains, such as gene therapy, drug design, and understanding RNA functionality.
Moreover, these approaches can be combined with other methodologies to improve
the precision of RNA structure prediction. To support this initiative, the Knotify,
Knotify+, L-type prediction framework source codes, and implementation details
are available online as public repositories on GitHub.

Keywords: H-type pseudoknot structure, L-type pseudoknot structure, RNA,
parsers, CFG, syntactic pattern recognition.






Evyopiotieg

[t v ohoxhpwon tng SLatelBric au TG apleedUNXE EVOL ONUOVTIXO YEOVIXO BLAGC TN
X0l EVEQYELL TOOO TOU GUYYREAPEN OGO ol OANG TNG EPELVNTIXAC opddag Tou Edvi-
%00 Metodfou ITohuteyvelou. Ilpoéxudav moAréc duoxohiee, dmwe avopévetal oe
ular SaxTopxt| Slotelr), ahAd ue owo T xododhynon xo evidppuvon Tpoéxude To
emduunTéd anotéleoua Tou TopouctdleTon 0T cLuvEyela. Apyixd, Yo fdeha vo euyo-
PO TACL TNV OLXOYEVELL OV, TTOU AO TNV Y1 AUTHS TNG TpooTdelag Topelye xdie
ouvaty| Bordela yior vor e€ACQANGTEL O YEOVOS X Ol XATIANNAES CUVUAXES Yial TNV
emoTnpovxy autr €peuva. Ileploptopol ywpeuxol xan ypovixol xadmg xou movonules xou
eyxhetopol, amhd avodidpienoay Tov TEOTo dleCaywyhc TNg HEAETNS divovtog xdie
popd BLUPOPETIXG xivNTEA Yiar EVUANOXTIXES UeOB0UC Epeuvac xal cuvepyaoiog. O
AU Vo EXPEACL TNV EVYVOUOCUVT UOU GTOV EMBAETOVTA LOU XNy NTY| TNG o)Oo-
Mg xan xoourtopa Tou Tufpatog x. Hoavoyiwtn Toavixa yio T cuveyn xododhynon
XL TNV LUTOOVH Tou o xdde dUoXOAN cuvixn Tou TEoéxuE O AUTYH TN UoxEd
neplodo. Emiong, ueydin ftav 1 cuvelopopd Tou enixoupou xadnynth x. XeHoTtou
HawAdtou xan Tou xodnynty| x. Hiloa Moryxhoyidvvn uehdv tng Telehols ETITROTHG.
O %. IavAdtog amd Ty Te®TN Yépa TNS EXTOVNONS TNS dlate3rc Aoy 0 x0pelog Tu-
AOVaG UTOCTARIENG OAWY TwV {NTNUATOY, TOCO EPELVNTIXWY OGO XUl TEYVIXOY TOU
TEOEXUTITOY X0l AELTOVRYNOE W PEVTOPUC OANG TNG epeuvnTxhc opddag. O x. Mo-
YUAOYIAVVNG UE TNV UEYIAT eUTELlol TOU, CUVEIGEPERE UE TIC GUUSBOLAES TOU OTIOTE )
oudda To yeewaloTay xon €Bve oucLAoTIXEC AUGELS xou TpooeYyioe. ‘Ocov agopd T
CUYXEXPWEVY EpYaola, OTOYOC Exel TNV XohALEpyeLol Ulag xOLATOVpAS EupUTERNS Ole-
TLOTNUOVXTC CLVERY OGN HETOED EMOTNUOVLY TNC TANEOGPORIXAC ot TN Blohoylag.
Y10 mhaioo autd Yo Rleha Vo EUYAPLOTACL OAOUC TOUC CUVERYUTES, EPEUVNTES YOl
unyavixolg pe Toug omoioug elte cUINTACOUE ELTE GUVERY S THXAUE, TOGO Yia TNV Ve-
TIXT| TOUC TPOGEYYLOT), TIG LOEEC TOUC OAAS Kol Yo T1 GUVELG(PORE TOUS GTNY UAoTolnon
TWV TEOTEWVOUEVWY GUC TNUATWY.
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Chapter 1

Extended Introduction

RNA is an important molecule with significant contributions to many biological
processes. Genetic information encoded in DNA is transcribed into mRNA, which
in turn passes this information to the cytoplasm for protein production through
the translation procedure. This fundamental process of molecular biology is also
known as "central dogma" [1]. Beyond this key contribution, RNA is involved in
critical biological processes including the regulation of gene expression, recognition
of specific sites, and catalysis [2, 3]. All RNA types that have been examined by
scientists in recent years, aside from mRNA, are referred to as non-coding RNAs,
as their functions are related to other aspects than protein synthesis, highlighting
the importance of a deep understanding of these molecules. A crucial task in the
unveiling of RNA functionality is predicting its structure at the three-dimensional
(3D) base, called tertiary structure. Techniques such as X-ray crystallography [4]
and nuclear magnetic resonance [5| are employed to determine the complex struc-
ture of the molecule. To tackle the impediments of these methods, emphasis has
been given to predicting RNA’s secondary structure in two dimensions, i.e. pre-
dicting its secondary structure. This simpler representation consists of base pairs
(A-U, C-G, and G-U) that form structural motifs including loops, bulges, and hair-
pins. Identifying the precise locations of these base pairs and the respective motifs
is crucial in unveiling the 3D structure and the undiscovered functional mechanisms
of RNA.

Recent approaches in the prediction of RNA secondary structure have focused on
the solution of the problem by using scoring functions based on thermodynam-
ics, probabilistic models, or artificial intelligence (AI). Facilitated by a variety of
methods, the minimum free energy algorithm, initially introduced by Zuker, is
a key methodology. This algorithm benefits from dynamic programming, opti-
mized with experimental parameters [7]. Additionally, the Nussinov algorithm,
which aims at the identification of structure with the maximal number of base
pairs through dynamic programming (8|, has shown improved performance when
integrated with other, more complex algorithms [9]. In literature, methods utiliz-
ing stochastic methods, syntactic pattern recognition, machine learning, statistical
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techniques, integer programming, and various heuristic algorithms for structure
prediction have been proposed. For a comprehensive review of these methodolo-
gies, see Section 3.2.

Predicting pseudoknots, a complex structural motif, within RNA secondary struc-
tures is a very demanding task. While algorithms can accurately predict common
motifs such as stems, hairpins, internal loops, and multibranch loops, when it
comes to pseudoknots, the complexity arises because dynamic programming and
minimum-free energy algorithms are not inherently designed to deal with their
interconnected structure. Furthermore, as RNA sequences get larger, these al-
gorithms require exponentially more time to execute. To address the challenge
of accurately and efficiently predicting pseudoknots, this thesis aims to develop
platforms for this purpose. These platforms, Knotify, Knotify+, and Knotify for
L-type, focus on predicting H-type and L-type pseudoknots, along with bulges and
internal loops. They aim to match the accuracy of established methods while sig-
nificantly improving execution time efficiency.

The H-type pseudoknot, as described by [17], is characterized by its formation
from two stems and two loops of varying lengths, emerging from the intersection
of two base pairs (referred to as core stems here). Although pseudoknots are a
common structural pattern, they serve as the basis for a variety of unique and sta-
ble RNA structures. These structures are known for their diversity in length and
configuration of loops and stems (the hydrogen-bonded base pairs), playing crucial
roles in numerous biological processes. This includes acting as catalysts in various
ribozymes [10, 11], facilitating self-splicing of introns [12], and functioning within
telomerase [13]. Furthermore, pseudoknots are significant in modulating gene ex-
pression in many viruses, sometimes even defining the mechanism [14, 15, 16].
Moreover, the bulge loop, or bulge, is another crucial motif found in RNA sec-
ondary structures. This feature emerges when a sequence of unpaired nucleotides
disrupts one strand of a helix, a common occurrence across RNA secondary struc-
tures [18, 19]. Bulges are universally present in all types of structured functional
RNA, indicating their widespread significance [20]. Similarly, base-base mismatches
that form internal loops are prevalent and influence the stability of the molecule
[18].

The study of bulges is of particular interest due to the frequent presence of bulged
adenosine residues at RNA’s protein-binding sites [18, 21]. These residues also
play a pivotal role in the tertiary folding of RNA, serving as critical contact points
[19, 23]. Bulges contribute to the formation of unique recognition sites within
RNA’s tertiary structure by acting as molecular handles within helical regions
and, indirectly, by altering the RNA backbone. This alteration gives access to base
pairs within an expanded deep groove [20]. Moreover, helical segments divided
by bulges often transition between unstacked and coaxially stacked arrangements,
playing a vital role in the folding and functionality of noncoding RNAs [20]. These
references underscore the vital role of pseudoknots and motifs such as bulges and
internal loops. They are fundamental structural components of RNAs and high-



light the critical importance of these elements in the architecture of RNAs and
molecular recognition.

The existing methods for RNA structure prediction have utilized diverse algo-
rithms, including thermodynamic, probabilistic, and Al-based approaches, to vary-
ing degrees of success. However, pseudoknot prediction remains a challenging task
due to the complex interconnections and exponential execution time requirements.
To address this gap, this thesis introduces a groundbreaking suite of frameworks:
Knotify, Knotify+, and Knotify for L-type pseudoknots. These platforms employ
novel syntactic pattern recognition strategies, combining maximum base pairing
and minimum free energy concepts to accurately predict pseudoknots, bulges, and
internal loops. By treating pseudoknot predictions as parsing and optimization
problems, the proposed methodologies offer enhanced efficiency and performance,
surpassing existing frameworks in execution time while maintaining comparable
accuracy rates. Furthermore, a dedicated grammar-based system is presented for
the prediction of L-type pseudoknots, showcasing its effectiveness and computa-
tional efficiency. These innovative approaches aim to empower biologists in pre-
dicting RNA motifs, facilitating advancements in gene therapy, drug design, and
comprehensive understanding of RNA functionality. By making the source codes
and implementation details publicly available, this research fosters collaboration
and encourages the integration of these methodologies with other prediction tech-
niques, ultimately advancing the precision of RNA structure prediction and its
diverse applications in biological domains.

In this thesis, the theoretical foundation for the prediction of the RNA struc-
ture is explored in Chapter 2, providing the necessary background to understand
the subsequent developments. Chapter 5 introduces Knotify, the first developed
framework that addresses the prediction of first-order pseudoknots (H-type) us-
ing a context-free grammar (CFG) approach. The optimization of execution time
through pruning techniques is presented in Chapter 6. Building upon the achieve-
ments of Knotify, Chapter 7 presents Knotify+, an extension that incorporates
bulges and internal loops to predict more complex patterns of H-type pseudoknots.
Additionally, an example demonstration showcases the effectiveness of an extension
for predicting pseudoknots of type L in Chapter 8. Finally, Chapter 9 summarizes
the findings of this thesis and outlines avenues for future research in the field of
RNA structure prediction. The accurate prediction of RNA secondary structures,
including pseudoknots, is a challenging task with significant implications in the
field of genomics and healthcare. In this work, three innovative methodologies,
namely Knotify, Knotify+, and Knotify for L-type, were developed to detect and
predict different types of pseudoknot structures in RNA. These systems were eval-
uated based on several metrics, including the prediction of pseudoknot core stems,
accuracy of base pair prediction, execution time, precision, recall, Fl-score, and
Matthews correlation coefficient (MCC). For the prediction of pseudoknot core
stems, Knotify showed promising results, successfully detecting the core stems in
143 out of 262 sequences. It outperformed other widely used methodologies, such



as Knotty, HotKnots, IPknot, and IHFold. Knotify exhibited better accuracy in
predicting core stems in three of four groups of RNA sequences, with performance
comparable to Knotty in the remaining group. This indicates that Knotify has
the potential to accurately identify the core stems of pseudoknots in various RNA
sequences. Regarding base pair prediction, Knotify demonstrated excellent perfor-
mance in terms of precision, achieving an average precision metric of 0.784. Al-
though Knotty had a higher F1 score and MCC, Knotify achieved an accuracy very
close to Knotty. Notably, Knotify showcased better precision in all ranges of RNA
sequence lengths, while Knotty excelled primarily in larger RNA sequences. This
suggests that Knotify is a reliable method for base pair prediction, particularly for
smaller RNA sequences. In terms of execution time, Knotify proved to be efficient,
outperforming Knotty with a speed ratio of 7.76. It also demonstrated comparable
or better execution times than [Pknot and HotKnots. This indicates that Knotify
is a time-efficient solution for pseudoknot prediction in RNA sequences.

Moving on to Knotify+, the enhanced version of Knotify, it further improved the
prediction of pseudoknot core stems. Knotify+ successfully predicted both core
stems in 142 of 260 sequences, surpassing IPknot and Knotty in terms of core
stem detection. In addition, Knotify+ excelled in predicting at least one core
stem, outperforming Knotify, IPknot, and Knotty. This highlights the improved
ability of Knotify+ to predict pseudoknot core stems, even in cases where exact
prediction is challenging. When considering the evaluation metrics for Knotify+,
it demonstrated superior performance compared to Knotify. Knotify+ achieved
higher recall, Fl-score, and MCC, reducing the gap with Knotty, which still ex-
hibited better performance in these metrics. Knotify+ maintained better precision
than Knotty, similar to Knotify. This indicates that Knotify+ improves overall
prediction accuracy, particularly in terms of recall, Fl-score, and MCC. However,
Knotty outperformed all methods in larger RNA sequences, likely due to its ability
to detect additional complex patterns, such as hairpins, that Knotify+ does not
capture in this version. Future work aims to enhance Knotify+ to handle more
intricate patterns within pseudoknot loops.

Finally, for the prediction of pseudoknots of type L, Knotify for type L showed
promising results, surpassing other methods in terms of precision with a score of
0.844. The F1 score and MCC were higher for Knotify than for the other methods,
while Knotty had a remarkable recall score. This suggests that Knotify for L-type
pseudoknots is effective and accurate in predicting this specific type of pseudo-
knot. Overall, the results demonstrate the effectiveness of the developed systems
(Knotify, Knotify+, and Knotify for L-type pseudoknots) in predicting RNA pseu-
doknots. These systems provide reliable predictions for pseudoknot core stems
and base pairs while maintaining good execution times. Further improvements can
be made to enhance the prediction accuracy for larger RNA sequences and more
intricate pseudoknot patterns. In conclusion, the introduction of Knotify, Kno-
tify+, and Knotify for L-type represents significant advancements in the field of
RNA secondary structure prediction, particularly in pseudoknot detection. These



methodologies demonstrate improved accuracy, performance, and capabilities com-
pared to existing methods. The successful implementation of Knotify, Knotify+,
and Knotify for L-type opens up new avenues for future research, including the
exploration of more complex patterns (i.e., hairpins, multiloops, K- and M-type
pseudoknots), the development of advanced searching algorithms, and the creation
of an accessible web platform, equipped with a modern graphical user interface,
to enhance its accessibility and usability for researchers. These advances have
the potential to contribute to the field of bioinformatics and genomics and foster
unified collaboration between interdisciplinary teams of healthcare professionals,
biologists, and IT professionals.



Kegdhawo 2

Eicoywyn

To RNA xou ot Aettovpyieg tou dadpapatiCouy évav ToAD onuavtixd poho ot
Otdpopec Brohoyinég Aertovpyiec. XapaxtneloTixd mapdderyuo eivon 1 Sladixacio 6Tou
Ta popla Tou DNA, 6mou amodnxedeton 1 YeEVETIXr TANEOQopia, UETAYPAPOVTOL OE
mRNA, 7o onolo petagépet TNy TANEoQoplol 0TO XUTTAPOTAAGHA, OTOU AUBAVEL YOEA
1 LETAppoon xan 0dnyel oTny Topaywyn pag tewntelvng. Adyn Tng oroududTnTag TNg
Srodixaoiog authc, ovoudleton emiong ot XeEvTpxd dbyua Tng Hoptoxhc Broloyiac [1].
Exto¢ opwe and authy tn Baocwr Aettoupyia, €yet amodetydel 6Tt to RNA cuypetéyel
o€ éva YEYSho TARDOC XEVTEIXMV BLOAOYIXWY QOUVOUEVKY, OTWS 0 EAEYYOSC NG €X-
(PPUOMG TWV YOVIBIY, 1) avory vodeLor ToToVESLOY Xat 1 xotohuTtixy dpdon 2, 3]. ‘Ola
o RNA nou extelolv tig mapomdve Aettoupyieg, extdéc tou mRNA, ovoudlovton un
AWOXOTONTIXE, BLOTL EXTENOVUY Acttoupyle Mépa amd TNV XwBXOTONON TEWTENVWGY,
%ATL OV ETMPBAAAEL TN ASTTOUERT AVAAUGY| TOUG. Y€ aUTO To TAdiolo, YiveTon Qavep
N oavdyxn meolAedng xou avdiuong tng douric Tou RNA xau, ewdixdtepa, tne TeiodL-
doTaTNG BOUNC TOU, YL VO XATAVONOOUUE OAEC AUTES TIC AELTOUPYIEC Tou. Auth 7
TELOOLEC ToT SoUT) UTOEEl Vo XorOpLOTEL YENOLLOTOLOVTOS TEYVIXEC OTIMC 1) OVIAUTL-
x1y axtvoypopior oxtvadry X [4] xon 1 mupnvixd| waryvnuxy) xuptdtnta [5]. otéoo, ot
EPELYNTEC €Y 0LV ETUXEVTPWUEL 0TV avamTun wiag pedodoroyiag yio TNV TEolAedn
wag o amAfe avamapdotaong e doung tou RNA oe éva Slobidotato yweo, mou
ovoudletan deutepotayfic dopr, 1 onofo amoteheiton and Tic Bdoeic A (Adevivn), U
(Ovpoxihn), G (Tovavivy) xow C (Kutooivn) mou oynuotilouv Simiéc meptoyée xou
AVOIXTES TERLOYES, ONUIOLVEYOVTIUSC ONUAVTIXG HoTiBa YUpw amd autée, omwe Pedyoug,
eCoyxwpato xou PeudoxoduBous. Xuvenne, 1 BeuTEPOTAYHC JOUT| ATOTEAELTOL amd ToL
Zevyn (A-U, C-G) xou omovidtepa and 1o Leuyog (G-U) mou oynuatilouv Sidgpopa
wotiBa. H axpiric Véon twv (euywy Bdoewy xou twv potiBuy, avtiotolya, arotehel
€val Yprowo opdonuo xal onuelo exxivnong yua TNy avoxdiudn g Telodldotatng do-
UM xat, w¢ eX ToUTOU, TNV XATUVONoT TwV Aettoupyldy Tou RNA.

Ou npdogateg pédodol mpofiedne deutepotay®y doudy tou RNA Boasilovton xuplwg
o€y ouvdptnoT Baduordynong mou unopel va Baciletar ot Yepuoduvouixoie, mio-
votxolg 1 ahyoplduoug teyvnthc vonuoolvne (Al). To peyahitepo pépoc twv ye-
VOBWY EVOWUATMVEL ol TEOCUPUOLEL Evay alyoprluo eNdytoTng eEAelUepng eVERYELOG
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Tou eworjyorye o Zuker, o omolog yenoulonolel BUVOUIXS TEOYPOUUATIONS EVIGYUUEVO
ue moapopétpoug and mewpduata [7]. O akybdprduoc Nussinov, eniong évog and toug
TO YVwoToUg ahyopiuoug, otoyelel otny TedBredm tne deutepotaryols dounc YECH
e medPredng Tou peyahltepou aprduod (euyny BAcEwyY, YENOWOTOLOVTISC SUVOL-
x6 mpoypappatiopd [8]. H pedodohoyio auth mopovoidler tn peyohiteprn amodoti-
XOTNTA NG, OTOY GUVOLALETOL 1) EVOWUATWOVETUL (G ECWTEPIUO CUCTATIXG OE dANOUG
mo eZelypévoug ahyopiduous, 6mwe oto [9]. ‘Alhec olyypoves mpooeyyioels €youy
YEYOWOTOACEL GTOYACTIXEG UEVHOOUS, GUVTUXTIXY| AVUYVOELOY) TEOTUTWY, UMY UVL-
x| padnoT, oTATIOTIXES TEYVXES, OXEPALO TIROYRUUUATIOUO 1) GAAOUS EURPNUATIXOUC
oAy ORLIUOUC Yo TNV AVTWETOMOT TNg OLadixactag teoBiedne. H evotnta 3 nepthop-
Bdver pior Aemtouepn) avdhuon g oyxeTxrg Pihoypagpiog ye mopadelypota pedodwy
ano OAEC TIC TOPATAVE XATNYOPLES.

Ye wa deutepotoryy) dour Tou RNA, 1 xatnyopla twv Peudoxdufwy elvon n mo aman-
T gpyaota avapopixd ue TNy teoliedn tne. ‘AN xowvd potifa elvon ot Bpodyor,
Tor e£0YUOUATA, Ol avoduele, ol eowtepixol Bpdyol xou ol toAlamiol Bedyot, Ta o-
molor ToAAol olyodprduol eivan oe Véon va tpofAénouy e uPniy axpelBeta. Avtiveta,
1 meoPAedn evog heuddxoufou elvon TOAD 8UGXOAY, EMEWST oL oAyoELIUOL BUVIULIXOY
TEOYPOUMATIONOL Xt EAGYLOTNG eEAeUVepnC eVEpyetag Bev elvan dounuévol e TpoTo,
OOTE VoL UTopolV v eQappocToly o (PeudoxouBoug AoYw NG TOAUTAOXOTNTAUS TNG
douric Toug. 'Evav dilo onuavtixd Adyo amotehel To yeyovog Ot pe Ty adénonm
Tou uixoug Tou RNA, autol ol odyoprduot anatoly exdetind ypdvo extéreone. Emo-
HEVGC, 1 avdryxn Yo ot o3 TedBAedn twv Peudoxdufwy odriynoe auth Ty épeuva
o1 Onutovpyia plog oeleds ohyopliumy Xou avTIoTOLY WV TAATPORUMY TOU TROBAETOLY
(euddnouPoug timouv H, ot cuvéyeia cUVBLAGUEVOUS UE EEOYHDUOTA XAl ECLTEQRLXO-
0¢ Bpoyoug xau Peuddxopfouc tumou L, pe axpifeia mapduolo ye yvwotéc pedodoug
X0, TAUTOYEOVA, TLO ATOTEAECUATIXOUS AVAPOPIXE UE TOV YPOVO EXTEAECTS, TIOU OVO-
udlovtar Knotify, Knotify+ xou Knotify yio tov tino L avtiotouya.

O {JevddxouBoc tonou H [17] anoteleltan and dVo meproyée pe oulevypéves Bdoelg
xan 600 Bpodyoug. O Beodyol tou PeudoxduBou Blac TAVEMVOVTAL UE ATOTEAECU 1) Ula
TAEUREA TOU EVOG VoL xAveL BEGUOUS LOROYOVOUL Ue 1 uiot Thevpd Tou dAhhou. Ilapdro
mou o (euddxopPog eivon €var TUTIXG POTIBO, Elvol O EXOAVITAC YA EVIUTWOLOXES OA-
A& aviextinég dopég tou RNA nou cuvdéovtan pe maAndopa BLOAOYIXGDY AEITOURYLMY,
Omwe 1 xatahuTixy| Aettoupyia Stapdpwy ptBolipwy [10, 11], n autoxonh Tov vTtpdvey
[12] xou 1 tehopepdon [13]. Ot heuddxopfor cuyvd UUBAANOLY, UEPIXES POPES oxdUN
xat 070 Badud Tou xooplopoy, oTNY AAAXYY| TNG EXPEUCTS YOVOIWY TOAAGDY LKV
14, 15, 16].

Emuniéov, avolbovtog meplocdtepo ta potiBa tar onola eEetdotnxay, To 0y XMUATA
xaL oL aoVUUUETEOL Bedyol BnuLoueYolVTaL OTAY Lo dAUGCTON BlaxOTTETOL O Wla 1) Te-
plocoTepeS Bdoelg TNg aAucidog xou TaEaTNEOUVTAL CUYVE GTIC OEUTEPOTAYE(S BoUES
tou RNA [18, 19], xod¢ epgpavilovton oe dha ot €idn Sounuévmy Aettoupyixddyv RNA
[20]. Ou avuotowyiec Bdoewy, mou dnuoupyoly eontepixols Bpdyous, ennpedlouy
enione ™ otadepdtnrar Tou popiou [18]. Ewdwxd, ov epeuvntéc éyouv emixevipwiel
OTN UEAETH TWV ACUUPUETEWY Bpoywy, AoYw TNG CLYVOTNTOC UE TNV OTolo OL TEPLOYES



ue e€oyxmuota adevivwy epgaviCovton ota onuelo cOvdeong pe mpwteivee oto RNA
[18, 21], eved hertoupyolv eniong we onuela emagpric otn dnwovpyia TS TerToTayols
douric tou RNA [19, 23]. O actypetpor autol Bpdyol 1 eoyxmpoto dnutoupyolv
wovadixég Tomovesieg avaryvapetone oTic Tettotayeic douéc tou RNA ye 80o tpdmoug,
TEOTOV BPOVTUC WS UOoPLaxéS ABEC EVTOC TwV 0AUGIOWY ot OEUTEQOY, UE EUUECO
TE6TO0, TopaUoppOVTAS TNV “payoxoxahd’ (backbone) tou RNA, emtpénoviag tny
npbofaon ota Levyn Bdoewv pe éva dievpupévo tpomo [20]. Emmiéov, eivon ouyvo
povouevo ta aTotyelo TS ahuaidag mou yweilovton and e£oyrOUUTA Vo TEPVOUY oo
ueToPdoelc HETAEY U OTOBAYUEVOY XAl GUUHETEXE G TOUSUYUEVOY CYNUATIOUWY XUTH
™) Sdpxeta Tng avaldimAwong xou TNne Aettoupyiag Twv un-xwdixonoimntixey RNA [20].
‘Oheg oL avertépw avapopés Belyvouy T onuacior TNS VoY VmeLong TwV ACUUUETEMY
Beoy oV 1) EL0YUWUATOY XAl TOV ECWTERXWDY BROY MY WS XEVTRIXMY BOUIXMY G TOLYEIWY
o€ €vaL UEYAAO T0G0GTO BoutV (PpeudoxduBwy tou RNA.

YuvodiCovtag, 1 axeBric meoliedn Twv deutepotay®y douwy TOAITAOXWY HOTBwY
omwe ol Peuddxoufot, ol achuueTtpol Bpdyol xou oL ecwtepxol Bpdyot, elvon eZéyovoag
ONUACIAS GTNY ATOXWOXOTOMOT) TWY AELTOURYIXWY TTUYWOY TV Yoplwy Tou RNA. O
umdpyovoeg uedddol yioo Ty TedPBredn tng dourg tou RNA €youv yenowonoiioet
otdpopouc alyopituoug, cuurepthouBavouévmy Vepuoduvauixwmy, THAVOTIXGY Xt Po-
OIOUEVWY OE TEYVNTH VONUOCLVY TEOCEYYICEWY, UE BLUPOPETIXY TOGOO T EMTUY (oG,
QQo1600, 1 TEOPRed TwV PeudoxduPwy Tapauével U TEOXANON AOYW TwV cUVUE-
TWV AGAANAETUORACEMY Xl TWV AMAUTACEWY Yia exVeTiXd Ypovo extéheone. Ta vo
AVTIHETOTLOTEL QUTO TO XEVO, QUTH 1) OLTELBY| TUEOUGLACEL Lol XOUVOTOUO GELRA TTAAT-
poppwyv: Knotify, Knotify+ xou Knotify yio toug deudoxoduBouc tomou L. Autég o
TAATPOPUES Y PNOHLOTOLOUY XOUVOTOUOUS ohY0RIILOUC GUVTAXTIXNS oV VIPLOTG, CUV-
dudlovtag Evvoleg PEYLOTNS avTio Tolylong Bdoewy xou eEAdylotne eAeliepng evépyelag
yioe TV o3 meoPBhedn twv PeudoxduBwy timouv H, aclupeteny Pedywy xat ecw-
TepY Ppdywy ot avtioToryoug peudoxduBouc. Me tov TpoéTO aUTO, 1 Bladxacia
TeoBAedNg TV PeudoxduBuwy avTeTwtileton we TEOBANUL avdALoTg xou BEATIOTO-
Tolnong, TEOoPEPOVTIC PEATIOUEVT] ATOTEAECUATIXOTNTO X0 OTOO0GT, UTERPotvovTog
TIC UTAPY OVUCES TAATPOPUES GE YPOVO EXTEAECTS, DLUTNEWVTAS TORIAANAa cUYXEloES
Téc axpifelag mpoPiedne. Emmiéov, mapoucidleton éva e€etdixeuuévo clotnua Po-
OLOUEVO OE YROUHATIXES Yiot TNV TeOBAed Twv Peudoxoufwy tinou L, embdeixviovtog
TNV AMOTEAEOUATIXOTNTO XU TNV UTOAOYIGTIXY) amodoTixoTnTo Tou. AUTEC oL Xawvo-
TouEC mpooeyYioels oToyebouy 6To Vo e€omhicouy Toug Blohdyoug Yo TNV TEOBAedn
Twv wot{Bwv Tou RNA, dieuxolivovtag i e€elilelc otn yowdioxn Yepanela, Tov oye-
OLOUO POPUEXWY XaL TNV xaTovonon e Asttoupyixdtntog Tou RNA. Awndétovtog
TOV TTNY o XMOWA X TG AETTOUEQRELEG LAOTOINONS Yl ONUOGLoL YeoT), AUTH| 1) €pELVAL
npowdel TNy ollonoinon auTeY TwV YEVOBWY GTO TAUGIO GAAWY TEYVIXOY, UE GTOYO
™ Behtlwon tne axpifelog tng medPBredng g douric Tou RNA oTic tohhamhiég eqope-
uoyég mou evtonileton oTov Topéa Tne Plohoylog.



2.1 lleplypappo tng AtatelfBng

Yy evotnto auth) Topouctdleton éva Teplypaor TS OloteBhc, Ue T dour| Twmv
Kegahaiwv xar tov Hopaptnudtonv. Xuyxexpuyléva:

e Y10 Kegdhao 3 avardeton 1 Yewpntixd Bdon tng mpoliedng tne dourg tou
RNA, pe evoetnéc pedodoug xan mpooeyyioel mou éyouv avamtuydel ot
BBhoypapla.

e Y10 Kegdhowo 4 mopéyovton mAnpopopieg yio o anopaitnto unoBadpo mou o-
TouTelTon Yo THY XaTovonon Twv endpevey Kegolalov.

e Y10 Kegdhowo 5 mapouoidletan ) nodtgopuo Knotify xan o mpdtog alyderiuog
mou avantOyUnxe, o onolog avTiwetwrilel TNV TEOBAedn Peudoxdufwy TEHTNg
Ene (tormou H) ye v yefon wac npotewvéuevng yeoppoatxrc (CFG).

e H Beitictonoinon tou ypdvou exTéAeong PEGK TEYVIXMY XAADEUATOS TUPOUGCL-
&leton oo Kepdhano 6.

e Me Bdon ta emtebypota tou Knotify, oto Kegdhowo 7 napouoidleton n mhot-
popua Knotify+, wa enéxtaon nou cupnepthaufdvel acupetpoug Beoyoug 1
eE0YUDUATO XA ECWTERIXOUS Bpodyoug yio T TedBiedn mo ToAdTAOXWY Ttpo-
TOnwY PeudoxoduBwy titou H.

o Mia enéxtoon tou Knotify yia eudoxduBouc tomou L mapovoidletar oto Ke-
(pAhono 8 ue plar VE TROTOTONUEVT] Y QOUUATIXT.

o Téloc, oto Kegdhouo 9 cuvodilovto ta eupriuota autrg g dateBng xan ma-
EOUGIALOVTOL OL TEOOTTIXES Yiol UEANOVTIXY €peuva 6TOV Topéd TNS TEOPBAedNg
e deutepotayolg dourc tou RNA.

Avapopd pe to topapTAUaTa Tou tapatidevtol oto Téhog Tng BlatplPhc:

o 1o Iopdptnua A" napoucidlovtal oL cuvTouoYEAPlEC TOU Yenotwomol N ay,
HE GTOYO TNV XATAVONGCT| TV OPKY TOU oVATTUGCOVTOL.

o Y7o Iapdptnua B’ mepihopBdveton €va Yépog Tou xmOxa mou avamtOyInxe yia
TNV vhoTolnom TwV CUCTNUATWY Yot TNV TEOBAEYN TwV PeudoxduPny.



2.2 Xvuvewogopd tng AlxtelfBNng

H cuvelogopd tng mapoloog Swtpdric cuvodileton ota oxdhovdo onueio:

Ipotetver e€edixeuuéva cuoThdata TEoBAedne PeudoxouBwy pe ™ yeron u-
BelOx®Y HOVTEAWY, Tol OTtolol AELOTIOLOUY T CUVTAXTLXY| 0VOLY VELOT] TEOTOTWY,
xadwg xan Broroyixd xan evepyetaxd xprthplo. H peydn oxpiBeio xon toydtnTal
exTéAeoT|c Toug oToyelEL oty adlomolnor Toug and Toug BloAdYoug Yol TNV
Tay UTEEN AmdXELoT Xt TN BEATILON TV AMOTEAEOUATOY TOUC, OTIOU UTO omall-
Telton.

Evtonilet oOvieta potiBa (peudoxduPuv, to omoio TOAEC Qopéc oyvoolvTo
AOY O TWV EAGYIOTLV TURUBELYUATWY TIOU €Y0LY EVTOTUOTEL. {26T600, T0 GUOTNUA
elvor €toyo va ouunepthdfel tétoleg douéc otny TeOPBRedn Tou, dtav autd Va
TUEOUCLACTOVY, GE TEAYUATIXES CUVITIXES, OTN PUOT).

Arnotelel ) Sour), Tévew GTNY onola uTopoLY Vo avanTuy VoLV VEd GUCTAUATI 1
VoL BEATIWY00Y UPIGTIUEVOL EQPOGOV O XDOOLXAS TV VAOTIOLACEWY elvar Stardéaiuog
o€ onuoota amodeTripLa.

Anuovpyel To TpdTO GUVOAO CUOTNUATWY, Uéca e i euplTEEN EpYOAELOV XN
TIOU TEOETOWALETAL XU OTOYEVEL OE piot OAGTIXY TROGEYYLOT YLoL TNV OVIAUGT)
xou TNy TedPBAedn douwyv RNA.



Kegdiowo 3
>xetxr] BipAloypopia

Y10 Kegdhowo autd mepoypdpovion Oheg ol clyypoveg uédodor medfBiedng tne
deutepotayolc dounc tou RNA. Apyixd, neprypdpovton ol netpapatinéc pédodol mou
YENOWOTOLOUVTOL YLl AUTO TO OXOTO, EVE GTYN CUVEYELX DIVETOL EUPAOT) OTIC UTOAOYL-
OTXEG UEVOBOUG %O OTIC OLUPORETIXES TPOCEYYIOES TOU U TEG axorovdolv.

3.1 Iletpopatinn enarABsuon

O yédodol merpapatinfic enoddevone, dnwe n xpuotodhoypopio ye axtivee X (X-
ray crystallography), n goouatooxonioc NMP (Nuclear Magnetic Resonance spec-
troscopy), n ynuxi aviyveuon (Chemical Probing) xat 1 xpuo-niextpovixy pixpooxo-
i Cryo-electron Microscopy) cuyxatahéyovton oTig xUpleg epyao Tnplaxés uedodoug
mou egapudlovtar yio Tov xadoploud tng dounc tou RNA. Kdle plo omd autée tig
uedodoug mpoopépet uia SlapopeTixn SLdc TooT Yo TV avdAuon tTne dounc Tou RNA.
H xpuotodhoypapio pe axtivee X emitpénel TNV OAOXANEWUEVY AVIAUGT) LOPLAXODY
douwy péow TN xpuotahlonoinong, eve n gaoupatooxorio NMR mapéyel mhnpogo-
eleg Yo Tig Souxég X SUVOIXES WBLOTNTES TwV Uopiwy ot Bidhuua. And tnv GAAY,
N YN aviyveuon emTEEneL Tov TEoadloploud meptoyv Tou RNA mou vgictavto
YNUXES OANXYES, TPOCPEQOVTAS TANPOPOPIES VLo TIC AAANAETLOPACELC TOU UE dAAL
uopta. To metpouatind amoteAéouota amoTeEAOLY TNV O €YXUEN Xt AELOTLOTY LOP®
emBeBaiwong g dourc Tou RNA, xadotdviag auté Tic uedddoug ouclac Tind ava-
TOOTUCTO U€pog TNE douxc Broloylag. XTic oxdhoudeg evotnteg mapouctdlovTal ol
pédodol autéc ue Tic avtioTolyeg dadxaciee Tou axoloudolvTal Xou TEQLYEAPOVTIL
TOL TAEOVEXTTATO X0 TO UELOVEXTAUATE TOUG.

3.1.1 Kpuotarhoypapia pe yprion axtiveoyv X

H teyvixr tne xpuotahhoypagioc pe axtivee X (X-ray crystallography) eZetdlet
AETTOUEQOS T OOUN TwV TOAITAOXWY BLOAOYIXWY HoplwY, OTKE oL TEKTEIVES xon Ta
VouxAgivixd o&éa. Autr 1 uédodog yenowonoteitar and Tic opyéc Tou 200U adva
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xaw otneileton otny eneepyacio Twv woplwy Yéoo oe dudpopeg cuvirxes xa Yepuo-
xpooieg BLAOPOTOg («YWpog cuviMuMVy) yior T dnuiovpyio xpuotéiiov. Ereita, o
%00 TAAAOC AUTOC BLadAATOL UE CUYXEXPUEVO TEOTO pE axTiveg X, oL oToleg Topdyouy
Lol TELOOLAO TOTY) EXOVAL TN TUXVOTNTAS NAEXTEOVIWY PECA GTOV XEUGTAAAO, GUVUTO-
hoy(lovtog TIC HETPNOELC TWV YWVIMY X0 TOV EVIGCEWY XoTd T1 dtodixactio. Auth 7
TUXVOTNTA TOREYEL TANPOPORIES Yot TIC VECEL TWV ATOUWY, TOUS YNUuxolg decUo0g,
Tig dratopary€c xou dhhar otovyeta Tou popiou. To RNA, Adyw twv eldxdy tou yopo-
ATNPLOTIXWY, OTWS 1) Hopph, To Yéyedog, To Wixpd aAgdfnto ctolyelny ue T€ooeplg
Bdoeic, Tne xuplopylog Tou Lebyoug Bdoswy xau Tng EAxag popghc A, Tpocpépel Thco-
veXTApoTa oTny xpuo tahhoypapio. Ewwotepa to RNAs mou eivon wixpdtepa twv 400
VOUXAEOTIOILY, UTOPOLY VO THPACHEVAGTOVY OE PEYAAEC TOGOTNTES, EVE TAUTOYEOVA
N aAAnhouylo etvor BlahuTy) o UPNAEC CUYXEVTPWOELS, GTOLYElD omoEALTNTO Yol T
onuovpylo xpuotdhhou. Ilopd tor 0PENT TOU AVAPECOVTOL, OPLOUEVIL UELOVEXTHUNTA
elvol To amauToVUEVO *OGTOC, 0 YEOVOS LAOTOINoNG Xt 1) aduvauio TOAES Qopéc ETo-
VOANTTIXOTNTAS TV SLABLXACLOY XEUC TaAROTIOMONG, VM 1 ThaoTixotnto Tou RNA
neploptlel TN duVATOTNTA EQUPUOYTE TN HeVOdoU AUTAC.

3.1.2 ®Poocuparooxonioo NMR

Mo dhhn pédodoc yior Tov mpocdioploud tne dourc Tou RNA eivan 1 gacuato-
oxotia Tupnvixol poryvntixol cuvtovioyolb (NMR). Auth n teyvixy| yenotponoteitat
OYETXA UE TN SOUN ou TN SUVAUIXT] TwV Uoplwy VouxAeixol oféog, omwe to DNA
xaw to RNA. H goocuatooxonioc NMR unopel vo exteréoel avaiboeic oe SldAuua,
TopéyovTag onuavtixée TAnpogopies yioo T RNA, pe oyedév 1o 50% tov yvootdhv
doucdyv RNA va €youv mpocblopiotel ye 1 yenowonoinorn authc tng teyvixrc. H
gacpatooxornio NMR etvar xuplwe yerown yia tny aviyveuor twv 8oy xpewmy Uo-
olwv RNA, €n¢ xou 100 vouxheotdiwy. 'Eva and tor TAEOVEXTAUATE TNg €VavTL TNg
xpuoTahhoypaplog axtivev X elvor 6Tl Tar UoELa TOEATNEOVVTAL OTY) QUOLXT| TOUG X0
TdoTaon SLohOUATOS, avTl TNG XEUOTUAAXAC LOPPHC, TO OTolo UTOREL Vo EMNEEdoEL
T Souég WoTNTES Tou Woplou. EmmnAéov, n gacupatooxonia NMR eivou owovout-
%0TEEN MO TNV *EUS ToAhoYpapia axtivey X, ahAd ol Souég Tou avaxohdTToVToL Vol
Ayo6tepo axpelc.

3.1.3 XnuwxA aviyvevor (Chemical Probing)

H ynuwer aviyvevon (Chemical Probing) amotehel wa dAAn newpopatind) uédodo
TIOL EVEEMC YENOHOTOLEITOL WS YT YORT TROCEYYLON YLol TOV TEOGOLOPLOUS TNS SOUTC
tou RNA. Ta pépia RNA unoBdilovion oe ynuixy| Teomononon o8 GUYXEXPWEVES
Véoeic Bdoewy, xou Ta AmOTEAECUOTA EQUNVEVOVTOL UE TN Yenon Sdpopwy olyopld-
uov. Xe éva elpopo ynuixic aviyvevong, éva RNA mou pog evdlagépet tpomonoteiton
UE €VOL YMULXO OVLYVEUTH| 0TS Yol Ttapdideryuar efvan o Yeuxde diuedulectépag, mou
avTLOEA e YouxheoT(dLo. AuTtol oL aviy VeuTEG ETAEYOVTAL WOTE VAL £Y0LY AVTIORUOELS
ToU €CUPTOVTOL UG TO TOTUXO TEPYBAAAOV EVOC VOUXAEOTIBIOL. e oUYXELOT UE TNV



xpuoTohhoypapla axtivwy X xat T gaopatooxoria NMR, n ynuwua aviyveuon etvou
YerYopn %ot EUXONY), TEOGHEROVTAS EVary amAG xal axel3Y| TEOTO avIAUGTC TNS OOUTNC
tou RNA. Emnmiéov, 1 ynuur, aviyveuorn cuunhdxwv RNA xow RNA /protein yropet
VoL TEEYEL UEYAAA GUVOAXL BEBOPEVWY, TROCPEPOVTIUC AETTOUERELC TANPOYOpRiES OYETL-
x4 e ) dour) Tou RNA. ‘Onwe xou oe dhheg nelpapatinée npoceyyioels, 1) diadixaota
Tepléyel Bidpopes wopéc YoplBou xal To TEWUUATIXG amoTEAéoUaT EEUPTWVTAL AN
TIc oUVUTXES, Omwe To pH, xdtw and Tic onoleg hauPdvel yopa to melpoua. ‘Etot, 7
dopn mou TEOXUTTEL UTopEl Vo ToEOoUGIALEL AMOXAICEL amd TNV TEOYUITIXY] SOUT| TOU
poplou.

3.1.4 Kpuvo-niextpovixy uxpooxonia (Cryo-electron
Microscopy)

H xpuo-nhextpovini uxpooxotia (Cryo-electron Microscopy) Vewpeiton w¢ plo
and Tg TAéov Loy LeES Uedodoug ot douxr Brohoyla ta TeheuTador O€xal ypovia. TN
HOVOOWUATIXT XPUO-NAEXTEOVIXT| UXEOOXOTIA, Blohoyxd paxpouodpla tTotodetobvTo
oe €vay VOGO Tdyo e Tuyaloug mpocavatollodols. To moywuévo mhéyua ee-
TaleTol OE EVOL NAEXTREOVIXO UXQOCKOTIO XUl CUAAEYOVTOL EIXOVEC TWV CWUATOIWY.
Méow g €€lo0ppdTNoNe %ol TOU GUVBLUCUOU TEOBOADY CWUATIOIWY OE BLPORETL-
%0UC TPOCAVATONOUOUS, UTOREL VO AVIXATACKEVAC TEL €VOC TELOOIAC TATOS YAETNG TOU
cwyatdiou. Ilpbogateg e€ehielc 610 LAMOUXO %ot TO AOYLOUXO ETETREYAV GTOUG
epeLVNTEC Vo TPOGdloplcouy Souéc LYMANG AVEALONG XaL TOMAGY CTOYWY ToL Vew-
eolVTaY ToEABOGLOXES TEOXANCELS, OTWE UEYHA TEWTEMXE GOUTAOXO XoU TEWTELVES
mou eivar 600%0A0 VoL XPUG TOAAWIOOV.

3.2 Yrohoyiwotixec MeDodou

To peyahitepo pépog twv alyoplduwy mou €youy avamtuydel yia Ty TedBiedn
Nn¢ deutepotaryols dounc Tou RNA €youv evonuoatdoel Teyvixég duvauixo) Tpoyeo-
potiopol oTic dLadixaoieg Toug. Autég ol uedodol oToyEoUY GTOV TEOGBLOPLOUS TNG
mo miavrc 6euTEROTAY00S BOUNG UE TAUTOYEOVT EAXYIC TOTOINOT TNE EAEVUEPNC EVER-
yewog mou ouoyetileton pe ) dwdixacio ttong [25, 26]. Oplopévec mpooeyyioele,
OTwe auth oL Tpotddnxe and tov Cao [27], éxouv emixevtpwiel eldind oty TedBredn
Twv PeudoxduPwy, hauldvovtog unddn Topdyovieg OTWS 1 EVIpoTia, 1 oTadepdTNTA
xou 1 eEAdytotn eheliepn evépyela. H anddeiln tne NP (nondeterministic polynomial
time)-completeness yia To TpdBAnua TEdBrednc e deutepotayoic dourc Tou RNA
[28] éxel 0dnyhoer TNV epELVNTIXT XOWOTNTA GTNV AVATTUEY GTOYUCTIXMY Xl EUPL-
oty pedodnv [29, 30, 31]. Eva napdderyua eivor o akydprdpoc Knotty [32], mou
yenotponotel tov ahydprdyo CCJ (Chen-Condon-Jabbari) pe apotonoinon yio tnv
TedRBAed Twv PeudoxduBwy. To ProbKnot [34], and tnv dhhn mhevpd, unohoyilel tic
THovVOTNTES OYNUATIOUOL BACEWY TwV UN-PeUBOXOUPBIXGY UTOBOUMY Xl XU TAUCHEVALEL
TN SeuTepOTAY ) doun) PACIONEVY OTO UEYIGTO aVoEVOUEVO eTtinedo axp{Belac. O IP-



knot [35] expetahhedeTon To TAEOVEXTHUATA TOU UXEQULOU TEOYEUUUATIONOU XAl TGV
TAVOTATOY OYNUATIONOU BACEWY, UTERTERMOVTIS O axp(Bela TwVY TEONYOUUEV®Y [UE-
068wy oe cuyxexpwéva olvoha dedopévmv. H enéxtaor| tou, to IPknot2 [36], ypnot-
womotel To povtélo LinearPartition xou tn (eudoavouevouevn axplBeta yio Tov utolo-
Yoo BELTEROTAY WY Bouwy e Peudoxdufouc oe Yeauuxd yedvo. Auth n Bedtiwuévn
Ex000T UTOPEL VoL YELRLOTEL UEYAAES axolovlieg péoa oe AoYd YEOVO EXTEAECTC, AV
X0l UTIGEYEL axoun Y weog yia Behtiwon otov Touéa tng axpifelag. ‘Evag dhhog tOnog
Tpooeyyloewy yioo TNV TeoBAedm tng deutepotayols dourc Tou RNA Baciletoun ot
CUVTOXTIXY) VOLY VOPLOT| TEOTUTIOY Xol TIC YROUUTIXES Ywplc oupgpaloueva (SCFG).
Médodot 6nwc to Pfold [37, 38], to PPfold [39] xat to RNA-Decoder [40] eqapudlouv
SCFG vy tnv npofiedm tne deutepotayoi doung. Autéc ol tpoceyyioelg ewdixevo-
VTOL GTNY AVoY VOELOT LOTIBWY, EMITEETOVTAC TOUSC Vo avaxoAUPOUY OUOLOTNTES OTIG
dopéc Tou RNA. Av avardécouy xoatdhhnha Bden otoug xavéves, autéc ol uédodol umo-
eolV va Bedtidoouy Ty axp(Belo e medPredne.  Aidpopa mAalol mou Pactlovton
oe SCFG, ouuneprauBavopévev touv Evfold [42], tou Infernal [43] xo tou Oxfold
[44], éyouv avantuydel yio v avupetdTon e npdBiedne e deutepotayolc do-
une tou RNA | unoypauuilovtag tn onuaocio T arotekeopatinic cuvepyaoiog uetodd
YOEUUUATIXWDY X0 UTOAOYLOTIX®Y UEVOBWY, EVPLOTIX®Y %ot TIoVOTIXWY alyopiluwy
xoL TNV €vTadn EVVOLOY OTWE O UTOROYIOUOS TN eAdyLoTng eheblepng evépyelag, o
uéylotog apriuog (evy®y BAoewy xou oL TaVOTNTES OYNUATIOUOY AUTOV.

To tehevtala ypodvia, ol akydprduol unyovixic uddnong €youv xepdioel emiong Ty
TpocoyY| otov Touéa Tne TeoBhedne tne deutepotayols dourc tou RNA. Autéc ol
uédodot cToyelouy oTo var avoxahbgouv xpupd potifa otic oaxohoudicc Tou RNA
YENOWOTOUOVTAUS TEYVXES ETBAETOUEVNG ot UMFETPBAETOuEVNS wdinong. §2oTo00,
TOMES pedddol unyavixrc udinong, wiaitepo autég Tou yenotponoy Batid udinon,
oLY VS amatToVY UEYAAA GOVORX BEBOUEVMVY Yol VO ATOTEEPOUY TNV UTEPUOVTENOTIOLN-
on (overfitting) xou vo emitdyouv xof| yevixeuon. Ia nopdderypo, o Singh x.d. [45]
ocuvdlacay TN Badd pdidnon ue xdmoloug TpLtoyeVel TEploplopols Yo T Behtiwon
e axpifetoc tne tpdPredne tne Soudc. Enloneg, oty epyaocia [9], yenowornomidnxe
éva 6ixtuo LSTM pe Sumhn xoatedduvorn xou 1 opy i IBPMP yio va emihéZel Ti¢ owotég
Bdoeic xou va mpoPiéder tic Bértiotec dopée. To ContextFold [46] etvon évag ddhog
alyoprduog mou cuvBudlel TAnpogople axoloutiog xou TAoustou Y TNV TEOBAEM
¢ Seutepotayols dourc Tou RNA. Xenowornowel teyvinée Padide pdidnorng, €o-
x6TEPa CUVEAXTIXG Veupwvxd dixtua (CNNS), vy va evronicer tic oupgppaldueves
e€opthoelg petagd vouxheotdlwy. [o tny avtipetdnion tne tedBiedne twv deutepo-
Tory v dopov pe Pevdoxdufouc, to ATTIold [47] cuvdudler povtéra Badide pdinone
UE unyoviopod tpocoynic. Me tnv xwoixomoinom evog nivaxa oxop avtioTolylong Bdong
xou T yeon evoc Luvehxtixol Neupwvixod Awtiou (CNN) yio tny anoxwdixono-
inom, to ATTfold ctoyelel oY ayUah®dTION TOAITAOXWY EEUPTACEMY OTIC UXONOU-
Viec tou RNA xou ot Bedtiwon e axplBelac tng nedfredmne. Mia dhin tpocéyyion,
Yvooth o 2dRNA [48], yenotponotel wio ouleuyuévn dadixacior SixTHou VELRGOVKV
Bddoug BV cTadlwy. e authv TN pédodo, éva dixtuo LSTM e Simhy) xotediuvon
xwdixomolel Tar 6edouéva oe LPNAGTERT BLdG TIoT, X €val BiXTUO TATIPOUC GUVDEOTS



anoxwodixomolel T dedouéva yia TNV Topaywyr tng dourc tou dot-bracket, Smiady
o oxohoudia amoteholuevn and tekeieg, mapeviEoeic xon ayxUAES TOU LTOBELXV)IOLY
v Omapén 1 oyt Levydyv PBdocmv, dnuovpyovTag Tol Ta tapatneolueva wotiBa. E-
A0V, UTEEYOUV dpXETOL XUAd EDPAULWUEVOL GAYOPLIUOL %ol AOYLOUIXA TOUXETA TOU
YENOWOTOOUVTOL EVREWS Yiat TNV TEOBAedn tne deutepotaryols douric Tou RNA. To
CONTRAfold [41] cuvbudlel Yepuoduvouxés xar eZehxtinés TAnpogoples i TV
eZoywyn tne dopric. To RNAstructure [49] npoogépet piar oepd odyopldumy yio tny
TeoPBRedn e deutepotaryolc dourc Tou RNA, cuunepihopfBavouéveny aiyopliuwy Ba-
olopévwy otr Vepuoduvouxr xou pedodwy cuyxpltixnig avdiuong axolovhmv. To
RNAalifold [50] yenowonotel por mpocéyylon ouyxpltixfc avdhuong oxolovdiiy xat
ouunepthouBaver Ty eZehxtind| Swatrienon, eved to CentroidFold [51] npofiénet Sopéc
YENOWOTOLOVTOS ULt TROGEYYLOT) BACLOPEVT] OE XEVTPOELdElC. AuTol ot ahydpLriuol xou
Tpooeyyloeic unoypoupilovy TV TowdAio TwV PedOdwY TOU YENCWOToWVVTUL GTNV
TeoBAedn tne deutepotayols dounc Tou RNA, cuuneptloufavouéveny Tov TEYVIXDY
OUVOIXO) TEOYEAUUUATIOUOD, TWHAVOTIXWDY UOVTEAWY, UNYUVIXAC USUNoNS Xou TEYVL-
xwv Badide udinone. Méow tng Siepedvnong xaL GUYXELONE QUTMY TWV SLIPORETIXWDY
TPOCEYYIoEWY, elvan BUVAITOV Vo amoxTUEl Yol GQAULEIXT XATAVONOT] TWV TEEYOUCKY
TEONYHEVLY UEVOOWY %o VAL EVIOTULOTOUY BUVNTIXA LOVOTIETIO VL0 TEQUUTERE EQEUVAL.



Kegdhawo 4

Oewentixd Troladeo

Y10 Kegdhowo autd map€yovion OAEC oL amopalTnTeg YEVIXES YVOOELS Brohoylag xon
TANEOPORIXAC Yo TNV xoTavonor tTne dateBhc. Tivetan meprypagy| Tne PlomtAnpogopt-
xS xou evvoldy 6mwg o RNA, xodig xon tng deutepotayols Sounc Tou ye ta potiBo
NG, HE EUpacT) o auTO Tou Yeudoxoufou. X1n cuvéyela, yivetal pla ElaywYn 6N
CUVTAXTIXT] AVOYVWRLOT| TEOTUTWY, OTIC YRUUUXTIXES Ywele cUUpEalOUEVA Xol GTOV
aryoerdpo tou Early. ¥to téhog tou Kegahatou, yivetan pio mapovacioor tou avahuth
Yaep, nou yenowonodnxe oty LvAonolnon Tou CUCTALNTOS, XAHMS XAl XATOWWY
evvolv Tng Yepuoduvouxrc, omwe n ehebepn evépyeta Gibbs.

4.1 BlonmAnpogopixy

H BronAnpogopixn elvon €vag Togéag mou yenotuomolel uedddoug xan epyaiela Ao-
YIOU00 Yo TNV XATOVONGT) HEYSAWY Xl TOAUTAOX®Y BLOAOYIX®Y Oedouévmy. Eivou
€VaL DIETO TNUOVIXO TEBlO oL EVOWUAT®VEL TN Bloloyia, Tn Ynuela, TN QUOLXT, TNV EML-
CTAUN TV UTOAOYLOTMY, T1) UNYOVIXY| TANEOPORLOY, To Lot NUOTIXG Xl T OTATIC TUX
yioe TV avdhuom xon Ty epunvelo Brohoyixdv dedouévewy. H Blomhnpogopint| yenoido-
TolelTal GUY VA YLt UTOAOYLO TIXEC XU O TATIO TIXEC AVAAUGELS BLONOY XY EQOTNUATWY.
Hepthaudver 0 yeron TEOYpUUUATIONO) UTOAOYICTOY 0¢ UEpog NS Uedodohoylog
TV BLOAOYIXOY UEAETMV X0 TNV AVATTUEY ELBIXWY OYWYWVY AVIAUCTS, LOLUTERO OTY
yovbiwpotixr. Ot x0owég e@apuoyés Tou TEpLhaUBAvouUY TNV ovary VORLaT UToPRpLwY
YOVIBIWY %ol TOAVUORPLOUWY UELOVOUEVODY VOUXAEOTIBIWY Ylot TNV Xoh0TERN XaTo-
VONon NG YEVETIXNG BAoNG TG VOOOU, TIC HOVUOES TPOCUPUOYES, TIC EMIUUNTES
WLoTNTES N TIC Btapopéc Petalld twv mAntuoucy. H Bomknpogopnt| fondd, eniong,
OTNV XATAVONGT) TV 0RYOVWTIXMY 0P WV EVIOS TWV OANAOUYLOY VOUXAEIXWY 0ZéwY
XL TEWTEVDY, YVOOTEC OC TEWTEVIXY. XTOV Touéd TG YEVETXAC, 1 enelepyaoia
eovag xou orjuatog Sadpopatilel xplowo poho atny ahAnholylon xaL ToV Gy OMACUO
TWV YOVISLOUATWY X0 TV TORATNEOVUEV®Y UETUAAGEEDY Touc. Bondd otnyv e€opuén
xewévou g Proroyinic BiBAloypaplag xow 0TV avdnTuEn BLOAOYIXMDY XAl YOVIBLUXWY
OVTOAOYLOV YLl TNV 0pYavmon xot avalAtnor Ploloyixey dedouévey. To epyohela
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Bromhnpogopixhc fondoldyv otn olyxpElor, avIAUCT, XL EPUNVELN YEVETIXWV XOL YO-
VIBLWUATIXWY OEGOUEVKDY, XS ol 0TV XATOVONOY TWV EEEAXTIXWY TTUYOV TNG
poptoxic Proroyloc. Ta epyohelo auTd elvon yehHowa Yior TNV AVIAUGT) XL TNV XATo-
Aoy oYEdpNoN PLOAOYIXOY HOVOTIUTIGY %ot OixTOwY Ttou ebvar amopaltnta oTn Blohoyla
ovotnudtey. H BotAnpogpopixn Bondd eniong otnv npocouoinwon xat tn yovielono-
inon tou DNA, tou RNA, 1wV mpoTeividy xon tov Blogoplaxcdy ahAnhemidedocwmy o
douxy| Prohoylo.

4.1.1 3zoyoL tng BlonAnpogopixng

ITpoxeyévou va xaTayoioouUE TS ETNEEALOVTOL OL QUOLOAOYIXES XUTTIURIXES Opo-
oTNELOTNTES amd SLdpopeg aoVéveles, eival amopaltnTo Vo GUVOLACTOUV BLOAOYLXA OE-
dopéva wote vo emTeLY Vel Lol ONOXANPOUEVT] XATAVONOT) QUTWY TWV dEAC TNELOTHTWY.
O Topéag tne Brominpogopxric avamtOYINxe WG amdvTnoT 6 AUTH TNV avayXn), UE
TEWTAPYIXO GTOYO TNV OVIAUCT, xou TNV gpunvela dlapdpwy TOTKV BedoUEVKY, Cu-
UTERLAOUPBOVOUEVLY TV AAANAOUYLOY VOUXAEOTIBIWY X0l AUVOZEWY, TWY TEWTEVIXMY
TEPLOY WV XL TWV TEOTEXOV S0UOY. AUTY 1) SLoadxaciar AVUPERETAL WS UTONOYLO TI-
x1 Bohoyia xan tepthauBAveL TNV avATTUEN X0l EQUPUOYT] TROYROUUATLY UTONOYIO TMV
TIOU ETUTEETOUY TNV AMOTEAECUATIXNY TEOCPaoT, dlayeipton xat yeror Blohoyxdy TAn-
pogoptwyv. Emniéov, n Blomhnpopopux tepihouBdvel TNV avamTuén VEWY Hord NUoTiny
oahyoplluwy xat CTATIOTIXOV UETPWY TOU 0&IOAOYOUV TIC OYECELC HETAUED TWV UEADY
HEYEAWY CUVOAWY Bedouéviy. O mpwTtapyindg 0ToY0c Tng Blomhnpogpopinhc elvor va
BEATIOOEL TNV XATAVONGCT| HAS Yid TIC BLOAOYIXESC OLEPYOOIES, UE EUQUOT OTNV EQap-
HOYT] UTOAOYLOTIXG EVIATIXWY TEYVIX®Y. AUTO TEpLhauBAVEL avary vapLoT TeoTUTWY,
e€6puln Bedouévwy, alyopriuoug unyavixic udinong xa ontixortoinon. To medio
TEPLAOUBAVEL Lol OELRE EPELYNTIXDY TOPEWY, OTWS EVYUYEAUULOT ohknhouyiag, Vpe-
o1 YOWBIWY, CUYXEOTNOT YOVIBLOUATOS, OYEDIAOUS PuoUdx®wy, euiuypduuLoY) SOUnS
TEWTEVNC, TEOBAET Yovidlaxrc Exppaone xou OIANAETOPAOELC TEMTEVNC-TpwTElVNC,
TEOPBAEPNE TwV Souwy TwV Yopiwy, YEAETEC CUGYETIONG GE OAO TO YOVIBIWUA XoL [O-
vehonoinon eZéNEne xou dadpeon/uitwon twv xuttdpwy. H Bromhnpogopux nepihop-
Bdver T onuovpyio fdoewy deBoUEVKY, ahY0plIU®Y, UTOAOYIO TIXWY X0l G TATIO TIXWY
TEYVIXWY XU TNV avamTudn Tne Yewplag Yoo TNV eTAUCT, TOGO TUTIXWDY OGO Xl TEO-
©xTxwV TeofAnudtwy mou oyetiovton ue T dayelpion xon TV avdhuct Brokoyixmy
dedopévwy. Ou paydaieg e€eMEELC OTIC TEYVOAOYIES YOVIBIWUATIXNG XOU HOPLIXAC EREUL-
VOg, OE GLYOLAOUO UE TIC TEYVOAOY(EC TNS TANPOQOpiag, £youv odnynoel o TANUOEA
TAnpopopudy Tou oyetilovtal pe TN Hoptaxy| Bloloyio, ol onoleg umopoly vor avahu-
YO0V o VoL EPUNVEUTOVY YenoLHoTolnvToS Teoceyyioelg Blothnpogopixfc. Ot xowvég
OpAC TNELOTNTES TN BloTANEoQoEXT) TEQLAUUBAVOUY T1 YUETOYRAPNOT Xl THY AVIAU-
o ahknhouytdv DNA o mpwteivev, T olyxeton ahkniouytey DNA xa npwteivey
xat TN Onulovpyia TELOOWC TUTWY HOVTEAWY TEWTEMX®OY dopwy. H BomAnpogpopiny
elvon évag emoTNUOVIXGS TopEag Tou oyeTileTon GTEVA, AR Blapépet amd Tov Blolo-
Y6 umoloyloud. Av xan yeNoWOTOLE(TOL GUYVE EVOANOXTIXG PE TNV UTOAOYICTIXT
Boloyia, umdpyouv xdmoteg dlapopéc PETALL Twv dVo. O Brohoynds UTOAOYIGUOS
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Yynuo 4.1: To RNA xou eviewxtixol tomol tou ([52])

nepthoufBdver ) ypron tne Plounyovixic xan Tng Prohoylog yio T Snuiovpyia Blo-
AOYIXOY UTOAOYIG TRV, EVG 1) BlotAnpogopxy yenotuonolel utohoyioTixég puedoooug
yioo TNV xoAUTERN xatavonon tng Poroyloc. H BromAnpogpopuxd xou 1 umohoylotiny
Bloloyio emxevTp@VOVTOUL TNV AVIAUGCT BLOAOYIXGDY BEBOUEVWY, UE WOLUTERT) EUPUOT)
otic alnhovyiec DNA, RNA o mpwteivev. O topéag tne PlotAnpopopixic yvopeioe
ONUOVTLXY| EMEXTUOT) amd T Yeoa Tng dexaetiag Tou 1990, xuplwg AoYw Tng Tpoddou
otnv teyxvoloyio tpocdloplopol akknhouylac DNA xau tou ‘Egyou Avidpdmvou I'o-
vidiopotog. [ v e€aywyr onuoavTixwy TANRoQopldY arnd Bloloyixd dedouéva, Ta
TpoYEdUUATH AOYLoUX0) oyeddlovTaL X0t UAOTOOUVTOL YENOWOTOIOVTOS olYopLd-
uoug amd mowiio medlo, cuumepthopBavouévng tng Yewplog YeopnudTemy, TG TEYVN-
TAC vonuoouvng, tne e€6puing dedouévnv, tng eneepyaoiaug EOVAS xoL NG TEOTO-
woiwone.  Autol ou ahyoprduol BaciCovtoun o Yewpnuixd Veuéhior OTwe Tar dlaxpitd
pordnuatd, 1 Yewplo eréyyou, n Yewpla cuoTnUdTwy, 1 Yewplo TANEOPOELOY X0 1)
OTUTIOTIXH.

4.1.2 RNA
To RNA &wrdéter plor povadixr| dour) mou cupfBdiiel oe dudpopes Blohoyinée Aet-

Toupylec. Amoteheiton amd vouxheotidio, ta omolo amoteAolvTon omd Tela Pooixd ou-
OTOTLXG: Eval UOPLo coxydpou pUB6lng, Ul pwopoplxr] oudda xat Wia alemTtolyo Bdom
xau €yeL SLdpopoug TUToug 6Twe alvetar oto Lyrua 4.1. To adxyapo eB6lng yen-
oeveL we To Yeyéhio Tou popiou RNA, cuvbéovtag ta vouxdeotido. Ol puopopixéc



OUADEC GUVBEOLY TOL HOELOL COXYBEOU HETAED TOUC UECL PWTPOBLEC TEPLXWY DECUWY,
oynuatilovtag yior ouveyr) ahuolda. Ot Bdoeic mou cuvavtwvtor 6to RNA eivon
adevivn (A), n xutooivn (C), n yovavivy (G) xou 1 ovpoxidn (U) xou cuvdéovtar pe-
T ToUg UE 3-57 POOPOBLEC TEPOUE BEGUO0US, BNULOVPYDOVTIS ETOL Lo HOVOXAWVT
ahuoida.

Ou Aertovpyieg Tou RNA nowihouv avdhoyo ue tov T0m0 Tou xar T douy| Tou. XTny
enopevn Evotnta nopoucidlovton ot Slpopetixol Tou TOTOL, oL oTolol £Y0uV Blaxpl-
TEC AeLTOLRYIEC EVTOC TOU XUTTUEOU, OTIKG TN YOVIOLIXY ExpaoT xot T GOVIEST TKVY
TEWTEWVOV 0ARE Xt TOAES GAAES OTUAVTIXES AELTOURYES Yot TOUG OpYaviouols. Axo-
AoUing, TEPLYEAPOVTAL Ol CTIOUBALOTERES BOUES TOU o Tar LoTiBo Tou TapouaidlovTol
CUYVOTERA GE QUTO.

4.1.3 TOrow RNA

To ayyehagpopo RNA (mRNA) eivar to RNA mou petagéper manpogopiec and to
DNA oo piBdowpa, tic Véoeic tne mpwteivixric obvieone (Uetdppaonc) oto x0TTo-
co. To mRNA eivar avtiypago tou DNA. H xwdwonomtixd aAiniouyio tou mRNA
xodopiler TNV ahhnhouyla auvoléwy otny Tewtelvn oty omola tapdyetal. 261600,
modd& RNA 8ev xwdixonowolv tny mpwteivy (tepinov to 97% tne petaypapixhc mo-
paYOYHE Bev xwdixomolel TEWTEVES 6TOUC EUXAPUNOTES). AUTE Tol AEYOUEVAL U1 X~
duconotntind RNA (ncRNA) pnopolv va xwdixonomndoldy amd ta dixd toug yovidi
(yovidie RNA), adhd unopolv eniong vo mpoépyovtan and wvtpdovie mRNA. To mo
onuavtixd mopodetypata un xwdtxorotntixdv RNA eivar to RNA petogopds (tRNA)
xou 10 pBocwuxd RNA (rRNA), o ontola eumhéxovtar xou to 800 ot dwdaoia tne
petdppaone. YTrdpyouv enione un xwdonointixd RNA mou euniéxovtan ot plduion
TV yowdlwy, v enelepyacia tou RNA xou dAhoug pdroug. Oplopéva RNA etvou
IXOVEL VoL XATIADOLY Y NUIXES OVTIORAOELS OTWS 1) XOT X0l 1) ATOANVWGOT) GAAGY HoplwY
RNA xau n xotdhuon tou oynuatiogold Tentidxol decpol oto pi3dowua, To omola
elvon yvwoTd xou we pdéluda. Louguva pe 1o uhxog tng aivcidac RNA, to RNA
xatotdooeton o€ uixpd RNA xan poed RNA. YuvAdwe, ta pixed RNA éyouv prxoc
uxedtepo amd 200 vouxheotidla xan tor paxped RNA €youv urxoc peyolitepo and
200 vouxdeotidia. Ta poxpd RNA, mou ovoudlovtar eniong yeydho RNA, nepiloy-
Bdvouv xuplwe poxpl un xwdxortontixd RNA (IncRNA) xow mRNA. Ta yipd RNA
nepthapPBdvouv xuplng 5.8S pfoocwuixé RNA (rRNA), 5S rRNA, RNA petagopdc
(tRNA), microRNA (miRNA), puxpé6 napepBoriopevo RNA (siRNA), uixed nupnvi-
x6 RNA (snoRNAs), adknroembpdvta ye Piwi RNA (piRNA), tRNA- npoepyduevo
e RNA (tsRNA) xou pe 1o pixpd mpoepyduevo ané rDNA RNA (stRNA). Trde-
YOLV 0pLOUEVES EEAEETELC OTIWE oTNY TEpinTwor Tou 5S TRNA twv ueAdv tou yévoug
Halococcus (Archaea), mou éyouv mapepfolt), avZdvovtac €tol 1o péyeddc touc.

To ayyehagpépo RNA (mRNA) petagéper mAnpogoplec oyetind pe yior odAAnhouyia
TewTENEG ot pYBochuata, Ta pyooTdoia TpwTeivocuvieone oto x0tTtapo. Kwdi-
xomoteltan €tol Bote xdde tpio vouxheotibio (€va xwdixbévio) vo avtiotolyel oe éva
opvoll. Lo euxopLLWTIXA xUTToEA, HOAC To Tpddpopno mRNA (npo-mRNA) peta-



veagetl and to DNA, unofdiieton oe eneepyooia yia vo wppdoer to mRNA. Auto
aponpel ToL ECOVLOL TOU—UN xwWOXOTOMTIXd Tuuata Tou pre-mRNA. Y1n cuvéyela,
0o mRNA e&dyeton amd Tov TUETVOL GTO XUTTUROTAACU, OOV GUVBEETAL UE To pUBo-
CWUATA XoU PETAPEALETOL OTNY AvTIoTOLY N TEWTEWIXY Tou Hopgy| Ue TN Bordeio Tou
tRNA. Ye npoxapuwtixd xOTTopa, Ta omolor 8eV €Y0UV SLOHERICUOTA TURTIVOL XOL XUT-
TaponAdopatog, 1o mRNA unogel vo cuvdelel ye ta prBocouata eve peTorypdpeTaL
an6 To DNA. Metd and éva 0plopévo ypovixd Sl Tnua, TO UAVUUO ATOXOBOUEIToL
OTo GUGTATXE TOL YouxAeoTidw ue T Borjiela pUBoVoUXAEATHY.

To RNA petagopdc (tRNA) eivon pior pixet| ahuoida RNA nepinou 80 vouxdeott-
Oleyv TOU UETAPEREL EVOL CUYREXPWEVO oUVOE) OE Lo OVOTTUGGOUEYY) TOAUTETTLOMY]
ahuctda ot ptBocwuix) Véomn tng mewTevinc clvileong xatd Tn peTtdpeact). ‘Eyet
V€oelc Yoo oOVOEST] AUIVOZEWY XL TIEQLOYT] AVTIXWOLXOVIOU YOl oVOY VOPLOT) XwOIXO-
ViwV, 1) oTtolol GUVOEETAL UE UIaL CUYXEXPWEVT ahAnAouyia 0TV aAuGda ary YEALXPOEOL
RNA péow deopold udpoydvou. To pBocwuxd RNA (rRNA) eivar to xatodutind
ouoTaTixd TwV plocwudtwy. To rRNA elvor to custatind Tou pYBochuotog Tou
prholevel T petdppaon. To euxapuwtind pyBocduato TEQIEYOLY TECCERN DIUPORETI-
%d popta TRNA: 188, 5.85, 28S xou 5S rRNA. Tolo and tor popo rRNA cuvtidevton
oTov Tuprva xou €var cuvtideton ahhol. X1o xutTapdTAacud, To pldocnuxd RNA xou
1 TewTElVN cuVBLAloVTaL YioL VoL OYNUATICOLY Uilat VOUXAEOTIPWTENT TOU ovoudleToL
eyBocwua. To pBdonua deouedel To mRNA xou mpaypatonoel tpwteiving obvieon.
ITohhé pyBoouata pmopoly va tpooxohindoiy oe éva pévo mRNA avd ndoa otiyus.
Yyeddv 6ho 10 RNA mou Bploxeton oe éva Tumixd euxopumntind xUttapo sivon TRNA.

4.1.4 X0vOeomn RNA - Metaypapn

H olvieon tou RNA xataheton cuvidwe amd éva évluuo, to onolo ovoudleto
- RNA mohuyepdon - yenowonowviag 1o DNA w¢ npdtuno, po Siodiacio yve-
oTh we Yetaypopr). H petaypapt etvon 1 Swodixacta avtiypagpric evog tufuatoc DNA
oe RNA. To turuoata tou DNA mou yetaypdgovtar oe popior RNA nou uropolv va
XWOXOTIOLAoOLY TpwTElveS AéyeTan 6Tt tapdyouy ayyehapépo RNA (mRNA). Al
TuAuota tou DNA avtiypdgovton o popta RNA nou ovopdlovton un xwdixomomtixd
RNA (ncRNAs). To mRNA anotehel pévo to 1-3% twv cuvohxdv derypdtwy RNA.
Avybtepo and 1o 2% tou avlpdnvou yovididpatog urnopel vo petarypogel oe mRNA,
eved ToLNyoTov 10 80% Tou Yovdiwuatixob DNA dnhactixdv urnopel va petaypapel
evepYd (o€ évav 1) neplocdtepous TOTOUS XUTTEEWY), UE TNV TAEohnpio and autd o
80% va Vewpeitar 6Tt etvon ncRNA.
Téco 1o DNA 660 xou to RNA eivon vouxheind oéa, to omola yenowonotody to
Cebyn Bdoewy VOUXAEOTWOBIWY w¢ ouUTANEOUUTIXY YA®ooa. Kotd tn yetaypopt, wa
oAnrouyte DNA Swofdleton and o RNA mohupepdon, n onola mopdyel évav ou-
UTANEWUATIXG, avTinapdiinio xhwvo RNA mou ovoudletar memTtebouoo ueTorypapy.
H petorypagy| mpoywed oo axdhouvda yevixd Bridortas

o H RNA nolupepdor, pall ye évay ¥ TeptocdTEPOUS YEVIXOUS UETAYQEAUPLXOVS
Tapdyoviee, cuvdeetar Ye o DNA tou mpoarywyéo.



H RNA mohuyepdon dnutovpyel plar puoahido yetarypapnic, 1 omolo doywpeilel
Toug 800 XADVoUC TNg Ehxac Tou DNA. Auto yiveton ye To omdoiuo twv Secudy
UBEOYOVOU PETAED CUUTANEWUATIXGOY YouxieoTdlnwy DNA.

e H RNA noluyepdon npoodéter vouxheotidi RNA (o omola elvor ouumhnpo-
poTnd pe T vouxheotidia evog xhwvou DNA).

o H poyoxoxahd puopopixol coxydeov RNA oynuotileton ye ) Bordeio tne
RNA nolupepdone yuo va oynuatiost évay xAwvo RNA.

e O deopol Ldpoyovou tne éhxoc RNA-DNA ondve, eheudepiivovtag tov veo-
ocuvtidépevo xhwvo RNA.

e Edv 1o xUttopo €yel muprva, o RNA unopel vo utofinldel oe mepantépw emne-
Eepyaota. Autéd unopel va tepthauBdvel ToALABEVLAIWGT, xIALYY xou YATIoUL.

e To RNA unopel va napayeivel 6tov mupriva 1} vor e€€ADEL GTO XUTTUPOTAAGHA
HECW TOL GUUTAEYUOTOS TTUPTVIXMY TOPMY.

Edv 1 éxtaon tou DNA petoypagel oc éva udpio RNA nou xwdixonotel pior tpwtetvy,
10 RNA ovopdleta ayyehagpépo RNA (mRNA). to mRNA, ye ) oepd tou, yen-
ouelEL K¢ TEOTUTIO Yo TN cLVdEan TN TewTElvNg Péow PeTdppaong. ANk TURuATY
tou DNA urnopolv va yetorypagpoly oe uixed un xwdwonomnmtixd RNA, énwe mi-
croRNA, RNA petagopdc (tRNA), uixed nupnvixd RNA (snoRNA), uixpd nupnvixd
RNA (snRNA) 7 evluuxd popta RNA, mou ovoudlovtan piBoévlupa, xadde o ye-
yarOtepa un xwdtxomomntixd RNA, énwe 1o ppooonuxd RNA (rRNA) xou to poxed
un xowdworomuxéd RNA (IncRNA), 6nwe avagpépinxe xou otnyv auéows mponyolduevn
evotnta. Téhog, oty whoyla, o dpog petaypayy| uropel enlong vo yenoiponoinet
otav avagpépetar oty odvideon mRNA and éva popto RNA (Snhadh, 1oodbvapo pe
avtypaph RNA).

4.1.5 Aecvutepotayng dopr; Tou RNA

To pBovouxheind oléa etvar cuvilwe povég ahucideg. Xe Uepiné MEQITTWOELS,
onwe oe RNA 100¢, Beloxovton pe popen dimhnc éhxac. Ot povég aluoideg twv RNAs
UTOEOUY Vo oy NUaTicouy SITAoEAMXmUEV TuRuaTa, eite peTall Toug, elte cuvniéoTte-
eor tpruarta uetoll g Bloc RNA ahuotdag. H Seutepotoryfc Sour TV VOUXAEIXMY
0ZEwV avagépetal oc aUTE Tal ToTxd oTiBa ovadimhwong xat oTiC AAANAETULORAOELS
HETAUE) TV VOUXAEOTWOWXOY Bdoewv péoo oe wa eviabor ohuoida RNA [57]. H deu-
tepotayrc dour) Tou RNA eivan yeyding onuacioc xadde ennpedlel v avaditiwon,
™ otadepdTnTa xou TN Aettoupyia Twv poplwv RNA. Yto Simhoshixwuévo tufuata
Beloxoupe Ta Ledyn twv Bdoswy A-U xou G-C oAAd oxdun mapatnpodvion xon o-
ouvihota Lebyn Bdoewy omwe G-U. Ta ehxwuévo tufuata tou oynuatilovial ue
QUTOV TOV TEOTO OTAVIaL Elvor xavovixd, SoTt Tor Turuata e RNA oiucidag mou
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Eyhua 4.2: Ov o yvwotée deutepotayeic dopéc ([55])

OUUPBAAAOLY GTO GYNUATIOUO TOUS BeV elvar TéAELD GUUTANEWUOTIXG PeTOED Toug. 'E-
Tot unohelpparta Bdoewvy mou de Leuyaphvouy Eegelyouy €€w and To BITAOEMXWUEVO
e oynuatilovtac Bedyouc B avaxdudeic (loops). Lto Lyfua 4.2, topovoidlovton
xdmoto omd ToL onuavTxdTERA HoTiBa Tou evtonilovion oTiC deutepotayeic Bouég Tou
RNA. H avoroyia TwV EMXOUEVOY TEQLOYMY TEOC TIC U1 EMXOUEVES OLOPOROTOLEITAL
oto didpopor RNA xou mowxiiher mohd. Xe opiouéva popta tou RNA, 6nwg tou tRNA,
uéypt xou 70% Twv LTOREWUAT®Y TwV BAoE®Y UTOREL VO CUUHETEYOUY GE DLThOEL-
xoueva Tufuate. Ot avadimholueveg auTéc Bouec Tou poplou, xat xat emEXTUOT N
OEVTEROTAY NS XoU 1) TELTOTAY TG ToUG BopES, dtadpapatilouy xploo pdro oTic Towxiheg
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Eyfua 4.3: Ov o xowol tinot heudoxduBwy ([56]).

AEITOVPYIEC TOU, PE ONUATIXOTEQA Tr CUPUETOYT TOU o€ eV(UUIXEC OVTIOPAOELS, OTN
yowdtoxn) plduion, xadde xou oty ahknienidpacn Tou woplou Ue dhha popta.

4.1.6 To potiBo tou deuvdoxouBou

‘Evo ané ta Aiyotepo ouyvd potifa otic axolovdiec RNA ahhd dVoxoho 6cov
agopd TN TeoPBiedn elvon o eudoxduBoc. Oswpeitan 6TL UTdEyel PeudoxduBog dtov
dVo Ceuydpla Bdoewy Blactavpnvovtat. Autd to potiBo mopatneinxe apyixd cTov
16 Turnip Yellow Mosaic [58]. O anhovotepog odd ouyvétepoc TOTOC Pheudoxdufou
Onuovpyeltar and 8Vo evotnTeg wovrg olucidog xon 800 urn (euyapwuéveg TEPLOYES
(Bedyouc). Iodhéc mapahhoryéc €xouv mapatnendel, odAd ol Téooepic xVplol TUTOL
ebvor ot tomor H, K, L xow M, énoe gaivoviar oto Eyfua 4.3 [56]. Luyxexpwéva, o
tonoc H deudoxdpPou [17] anoteheiton amd dVo tuhuota pe Ledyn Bdoewy (stems) xou
dV0o Bpdyous (loops) avdoipetou phxouc. H Blaotadpwon evde Leuvyoplol Bdoewmv (1
XEVTEWOV Bdoewmy 6Ty opoloyia pac) odnyel otn dnuovpyia tou. Ta tnv xakltepn
ontwonoinon Tou Peudoxdufou mapoucidleTon 1) TELTOTAYTC Tou dour 6To Ly ua 4.4.

4.1.7 Aoctluppetpor Beodyor B Efoyxopata (bulges)
xou ecwTepxol Bedyot (internal loops)

Ov aclppetpot Pedyot/eZoyuduata dnuoupyoivton and un Leuyapwuéves Bdoele
(A, U, G, C) xau 10 péyedde toug unopel va elvon omd pio éwg modég un Leuyo-
cwuéveg Baoeic. H eupdvior) toug oe OAOUC TOUC TUTOUS BOUNUEVKY AELTOLEYIXGDY
RNA [20] tovilet ) omoudoubdtntd Toug ot 0dHYNOE GTO Vo cUUTEPLANYYOUY aTny
Tapovoa €peuva oTo mAdkoto TedBAedne PeudoxduPBwy. I va anewxovicouye autd To
potifBo, mapovaidlouye Tic un Levyopwuéves Bdoelg mtou oy nuatilouy pio tpoeloy | ue
xOoxuvee telelec oto Lyfua 4.5 (o). Ov eomtepixol Bpdyotl unopel var dnuovpyndoiy
oe o oxohovdior RNA 6ty 1o Simho-ahuodwté RNA Suryweiletar wg anotéheoya
e un Ceuydpwong PeTaE) Twv vouxieoTdiwy. H Slagopd petald twv eowtepndy
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Yyfuo 4.4: Tlapdderyua tplodidotatne dourc deuvdoxduBou tomov H (méve
UEPOC) Xou 1) avTIoTOLY N avamopdotaoy TOEou TNe douic (xdtw pépoc) [59)].

Beoywv xan TV Beoywy PAacT®V elvor 6T oL ecwTepxol Bpdyol undpyouy oTn péon
wag Teviwpévng oimhig ahuotdag RNA. T va amewxovicoupe autéd to potifo, mo-
pouatdloupe Tic pn Ceuyopwuéveg Bdoeic mou oynuatilouvy évay ecwTepxd Pedyo Ue
xOxnveg telelec oto Lyfua 4.5 (B).

4.1.8 'AN\a potiBa Bedywyv/avaxdudewy

To RNA vgictaton avadimAwon), UE TIC CUPTANEWUATIXES TOL BACELS Var GUVIEOVTAL
UEoL BEOUMY LBEOYOVOU, dNUIOUEYMVTOC Ui OIth €hixa. AuTh 1 Boun anoteheiton
xuplwe and meployéc ouuminpuuatixdy Bdoewv (helix ¥ stem) péow avtiotoiylong
Bdoewv Watson-Crick (WC), xododg xon and Bedyous (loops). O Pedyor elvon me-
ctoyéc tou RNA pe un oulevypévee Bdoelc, tavounuéveg Bdoet tou apripol, tne
OLATAENG TWY YELTOVIX®DY TUNUAT®OY Tou Uopiou, xou Tng Yéong toug oto ubplo. E-
ATOC OO TOUG ECWTEPINOVE XAl AGCUUETEOUS POy 0US TOU AVAPEQIUE TEOTYOUREVWLC,
UTIEEYOLY XaL XAmoLaL axOuo GNUUVTIXG poTiBa Bedywy Tou napouctdlovial GTIC do-
uéc RNA, pe yeydhn ouyvotnta xan CUVEIC(QORA GE ONUAVTIXEC Acttovpyieg. 'Eva



(a) (b)

Yyruo 4.5: H-tdnou Peudoxdpfor pe e€oyxdparta (o) xou eomteptnoie Bedyous
(B). Ou un Cevyapwuéves Bdoeic mou oynuatilouv e£oy XUt 1 ECWTEPXOUS
Beodyoug avamaploTovTol UE XOXXWVO.

Baowd Souxd ototyelo otn deutepotayt) dour) Tou RNA elvon o Bpdyoc gpoupxétag
(hairpin loop ¥ stem-loop). Ilpdxetton yiar o SUTAY €Axa TOL XUTOAAYEL OE EVory
Bedyo. Avtictotya, ot moludtohadiouévol Bedyol (multi-branch loop) anoteholvro
évav Bpoyo omou tela ) teplocdTEpa TUUATA stems cuvdéovTal Ue auTov. Autol o
TUToL Beoywv etvon e&loou cuyvol, 6w xal dAAEC Bouéc TN deuTEPOTAYOUS SOUTNC
Tou RNA, xou 1 avdiuoy| toug €xel yivel oe mAlog epeuvnTix®dy epyaoLoy.

4.2  Oeppoduvvopixy RNA xou n eAebidepn -

VERYELX

H otodepdtnta wioag deutepotayols douric RNA ntocotonoteitan and tn puetofo-
M e ehediepne evépyeloc AG, 1 omola yetpiéton o€ keal/mol. H eheddepn evép-
vew G umodexviel TNy xatebuvon uiog audopuntng aAlayhc xon elofydn and Tov
J.W.Gibbs 1o 1878. H petoforn tng ehebiepne evépyetag AG nocotixomolel tn Slo-
popd Tng eAelVepnc eVEpYELaC UETOEY TNS VOBITAWUEVTS XATACTAGNC TOU HORlou XaL
e un avadimhwpévne xatdotaonc. H AG avtinpoownelel 1o €pyo mou emteeiton
ané €va cUoTNUA o G Toept| Veppoxpacia xou tieor, dToy uploTUToL Uiot AVTICTEENTY
opyaoio. ‘Eva dimhoyévo RNA €yel apvnuxr) yetoBorr} ehediepne evépyetag xou
600 UxpoTeen elvar, 600 To otadepn eivon n dour. Ta Lebyn Bdoswy elvon cuvrtng
EUVOIXA Yt TN oToepdTNTaL (SNhadi| cuvelsPEpouy apynTixy ueToBolY) Tne ehebiepne
evépYeLog), eV ol Beodyot eivon cuvidne amoo tadeporontixol (Snhadr éxouv Yetixée
Tiéc EVEPYELOQ).

H evépyeia Gibbs (G) optleton we:

G=H-TS



omoL:
o H clvou 1 evioinio Tou cuoTAUOTOC,
o T’ clvan n andhutn Vepuoxpaocia,
e S elvou 1 evrpotia.

[oe o draduasta tou cuyPatvel o otatepr) Yepuoxpacio xou nieomn, 1 uetaBoAy
e ehellepng evépyetag ebvan cuvdptnor tng vetaBolnc tne evioinioc AH, tng ue-
toBorfc g evipornioc AS xau tng Vepuoxpactac T (oe Kelvin) xou diveton and tov
TuTo:

AG =AH —TAS

H evioirnio (H) eivan pa yétenon e pofc YepudTnTag ToU TPOXITTEL GE [Ula SLERYO-
olo. H petafBorn tne eviodmioc (AH) yio pa eZddepun avtidpoon, 6nwe 1 ovadimhew-
on tou RNA, (8nhadn, n depudtnra péet and 10 cloTNUa TEOS To TEPBEAIOY) lvat
opvntixr). H eviomio petpiéton oe keal/mol. O oynuotiopdc oteheydv RNA eivan
0 xVplopyog eVIUATIXOS ToEAYOVTS, UECHL DECUMY UDROYOVOU %ot AAANAETLOPACEWY
otoifuine. H evrponio () eivan eupéwe anodexth we Yeppoduvouix) cuvdpTtnon Tou
ueted v atoio evoc cuothuatog. ‘Etol, n petofol) tng evtponiag AS yetpd Ty
arhory ) Tou Boduol atadlac. Edv n AS eivon Yetinr|, onuaiver 6t unriple adinorn tou
Borduol ata&iog. Mia opvnind| Tiun unodnAnvel uelworn e ataiog.

Qotéo0, pa abyypovn Yewenomn tne UETOBOATC TNE EVTPOTAS TNV TUEOUCIALEL WS TNV
TOGOTNTO SLICTIOPAE TNG EVERYELXS avd Veppoxpacia 1) and TN YETABO0AT Tou optduoU
TWV UXPOXATAC TACEWY: TOCT| EVEQYELX DLUOTEIPETOL OE Lo Blepyacio 1) TG0 EUPEWS
Oladedouévn Yiveton o€ Lol ouYXEXEUEVT Vepuoxpactia. Edv 1o AS elvon opvntind,
omwe yioe Toug Bpdyouc RNA, onuobver 1L 1 tocdtnta tng evépyelog mou dlaoxopnile-
Tan pedvetan. O Bpdyol oe uia Sopry RNA ocupuetéyouv otny eviponia teplocdtepo
and 6,1 otnv eviohmio, emedn n Sodixacior avadimhwong meplopilel TIC UxEOoXoTo-
OTIOELS TWV VOUXAEOTIBIWY Tou Bpdyou ot olyxplon pe Ty Eedlmhwuévn olucida. H
evtponio petpdtan oe keal/(mol K) 7 povddec evtponiog (leu=1cal/(molK)). X
OLTEBY) YENOWOTOUUE TG METABOAEC TNE EAELVERNC EVERYELIS YIX VO TOGOTIXOTOL-
Aoouue T oTadepdTNnTA TNE deuTepoTaryols dourc Tou RNA.

To epyactrpo Turner xou oL GUVERYATEG TOU €Y0OUV TEAYUATOTOW|OEL EXATOVTIUOES
TElpduaTo, XUplng YE oTTiX: TAZN uixpoy oddnhouyldv RNA, v tov npocdioptoud
e ehediepne evépyetag Twv douwy tou oynuotiCovton. H cuyBols moAkGy epeuvn-
TV XATA T SLIPXELN TEPLOGOTERWY ot 500 BEXVETUDY amédwoe To pwovtého Turner,
70 omofo efvar eVp€ng amodexTO we Broloyxd peakicTixd. To poviého Turner eivou
€vol VepUOBUVOULXO OVTEAO XOVTIVOTEPWY YELTOV®Y, Onhadr utodétel 6Tl 1 otoe-
eotnTa evog Lebyoug Bdoewy 1 evog Bpoyou edoptdton and Ty adlknhouyia Tou xou
v oAAnhouyio Tou o yertovixol (edyoug Bdoewy xou TI¢ avtioTolyeg oToBdLELS.
Y10 Yyfua 4.6 ntopouctdlovton oL XavOVeES /GUVEIGQORES Yiol TNV EAEDVEEY EVERYELDL UE
Bdon o povtéro tou Turner.



AU CG | GC | UA | GU UG
AU | 09| -1.8] -23| -1.1] -05 0.7
> CG | -21| -29, -34| -23| -1.5 -1.5
NGc [-1.7] -2] -29] -1.8/-13] -15
'6 UA | 09| 17| -21] -09] -0.7 -0.5
S GU | 09 -1.7] -21| -09]|-0.5 -0.5
uc | -09, 17| -21| -09| 0.6 -0.5
Bases in Internal Bulge Hairpin
Loop Loop Loop Loop
1 0 3.3 0
2 0.8 5.2 0
3 1.3 6 7.4
4 1.7 6.7 59
5 2.1 7.4 4.4
6 25 8.2 4.3
7 2.6 9.1 4.1
8 2.8 10 4.1

Lyfuo 4.6: Ov xavoveg yioo v ereliepn evepyeta ye Bdom To HOVIEAO TOU
Turner.

4.3 O AAydprduocg Nussinov

O ahyobprduoc Nussinov avalntd wia deutepotayr) Soun Ye Tov Yéytoto aptduod Leu-
YoV Bdoewy. Efvor évoag amhog ot anoTteAeoUaTiNGS oAy Oprduog SUVOULXOL TROYEo-
pottopol. Opilet o ouvdptnomn 0(4, j), n onoio loolton pe 1 edv ot Bdoeic (vouxheo-
o) it won M etvon éva ouumhnpouating Ledyog Bédoewy, dlapopetind 4(i, 5) = 0.
Y ouvéyela, urtohoyilet avadpopxd ta ototyeia evog nivoxo anoteheoudtwy (i, j),
o omolog elvon o péylotog apriudg Levydyv Bdoewy mou umopoly vo Beedolv oTtnv
urooxohoudia i...j. O akyopriuoc mephauPdvel €va 0TABI0 CUUTAHEKOONG XaL EVal
OTABI0 EVTOTOUOY. 3TO OTAOL0 CUUTANRMONG O TVOXAG BUVOUIXOU TEOYRUUUATIONOY
ouuminpdvetan xatdhhnho.  H tehid hoon Siveton omd to y(1, L), 6nov L elvan o
wixoc e oxoroudiac. Autde o alydprduoc mopouctdlet tolumhoxdTnta O(L3) oe
yeovo xor O(L?) oe pvin. To otédlo evtomopol éyel ypévo O(L) %ot exel evto-
miletan 1 axeBric oxohoudia mou mpoPBAépinxe. Mepixéc Qopéc, UTdEYOLY TOAAES
dopég ue Tov (Blo apriud Leuywy Bdoswy. Q20T600, aUTOS 0 aAY6ELILOC EVTOTIOUOY
evioni{lel povo plo and tig xaAlTePeS dopéc. O ahydpriuoc Nussinov €yet didpopoug
TEpLopLoUoUS OTwe OTL Bev unopel var yelploTel (eudoxduBouc xou 1 peylotonoinon
Tou apripol (euydy Bdoewy elvon €va xpLTARLO TOL aTd LOVO TOu BEV UTopEl VoL BOCEL
x| medPredn. Qotdoo, n wéa Tng peyloTonoinong Twv (euy®y Bdoewy anoTéle-
o uio xevtpn Wéa otny Topoloa SlTEBr, TOU GE GUVOLUCUO UE GAREC TEYVIXECS,



odriynoav ot dnuoupyio cUCTNUATWY e LYNAT TEOBAETTIXY XavOTNTOL.

Y11 ouvéyeta axohoutolv Ta BAuata tou adyopiduou Nussinov yio To oTddlo Tng
CUUTANPWONS TNS oEYIXOTOINCNE XAl TNS CUUTANEWONS TOU TEVAXOL Xl OTr GUVEYELN
YioL TOV EVIOTUOUO TNG BEATIOTNG Bourc.

Apyworoinon:
v(i,9) =0for 1 <i< L (4.1)
v(i,i—1)=0for2 <i<L
Avadpoun:
(i +1,5)
i1
(i, j) = max g = 1) (4.3)

max;<p<j(v(4, k) +y(k+1,7))

Y tédowo Evroniopol tng BEATioTNG Sopng

1: Apywornoinon:
2: push (1, L) into the stack
3: Avodpopn:
4: while stack is not empty
5: Pop (i, )
6: if ¢ > j then
7 continue
8: else if y(i+1,5) = ~v(4,j) then
9: push(i + 1, 7)
10: else if y(i,j — 1) = ~(4,j) then
11: push(i,j — 1)
12: else if y(i+ 1,57 —1) = (i, 7) then
13: record i, j base-pair
14: push(i + 1,5 — 1)
15: else
16: fork=i+1toj—1do
17: if v(i,k) +~v(k+1,7) =~(4,j) then
18: push(k + 1,7)
19: push(s, k)
20: break do
21: end if
22 end for
23: end if

24: end while



4 ’ ’
4.4  UVTAXTIXY AVAYVOELOY) TEOTUTTWY

H ouvoxtixd avoryvéplon npotinwy (syntactic pattern recognition) amotelet évay
XAAB0 TNE TEYYNTAC VoNUoouVNe xou tne eneéepyaciog onudtwy, o onolog otneileto
o Vemplol YAWCOMY Xl GUVTAXTIXMY XAVOVWY YIAL TNV VoY VOPRLOT) XL TNV avaAuoT
TEOTUTWY. XTOV TUPHVA QUTAS TN TEocEYYLone Peloxetal 1 W6éa OTL xde mpdTUTO
umopetl vo teptypagel uéow wog YAwooog, 1 onola opiletal amd éva GOVONO GUVTOXTL-
AWV HOVOVOV 1 YEUUUATIXAC. AUTA 1) YEOUMATIX YENOOTOLEITOL Y10 TNV XATAOXELY
OévTpwy cuvtaxTxAc avdluong (parse trees), to omoio MEPLEYOLY TaL EVOLOPELOVTA
cUUPBOAA 1} TUAUATA TwV BEBOPEVWY GTOUS TEpUATIXOVC xoUBoug Toug. H ypouuotiny
amoTeRe(Ton a6 TO GUVORO TOV GUVTOXTIXMY XAVOVWY X0l Vot AeEIAOYL0. LOUQoVaL Ue
oaUTd Tor oTotyelor avory vwplleTton 1) Oy av it axoroudior GUPBOAWY avAXEL GTN CUYXE-
xpWévn yawooo. H ouvtoxtnd avoryvopion mpotinmy el egoupuoyéc ot Bidpopoug
Topelg, Onwe 1 eneepyaoion ouhlag, 1 ovaryvVOELoN YELROYRAPKY Xou 1 BloTAneopopt-
x1. Xe autd 1o mAalolo, oL TpoceyYioelc Tou Poactlovian 0T CUVTOXTIXT VALY VOELO
TEOTUTWY €youv anodety Vel Wlultepa Yproyes, SLOTL EMITEETOUY TNV axELPBT Xou AETTO-
HERY) AVEALGT) TV BEBOPEVWY, OXOUO X0 OE TEPITTWOOELS OTIOV 1) CUUPATIX O TATIOTLXY
TEOGEYYIOT AMOTUYYAVEL. 1TN BAoT TNG CUVTAXTIXNG AVaY VOPRLOTG TeoTUTWY Peloxe-
Tan 1) Yemplol TV YAWOOHY XaL TNS YRUUMATIXAS, OTwe avanTtdydnxe and tov Noam
Chomsky. Xougpwva ye tnyv tepapyta tou Chomsky, ol ypauuatixég xotatdocovton oe
téooepic xatnyopleg, we Tic context-free ypoppatixée (CFG) vo anoteholv pio amd
autéc. O CFG etvan aitepa yprowee otnv avdhuon xou tny eneepyaoia YAWOO!-
AWV S0PV, XD EMTEETOLY TNV XATUACKEVY| CUVTAXTIXGY OEVIPMY Yid TOMOTAOXES
dopéc, Omwe elvar ot TeplnTwon TNg topolcos dlatelBhe Tor TohdTAoXa LoTBo TewY
(eudoxduPov.

4.4.1 Iepopyia Chomsky

H tepapyia Chomsky, mou mipe to dvoud tng mpog TyWhv tou Auepixavol yAwo-
cohdyou Noam Chomsky, anotedel wa onuavtixr Yewentixy| Sour ot UEAETN TV
YAWCOWY Xl TOV YRUUUATIXOV GTOV ToUéd NG Vemplog auTOUdTRY ol Tng encéep-
yootag QUOOY YAWCOWY. AUt 1) lEpaEyiol XATATACOEL TIC YRUUUATIXEG OE TEGOEQLC
eninedeg xatnyopie, Bdoel TNC TOAUTAOXOTNTAC TWY XAVOVWY TORUYWYHS TOU Yenot-
pomoolv. H xdie xatnyoplo oty epapyio avimpoownelel €va BlapopeTind eninedo
TEQLOPLOMOU GTOUC XAUVOVEC TOU UTOREL YOI EQUPUOCEL 1) YROUUITIXY), X0l ETOL EMNEE-
alel TNV xAdom YAwooy Tou unopel va teptypddet. H mpddtn xotnyopla, Yveooth o
Timoc 3 1 ypeoppatixéc teheotdv (regular grammars), efvon 1 o oA oL TEPLOPL-
otr. O ypouuatixég autol Tou TOTOU UTOPOUY Vol THEAYOLY UOVO YAWOGES e TOND
AmhEC BOUES XAl CUY VA YPNOWOTOLOUYTOL YL TNV TERLYRAPT] TV ATAOVCTEQMY GOUMDY
OTIC PUOLXES YAWOOES 1| OE TEOYPUUUITIO TIXEG YAWCOES. 2T GUVEYELN, YL TLO OUV-
Vet mpofhiuata undpyet 1 xatnyopla TUtou 2, X context-free ypoppoatinéc (CFG).
Ot CFG elvan ixavég vo mapdyouy YAWOGOES e To TOAOTAOXES OOUES xou elvan LotadTe-
POl YPHOWES OTNV AVAUCT) XoU TNV ToEAY WYY BOPMY OTwS auTég Tou Beloxovtal oTic



PUOIXEC YAWOOES XU 0TS YAWooeS mpoypopuatiopol. Ou CEFG anoteholv 1 Bdon
Yot TOAG epyoeior avdhuoNe YAWCOWY oL EMTEETOLY TNV OVATTUEN TOAUTAOXWY
ouvtoxtixay dopwyv. H tpitn xatnyopio, o context-sensitive ypoupoatixéc (CSG) 1
ToOnog 1, emtpénel oxdua mo mokimhoxeg douéc. Ov CSG umopolv va meprypddouv
YAOGOES Moy Bev unopoly va avanapac tadoly ye i o ankéc CFG. Qotéc0o, Aoyw
e oawnuévne tolumhoxotntac, ot CSG elvor ArydTteEpO TEOXTIXES Yia YEYON OFE TOA-
Aec epapuoyéc. Téhog, o TUmog 0, 1 anepLOPLOTES YROUUATIXES, TEPLAUUBAVEL OAES TIG
OUVUTES YROUMATIXES Xl UTOPEL Vo TUPAYEL OTIOLUONTOTE YADOCGA TOU Vol ovory ve-
elowun and pio Turing machine. Auth n xatnyopla elvon 1 mo yevixr xan TepLhou3avel
xdde BuvaTr YAWooA, ahhd 1) YPNoT TNG OF TRUXTIXEC EQUPUOYES Elvol TEQLOPIOUEVT]
Aoy tng e€anpeTixd uPnirc todumhoxdtntag. H epapyio Chomsky mopéyet éva mha-
{010 Yior TNV XATOVONOT TV BLUPORETIXWY EMUTESWY TOAUTAOXOTNTAS OTIE YAWOOIXES
OOMEC X0 ETUTEENEL OTOUG EPELVNTES XAl TOUG UMY AVIXOUS VoL ETLAEYOLY TO XATIAANAO
eNINESO YRUUUATIXAC YLOL TNV OVEAUGT] 1} TNV TAURAY WYY OIS CUYXEXPUEVNE YAWMOGCOC.

4.4.2 Tpappatixéc Xwpic Xvpgppaloueva (Context-
free Grammars)

Or Fpoppotinéc Xwpic Xupgpalopeva (Context-Free Grammars - CEFG) eivan évoc
TUTOC YpouuatxhAc ot Hewpla TG cuVTOXTIX G avdluong xou eegepyaciog YAWGOWY.
Mio CFG amotehetton and éva civoro xavovwy mou xadopilouv e cupfohocelpée
NC YAWooUS Pmopoly vo topaydolv and éva apyxd cluforo. Kdde xavdvag ova-
pépeTan ot Eva U Tepuatind oOuBolo xou optllel Tov TedTOo TapaywYHS CLUBOAOCELRMY
a6 autod to aluBolro. H Pooinr béa tiow and i CFG elvou n amhonoinon tng ovormo-
EAOTAONE TNG CLVTAXTIXTG BOUNE WS YAWOGUC. AUTO ETITUYYAVETOL UESK TNG YeNONG
U1 TEQUATIXMV GUUPBOA®Y (TOU avTiTpoomwrebouy xatnyopiec AEEEmY 1 ppdoenmy) xat
TEPUATIXWY GUPPBOALY (Tou avTimpoowrebouy Ti Bl Tic Méelg e YAwooog). Ot
xavovee e CFG meplypdgouy Tov TpoTo pe Tov onolo Tor un TEpuatixd cUYPoia uro-
EoUV Vo avTXaTac Tadoly Ue GUULOAOCELRES ATOTEAOUUEVES OO GANOL UT) TEQUATIXG. 1)
teppatd oVyPora. Ov CFG éyouv téooepa Baocixd otoryeta: o obvoro NT,T, R,
xar S. To S elvon 10 apyixd un tepuatnd oOUBOAO, Ta TEPUATIXG oL U1 TEQUOTIXG
oVuPora amaptiCouv ta cUvola T' xou NT' avticTolya, Ve Ol CUVTOXTIXOL XAVOVES
amoteholv To olvoro R. H onueioloyio twv xavévewy etvon L — 4§, 6mou L € NT xou
d € (TUNT)*, opilovtag 61t 10 L pnopel va mopdryel pa oetpd ond oVpfolra § [67].
Abyw g VPNAC EXPEACTIXAC TOUC IXAVOTNTOC, UTHPYEL EVAS ONUAVTIXGS dpldudg
avoAuTey 6T Bihoypaplo. Ot To ToAD avapepOUEVOL XaL EVRENS YETOLLOTIOLOUUEVOL
alyoprduot etvar o CYK [69], mou eofjydn and toug Cocke, Younger, xar Kasami,
xou o ahybprduoc tou Earley [70]. Tpomomolfoeic twv mopandve ovahuToY Topoust-
dlovton ot [71, 72, 73] xaw we napdhinhec exdoyéc ota [74, 75]. Ta cuotiuata Tou
avamtOyUnxoy 6TV mapovoa dlatelt yio TNV TeoBAedr deutepotaymy Souwy RNA,
evowpatdvouy tov Yet Another Early Parser (YAEP) [76], o onoloc anotelel pa
amodoTixr) vAoroinor tou alyopituou Earley yio acageic ypouuotixée. Mia meprypo-
o1 Earley oxohoudel otny enouevn evotnta, eved o Yaep Tapouctdleton oTnyv eVOTNTA



4.4.4.

4.4.3 0 alyoewdupoc tou Early

O alydprduog avdivong yia Tic Tpappotinés Xowple Suugealdueva Tou TopousH-
dotnxe and tov Earley to 1970 xatooxeudlel To 8EVTIPO aVIAUGTC YETOHLOTOLOVTOG
woe pevdoodoroyla amd mdve meog T xdtw. O ahyodpwluog tou Earley tomoletel to
obuBoho tekelog ‘6 T ¢ (N UNT), oe xdde xavévo mopdyovtoc dotted rules. H
Omopén tedelag o €vay xovova ONAWVEL OTL TO PEEOS TOU XAVOVOL TPV oo TNV Te-
Aelor €yel avaryVoRLoTEl, VG TO PEPOC TOU XAVOVOL UETA TNV TeAela Bev €yel axdun
VoY VWRLO TEL. XE TERIMTWoT Tou Lol Tehela @Tdoel otny tedeutaia Y€om evog xavova
mou €yel to ptlixd obuBoro (root symbol) oty aplotep| Tou Thevpd, TOTE 1) elcodog
Yewpeiton avayvwpiopévn. Autoc o alyoprduog optlet xan epapudlel Aettoupyiee, oL
onoiec ovopdlovtaw (PARSER), (PREDICTOR), xaw (COMPLETER). H eicodoc
Q=01 02003 . . .0l CUPWVETOL amd oy €wg an. Kadwg copmveton xdie ciyforo elcddov,
XAUTUOXEVALETOL VOl GUVOAO BEGOUEVMY, OVTITPOCWTEVOVTAS TNV XATACTACT], TNE Ota-
dwaotag avayvoplong oe autd To onueto e odpwong. (¢ ex ToUTou, 0 ahyoELiUOC
xataoxeLdlel n+1 chvoha Bedouévmy xotac Tdoenmy. Mo xotdo Toon etvan aning €va
cUvolo tplwy axcpaiwyv SR, p, F'. To SR unodnkdvel Tov aptiud Tou xavovo: To p
elvon 1 ¥éom Tou cupPBdiou © ¢ 7 xon 10 F' elvon 1 apldunon tou cuvorou 6mou o dotted
rule apywd onuovpyHinxe. Mo xotdotaon o éva oOvoho dedouévemv Tou Earley
elvon TN popYrc 7 @ pY — av @ Zry, onuaivovTag ToV CUVTOXTXXO Xavova Y — aZy
ue to opBolo o 7 oty P Véon (|al = p), apyxd dnwovpyRdnxe oo F chvoro
dedouévev xou Peloxetoar 6to oUvoro dedopévwy ;. Kadng n avdyvwon twv cuy-
Bohwv eicddou cuveylleton, dnuovpyolvtar véo chvoha dedopévwy dotted rule. Ou
Teelg Aettovpyleg epapuolovton dladoywd o xdde dotted rule dAwv Twv cUVOAWY.
H napouvcia evéc ohoxinpwuévou dotted rule pe éva pilixd cOuforo otny apiotept
TAEUEA TOU XOVOVAL, OTO TEAEUTAO GUVOAO BEBOUEVMV, CNUATOBOTEL TNV VLY VOELO)
¢ €L6B0L.

O ahyodpriuog tou cuvtoxtixol avoduth Earley mopovoidletar otov Alyderduo 1.
Yy et ouvdptnon EARLEY _PARSER, apyuxonoteiton évog mivaxog cuvOrwy
TOU TEPLEYOUV XUTAOTAOELS avdhoya Pe To Wixog tne ouuBorooelpdc etoddou (INI-
TIALIZE(input_ string)) ot tpootideton plar xatdo toom Tou €EL TOV YopoxThed ‘o’
oTNV apLoTERT) TAELEE TOL apPY oL cuEBolou S 6To civolo pe apidunon 0 (ouyxe-
xptpéva ADDTO_SET((Start — o S, 0), Sets|0])). Xtn ouvéyela, exteleiton évog
BImAOC eppowieupévog Beoyos. O eupwhevuévos Bpoyoc eletdlel xdde xatdoToon
oe xdde cLvolo, xau €var alvoho unopel vo emextadel xatd Tn Sidpxeld aUTOY TOU
Beodyou, xodng ol Teelg Aettoupyieg mpooétouy xatacTdoel 6Ta cUVola. X xdle
xatdo oo, e€etdleton av oTr dedid Theupd Tou cUUPOAoL ‘e’ UTdEYEL Eva U TEAXO
obuBoho, éva tTelxd alufolo, 1 av 1 xatdotoon €yet ohoxhnpwiel (to ‘o’ Boloxe-
Tou 670 TEROC TOU xavova) xou xahovvton avtioToya o cuvapthoeilc PREDICTOR,
SCANNER, COMPLETER xotd nepintwon. Xtny nepintwor mou xaleltat 1 cuvdp-
mon PREDICTOR, téte yio 10 un tehixd obuforo nou Beloxeton de€id tou ‘o’ (un



A6 olpPoro C otov Peudoxmdixa we tereia xavovac B — a o C ), dlatpéyovton
ONOL OL YRUUUOTIXO! XUVOVES VLA VOL ETLAEYOUY Ol XAVOVES oL €Y0UY aUTO To GOUSoAo
oty aploteph Theupd Tou xavova (C — §). Ou emdeyuévol xavdvee mpootivevta
oto alvolo autd, apol Tonodetniel To ‘o’ oTny MM TN Véon Tng Bedidg TAeLEAS TOL
xavéva (C — e 9).

‘Otav xohettan y ouvdptnon SCANNER, €dv to tehixd obuforo mou Beloxeton 5e€Ld
0L ‘¢’ (TEAXS oUUBoRO a oTov Peudoxmdixa e telela xavovac B — v 4 a d) elvou
{oo pe to tpéyov eletalbuevo cluPolo e oupfohooelpdc eleddou (input_string]i),
QUTH 1N XATACTACT, TEOCTIETA GTO EMOUEVO GUVOAO UETAXVOVTOSC TO ‘@ ula Yéom
0eld (B — v a @ 4).

‘Otav xoheiton 1 ouvdptnon COMPLETER, Swtpéyovton oL xatac tdoelg 6To oUvoho
6ToU 1 ONOXAPLUEVN xotdoTtaon (A — & e) dnuoupyridnxe apyxd (x otov Peudo-
XOOXOL) VLot VoL EMLAEYOUY OL XATAO TYOELS ToU €y ouv To cUUBoRO (A oTov Peudoxddt-
X0) OTNY aploTEPT TAEUPd ToL xavéva, ula Véorn petd to ‘o’ (B — v eAf). Autéc ol
xatao tdoele npootidevton otor Sets|i] petovadvtag v tekelo pio Héon dedid (B —
7Aep).

4.4.4 0 avohutrc Yaep

To YAEP, cuvtopoypagio tou Yet Another Earley Parser, amotehel pio autévo-

un BiBrotfxn mou €yel dnuoupyniel xou anotedel plo amd Tig TarydTEPEC VAOTOINOELS
Tou avoluty Earley. Mnoget vo avolboer 300.000 ypouués npoypduuatog oe YAWo-
oo C avd Beutepdhento xan deopclel mepimov SMB uvAung yia éva mpdypauuo C
10.000 ypouuodv. O duvatdtntég Tou TepthopBdvouy TNy amhr xateuvdeioy petdppeoon
e olvTtagng, moapdyoviag éva 0évipo agaipeTixic olvtaing. Mmopel vo avahboel
EL00D0OUC TIOU TEQLYPAPOVTOL OO Lol OCOPT| YOOUUATIXT Xl VO TOEAYEL Lol GUUTIO-
Y1 AVATAEAOTACT) OAWY TV BUVATOV OEVIPWY AVIAUGTC YPNOWOTOWWVTAS EVAY Xo-
tevduvopevo axuxhixd yedpo (Directed Acyclic Graph-DAG) avti avanapoo tdoewmy
oevTpwy. Emmhéoyv, unopel va exteléoel Tn ouvtaxtixny| avdxtnorn hadwy, Peloxovtog
TNV QVEXTNOT) UE TOV EAAYLOTO optiUd oy VONUEVWY SLUTAEEWY, ETUTEENOVTOS TNV UAO-
Tolnom aVaALTOY UE EEUPETING XAUAY| oVAXTNOT o avopopd opoludtwy. Téhog, Exel
Yeryoen exxivnon xau ypeidleton eEAdyLo T xoduc Tépnon HeTaEl Tng enciepyactiog Tng
YeouuaTxhc xou e évopdne e avdiuone. H yeoupoatind yie to YAEP pnopel va
onuovpyniel u€ow AARCEWY CUVIRTHOEMY XL 1) EVOWUATWOT) GOU GE €V EUPUTERO
XOXOL Elvol tar BounuEVT xou TEoaoltr Slodixacia.
O xatnyopieg twv xOuBwv otar cuYXEXPWEVE BEVTPA TEPLEYOVTAL OTO enumeration
yaep_tree_node_type mou avoamaplotd 6houg toug mavolc xoufoug Tou agpnern-
UEVOLU CLVTOXTIXO) BEVIPOU TOU TEOXVTTEL ONO TNV AVIAUCT] TNG YEUUUUTIXAC Xl
elvon oL e&€hc:

e YAEP NIL: Avanopdotacn xOuBou Ue xevr) UETAPEAOT).

e YAEP ERROR: Avonapdotaon xoufou ye yetdppact Addoug.



e YAEP TERM: Avonopdotaon evog tepuatinod xoufou,
e YAEP ANODE: Avanopdotact evog agpnenuévou xouBou.

e YAEP ALT: Autdc o tOnog x6ufou yog Setyvel 6Tl UTdpyouV TEQLOCOTERES
amo ula miovEC UETAPEACELS TOU CUYXEXQLIEVOL XOUSou.

[Mpoxewévou va yiveton avapopd otov xdie xoufo avdroya pe to eldog Tou, UTdEYEL
eniong €va union pe to 6voyua val, To omolo mepiéyel 5 UEAN, Eva yia xdde eldog xOu-
Bou. Ta 5 awtd wéln elvon ta e€ric: 1) nil v tov xépfo YAEP NIL, 2) error yu
tov x6pBo YAEP ERROR, 3) term yio tov x6uBo YAEP TERM, 4) anode vy
tov x6uBo YAEP ANODE, 5) alt yw tov xépo YAEP ALT.

Kdémoi and ta mopandve €ldn xOuBwy TEPLEYOLY KATOLEG EOWTERIXES UETUPBANTES oL
omoleg expedlouv oplopéva dBlaxpltd yopaxtneloTixd touc. O xoufog tomou term
Tepléyel TNy axépona PETABANTYH code, oL Gely Vel TOV XWOLXO TOU GUYXEXPUEVOL TER-
portieo x6uBou, xadde xou T petaBAnTh attr torou *void, n onola eivon avopopd oe
EVaL YVOELOUO TOL oLYXEXEWEVOL xouBou. O xduPoc tomou alt nepléyel tn yetafBAnT
node tUTou yaep _tree_node 1 omolo avapépetan GTNY TEOTY EVUAAIXTIXT UETAPEAOT)
TOL o TN METPBANTA next, n omolo elvon Tou (Blou TUTOL oL AVAUPERETAL OTNV ENOUEVY
evahhaxtiny| petdppact). Térog, o xépPBog TOnou anode nepiéyet 0 pueToBANnTr name
TUTouL const char, mou exgpdlel T0 dvoua Tou x6UfBou, OTWS BlveTon OTY UETAPEAOT)
Tou xovova, TN uetaBAnTy children mou eivon timou yaep tree_node xou avopépeTon
6TOUC XOUPoug Tou elfval UETUPEACELS TwV CUULOAWY TIOU TEQLEYOVTAUL GTOV XAVOVAL
e YeouuaThc pall Ue Tov agpnenuévo xouBo xol oUCLICTIXA AMOTEAOUY Tol ToUdLd
TOU %0uBoU GOUPWYL UE TOV XAVOVAL, XIS Xou TNV axépono UETABANTY cost 1 omola
ex@edlel avdhoyo Ue TNV T wag PETOBANTAS onuolag elte To x60T0¢ TOU CUYXE-
xpUévou xouPBou yall ye T0 x60TOC OAWY TWV TUUdLWY TOU £lTe HGVO TO XOGTOC TOU
CUYXEXPWEVOU apnenUeévou xoufou.

‘Ohot oL mopamdve xouBot, ol UeTHBANTES xou oL SLEGUIES CUVIRTHOELS TROCUPUOC TN-
XAV XATEAANAAL X0l EVOOUATGINHAY GTA TROTEWVOUEVO CUC THUNTA, WOTE Vo avohudoly
OWOTA Ol ACUPEIC YRUUUATIXEC TOU YENOWOTOLAUNXOY Yot TIG OLAPOPES XATNYOplES
Yeudoxoufov.



Algorithm 1 Earley’s Parser Algorithm

O 00 O Ot = W N+~
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DECLARE ARRAY_OF_STATES Sets;

function INITIALIZE(input_string)
n < LENGTH(input_string)
Sets < CREATE_ARRAY(n + 1)
for i « from O to n
Sets[i] + EMPTY_SET
endfor

function EARLEY_PARSER(input_string, grammar)
INITIALIZE (input_string)
n < LENGTH(input_string)
ADD_TO_SET ((Start — ¢S, 0), Sets[0])
for i « from 0 to n
for each state in Sets[il]
if (state is not completed)
if (RIGHT_TO_DOT(state) is a nonterminal)
PREDICTOR(state, i, grammar)
else
SCANNER (state, i, input_string)
endif
else
COMPLETER (state, 1)
endif
endfor
endfor
return Sets

function PREDICTOR((B — «a o C 8, j), i, grammar)
for each (C — ¢) in GRAMMAR_RULES
ADD_STATE_TO_SET((C — o 6, i), Sets[i])
endfor

function SCANNER((B — <, 2 d, j), i, input_string)
if (a is input_stringl[il])
ADD_STATE_TO_SET((B — v a ¢ 0, j), Sets[i+1])
endif

function COMPLETER((A — ¢ o, x), 1)
for each (B — v 4 A [, j) in Sets([x]
ADD_STATE_TO_SET((B — v A+ B, j), Sets[il)
endfor




Kegpdhawo 5

Knotify

5.1 Ilpotewduyevn pevodoroyia — EvoeixTti-
KO TUEAOELYUA EPASILOY NS

Y10 Kegdhowo autd nopouctdleton Ui ETOXOTNGY TNG TEOTEWVOUEYNS Uetodolo-
viag Knotify. H Swdwacia mpoBredne twv Peudoxdufov tou RNA Swupeiton otic
Tpel axdhouleg epyoaoiec: (o) H oxoloudio tou RNA avalleton yenoylomoudvtog
évav CFG avahuty, dote va napay oy dho o §évtpa Tou tepthapBdvouy évay heu-
doxopPo tomou H, (B) 6k tar dévtpa, tor omola €youv mapaydel oto TEONYOlHEVO
oTBL0, SlaTREYOVTOL VLol TV avary vedpelon emmAéov (euydy Bdong yopew amd tov eu-
dbxopPo xou () to BEATIOTO 3EVTEOo EMAEYETAUL UEOW TWY XpLtNElwY ENEYLIOTNG EVER-
yewg xou tou péytotou aptduod (euydv Bdoswy Yipw and tov (eudoxoufo. Autég
oL teelc Paowéc epyaoiec e mpotewduevne pedodohoyiog (Bh. Eyhuo 5.1) nept-
Yedpovton extevng otic Evétnreg 5.2, 5.3 xau 5.4, avtiotoiya. ‘Oneg nopovoidleton

decorated

parse trees | pseudoknot | .-[[...{(]].))..

ACUUUG parse trees
—_———

» 3 pseudoknots
CFG parser decoration selection

Yo 5.1: 3X1ddtar Tng mpotewvouevng yevodoloyiog Knotify.

10 Yyfua 5.1, 1 mpoTewvouevn ulonoinon déyetar we elcodo pio axohoudic RNA
OTYN Hop®N Uiog GUUPBONOCELRAS TTOU aVTITPOCWTEVEL Ular oxohoudia Bdoewy, extelel
Ta empépous Brpata tou ahyopiduou Knotify xau e€dyet tnv deutepotayt| dour| o
poppY) xouxidoc-tapévieone (dot-bracket). Auoxprtd tuuata hoyiopixol €youv u-
Aomowmndel yio Ty tparypatonoinon xdde epyooioc/Bruatoc, xou GAEC oL AenTOPEpELES
vhornoinong neptypdgpovton oty Evotnta 5.5. Mia mo extetopévn avoamapdotacT tng
uevodolroyiag mapouoidleton oTo Lyhua 5.2.
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input ——
RNA sequence Pseudoknot core
stems prediction

Grammar

GGGAAAUGGACUGAGCGGCGCCGACCGCCAMACAACCGGCA E

Construct dot
bracket structures
from parse trees

Yaep parser with
parallel execution

Select the structure

Rank structures by
maximum stems
close to pseudoknot

.............. TU(LA (1(0))) I ) B

of dominant
structures

Yo 5.2 Miot To eEXTETOUEYY AVATOREACTAOT] TNE TEOTEWOUEVNC UeVOBOAO-
ylog.

5.2 CFG vy tnv Avayvoeiwon Yeuvooxou-
Bwv tOrouv H

YTy evOTNTOL AUTY TEQLYPAPETOL 1) YEUUUOTIXT Ywelc cuUpealoUeVa TOLU UAOTIOL-
nxe v o TpwTo otddio Tou Knotify. H mpotewoduevn puedodoroyia aviyvevong
(heudoxouPwv oe axoroudieg Bdoewy, ol onoleg avtimpoonnelouy RNA, Bacileton oe
TEYVIXEC OVOLYVOPLIOTC CUVTOXTIXOY TEOTUTWY XAl CUYXEXQUIEVO GE EVOY ATODOTIXO
CFG avohuth. Luvermdg, ebvar xplowng onuaciag vor emAeyolv Ta apyixd TedTUTA
YO TV YROUUATIXY. LTV TEPINTOON TG avaryvoplong Twv wotiBwyv tou RNA, 7
TEoYavic ETMAOYY| VoL 1 avamapdo oo TV Bdcewy adevivy, xutoaivr, youavivn xo
ovpoxidin wg A, C, G, U, avtiotoya. Autol ov yopoxthpeg oe pior oxohouvdiar omo-
teholy o avanopdotacn RNA. Tlpotetvetar emopévae, évac CFG avohutrc yia Ty
avaryvoplon peudoxoufwyv oto RNA, 6nou to mpotevouevo AeEIAGYIO TNG YROUUOTI-
xhc mepthopPaver povo téooepa teppatind ovufora T = {A, C, G, U}, ue xodéva
VO AVTITEOOKTEVEL plor Sloxpttixt| Bdom: adevivr, xutootvr, youavivny xou ouvpoxiin,
avtiotoya. Xuvenng, xde axohovdio RNA unopel yAwoouxd vo avanopactadel g
GUUPONOCELRS TOU TEPLEYEL TO TOPATAVG TEQUATIXG GUUBOAN, OTKS YLol TOEADELY UL,
UAGGC 7 AUGGCCGUACG. H Baour wéa yia TNy avdntuln evog T€Tolou ou-



othuatog onwe to Knotify, Bocileton oto yeyovdg OtL 1 cuvtoxTinn avoryvopelon
evo¢ dedopévou otiou unopel vor UETATEATEL GTN YEHOT WIS XATIAANANG YRUUUOTL-
xNC TEOTUTOU, OOTE Vol AVAALUEL 1 YAWOOIXT| OVITUEACTAOT] TWV oEYIX®OY LOTBwV.
Me [Bdomn autdv tov petaoynuatiopd eivar BéBato 0Tl 1) oyeEdlaon TG YEUUMATIXAG
UTOPEL Vou €YEL ONUAVTIXY ETBEOT, OTO AMOTEAECUO TNG AVAYVOPIONC. LUVETWS, YL
To oUotnua Knotify, n dnuovpyia tng CFG nou Ya yenowonomdel ebvar 1o mpoto
ONUOVTIXO B Yot TNV ATOTEAECUATIXT] VAOTIOINGT, TOU GUVOAX0) GUCTAUNTOS Xol
N owo T oyedlaon tne ebvan avoryxabor yior vor mepypdiel 0 Sour| Tou (peudoxoduBou
tomov H péoa oe wa onowadrinote avdaipetn axorovdio RNA.

H yepoppatinh Grya mou vhonotjdnxe yio Tov oxomd autd gabvetar otov Ilivaxa 5.1
HE TOUC aVTIOTOLYOUG GUVTAXTIXOUE XAVOVES TG,

H dedtepn otiin tou Ilivoxa 5.1 avadeixviel 6Aoug TOUG GUYTUXTIXOUS XAVOVES
NG YRUUUATIXAC Yia TOV eVToTopo Tou (heudoxduBou tomou H. H Grya nepthaufdvel
ot Tévte un-teppotind ovBola tng oukhoyhc NT = {S, L, D, K, N}. To S eivou 0
GUUPBORO EXXIVNONC X0 OAOL Ol GUVTUXTIXOL XAVOVES TIOU €Y0UV TO S OTNV JPLoTERN
TOug TAEURd, T.Y. 0 xavovag 0 €wg Tov xavova 15, otoyebouy 6ToV EVIOTIOUS EVOS
mdavol Jeudoxdufou otn cuyforoceipd ewoodou. ‘Evac (eudoxduBoc amoteeiton
TOUAdy Lo ToV amd B0 Leuydpla Bdoewy, oTa onola To wod evog Leuvyaptod Bdong etvan
EVOLIUETO avdueca oTa BLo Wod evog dhhou Ceuyaplol Bdone. T mopdderypa, o
xavovog 6: S — “C” L “U” D “G” L “A” xadop(let tnv Onapln evog eudoxduBou tng
noppric C..U..G..A o6nou ta Ceuydpia Bdocwv C-G xa U-A etvon evoidueca Cedyn.
Autd ta Ceuydipra Bdoswy Yo avagpépovtal wg xevipixég Baoeig 1 (ebyn xeEvTpinmy
Bdoewy 070 UTOAOLTO PEPOC TOU EWEVOU 0L OTOTEAOUV TO TEWTO AMOTEAEOUA TNG
YeuUUaTIXAC Tévew oto onolo Vo cuveyicel Toug urohoylouols tou To Knotify. To
Eyfuo 5.3 amewovilel tic xevipiée Bdoeic C-G xow U-A avtol) tou mopadelyuotog.
To wod tou Levyapol Bdoewy U-A elvon eviidueco avdueoa oto Leuydpl Bdoewy
C-G, dnrady) n Bdon U Beloxeton petagld tou Levyoptod Bdocwv C-G. Avtiotorya, 7
Bdon G mou avixel 6o Levydpl Bdocwy C-G eivar, enlong, avdueoa oto Leuydpt Bdoe-
ov U-A. Aut 1 Swobixacia, otny amhomonuévn e wop@n yiot AGYous Xatavonong
TOU TPAOTOL PhAuaToC, elvan évar ToEddeLY oL aviy VEUOTC TNS TAREUPOAAS TWV XEVTEIXODY
Bdoewy, Tou odnyel oToV EVToTmoUS Tou (peudoxoduBou tomou H.

Yuveyllovtag TNV TEPLYPUQT TNG YRUUUATIXAS, Emonuatvetar 6Tt To L elvon 10 un-
TEPUOTIXG GUBolo mou Yo dnuovpyrioel axohoudieg Bdoewy mou oynuatilouv ol Vo
empépoug Pedyol Tou Peudoxoufou, dniady axoloudicg Bdoewy petald twv C xo U,
xadwg xou petoll twv G xan A. To un-tepuatind L unopel vo dnutovpyrioet cupBoro-
oelpéc ou avixouv oto clvoho (T)* # (), 6mouv T eivon T0 GUVOAO TWY TEPUATIXGDV
ouuPorwy, xa B eivoar to xevd olvoho. To L enopévee, propel vo dnuioupyhoet
cupPBohocelpéc e uixog PEYAADTERO 1| (00 UE TO UNOEY, OTWE YLo TUPAOELYUO Ol O-
xohoudiec A, UA, CCGGAU, x.0.x. To cbuBoro D eivan to un-tepuotind cbyforo
mou Yo dnuroupynoel cuyforocelpés Bdoswy peTtall Twy 6Vo dlaoToawpolvtwy (euya-
Pl Bdone (epdy TwV xevtpxmy Bdoewyv), dnhady| petoll tov Bdoewy U xou G oto
ToEdderyUa auTd. XENoWoTolwvTag To un-teppatixd oluBoia K xou N, to L uro-
eel var avaryvewploel UTOGUUBOANOCELRES TEQUATIXWY CUUBOAMY UAxoug UNndEV €nmg d00



Yuvrtaxtixol Kavovec

S — HAH L HAH D HUH L HUU
S - HUH L IIAH D HAH L HUU
S N HCH L HAH D HGU L HUH
S — HGH L HAH D HCH L HUH
HAH L HUH D HUH L IIAH
S N HUH L HUH D HAH L HAH
S — HCH L HUH D HGU L llAll
S N HGH L HUH D HCU L HAH
S — HAH L HCH D HUH L HGH
S - HUH L IICII D HAH L HGH
S — HCH L HCH D HGH L IIGH

5 ©oo ook w— ok
w
1

11 S N UGH L UCH D HCH L HGH
12 S N HAH L HGH D HUH L HCH
13 S N HUH L HGH D HAH L HCH
14 S N NCH L HGH D HGH L HCH
15 S — HGH L HGH D IICH L IICH
16 L—"A"L

17 L—"U"L

18 L—"C"L

19 L—-"G"L

20 L —"A"

21 L —"g"

22 L—"C"

23 L—"G"

24 D—- KN

25 K— "A"

26 K — "u"

27 K—"C"

28 K—"G"

29 K—e¢

30 N — "A"

31 N — "u"

32 N — "C"

33 N—"G"

34 N —e¢

ivocag 5.1: Teprypapn tnge Grva yeauuatxhc yia peudoxoufo torou H.



Eyfuoer 5.3: Weuddxoufoc mou evitoniotnxe and tov xavova X — “C” L “U” D
CCG” L C(A.W

Bdoewv, dnhady, €, A, U, C, G, AU, UA, AC, CA, x.0.x., 6mou 10 € elvon 1 %eVH|
ouuPolooepd. To uhxog tne urtocupfBohoceipds Yetald TV Blac ToawpoLVTY (euya-
PLV BAoEwY Elval TOPUUETEPOTOOWUO Xl CUYXEXEWEVA, TO UEYIOTO UAXOC AUTHS TNG
unocuufolocelpds unopel vo xadopio el and Tov ¥EHoTN, OTWE TEPLYPAPETUL XL GTO
anoVetiplo Knotify oto GitHub [77]. H Baowd Aoy eivar 6t e Bdon v eicodo
and Tov YPNOoTN UToEOVY Vol GYNUATIO TOUY AUTOUATO TURATEVE OO U0l YEUUUATIXES,
oL elval TOOEC 60EC 0pILEL 1) TUPAUETEOS XAl Ol AVUAUTES TOUS EXTEAOUVTAL TOEAAANACL
Y10 TOV EVTOTUOUO ToV (PELBOXOUBWY UE TO avTIoTOLYO UNXOC TNG TAUPATAVE) UTOGUY-
Bohoaoeipde. Ewbwdtepa, n uetaBanth mou xadopilel 1o prxog autéd ovoudleton dd xou
avdhoyo pe TNV Ty tng Ya dnuiovpy ol duvouxd ol avtiotolyeg ypouuotixés. Ta
ToEdderyua Yot dd = 3 Yo onuovpynioly duvouixd, uécw uiag i cuvdpTnorg,
Téooeplg yeaupatxés yia dd = 0,1, 2,3 avtiotoya, ot onoleg ot cuvéyeta Yo exTe-
AoUvTaL ToedhAnha 6TOUG SLECLIOUS ETEEEPYUCTEC TNE UTOROYIO TIXHC UTOBOUNG Yot
Beltiotomoinon tng anédoone tou Knotify.

‘Onwg yivetow avtidnmtd and tn Acttovpyla evog avaAuty|, 1 Yeouuotix) Grya unopel
vo. evToTioel Peudoxoufouc oe cuUBOAOCELRES, OTIOU TaL TEMTA Xt ToL TEAEUTato GUY-
Boha Tng axoroudlag avixouv oTic xevipixéc Bdoelg, dnAadY| xdide popd o eviomiouOg
apopd T GUVOAXT axoloudia ElGOB0LU GTOV aVUAUTY. 110 e€eTalOUEVO ToEABELY UL
evog Peudoxdufou mou aviyveletal and ToV €XTO xavova, o Peudoxdufog UTdpyEL oE
plar utocupforoacelpd Tou Eexvd and to TepUaTind aluBoho C xal TEAELOVEL GTO Tep-
patxd obuforo A. Qot6c0, autd Bev mEETeL Vo Yewpelton TEPLOPIOUOS, xad®E GTO
Knotify o avaiutric extedelton oe dAeg Tig midoaveég umooxohoudieg Twv GUUSOAOCELROY
YENOWOTOLOVTAC TNV TEYVIXY| Tou “xtvoluevou napaipou’ (sliding window), n onola
ToEOVGIALETOL OTH CUVEYELA.

To 8évtpo avdiuong Tou ToedyeTal and TNV avdiuon tne urtocuuoroceipds "C G
CCUGAUUUG A" napoucidleton oto Lyrua 5.4. Emoteépovtag 6to mporn-
YOUUEVO TORADELYUA, O CUVTAXTIXOC Xavovag 6 yenoulomodnxe yio vo aviyveudel o
(eudoxdufoc g popypnc C ... U G ...... A (Bh. EyAua 5.3). Xtn cuvéyew, ot
xavoveg 19, 18 xou 22 yenowonotfdnxay yior TNy avary voelom TV BAcewmy Yetadd Tov



Yyfuar 5.4: Buvtoxtind AévTpo yior TNV avoryveelor PeudoxouBou — umoaxo-
ANowlic CGCCUGAUUUGAY”

Cxu U, dnaon CG C CUG ...... A. Axoho0bwc, ol xavoveg 24, 29 xou 34
YENOWOTOUUNXAY YIoL TNV aVaY VORLGT| TNG XEVI S OUPB0A0CELRAS UETACY TwV BAoEwmy
U xon G twv xevipixayv Bdocwv. Télog, ow xavoveg 16, 17, 17, 17 xou 23 yenowonot-
Aoy Yoo T avary voplon tov Bdoewy petall twv C xou U, dnhady C G C C U G
A U U U G A. H ohoxhfipwon authic Tne UtocLUBoloacelpds atny apyixr) oxohoudia
RNA xau 1 Srodixasio Stoxdounone (decoration) tou Peudoxdufou ye emmhéov Bdoeig
avolveton otny Evotnta 5.3.

H npotewouevn yedodoroyla avariel dheg Tic unocuuBorocelpés, apyilovtag and ou-
T mou &exwd pe to mpwTo cLYPoro Tng axoloudiog xar €yel To ENAYICTO BUVOTO
uroc. Emavonmtixd, to puixog enextelveton xotd €va oOuolo yio var TepLAdfBer tTny
TAen apyit) axohoudic RNA. Me tov (8o emavainmtind tpomo, ta onueio évaping
TWV oLUBOAOCEIROY AUEGVOVTIL YL VoL aoXAElcOLY TO TEoNYoUUEVO cUUBoAO €vop-
&nc. H avdhuon ohoxhnpdvetar 6toy To urfixog tne UTocuUBoAOCELRdS TOU TRETEL Vo
avohudet, voBaduileton nepatépr amd éva tpoxodoplopévo 6plo (nhadi, To eAdytL-
oTo uixoc Tou PeudoxduBov). Auth 1 yedodohoyia, epbdoov 1 yeoupatixi Grya
elvon acapric, odnyel ot dnutovpyia evog onuavtxod aprduol dévtpwy avdivone. H
uedodoroyio emhoync Tou BEATIOTOU BEVTEOU avdhuong avalleton oty Evotnta 5.4.
O emheypévoc avoluthic CFG eivar autéc tou YAEP [76], tou elvon évag amodotixde
avahutic CFG Baotoyévog otov akybprduo tou Earley [70], xou oOugwva pe ) Bi-
Broypaplo, umopel vo yelplo Tel ACAUPELS YEUUUAUTIXES.

H emoyy| ploag cuvtaxtixnic YeauuaTixnc ywels oupgealoueva Baclotnxe otny mpo-
omTIXA EMEXTAONC NS PE Yvwployata (Snuovpyiog pag Yeouuatixic YVORIoUEToY)
v TV anoUxELoT) TUVOTHTWY X0t TN SUVATOTNTA TEPLXOTAC BEVIPWY AVIAUGCTS
AT TN SLIEXELL TNG BLAOXACTIOC XATACHEVUNS TWY OEVTRPWY AVIAUCTG, OE UEANOVTIXEG



TPOCEYYIOELC X0l TPOTOTOCELS Tou cuoTApatog. o vo evioyudel n anddoon Tou
TPOTEWVOUEVOL GUCTAUATOS, TEOTAUNXE %o Ulal EVAAAOXTIX LAOTOINGCT TNG Te®ING
auThC epyasiag eviomiopol Tou heudoxoyPou tumou H, yenowonowdvtog évoy dmAn-
oto ahyopripo "brute-force". Auth 1 mpooéyyion Biatpéyel tn cuuBoloocelpd Yo
vo. eviomioel 6ha Tor duvortd (evydpla Bdone xou oTr cuvéyel dlatpéyel Ol tar Ceu-
ydpLo Bdong yio va evtomioet ta {euydpia Bdomng mou SuvnTixd amoTeEAOVY TIC XEVTPIXES
Bdoeic evog Peudoxdufou, dnhady| amotehoLUEVES amd 800 TUARATO TOU GUVOEOVTOL
e 800 povée ouuforoaceipéc X Bedyouc. H dninotn npocéyyion ("brute-force") mo-
povoldlet pla ToyUTERT EXTEAEDT) XATA 2,55 QOREC OE GUYXELOT UE TNV LAOTIOINGCT) TTOU
Yenoulomotel Tn ypouuatxy oTny mewtrn epyacta Tou Knotify. Qotéco, n emtdyuvon
€PYETOL UE TO XOOTOG TN CUVOAXY|C ETEXTACWOTNTAS TTOU TUREYEL 1) TROCEYYLOT) TTOU
elvon Baotlopévn otn ypouuotixy. Xuyxewvoueves BEfota, ol 800 TEOTEWVOUEVES LAO-
TOWOELS UE B0 amd TIC THO YVWO TG Xou omodoTixés That@opues [32, 35] ot eninedo
Yeovou extéheone, nopouctdlouy plo alloonuelntn emtdyuvvon. H oliohdynon tng
ATOBOCTNC AVUPORIXY UE TOV YEOVO EXTEAEOTC avahleTan oty Evotnta 5.6.5.

5.3 Awduxacia Staxdounons’ (decoration) twv
Kevtewxdv Bdoswyv

Aol ooy dnuovpyndody Ta dEvTea avdhuong cOugwva ue T wedodohoyio tou
TepLypdgpeTton oty Evotnto 5.2, Oha T 8évTtpa avall ToUYTOL TEOXEWEVOU Vo BLUXOGUY-
Vel 0 Peudoxnoufoc pe emnhéov Bdoeic. H Grya oyedidotnxe e T€1010 1010 HOTE Vol
vy vwpllel uovo Tic xevipxég Bdoelg tou PeudoxduBou Teoxeévou va oEloToLACEL
Vv anodotixdtnta Tou avahut CFG. Autd to yeyovog odnyel oe Wi Yooty Ue
Ayoug cUVTOXTIXOUC XAVOVES X0 ETILTEENEL GTOV OVOAUTY VoL EXTEAELTAL OMOTEAECUO-
Tixd. QoT600, Snuioupyeiton 1 avdyxr encgepyasiag OAWY TV BEVTIPWY, TROXEWEVOU
vor ovyveutdolv oL UTOhoLTES BAoElC Tou TEPYBAAAOLY o TANUCUOVOLY TG XEVIPIXES
Bdoeig Tou PeudoxduPBou. Autéc ol Bdoelg Yo xadopicouy xon G Tar utdroina Yotifo
pall pe autd Tou Peudoxdufou xou xaT EMEXTACT) TN GCUVORLXY| BEUTEQOTAYT) BOUY| TOU.
‘Okeg ot Bdoeig oe xdie amd tor 600 TuAUaTa Bedyoug Tou Peudoxdufou eletdlovTton
oxoroudaxd yio va SlamoTwiel av uropolv va oynuaticouy Ceuydpl Bdcewy e pa
dAAn Bdon mou Beloxeton oe xatdhAnin Véom.

O ITivaxog 5.2 napouctdletl to tprua Touv ahyoplduou mou anoxoleiton decoration.
‘Eyovtoc aviyveudel ol xevtpuxéc Baoeig U-A xou C-G otic 9éoeig 9 xon 11 xan 5 o
10, avtiotowya, e€etdotnxay dheg ou Bdoeic xar oToug B0 Bedyouc Tou (eudoxou-
Bou, dnhadh, ol Bdoewc otic Véoeic 6 wc 9 (aplotepdc Ppdyoc) xau 11 éwc 15 (delioc
Bedyoc). Ta tuduata owtd eZetdoinxoy mpoxeyévou vo aviyveudel 1 duvatdtntd
Toug v oynuaticouy Cevydpla Bdoewy e Bdoeic exToC TV PBpoywy Tou Yeudoxdu-
Bou. 'Etot, ta (euydplo Bdocwy Tou aviixouv oTov aploTepd Bpoyo eAEyydnxay yio
vo Stamio tw el oy umopolv va oynuaticouvy (euydplo Bdoewy e Bdoeic otic Véoeig 17
éwc 19, eved oL Bdoeig mou avixouy oTtov 8l Bpoyo egetdodnxay Yo vor TaeidEouy
pe autéc otic Véoeic 1 éwg 4. Xto tpnApata autd tou Peudoxdufou, aviyveldinxoy



oxohouthaxd o Leuydpta Bdoewy otig Véoeig 8-17, 7-18 xou 4-11, xaddg xou 3-12,
avtiotorya. O Ilivaxog 5.2 mopoucidlel Aentouep®de oAdxhnen Tn Sadixascta.
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ivoxag 5.2: H ddwaoio Decoration tov xevipidv Bdoswv tou Peudoxdy-

Bou.

To mpoTEVOUEVO GUGTNUN ETITEETEL GTOV YEHOTN VoL ETLAEEEL TPOAUEETIXG TNV T~
&n v Bdoswy U-G otoug 600 Bpdyouc tou Peudoxdufou. To Lebyog Bdoewy G-U
(wobble pair) efvar o Yepehiddng povdda deutepotayolc dopric tou RNA nou undp-
YEL 000V oe xdde xatnyopla RNA and opyoaviopols xon Twv TEUdY QUAOYEVETIXWY
neploywv. ‘Eyet cuyxplown Yeppoduvauiny| otadepdtnta ye to Lebyn Pdoswy Watson-
Crick xou etvon oyed6v 16opop@xd ue oautd. 2 ex ToUTOU, GLY VA LToXoho Td Tar (el
Baoewv G-C 1} A-U. To Lebyoc Bdocwv G-U €yel eniong wovadixéc ynuixéc, Souxé,
OUVIUIXES XL GUVOETIXEG LOLOTNTES, OL OTOlEC UToPOUY VoL uunody uévo ev pépet amod
ta Lebyn Bdoewyv Watson-Crick. Eniong, To cbotnua emitpénel oe pio StopopeTinr Tou
exdoym, TNy UTAEEN ACVUUETEOY BROYWY/eE0YXOUATWY 1) ECWTEPXGY BrdywY 6TOUC
Bedyouc tou PeudoxduBou xou TeplypdpeTon avoluTd oty Evotnta 7.

5.4 Emioyn BéAtiotou Agvtpou

Lopguwva pe Tt Bihoypagla, £youv Tapouctac el TOMES uedodoloyieg Tou avTi-
uetonilovy To TEOBANUA TNg TEOBAEdNC Tng deutepotayols dounic RNA, ue tic mo
Sradedopévee va ebvan 1 uédodoc tou eldytotne erediepnc evépyetoe (MFE) [78], 1
omota mpofBiémel v axoloudia RNA mou mapoucidlel to younhotepo eninedo ehe-
Olepng evépyelog. Oswentnd, auth do Aoy 1 o otadepr) Sour ot QOoT, aAAd oE
TROYUATIXES CUVINXES, OIS TEOXOTTEL Xl Ao TELROHATIXY AELOAGYNOT), Ol UXONOU-
Oiec mou €Youv EVIOTOTEL xou XAToypael OEV €youv TavTo TN Bour TNS EASYIOTNG
evépyeloc. H apyt| tng ehdypiotng ehéuldepng evépyetag elvon Booixd Wio emovodiatime-
o1} TOU BEVTEPOL VOUOU NS VEQUOBUVOULXTC TEOGUQUOCUEVT OTNY TERITTWOY| LA GTNY
eheliepn evépyela tng douric Tou RNA. Mia eniong onuoavtiny| yédodog ue epopuo-
Y1 o€ Tohhd cuoTiata Tne PiBhoypaplag eivan 1 pédodoc e ueyioTonolnong Twy
Levydv Bdoewv [8]. Tpdxerton yio pior teyvixh 1 onola Baoctletar otov apdud twv
Ceuy v Paocwvy mou dnuovpyolvtar oto RNA xou otoyelel otnv oxohoudia mou cto-
YeVeL oTNy €peuan authg e Ta teplocdtepa Lelym. H apyin| ewpla avagpépetan oe
Ol Ty axohouvdia, koTéc0 GTNY TapoLca SlaTElBn) TapouctdleTon Uio BLUPOPOTOLN



HEVN TPOGEYYLON TOU ETUXEVIPOVETAL OTN PEYLOTOTOINCT Twv (euY®Y PAoewy xovid
otov heudoxdufo, dniady yopw and Tic xevipxés Pdoec. H mpooéyyion auth ue
Tov YéytoTo oprdud Ceuynv Bdoewy Yhpw and Tic xevipiéc Bdoelg Tou Peudoxoyfou
odnyel o BoUEg PE ENAYLOTYN EVEPYELX 1} OF OOUEC UE EVERYELXL TOAU XOVTA GE AUT
mou eivan entiong mohd miavd Vo EUPAVICTOUY OE TEAYUATIXEC cLVITXEC TN PUOT).
‘ANec yvwotée uédodol eivar n pédodoc partition function [22], n onola Boaoileto
GTO YEYOVOS OTL oL mparypaTind Lelyn Bdoewy €youy peydin mdoavotnta va Beloxovio
TNV EXTWOUEYY XAUToVOUY| TNG EALYLoTNG eAcudepng evépyetag. H uédodog evioylet
TN VeTiny) TEOPAETTIXN TWH| TWV TEXYUUTIX®Y (EUYQOV BACEOY UEAETOVTUC TIC TOQRO-
METEOUC TOV TANCECTERMY YELTOVWY TOUG YLl TNV EAEVVERT EVEQYELX OE [lal OEOOUEVT
Vepuoxpacio. Téhog, n uédodoc oiyxptong ahkknhouytdv [60] apopd tov Eheyyo Tou
©oT{Bou TWV AVTIXATAC TACEWY TOU TAEATNEOVLVTOL OE Uiot BIMAY euduypduulon 600
OUOROYWV OAANAOLYLWY, EVE eqopudleTal Yo TNV eniAucT) Tou TEOBAAUNTOS Xou 1|
pédodoc puowmmv melpoudtey [61], n omolo EntxeEVTEMOVETOL OE TRy UATIXG TELRdUATA
HE TNV EL0aYWYT| TV Hoplwy 08 XUTIAANAAL DLUUORPOUEVO LUYEO TEQLBAAAOY.

To npotevdpevo oo TN Yenowonotel Eva UBELBnd HovTENO ETAOYHC TOU BEATIOTOU
0EvTpou, cuVdUALovTag dEYES TOU TPOEPYOVTUL amd TIC BUO o OLdEBOUEVES TEYVL-
x€¢, Onhady) tn u€dodo tng peylotonoinone twv (euywy Pdoswy xar T pédodo g
ehdyiotne ehebdepng evépyeiae MFE, yio va mpofBiéder to potiBo tou eudoxduBou
¢ Seutepotayols douric Tou RNA e axpiBeio xan anodotixdtnta. To MFE etvou
OXOVOUXO amd TAELEAS amddoomg 6Tay e@apuoleTon ot Uiot GUUBONOCER UE YVWO TH
douY| xouxidac-tapévieorg, oe avtileor ue ToV UTOAOYIOUO GAOL TOU TiVaXAL TN G TEO-
YOS SuvVaiXo) TEOYEUUUATIONOY. Apyixd, Oha Tar GEVTEO TAEVOUOUVTAL OVIAOYA
pe tov apliuod twv Leuyoy Bdocwy Yipw amd Tov eviomopévo peuddxouPo, otolyeio
mou Yewpolue 6Tt cuyPdhetl otn otadepdTnTa Tne dounc, xou to MFE eqopudleton
HOVO GTa BEVTEA TTOU XAUTATACGOVTOL aTNY xopupala Y€an TN xotdtadng Tou aprduol
Twv (evy®V Bdoewy. Avalnteitan ue dhha AdyLa, 1 mo otadepr| Sour, and tnv dmodn
TV (euy®v YOpw and Tov PeudoxdouPo xou TNV eAdyloTn eEAéudepn evépyeLa.

5.4.1 TYroloyiwowog EAayiotne EAedeeng Eveépyeiag

ITpoxewévou va emheyel 1 xoaAOTEEN Boun omd T0 GUVORO TWV LTOPHPIWY BEVTERO-
TAY OV BoUOY, 1 uEV0BOE HaC ETAEYEL TEMXE, AUTY| UE TNV EAAYLO TN EAEVUERT EVEQYELAL.
[Mo v extéheon autold ToU ONUAVTIXOL BAUNTOS, EVOWUATOUNXE 0 aAYopLIUog UTO-
Aoylopol tne edéulepnc evépyelac and to cvotnua HotKnots [81], mpoxewévou va
unohoyioel Ty evépyela xdie dopng yia TV TeEAXY eTAOYT TNG OOUAC HE TNV EALYL-
ot wuh. H vhonoinon auty) Poacileton o €vav ahydpriuo mou mopoucldoTxe omd
tov Mathews [82] xou emextdidnxe yio ta pevdoxdufouc and tov Dirks [62], tou ebvou
XL M) XUTIAANAN Yoo TV gpyacta auth oTto Thaicto tou Knotify. Xuyxexpuyéva, 7
evépyeta Tou (peudoxouBou diveton amd TNV axdroudn oyéon:

GPseudo — B\ 1 By % BP + f33 % UP (5.1)

omou to B elvon o Bdpog yio Ty Umapdn Tou Peudoxdufou- to BP elvor o apriuog
TWV XEVTEWOY Bdoewv o 1o UP elvor o aprdudg twv aveldptniov Bdoswy péoa



otov Jeudoxdufo. Ou mapduetpor B2 xou Pz tédnxav oto 0.1, 6nwe vnoloyiotnxe
TELpauaTIXG 0TV epyacia Tou [81], xou avapépovTton OTIC XEVTPXES BACEIS Xou TIC Un
Ceuyopwuéveg Bdoelg, avtiototya, eved o Bdpog By tédnxe oto 9.6 6nwe Tpotelveton
xan oty apyixr| vioroinon. H Ewdva 5.5 mapéyel évav moapdderypa yia to Bdern B,
B2 xou B3 o évay evdextnd (heuddxouBo tomou H.

B1 B,

e

"Ba“‘ Bs Ba "Ba"

(¢

3

Yo 5.5: To Bdpog yio Ty Umoaeén Tou PeudoxoduBou etvar [1, eved 1 cuVEL-
0QOE3 TWV XEVTEIXGY Bdocwy elvon [ xon Twv un (euyopnuévey Bdoeny uéoa
otov (eudoxouPo eivan B3. Ou evépyeleg twv otoaypévev (euyoy Bdocwy
vrohoy(leto Bdoet Tou povtéhou tou [82] (amd [81]).

5.5 Medodoroyla TAomolnong Tou CLUC THUA-
tog xou Epyaieio

Yopgpwva ye ) BiBAoypapla, n tedfiedn Peudoxdufuv ot omoladrinote audaipe-
™ axohoudioce RNA etvon éva mpoBAnua NP-hard. Agevog, ou ahyodprdyol eAdyiotng
eheliepng evépyelog Tou mpotelvovtal Yot TV TeoBAedr PeudoxduBwy yenowonolo-
OV BUVOLXO TROYQPOUMATIONO YId VO XUTATIEOUV YNAd 600V apopd TOV UTOAOYIC TIXO
TOUC X0GTOG, EVW 1) axQIBELd TOUG PELWMVETOL AVIAOYIXE UE TO UAxog TNg eloéoou. E-
TUTEOCUETA, OL UTHPYOVUCES EURETIXEG TROOEYYIOELS OEV €)0UV IXAVOTNTES YEVIXELUOTG
XATE TOV EAEY YO PE OLdpopa GOVORA BEQOUEVLY. XE auTO TO TAdiolo, 1) Tapodo ep-
yoota Tapouctdlel pior Vo uBELOLX oTEATNYIXY Yiot TNV EMAOYY TG oxohouding RNA
mou elvon 1 o mhav| Exppacn Peudoxdufou. NOugwvo Ue To Lyua 5.2, n TEOTEL-
vouevr uedodoloyia dnuloupyel apyxd €vay LTOY®EO OAWY TV THAVOY EXPEICEWY
peudoxoduBou, dnrady| 6évtpa Tou TapdyovTal YE ETTUY o o TANEOUY Oplouéva XEL-
THELL EAGYIOTOU Uix0ug, XaL 6T GLUVEYELL AUVEL €val TEOBANUY BEATIoTNG emhoYng,
ETAEYOVTOC TNV avarmapdo taoT peudoxdufBou mou dadétet (i) To péyioto apriud Leu-
Y&V Bdoewvy Yopw and tov PeuddxouBo xou (i) v eldylotn edéudepn evépyeo. H
TEOTEWVOUEVT LAoTOINoT elvon xardouTr LBEWIXY. XENOWOTOLOVTIC POUTIVES XOOLXA
Python xou C, viono{dnxe €va hoylouixd Tox€To AmOTEAEOUATIXG, EVENXTO, E0XO-
ho otn yehon xou enextdoio. H yhoooo Python yenowonodnxe yia va mopéyet
LMAS eminedo euehi&iog xaL €TOWES AELTOURYIEC OTWS 1) BuvatdTNTa TaEoAAnhonoin-
one, N enifiedn deutepeudvTrv Biepyaotdv xou 1 dlayelplon apyeiwy, eve 1 YAOooo



C yenowornoinxe yia v Stoyelplon Tou €pyou TS avaAUCTC X0l TOAUTAOAWY Ep-
YOOIV YORW amd TN YRUUUATIXT, OTWS 1) OIACYIOT YEAPOY. LUYKEXOEVA, 1) €l0000C
Ywelotnxe o ToAéc uno-axohoudidec (auth 1 Swadcacio teptypdpetar enione otny
Evétnta 5.2), ot onoleg epboov eivor aveZdptnree Yetoll toug, mapodAniomotiin-
XAV YL VO ETUTOUVOUY TOV YeOVO EXTEAEOTC TOL cuoTAMAToS. Anulovpyeiton éva
olvoho and epyaoiec mou Spolpdlovto ot avtioTolyec TapdAnieg Siepyaoiec Tou
cuoThuatog oTig onoteg extereiton o CFG parser mou agloloyel OAeC TIC ToEOYOUEVES
uro-oaxoroudidec. To péyedog TV TURIAANAGY EQYACLOY EIVAL AVIAOYO TWV TURHVKY
¢ CPU vy va agonomniel 610 uéyioto, eve xdle gpyacia elvor yio mepintoon
YAEP-parser [76] vhoromuévn oe C yua vo eZoopohiotel BélTiot Sayelpton népwvy
xou e€anpeTind yeryoen avéhuon (Ewxdva 5.6).

UUCUU...GGGGG
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(CFG ) ( CFG )

pknot, pknota|
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Eyfuor 5.6: IMopdhhnin avdhuon tne oupBohocelpds ue morlaniolc YAEP-
parsers.

Kdie moapdhinin diepyaoia otny onola exteieiton o CFG parser mopdyet wiar dou
(eudoxduPou mou meptypdyet xdie o Sour| Peudoxdufou timou H. Edv oplopéveg



UTO-0x0A0LVIBES BeV avTimpoowrebouy vay Peuddxoufo, o CEFG parser Yo amotiyeL.
Yn ouvéyeta, dhot Peudoxdufol anotnxedoviol Ge XATIAANAES BOUES YLaL VoL AVOhU-
Yoy péow tou moxétouv Pandas [68]. Aedouévou 6ti péoa otic Souéc auTéC TEEL-
AopPdvovton dhec ot mdavég Aoele Tou TpoPAAuaToc pog (Bnhadrh dhot ot éyxupot
(PeudoxdpPol), npénet va emhéZoupe TV BEATIoTN Aoom pe Bdom to xptthipla eTAOYHS
mou emAEYOnxay, LTOVETOVTAG OTL 1) O XATEAANAT TeOPBAedn unopel va elvan auTH
mou €yel TNV eAdytoTn erédeupn evépyeia. 26TOC0, O UTOAOYIOUOS TNG EALYIOTNG
ehéuiepng evépyetag Yo xdde mdavr dour) RNA elvon o umoloylotixd 80oxoAr bio-
ouxacior xon amontel ToUEdAANAA UEYAAT UTOAOYIG TXH Loy ¥ xou uvAur. H uedodoroyia n
omolo TapouctdleTon, avVTHETOTICEL AUTAY TNV UTOAOYIC TG eNiTovT epyacia Tpocap-
uolovtag TNV TapATAENOT OTL 1) EAdyicToTolNoN TG eAellepne EVERYELOG GUVOEETOL
Gueoca pe tov auinuévo apliud twv Leuyov Bdoewyv o onolodrnote duvnuxd (Peu-
06xouBo RNA. Yuvende, avtl va utohoyicoupe tnv eAdylotn ehebiepn evépyela yia
Ohe¢ Tic Souég (peudoxduPou, mpayuatomolinxe avalitnon yia Tov YEYLOTO apliud
Ceuy®v Bdoewy xou 0T GUVEYELRL, O UTONOYIOUOC TNG EVERYELNS YLl Xed apLiudy
doumyv, dtadixaocta mou anatel ypévo O(n) xa yweo O(n), étou n eivon To uRxog
N elo6dou. Onwg avapépinue tponyouuévane, N Teahtn epyacio, dnhadr 1 tedBAedn
TWV XEVTPXOY BAcewY TwV PeudoxduBwy, EMTEAECTNXE UE BUO BLUPOPETINES TTPOCEY-
yioew: plo Pootopévn otov YAEP parser (knotify _yaep) xou pla Sedtepn Baoiouévn
oe évav eZavtAnuixd ahyberduo (knotify bruteforce). H mpdtn vionoinon amoutel
yeovo O(n®): 1 mohumhoxétnto Tou Earley parser [70] yio tic aoogpelc ypopuotinée
oLV 0 YpGVOo Bdoylone GAwv Ty Yeupnudtwy (DAG), ta onola mopdyovtor and tov
YAEP parser. Anéd tnv dhn, 1 deltepn vionolnon amowtel ypévo O(n?) + O(nt)
~ O(n%) : O(n?) vy v TPOCTENACT TN ELGHBOU TPOXEWEVOU VoL EVIOTIGTOUY OAaL
o mdavd Leuydpta Bdoewv (to péyioto aprdude Levyovy Phoewv elvar n?) xou ot
ouvéyelr O(nt) yio Tov evromiops dhev TV (euydy BAoEmY TOL UTopOUY Vo, AToTE-
Aoouv Tig xevtpxéc Pdoelc evog Peudoxdufou. O mnyaiog xdOxag tng vAomoinong
ebvan Bradéotpog oto anodethpo GitHub knotify [77].

5.6 A&ioloyrnorn Enidoorng tou Knotify

5.6.1 Ilapovociacn 2Xuvoiouv AsdouUeEvmwY

‘Evo oOvolo dedopévwy [83] and 262 axohoudicc RNA yenowonoidnxe yio va
a&tohoyniel n axpiBeio Tng pedodohoylog pog Evavtl dhhwy pyedodwy. Arnotehelton and
yYvwotég axohovdiec RNA npoepyduevmy and éva mhlog Bdoewy dedouévemy xot 6k¢
ex To0ToL, Yo Tpénel var Yewpndel bavixd yio vo cuyxperiel 1 Tpotewouevn pedodoro-
yiot ye tor dAAa Mg enidoong cuoThuaTa TG BiBAloypapioc, xoL CUYXEXPYIEVIL To
Hotknots, Iterative HFold (IHFold), IPknot xou Knotty [81, 53, 35, 32]. To oOvoho
0edopévey Twv 262 axoloutiwv RNA ywelotnxe oe téooeplc ouddeg avdhoya ue To
UMXOC TOUG. MUVETOC, UTHRYE War opdda 75 axohovthiodv RNA ue urxog pixpdtepo
oo 30, uio opdda 68 axorouthidv RNA pe urxog peyahitepo amd 30 xou pxpdtepo
am6 40, yio opddo 55 axohouth®y pe urixog peyahitepo and 40 xou pxeoTERO amod



50, xon W oudda 64 axohovhayv pe prxog peyahbtepo and 50. Ot mpoavapepdueves
opddec onuewdvovtan we L<30 (#75), 30<L<40 (#68), 40<L<50 (#55), xou L>50
(#64), avtiotowya, otouc Tivaxeg xou o dtorypdppota tou Kegahaiou.

5.6.2 MeOQodol Aworoynong

I va a&tohoyfooupe ) pedodohoyio Hog, YpNoWOTOUUE TEES UETEIXES: 1)
v axpifeto tne TedPAedNe TV xevtpdy Bdoeny twv peudoxdufrv (core stems
prediction), ii) v wavétnta TeéBredne twv Leuydy Bdoewy Tou uTdpEYoLY GTNY
mpaypotixr doun oe popen dot-bracket (nivoxac olyyuone — confusion matrix), xou
iii) tov ypbévo extéreong.

5.6.3 IlpoPBAedn tng Ocong twv YeudoxdoulBwy

O Ilivaxag 5.3 mapéyel yior ouYXELTIXY oavEALoY METOED TOU TEOTEWOUEVOU GU-
othuatog Knotify xou twv mpoavapepduevmy TAatQopumy, TEpthou3avovToc GUVOTTL-
%4 TN BuvatoTnTa TEOBAEPNC TV XeVTEXWY Bdoewy Twv PeudoxduBwyv. H cbyxplon
TpaypatoTolinxe o0 yio T ue¥600UC oL LAOTOLUNXAY GTO TAXICLO TNG BLUTEL-
Brc awthc, dnrady| knotify yaep xau knotify bruteforce, 6co xou yia tic undroineg
uedoooug, onhady) Knotty, HotKnots, IPknot xou IHFold. H pedodoroyio Knotify,
xatdpepe Vo aviyvedoel e axpifeta Tic xevipixéc Pdoec Ty Peudoxoufuy oe 143
amd Tic 262 axohovidieg, eved to Knotty oe 121 axoroudieg, to HotKnots oe 75, 1o
IPknot oe 38 axoloudiec xou to IHFold oe 0 axoloudiec. I'io Tov unoroyioud tng
Yéong Twv xevipx@y Bdocwy, emtpédoue Ty TeoBiedn wog Bdong and xdie (euydpl
0elid 1 aptotepd, dnhadh to Levydpr (4,7) wwoduvapel pe to (i-1,j), (i+1,5), (i,j-1)
xou (1,j+1), 6nwe npotelvetar oto [82]. Avtictotya, toapovotdlovior To T0cooTd e
TolC exatd TNg TeoPBredng e Véomng Tou PeudoxduBou To GUVOAD TwV axolouddY
aZtohoynone. Muxpéc anoxhicel o OAeg TIC YETEIXEC PETOEY TwV 800 TROTEWVOUEVKY
pedodohoyidv ogethovtar o mepimtwoelg WooPoduiog axolouthdy oty Tagvounon
mou yivetal and To cUCTNUA.

Platform Exact Matches Exact Matches (%)
[HFold 0 0

HotKnots 75 28.6

[Pknot 38 14.5

Knotty 121 46.1

knotify yaep 143 54.5

knotify bruteforce 144 54.9

Mivaxag 5.3: HpoBredn tne Véone tou PeudoxduBou oe oAdxhnpo to cOVOho
OEDOUEVLV.

Ou petprioeic mou dlanpolvton avd urxog oxoroudwy RNA moapousidlovton otov
ivoxa 5.4, 6mou gaiveton 6Tt 1) pedodoroyia Knotify xatdpepe va npofréder axpBig



TIC XeVTpWES Bdoelg ot TeplocdTepoug PeudoxoduBoug oe alyxplon UE TIC GAAeS LAO-
TOWAOELC OF TEEIC amd TIC TEOOEPLC XUTNYOPLES, EVG GTIC XUTNYORlEC OTOU TO UxOg
elvon amd 30 €wc 40, n mpotewouevn yedodohoyio npoéBhede pohic Eva AydTepO amd

o Knotty.
L < 30 (#75) 30 < L < 40 (#68) 40 < L <50 (#55) L > 50 (#64)
Exact Exact Exact Exact Exact Exact Exact Exact
Platform Matches Matches (%) Matches Matches (%) Matches Matches (%) Matches Matches (%)
IHFold 0 0.00 0 0.00 0 0.00 0 0.00
Hotknots 20 26.67 18 26.47 13 23.64 24 37.5
IPknot 20 26.67 7 10.29 4 7.27 7 10.94
Knotty 52 69.33 28 41.18 13 23.64 28 43.75
knotify _yaep 63 84.00 27 39.71 24 43.64 29 45.31
knotify _bruteforce 62 82.67 27 39.71 26 47.27 29 45.31

Iivoxag 5.4: TpoPBredn tne Véong tou eudoxdufBou ue Bdon to uhxog tng
axohouvdioc.

To 1060616 axpBolc TeoBAedne Twv xevtpxwy Bacewmy Twv Peudoxdufwy avd Thot-
pbpuo patvetan enione oto Lyrua 5.7, evdd 10 T0606TH axpBoic TEoBhedng Twv xe-
VTEWOVY BAoEwy TwV PeudoxouPnv avd TAATQORU Yot OAEC TIC XATNYORlEC UAXoUg

Twv oxohouthdv RNA eugoviletan oto Lyruo 5.8.
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Eyfua 5.8: Tlocoot6 axpBoic medPfiedne twv xevipxoy Bdoewmy tou (eudo-
%OUBOL avd TAUTQOEUA XL UHX0G axoloudiog.

5.6.4 Ilivaxag XUyyvong — Confusion Matrix

To Knotify ofioloyeiton otic axohoudiec tou Iivaxa 5.5 poll ye tic pedodoug
IHFold, HotKnots, IPknot xou Knotty. O Iivaxag 5.5 napoucidlel tnv anddoon xdde
peddédou oe bpoug axpifetac (precision 1| positive predictive value-PPV), avixinone
(recall), Fl-score xou ouvteheoty| ovoyétione Matthews (MCC). O e&iotoeic (5.2) -
(5.5) mapéyouv Tic optopole, émou oL TP-true positives avogépovton otov aptdud twv
06OTY TEOPAETOUEVLY Bdoewy, o FP—false positives avagépovtar otov apriud twv
eoolpéva TeoPBAenouevny Bdoewy, ol FN-false negatives avagépovton otov aprdud
TV Bdoewy tou dev tpoAEépinxay xou ot TN-true negatives avagépovton otov aprdud
TV Bdoewv Tou dev TEoBAEpinxay cwotd and 1o choTNUA.

TP
PPV = 55 Fp (5:2)
TP
Recall = m—m (53)
2 x PPV x Recall
F1 — score = PPV 1 Recall (5.4)
TP xTN —FP x FN
MCC = X X (5.5)

V(TP + FP)(TP + FN)(TN + FP)(TN + FN)



I v a&lohoyniet 1 cuvoliny| amddoo, 1 épeuva emxevipwinxe otny axplBela, Tov
ouvteheoth ouoyétiong Matthews (MCC) xou to Fl-score. To teleutoio eivon o
apuovIXog péoog tng axplBelag xou tng avéxinone. To Knotify nopoucidler v u-
mAdTepn Twwn doov agopd TN ueTewr Tng axplBetag, pe Ty 0.784, evéd tou Knotty
frav 0.729, tou IPknot 0.718, tou Hotknots 0.706 xou tou IHFold 0.608. '‘Ocov
agopd to Fl-score xou tn petpwy MCC, 1o Knotty elye v xolitepn enldoaon, ue
F1-score ico pe 0.807 xou MCC (oo pe 0.569. H mpotewvouevn yedodoroyio elye tnv
opéowe xohOTepn entidoon pe Tiwée Tohd xovtd oto Knotty (Fl-score = 0.774, MCC
= 0.543). Emn)éov, 1o HotKnots onueinoe Fl-score {co pe 0.738 xar MCC {co ye
0.452, evé> to IPknot (Fl-score = 0.712, MCC = 0.418) xou to IHFold (F1-score
= 0.595, MCC = 0.226) eiyov younhotepn oxpifeia 1600 oto Fl-score 660 xou oto

MCC.
Platform tp tn fp fn Precision Recall Fl-score MCC
[HFold 3056 3556 1968 2196 0.608 0.582  0.595 0.226
Hotknots 4180 3632 1744 1220 0.706 0.774  0.738 0.452
[Pknot 3872 3767 1522 1615 0.718 0.706  0.712 0.418
Knotty 5026 3352 1870 528  0.729 0.905  0.807 0.569
knotify yaep 4212 4102 1162 1300 0.784 0.764  0.774 0.543
knotify bruteforce 4214 4101 1160 1301 0.784 0.764  0.774 0.543

ivoxac 5.5: Precision, Recall, F1-score, xan MCC avd mAat@opue o€ 0AOXAN-
00 T0 GUVOAO BEDOUEVHV.

To napandve anoteréouata tapouctdlovto eniong otny Euxdva 5.6.4.
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Ytoug Ilivaxeg 5.6 éwc 5.9, nopoucidlovton ou petpxéc axplfBetac, avixinong, Fl1-
score xar MCC avd mhat@opuo yior Ti¢ TECOERLS XATNYOPIES BLOPORETIXOL UfXOUg
axoroudiwy RNA. Ye autolc toug mivaxeg gaiveton 6Tl 1) TpoTEWOUEVT Uedodohoyia
Eemépaoe Ohec TIC YedBOUC OGOV aPopd TN UETEXT TN oxpBElag Yot OAEC TIC XOTY-
yopleg SapopeTinol urxous, eved To Knotty enépaoe tnv npotewvoyevn yedodohoyla
6c0ov agopd to Fl-score xou ) yetpixy MCC, xuplwg 6tav o axoroudicg RNA Aoy
peyahbtepeg oe péyedoc. ‘Otav to urxog Aray uixpodtepo and 30, n uedodoroyia Kno-
tify elye vpniotepo Fl-score xou MCC anéd 1o Knotty. ‘Onwe gaiveton otov Ilivaxa
5.3, n yedodoloylo yag oy mo axpBhc oty neoBAed Twv XevTpxdY PAcEmY TOL
eudoxdufou o 6ho To chvoho dedopévwy. H auinuévn Ty MCC tne mhat@opuag
Knotty oe peyoalitepec oaxohoudicc RNA mboavie oyetileton ye 1o yeyovog 6t ol
peyahitepee oxohoudiec RNA neplopfdvouv mohhéc dopée (6mwe hairpins, bulges)
x.0.., o omolol 8ev oyeti{ovton avoryxaoTixd Ye Tov Peudoxdufo xou eviEyeTa Vo au-
EHoouv tov cuvolxd aptdud Ty oAndde Yetxdv (TP) npofrédewy. Onwe Yo dolue
o7o Kegdhowo 7 1 evowudtwon t€Ttoiy doumy xo oto Knotify oonyel otny nepartépn
Beltiworn TNe TEOBAETTUINAC TOU IXAVOTNTAS.

Platform tp tn fp fn Precision Recall Fl-score MCC
[HFold 738 522 118 513 0.862 0.590  0.701 0.386
Hotknots 904 492 156 339 0.853 0.727  0.785 0.465
[Pknot 916 514 124 337 0.881 0.731 0.799 0.510
Knotty 1196 469 146 80 0.891 0.937  0.914 0.722
knotify _yaep 1244 486 134 27  0.903 0.979  0.939 0.805
knotify bruteforce 1242 485 136 28  0.901 0.978  0.938 0.802

[Tivaxag 5.6: Precision, Recall, Fl-score, xouo MCC avéd mhatpopua yior oxo-
houvdlec pe prxog <30.

Platform tp tn fp fn Precision Recall Fl-score MCC
[HFold 550 832 352 587 0.610 0.484  0.539 0.191
Hotknots 922 851 294 254 0.758 0.784  0.771 0.528
[Pknot 824 823 314 360 0.724 0.696  0.710 0.420
Knotty 1078 802 324 117 0.769 0.902  0.830 0.628
knotify yaep 988 893 296 144 0.769 0.873 0.818 0.627
knotify bruteforce 988 893 296 144 0.769 0.873  0.818 0.627

ivaxag 5.7: Precision, Recall, Fl-score, xouo MCC avéd miatgpodpua yio oxo-
hovdiec ue pixoc >30 xou <40.



Platform tp tn fp fn  Precision Recall Fl-score MCC

[HFold 612 864 478 418 0.561 0.594 0.577 0.237
Hotknots 792 857 510 213 0.608 0.788 0.687 0.412
[Pknot 764 911 410 287 0.651 0.727 0.687 0.414
Knotty 904 817 524 127 0.633 0.877 0.735 0.492
knotify yaep 764 1010 298 300 0.719 0.718 0.719 0.490
knotify bruteforce 772 1012 290 298 0.727 0.721 0.724 0.499

ivoxag 5.8: Precision, Recall, Fl-score, xouo MCC avéd miat@odpua yio oxo-
houtieg pe prxog >40 xan <50.

Platform tp tn fp fn  Precision Recall Fl-score MCC
[HFold 1156 1338 1020 678 0.531 0.63 0.577 0.196
Hotknots 1562 1432 784 414 0.666 0.790  0.723 0.439
[Pknot 1368 1519 674 631 0.670 0.684  0.677 0.377
Knotty 1848 1264 876 204 0.678 0.901 0.774 0.515
knotify yaep 1216 1713 434 829 0.737 0.595 0.658 0.402
knotify bruteforce 1212 1711 438 831 0.735 0.593 0.656 0.398

ivoxag 5.9: Precision, Recall, Fl-score, xouo MCC avéd miatpdpua ylor oxo-
hovdiec pe unxog >50.

5.6.5 XUyxplomn Yepodvou exTEAECNS

H teheutaio yetpnd| mou yenowonotfinxe yia T oUYXELoT TG TEOTEWVOUEVNS
uedodoroyiog e dhheg mhatpopues ebvar auTH) Tou Ypdvou extéreonc. Xtov Ilivoxa
5.10 mapéyetar 0 YEAVOC EXTENEOTC TOU amanTelTon ove TAUTQOEUAL VLo TNV TEOBAEM
e devtepotayols douric Tou RNA. H tpitn othin aneixovilel Tov cuvolixd ypovo
extéleong mou amoutelton omd wxdle TAATPOPUA Yo TNV AVIALGT, OAWY Twv 262 o-
xohoudwy RNA, evey 1 8eltepn otihn ancixovilel tov péco ypdvo extéheonc avd
oxohoudla RNA. H pedodoroyia pag Eemépace to Knotty, to onolo elye yeipdtepa
amoTeAEoHATA OGOV apopd TNV TEOBAEPN TwV xVplwY XAaBIXWY Bdoewy xaL TV o-
xp(Bela, ahhd xahbTepa anoteAéopata 660V agopd To Fl-score xou tn petpueny MCC.
To Knotify bruteforce anoutotoe 33.894 deutepdhenta, to knotify yaep anoawtodoe
85.756 deutepdienta, xou o Knotty anartotoe 263.303 deutepdrenta. H yedodoroyia
Knotify extéheoe tic Aettovpyieg tne 7.76 (1.004/0.129) gopéc toyltepa oe alyxplon
ue v mhatgpoppa Knotty, ue v onola €youv cuyxplowo T0GOGTd GTIC UTOAOLITES
uetpiéc aglordynone. To IPknot xau to Hotknots ypeeidotnxay xotd péoo dpo oavd
oxovloudio 0.447 xan 0.169 avtiotorya. Téhoc, To IHFold xatéypade Tov yaunidtepo
XPOVo exTéleanc, aAld elye To YelpdTERO TROYIA a&loAdYNoNE oxplfBetag.



Platform Average Time (sec) Total Time (sec)

[HFold 0.030 8.096
Hotknots 0.169 44.432
[Pknot 0.447 117.246
Knotty 1.004 263.303
knotify yaep 0.327 85.756
knotify bruteforce 0.129 33.894

ivaxag 5.10: Méoog xan GuvohxdS yedvog exTéAeonE oL amoutelTon orve TAoT-
POPUAL Yl OAOXANEO TO GUVOLO BEBOUEVMY.

O ypdvog extéheonc mou amanteiton avd Thatpdpuo TapouctdleTon enlong 6To Lyua
5.10.

12
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0.6
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0.4
0.327

0.2 0.169
0.129

0.03
o

W IHfold M Hotknots M IPknot  Mknotty Mknotify_yaep M knotify_bruteforce

Lyfuo 5.10: Méoog ypdvog extéleong mou amontelton ovd TAATQOPUN OE BEL-
TEQOAETTAL

Ytoug Ilivoxeg 5.11-5.14, mopouoidletal 0 YUECOS XoL O GUVONXOS YPOVOS EXTEAE-
OMNC oVE TAATPOPUA YLl TECTEPLS XATNYOPRIES DUPORETIXAOY UnxwyY oAAnlouyidy RNA.
A&ilel va onuewwdel 6TL 0 ypdvog extéleong tng mhatgopuag Knotty avg&rdnxe on-
HOVTLIXG atvBAOYaL E TO UAXOg TNG Eloepyopevng odinlouyiag RNA, evéy or Hotknots,
knotify _yaep, xou knotify _bruteforce qaiveton vo augdvovtan moapouola xodng o
unrog tng oxohoudlag RNA peyohdver, Slatnedvtog évay apxetd otadepd puiuo.



Platform Average Time (sec) Total Time (sec)

[HFold 0.0233 1.748
Hotknots 0.0709 5.314
[Pknot 0.0143 1.070
Knotty 0.0212 1.590
knotify yaep 0.0697 5.226
knotify bruteforce 0.0427 3.204

Hivoxag 5.11: Luvolnde ypdvog eXTENESTC TOU amouTelTon ove TAUTQOPUAL VLot
oxohovdiec prxoug <30.

Platform Average Time (sec) Total Time (sec)
[HFold 0.0248 1.689

Hotknots 0.0982 6.680

[Pknot 0.0408 2777

Knotty 0.0692 4.703

knotify yaep 0.1589 10.808

knotify bruteforce 0.0964 6.555

Hivoxag 5.12: Xuvolndg ypovog EXTEAECTC TOU AToUTETOL oVE TAUTQOEUAL VLot
axohovtieg pufroug > 30 xou < 40.

Platform Average Time (sec) Total Time (sec)
[HFold 0.0274 1.507
Hotknots 0.1503 8.264
[Pknot 0.107 5.886
Knotty 0.1918 10.546
knotify yaep 0.2331 12.821
knotify bruteforce 0.111 6.103

ivoxag 5.13: Luvolinde ypdvog eEXTENESTC TOU amonTelTon ove TAUTQOEUAL VLot
oxohovlieg urpoug > 40 xou < 50.

O ouvohixdg yEdvog eEXTENECTC TOU AmAUTELTAL oVE TAATPOPUA Yiol TIC TECOEPLS O-
uddec dlapopeTinol urxoug axolouvdwy RNA euygaviCeton eniong oto Eyruo 5.11.
Ynuewwveton enlong 6Tl yenowonouinxe hoyopriuixy| xAldoxo yio TNV xahOTepn OTTL-
XOTO(NGT TWV ATOTEAECUATWY.



Platform Average Time (sec) Total Time (sec)

[HFold 0.0492 3.151
Hotknots 0.3777 24.172
[Pknot 1.679 107.511
Knotty 3.851 246.462
knotify yaep 0.8891 56.900
knotify bruteforce 0.2817 18.030

Mivaxag 5.14: Xuvolunodg yedvog eXTERECTC TOU amanTelTon otve TAUTQOEUAL VLot
axohoudieg urxoug > 50.

100.0 -

1.0
L<30 (#75) 30<=1<40 (#68) 40<=1<50 (#55)  L>=50 (#64)

W [Hfold W Hotknots ® IPknot B knotty M knotify_yaep M knotify_bruteforce

Yyfuo 5.11: Mécog ypdvog extéleong mou amontelton ovd TAATQOEUN OE BEL-
TepohenTa (o hoyaptoVuxr| xhidoxa).



Kegpdhowo 6

Ewooaywyn pedosoou
HAAOEUATOS YL
BeAtioTonoinon Tou YEOVOoU
EXTEAEONC

Y10 xe@dhono autod TapovatdleTtar W feATinuévn éxdoon tou Knotify ue ) yerion

HLOS TEYVIXNAG XAADEUATOC GTO YWEO avalATNONG TNG YeoUUATIXNE TNe pedodoroyiog.
H Behtiwpévn pedodohoyia xatagpépver va avoryvewpeilel PeudoxduBoug tonou H yetd
ond Teel epyaoiec: (1) xaTaoxeur OAwY TwY BEVTPMV avdAuomC UE TN YERoT EVOC Vo
yvowpwoth CFG, (ii) Sidoyion 6hwy tomv Snutoupy nuévey SEVTpmVY Yio VoL ovay Vwploet
emniéov Levyn Bdone ylpw and tov Peudoxdufo, xou (iii) emhoyr tou BértioTou
0€vTEOL UE Bdon Ta xputrpla eAdylotng ehedlepng evépyelag xou péylotou aplduod
Ceuyodv Bdong, pe wa onpoavtixt Bedtiowon tou yedvou extéreonc. H CFG Grya
TIOL TEOTAVNXE TEONYOUUEVKC lvar Lxavi| var aviy veloel peudoxdufoug ot axoloutieg
OTOU T TEWTO xak TEAELTALO GVUBOAO TNE oxOAOUDIAC AVAXOLY GTNY OUAdN TV XE-
VTp®Y Bdoewy tou PeudoxouBou. H peténeita avdAuoT Twv eVOIGUECWY TUNUATWY
TWV 0XOAOUTLMY EXTEAELTAL YPNOWOTOWWVTAC TNV TEY VXY TOU UVOUUEVOL Topdiupou’.
H ey vinr| Tou xvoluevou nopddupou’ dlanpet Tnv apyixn elcodo ot utoaxoloudieg, Ee-
XVOVTOC oo TNV UTooXoAoLD o ToU EEXVE UE TO TEWTO GUUPBONO Xau €YEL TO ENAYIGTO
dUVATO UAx0C. XTN CUVEYEL, TO Uixo¢ TS e€eTtalouevne unooxoloudiag audveton
xatd évor sUYPBolo Yo var tepthauBaver Tehxd ohoxAnen TNV apytxn axoloutio RNA.
‘Eneita, yenowonowvtag tny Bio enavainmtixy| Swdixactio, 1 Véon exxivnong tou
ouuérou augdvetar xatd éva Yl var eEopéaEl To TEONYOUUEVO GUVOAO EXXIVIONG,
dtadxaota mou avahbinxe oto mponyoluevo Kegpdioto.
H véa yedodohoyio amooxonel 61N eVoOUITWOT PLIG TEYVIXHC XAADEUATOS GTOV YWEO
avolATNONG TNG YRUUUITIXNC UE OTOYO TN UELWOT] TV TUPAYOUEVKDY BEVTPmY. AuTtod
EMTUYYAveTaL PEOW Wlag amoxoTh 0EVTpwY, 1) omolo emneedlel HOVO TNV TEWTY EQY0-
ola Tng VAoTOINCNE TOL GUC TAUATOC.
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6.1 H pedodog Tou HAABEUATOG OTA TR~
YOUEVA DEVTEN TNG YRAUAUATINNS

H teyvur xhodépatog Bacileton otov xadoploud 800 xatw@Mwy 660V agopd To
EAAYLOTO Xou TO PEYLOTO Urxog mou unopel vo €xel évag Peudoxoufog oe oyéon pe To
péyedog tne ouvolixric axoroutiog RNA. Autd to 800 xatedphior Yo avapépovTon o
minimum__percentage xou mazimum_ percentage. Bdoel autddv v 500 xaTwOA®Y,
0 apLdUOC TV eEETACUEVLY UTOOXOAOUTWBY XAUTE TNV EXTEAEST) TNG TEYVIXHS TOU XWvo-
OHEVOU ToEdUEOU” UELWVETOL CTUAVTIXG XAl XUT ENEXTUCT XAk O YPOVOS EXTENECTC TOU
ouoTAUaTog. Ao TNV avdAuon xar To Uyfua 6.1, Sxpiveton 1 SuvatdTnTa Betio-
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Yyfua 6.1: Tlocootd tou urxoug tou Peudoxdufou e oyéon Ue TNV GUVONXT
axoroudio.

oM 6GOY APORY TOV ATALTOVUEVO YPOVO YId TOV EVIOTUOUO X0 T1) CUVORLXT TEQLY R
e doprc Tou PeudoxduPou. Exuctodheuoyevol tor 500 HpLo-XATOPALL, dEXOUY Yo
v BEATUOo0LY ToV Yp6vo xatd 33% ot pedodoloyia mou Pactleton oe ypauuatix
xou 43% ot yedodoroyio mou Pucileton oe avalrnon brute-force, ywplc va Yuot-
doouv v axplBela Twv cuoTPATY. AuTo TO EVENU ATOXUAVPUNHE TAPATNEOVTOC
TOUC GTATIOTIXOUC OEIXTES, X0 CUYXEXQUIEVA TNV TUXVOTNT TWAvOTNTAC, TN OlIOTO-
ed xou TN péom TR TNS Tuyakag UETUBANTAC TOL aVaPEQETAL GTY| OYEDT TOU UNXOUC
Tou PeudoxduBou Ue To CLVOMXOG UNXoC. AUTH 1 aEyXY| AVEAUCT) LTOBEXVOEL OTL 1|
GUGYETION TV YORIXTNRLOTIXWY Vol UTopoUcE TEPAUTER® VAL BEATIOCEL TNV ambd00T
TOU GUOTAUATOG, UE YoM XdmooL To eZeldixeuuévou akyopituou, duadascio Tou
Yo umopolioe va eCetacel o€ UEANOVTIXEG EMEXTACEL TOU GUC THUATOC.



H Bt culhoyy| Sedouévwy [83] amd 262 axohoudicc RNA yenotwonotidnxe yio va e-
xTnUolv oL TéS Twv oplwv minimum_ percentage xon maximum_ percentage. XTo
Yyfua 6.1 mapouvctdleTon To TOGOGTO TOL UNXoUE Tou Yeudoxdufou oty oxoroudia
RNA (uhxoc deuvdoxdufBou/urixoc axoroudioe RNA) yio dhec tic 262 axohoudieg
RNA. 'Onwe gaiveton og autd 1o Xyrua, yio Oheg Ti¢ 262 axolovdieg, To urxog tou
(peudoxduPou meptoptletan petadld tou 32% xau tou 85% TOu WAXOUS TNS GLVOMXAC
axorouvdioac RNA.

6.2 A&wohdynon enldoong UE TPOCULUOYT
TOU XAUDEUATOG

H Bl culhoyy| dedopévwy and 262 axohouvdiec RNA yenowonotfdnxe yio vo
a&lohoynoel TNy amddoor Tne yedodoloyiog ye tn uédodo tou xhadéuatog oe alyxelon
o ouothuata Hotknots, Iterative HFold (IHFold), IPknot.

Platform Average Time  Total Time
[HFold 0.030 8.096
Hotknots 0.169 44.432
[Pknot 0.447 117.246
Knotty 1.004 263.303
Knotify yaep 0.327 85.756
Knotify bruteforce 0.129 33.894
Knotify _yaep pruned 0.218 57.202
Knotify bruteforce pruned 0.073 19.377

Hivoxag 6.1: Mécog xon ouvolxdg Ypovog EXTEAECTC TOU amonTelTon avd TAoT-
POEUA YA OAOXANEO TO GUVOAO DEDOUEVLY, CUUTERLAUBAVOUEVKY TV CUGTN-
udtwy pe ) uédodo xhadéuoTog.

‘Onwe avapépdnre mopoamdve, 0 TEQLOPIOUOS TOU EMPBAAAETAL OTNV TEYVIXT| TOU
"»wvolpevou mapadleou” ue TN yenon Twy xatw@hlny minimum_ percentage xon maz-
imum__ percentage dev ennpedlel tnv oxplBeta g meodfAiedne tou cucTthuotog. H
mpotewopevn uedodoloyia mpoPAénel Tic xevipixéc Bdoelc oe tocootéd 76.4%, v
napouctdler Fl-score (oo pye 0.774 o MCC ioo ue 0.437, ta onolo avtio ool
oty apywt) oxplBelor tne pedodoroyiag Knotify, omwe gaiveton otov Iivoxa 6.2.
Ynuovtinn dlapopd, duwe, Topouctdlel 0 Ypovog EXTEAEGNC TOU UG TAUNTOS UE TNV
EVOOUATWOT TNE HeEVOB0L xhadéuatoc. Xtov [livoxa 6.1, tapoucidleton 1 a&lohdynom
TOU YEOVOU exTéAEONC ovd TAaT(pOpUa Yl TNy TeoBiedn peudoxdufou oto eeta-
Copevo olvolo dedouévmv. H tpitn othin tou mivaxa anewxovilel Tov cuVORxG ypdvo
extéleoTg mou amonteiton amd xdie TAATPOPUA Yior TNV AvEALGT) OAWY TKV 262 axOAou-
Vv RNA, eve) ) 6ebtepn othAn anewxoviCel Tov UESOo ¥edvo exXTEREOTC avd oxohoudia



Platform tp tn fp fn  Precision Recall Fl-score MCC
IHFold 3056 3556 1968 2196 0.608 0.582 0.595 0.226
Hotknots 4180 3632 1744 1220 0.706 0.774 0.738 0.452
[Pknot 3872 3767 1522 1615 0.718 0.706 0.712 0.418
Knotty 5026 3352 1870 528 0.729 0.905 0.807 0.569
Knotify yaep 4212 4102 1162 1300 0.784 0.764 0.774 0.543
Knotify bruteforce 4214 4101 1160 1301 0.784 0.764 0.774 0.543
Knotify yaep pruned 4212 4102 1162 1300 0.784 0.764 0.774 0.543
Knotify bruteforce pruned 4214 4101 1160 1301 0.784 0.764 0.774 0.543

Tivaxag 6.2: Precision, Recall, Fl-score, xaw MCC avd mAat@opua o€ 0AOXAN-
00 TO GUYOAO BEBOUEVLY, GUUTERLAUBAVOUEVWY TV UG TNUATWY e TN 1éY0d0
XhUBEUATOC.

RNA. e autév tov mivaxa, ol npotevoueveg yedodoroyieg napoucidlovtar we Kno-
tify _yaep_pruned xou Knotify bruteforce pruned, evé ol 600 nponyolueveg ex-
dooelc Tou Knotify, yopic ™ pédodo xhadéuatog, mapovoidlovta we Knotify yaep
xou Knotify bruteforce.

1.00
0.80

0.60

0.40
.
) n .

IHFold Hotknots IPknot Knotty Knotify Knotify Knotify Knotify
yaep bruteforce yaep bruteforce
pruned pruned

Yyfuo 6.2: Mécog ypdvog extéheong mou amanteiton ovd TAUTQOEUN OE DEVTE-
POAETTO, GUUTEQLAAUPBAVOUEVLY TWV CUCTNUATOY UE TN UEV0B0 xAadEUATOC.



H pedodoroyia poag uneptepel oe oyéon ue o Knotty, mou elye yeipdtepa anoteréopo-
o 600V aPopd TNV TEOBAEP TwV xEVTEIX®Y Bdoewy xon TNy axpifelo, adAd cuvey(lel
VoL Tapouctdlel xohlTepeg EMBO0EL; 6aov agopd 1o Fl-score xan to MCC. O ypdvog
extéleong mou amouteiton and to Knotify bruteforce vitav 33.894 deutepdrenta, eved
7o Knotify _yaep ypeidotnxe 85.756 deutepdrenta. H Knotify bruteforce pruned
amoutoVoe 19.377 deutepdhenta, evey 1 Knotify yaep_ pruned ypewdotnxe 57.202
deutepoienTa, xou To Knotty anatoloe 263.303 deutepdhenta. H npotetvouevn ue-
Yodoloyia Knotify yaep_ pruned emtoyOvinxe xatd 33% oe obyxplon pe v mhot-
pbpua Knotify yaep, evey n pedodohoyio Knotify bruteforce pruned xotd 43%
oe olyxpon pe v mhat@opua Knotify bruteforce. Téhog, n IHFold xatéypade
TOV YOUNAOTERO YEOVO EXTENEDTC, TUPONO TOU ElYE TO YEWOTERO TEOPIA a€loONGYNONG
oaxpBeloc, omwe avapépinxe xar otny Evotnta 5.6.5. O anoutoduevog ypdvog extéhe-
ong avd mAatpopua tapouctdleton eniong oto Lyfuo 6.2.

H onpavtixf ouvelogopd tng uedddou xhabéuatog o dpaoTixt| UElwan Tou Ypdvou
exTENEOTC, OONYNOE OTNY ETMAOYT| EVOOUITOONS TG o€ Oha To ouo Thuoto (Knotify+
xou Knotify yioa L-type) mou vhomowidnxav otn cuvéyeta tne StotpiBhc xou mopouot-
dlovtan ota oxdhouvdo Kegpdhano.



Kegpdhowo 7

Knotify+

7.1 MeYoodoroyla aviyvevong pedoxopwy
we acVLuueTEoLS Bedyoug/sLoyxhuaTta
(bulges) xou scwtepixolg Pepdyouc (in-
ternal loops)

Ye auto 1o Kegdhowo napovoidleton n miatpopua Knotify+. To Knotify+ arote-
Ael o eméxtoom tne mhat@opuoc Knotify ye v evowudtwon tne uedddou xhadéuog
Tou Kegohalov 6. To Knotify+ elvar ixavd va mpofiéner eudoxodufouc tonou H
HE 0oOUUETEOUS Bpoy0uc/eE0YXMUUTO X0l ECKTERIXOVS Bpdyouc Yipm omd TOUC XE-
vTpwég Bdoelg Tou (heudoxouPou, dnhadn otoug dvo Pedyoug Tou PeudoxduPou. To
Knotify+ mpoo¥éter wa véa epyooio (umhe mhaioto oto Eyfuo 7.1) mpwv and v
emhoyy| Tou (eudoxouPou, 1 omola elvar uTELYLYY Yld TOV EVIOTIOUO TWV AGUUUE-
TEWV 1 TOV ECWTEPXOY Bpoy Y YOp® amd TIC XEVTPWES Bdoelg. Nuvenog, 1 Bacix
ouvelopopd tou Knotify+ eivoan n ab&non tng exgppactixdttac tne apyxnc uevo-
doloylog e TNy evowudtwon oty dwdixacta TedBAedn e Seutepotayolc doung,
QCUPPETEWY XAl TV ECOTEPXWY Prdywy atoug dUo Bpdyoug tou eudoxodufou. H
dradacion auty) mapovotdletoan oty Evotnta 7.2, eved pio Aemtopepnc avdhuon twv
emépoug epyaotoy (Lyfua 7.1) nopéyeton OTIC ETOUEVES UTOEVOTNTEC.

Identify bulges
ACUUUG parse trees,_ | Identify core pseudoknots_ | o internal pseudoknot | -[[...((1].))..
; —_——
————» CFG parser ————>» LT 4" loops around selection
core stems

Yyfuo 7.1: Emoxdnnon tng mpotewouevng uevodoroyiog tou Knotify+.
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7.2  Awlduxeacio Staxdounonc (decoration) yio

TNV EVOWUATWOT] ACVUUETEWY KL ECW-
TEPXOV Bpoywy

Kotd tn Sdpxeia tng mpdtng epyaciag, OAo To 0EVTEA avAAUCTC XATAOKEVAC TN-

xav and tov CFG avahutr. X1tn ocuvéyela, axolovdel and to cbotnue 1 SldcyLon
OAWY AUTOV TWV OEVTPWY YIA TOV EVIOTIOUS TV XEVTEWOY Bdocwy. ‘Oleg o Bdoeig
Tou PBeloxovton oe xdie Evay amd Toug dUo Bedyouc EAEYOVTUL Blaboy XS Yo TO EGY
umopoloay vo dnuovpyfoouy (elyn pe wa Bdon o por xatdAAnAn déor tou (eu-
doxoufou 1 yioo TNV UTOEEN AGVUPETEOU 1 cUUMETEWOV Bpdyou. H Swadixacio auth
amotehel T0 VEO, peTacynuatiouévo decoration yio To cUotnua Knotify +.
Yrov Ilivaxa 7.1, napoucidleton 1 Sodixacion SlaxOoUNoNE TWV XEVTPIXWY BACEWY.
Agol o avahuthg aviyvetoel Tig xevtpég Bdoelg U-A xa C-G otig Véoeig 10-17 xan
5-11 avtiotowya, xadoptlovta ot 8Uo Beodyol Tou PeudoxduPou. O apotepds Beodyog
Beloxetan ot Yéoeig 6 €wg 9, xaw o 8eog Ppodyoc Beloxetar otic Yéoeg 12 €we 16.
Or Bdoeig oe autolg Toug Bpdyoug eAEy N oy apyLxd Yio TO €4V UTopoOCAY VoL GUV-
ooy Ye Bdoeic extodg Twv Bpoywy tou PeudoxoduPou. To Levydpla Bdoewyv otov
opLoTepd Bpdyo eNéyydnxay yia Touptdopota/Lebyn ue Bdoeic otic Véoeig 18-22, eved
ol Bdoelc oto 8l Bpdyo enéyydnxav yio Touptdopota/Ledyn ye Bdoec otic Véoewg
1-4. Kou otoug 800 PBedyoug tou PeudoxouBou, ta Leuydpla twv Bdoswy oTic Yéoeig
9-18, 8-19, 4-12 xou 3-14 aviyvebinxav oto BAuata 1 éwg 4, avtiotowya. O Iivaxog
7.1 mopouctdlel auThAY TN Sladxacior AETTOUERNS, UE TIG yXVAES Xou TIC TapeVIETELS,
mou xaopilouy Ta exdotote (ebyr Bdoewy oe xde €va Briva Tne pedodoroyog.

Position

8 11 12 13 14 15 16 18

String

Stage 1
Stage 2
Stage 3
Stage 4

1 2 3 4 6 7 9
A C A U c G C C A U U U G G

|
|

Stage 5

)
C
Core stems: . . . . |
[
[
[
|
[

G
|
|
|
|
|
|

—_—~
.
—— — —

1

~—_—— —— .

Hivoxag 7.1: H dwduasta decoration tou eudoxdufou tomou H. Ov un Cevya-
pwUéVee Bdoelc YOpw and T xevTipés Bdoelc Tou heudoxdufou oynuatiCouy
Ao OUPETEOUS 1 E0TEROUS Pedyoug xou cuUBohiovial Ue XOXXIVES TERElES.

Mok v Hitay duvarty| 1) Snplovpyia TEPLOGOTERMY GUVEYOUEVKDY LeuyhY Bdoewy,
0 ENEYYOC VLol TNV UTOEE N AOCUUETROY BeoywV/EE0YXWUATOV X0t ECWTEPXOY POyt
mpaypotonotiinxe (Briua 5) and to Knotify+. Ia xdide mhevpd, apiotepd xon 5e€id,
eletdotnray ot un (euyopnuéveg BACEC Yo TO GV uTopolcay Vo oynuaticouy (e-
Uyog Bdoewy petd T dnuioupyio €0y x@uaTog 1 E0wTepXol Bpdyou. 3To Topdderyud
HoG, OTNY apLoTERT] TAEURd, To oUvolo oTic Véoelg 6-7 umopel va oynuatioer (ebyn



Bdoewv pe o abvoho ot Véoelg 20-22 yetd tn dnuiovpyia e€oyxwyatoc. Autd ta
600 VoL OVOUGC TIXAY TO apLoTEES LeUYdpL GUVOLKY. 3TN 6e€Ld TAEUR, TO GUVOAO
oTic Véoewg 1-2 unopel va oynuatiosl {ebyn Bdocwy pe 1o obvoro oTic Véoeg 14-16
peTd TN Snuioupyio potiBou e€oyxwuatog xou auTd Tot 800 GUVOAL OVOUACTNXAY TO
0e&l Ceuydipt cLUVOALV.

Ou yproteg umopolv va xadopicouv to péyloto péyedog e€oyxwudtwy, To onolo dive-
TAL WG MOPAUETEOC XATA TNV EXTEAECT] TOU TROYPUUUATOSC OO TN YROUUT EVIOAGDY.
Avth n napduetpog ovopdletar mazimum_ bulge_ size. T xdde Ledyog cuvorwy,
umopel var undpyel €0y xwua Uhxoug and 0 éwc mazimum_ bulge_ size o€ xdie Eva
ond o 800 oivola. Ltnv mepinTwon dTou To pAxog Tou acluueteou Bedyou/ego-
YUOUATOC €lvon UNdEV amd TN plar TAEUEE xou HEYAADTERO amd TO UNOEV amd TNV GAAN
TAELEd, TOTE dnutovpyeiton €vog aoOUUETEOC Bpoy 0. ALpOopeTixd, €AV TO UAXOS TOUG
elvon pueyaAlTEPo amd To UNdEV amd TG 000 TASURES, TOTE TPOXVTTEL £VOC ECWTERIXOS
Beoyoc. To v emAoy?| Tou xatdAAniou potiBou eoyxduatog f§ ecwtepixol Bedyov,
YEYNOWOTOLETOL TO XAPTECLAVO YIVOUEVO AUTWOV TWOV TEQITTOOEWY, X0l TAUPAYETOL EVal
madoc cuyfoloceipdy tuTou dot-bracket.

Egapuélovtag ot cuVEYELd, T xpLThplal TNG eAdyto Tng eAeulépng evépyelag xaL Tou
peyahiTepou apiuol (euywy Bdocwy Tou eudoxduPBou, emiéyetar 1 BEATIoTn do-
un. To anotéheoua autic g ddxaciog mapouctdletan oto Bripa 5 tou Ilivona 7.1.
‘Ocov agopd 10 aplotepd (euydpl ouvOwy, uropel va umdpyetl éva (ebyog Bdoewy
ot Véoewg 7-21 yetd ) dnuioupyio e€oyxaduoatog oty ¥éon 20. ‘Ocov agopd to Se&i
Ceuydpl cuVOAWY, umopel vor utdeyet éva Lebyog Bdoewy atic Véoeig 2-16 petd t on-
wovpyio eoyxduatoc otic Véoelg 14-15, umopel va undpyet éva Lebyog Bdoewy oTic
Véoeig 1-14 petd ) dnwovpyia e€oyxduatog otn ¥éon 2, 1) unopel va undpyel éva
Cebyog Bdoewv otic ¥éoeig 1-15 petd tn dnuovpyio e€oyxwuatog otn Véomn 2 xan Eva
ot Véon 14, dnuovpy®vTag £Tol €vay ecwtepxd Beoyo. H teleutala nepintwon Aoy
oUTH) TOL ETAEYUNXE TEAXA, OIS QalveTon 0TO B 5, OTOU 0 ECWTEPXOS PrdyOC
umoypauuiletar ue x6xxwo.

To Knotify+ emitpénet otov yprotn va emiédel tny emhoyt| v (euywy Bdoewy U-G
G TOPAUETEO UTO T1) YEOUMUT) EVIOA®Y, Xo)(OS xou TNV THY| Tou maximum_ bulge_ size.
O mnyofog x@dxag xou oL AenTouépeleg uhonolnong eivon dlardéaiuol Teog yeron xau
enéxtoon oto GitHub [80].

7.3 A&oAoyror tng anddoaong tou Knotify -

7.3.1 Ilapovcioocr Xuvohou Acdouevwy

INo voe o€ohoymiel 1 oxplBeta tou Knotify+ évovtt dhhwv yedodoloylody, xo-
TAoXEVEoTIXE €vol oUVoLo Bedopévmv [83] mou amotekeitan and 260 yvwoTtée ohhn-
houvytec RNA nou mepihopfdvouv (eudoxdufouc. Autd to chvoho 6edouévev etvan
EAAPEWS TEPOTIOTIONUEVO b QUTO ToL TapouctdoTnxe oto Kegdioo yio To Knotify.
‘Eva pyeydho aptiud autodv twv axoAuhov tepthopfdvel e€oyx@uata 1§ EouTERX00S
Beodyoug petd tig xevtpixéc Bdoelg tou PeudoxouBou. To clvoho dedouévwy ywelotn-



xe oe téoocpa oOvVoha avdhoya pe To urixoc. To mpdto clhvoho amoteheitar amd 75
oxohoudlec RNA ye urxoc uixpdtepo and 30, 1o dedtepo anotelelton and 67 axolou-
Oiec pe uixog petald 30 xan 40, to Tpito amotekeiton and 55 axohouvdieg pe prxog
uetagd 40 xou 50, xou o teheutado cUvoho amoteheiton and 63 axohoudieg ue urxog
ueyohOtepo and 1 oo ye 50. O ahknrouylec emhéydnxay and mhatpopues Bdocwy
RNA 8edopévev [84, 85] mou mopéyouv Sardéotua yio SNuocta yphiom To GUYXEXPLUEVAL
oedouéva. H npotetvouevn uedodoroyia cuyxelinxe ye ta 600 o anodoTixd epyahela
Tou ponyoluevou Kegahaiou, dniad to IPknot o to Knotty [35, 32], xade xou pe
v Teonyoluev éxdoor tne vhomoinong, To Knotify. Enouévng, xatd tn diaduacta
a&loAdynong tne amédoaong yenowonotfinxay tTéooepelg TAatpopucs, to IPknot, to
Knotty, to Knotify xou to Knotify+.

7.3.2 MeéOBodol Afworoynong tou Knotify+

Y1 wétenon tng amddoone tou Knotify+, emiéydnxay ou dieg tpeig yedodol
Tou ypnotporotdnxay oto 5.6.2: o) 10 10000t TEORAEYNC TV XEVTEXMY BAoEwY
Tou Peudoxdufou, B) o mivaxag olyyuone mou nephauBdver v axpifeto (PPV), tny
avdxinon (Recall), to Fl-score xou 1o MCC (ouvteleothic ovoyétione Matthews),
xou Y) 0 ypdvog extéheonc. ‘Ocov aopd Ty mhat@oppo Knotify+, 6ho to netpdpora
vhomollnxay Ue TNV TapdueTeo maximum_ bulge_ size lon ye 3.

7.3.3 Knotify+4: IIpoBAedn xevipixdv Bdoswyv tou
devdoxouBou

Yrov Iivaxo 7.2, mopouctdetar 1 Suvatotnta xdde TAaTPopUoC Vo TEoBAETEL TIC
XEVTPWES Bdoelc Twv Peudoxdufwy, dnhadn auTtd Tou avapépeTon xal w¢ YEon TOL
(peudoxouPou. H deltepn othln mopouctdletl Tov apidud Tev PeudoxduPny yio Toug
omofoug Lot TAATQOpUa Xatdpepe var TEoPAEPEL xou Tic 800 xevTpxés Bdoelg, evid )
TETaETN OTAAN TaEouctdlel Tov aptdud Tev PeudoxduBwy yio Toug omoloug war TAoT-
poOpua xoTdpepe Vo TeoBAEYEL povo ula xevipiny| Bdor. Emeidn xdmoleg axohoudieg
TOU GUVONOU TWV OEBOUEVLY, TEPLEYOUV 0pXETd Tepimhoxa wot{Ba otoug Peudoxdy-
Boug, xdvovtog axdua mo clvietn tnv TedBredn tne Véong Tou, dheg oL uédodol tou
xenotdomofinxay eZETo TNV X0t 1S TEOC TNV TEOBAEYY ToLAdy Lo TOV eVOC Lelyoug
AEVTPIXWY Bdoswy.

H npotewvoépevn pedodoroyia, Knotify+, 6mwe xa to Knotify, evtomioe tic 600 xe-
vTpwég Bdoelg Tou PeudoxoduBou téhela ot 142 and i 260 axorouvdies, evey to IPknot
oe 38 axohouvdieg xar to Knotty oe 121 axohoudicc. Emmniéov, to Knotify+ xotdepe-
o€ Vo evToTioel TOUAdYLoTOY éva {eUYog XevTpix®y Bdoewy Tou (eudoxouPou oe 45
axoroudiec, evey to IPknot to éxave o 22 axohroudiec, To Knotty og 47 axoloudieg
xou To Knotify oe 38 axohoudiec. (2¢ ex todtou, 1o Knotify + uneptepel twv dhiwy
TAATQOPUMY, XATAPEEVOVTUC Vo TEOPAEYEL TOUAdyIoTOV éva (ebyog xevipixwy Bdoe-
oV 670 63.27% TV axohouddy Tou cuvolou dedopévmy, évavtt 18.85% tou IPknot,
55.58% tou Knotty xou 61.92% tou Knotify. Autd to ebpnua delyver 6t axdpo xan
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Yyfua 7.2: TTocoot6 mpdfAiedng Touldylotov evog Lebyoug xevipixmy PAcemy
Ve TAATQOPUA

0TI TEPLTTWOELS OToU 1) axpU3hic TeoBAedr Bev ftay duvaty, To Knotify+ mpoéBiee
ToUAdytoToV €va LEUYOC XEVTEX®DY BAcewy xahbTepa and TNV TEonYOoUUEVT) VAOTOLN-
o1 Knotify xou tic dAAeg 000 yvwotég mhatpopues, avadevbovTag T Bertinon mou
TEOXUTTEL antd TNV adENON TNG EXPEAC TIXOTNTAS TOU VEOU CUC THUATOC.

Platform 2 Matches 2 Matches (%) 1 Match At least 1 Match (%)

IPknot 38 14.62 22 18.85
Knotty 121 46.54 47 55.58
Knotify 142 54.62 38 61.92
Knotify+ 142 54.62 45 63.27

ivocag 7.2: TTpoBhedm tne 9éong tou Peudoxdufou GOUGWVIL UE TIC XEVTPIXES
Bdoeic og 0AOXANEO TO GUVOAO BEBOUEVKY

7.3.4 Knotify4: Ilivaxag XOyyvong, AxplBeia, A-
véxAnon, Fl-score, xouw MCC

H enidoon dhwv twv e€etaldueveny TAATPORUOY avopopixd e Ty axplBela, tny
avéxinor, to Fl-score, xou 1o MCC nogoucidlovton otov Hivoxa 7.3.
H npotewopevn yedodoroyio uneptepel tng mponyoluevng éxdoone tou Knotify 6cov
apopd TNV avéxAnon, To Fl-score xar 1o MCC, xau pewwvel eniong tnv andotoom and
to Knotty, 1o onolo eZaxoloviel va €yel xahbTepn anddooT GTIC UETPIXEC QUTEC GTO
6UVOAO TV dedopévwy. Emmiéoy, 660v agopd tn ueteuxn tne axp{Belog, to Knotify+
olatrenoe v xahOTepn anddoor and To Knotty, 6nwe xou to Knotify. To Knotify+
xatdpepe Vo emtOyel évay umAdTepo oprdud tp amd to Knotify, éva yeyovéog mou
anodeviel TN BeATiwor oTNY TEOBAETTIXNT IXAVOTNTA TOU GUC TAUATOC.



Platform tp tn fp fn Precision Recall Fl-score MCC

IPknot 3850 3746 1488 1606 0.721  0.706 0.713 0.421
Knotty 5006 3331 1836 517 0.732  0.906 0.810 0.574
Knotify =~ 4170 4061 1154 1305 0.783 0.762 0.772  0.540
Knotify+ 4342 3975 1306 1053 0.769  0.805 0.786 0.558

Hivoxag 7.3: O Iivaxag X0y yvong yio xde Thatpdpuo 610 0OVOLO TKV BEdO-
UEVWV.

And tnv dAAn mheupd, 1 Tpoondleld tou va mpocVéoel YotiBa eoyxwUdTOY Xa €-
OWTEPXWY Peoywv, auidvel Tov aptdud Twv fp xot, CUVETKS, YELOVEL TNV axplBela.
opd tn pelowon auth otny axpiBela, To Fl-score, o apuovindg pécog tne axpifBelag xou
NG avexANomMe, 1 onola amoTEAE TEMXE Xt TN UETELXY) TOU TEPLYEAPEL TO GUVORLXO
100006 TEOPBAedne, tay udmAidtepo oto Knotify + and 611 oto Knotify. Téhoc, 1o
IPknot napouciace tn younhdtepn anddoor o OAeC T UETEIXES 0CLOAGYNONG, OTWG
X0l TEOTYOUREVWLG.

Ytov Hivaxa 7.4, mapoucidlovtal ol mivaxeg cUYyUoNS, YLol To TEGOERO GUVOAX YL
x&de TAATPOPUA, TUPEYOVTUC AETTONERWS TIC TWES tp, tn, fp xou fn. To Knotify+
xatéypale neploadTeERY tp xou (oo 1 Ayotepa fp xou fn yia i axohoudieg mou elvon
wxpotepec and 40 (L < 30 xou 30 < L < 40) oc olyxpion pe Tic aflohoyolue-
veg mhatpopues. H wwovotntd tou yia mpdfredn oe axolovdieg peyoldtepeg amd 40
(40 < L < 50 xou L > 50) Aoy xahOtepn and auth tou Knotify xou cuyxpeiowr, ov
xou e€axoroutoloe va etvan younhotepn and autr tou Knotty, to onolo aw&dver tnv
oVOTNTA Tou Yol TEOBAed dtay To prxog audveTan.

Length L <30 30 <L <40 40 < L <50 L > 50

Platform tp tn fp fn| tp tn fp fn|tp tn fp fm| tp tn fp fn
IPknot 916 514 124 337| 824 810 294 355|754 897 396 284|1368 1519 674 631
Knotty 1196 469 146 801064 786 316 117|894 803 510 124|1848 1264 876 204
Knotify 1230 490 132 39| 748 991 288 304|748 991 288 304 (1218 1723 420 831
Knotify+4 1248 486 132 25|1010 847 316 110|798 1004 328 242|1286 1638 530 676

Hivorag 7.4: O ITivocag X0y yvong yia xdde mhatpdouc avd GOVORO BEBOUEVLY.

To Xyruota 7.3 - 7.6 tapovoidlouy ta anoteréoyata yia xdie uetpuxn avd obvo-
Ao dedouévwy. AZoloydvtog autd To oyruata, to Knotify+ unepioyler Aoy twv
ued0dwV oe OAEC TIC UETEIXES, OTAV TO UNxog NTay UixpdTepo and 30. XTic axohoudieg
wetagd 30 xan 40, Aoy oxdua o anoteheouatind and to Knotify 6cov agopd to F1-
score xat T0 MCC Aoyw tng vdmAAC avdxAnong Tou xon Tou GLYXEICLIOU T0GOGTOV
oxpifBetag. Xtic axoroudieg petalt 40 xou 50, to Knotify+ uneptepoloe tou Knotify
o€ OAEC TIC UETEIXEC X TjTtay Loodlvapo pe To Knotty 6cov agopd to Fl-score xou
o MCC.
Téloc, yia tic axohoudiec yeyahitepeg amo 50, to Knotty Eemepvoloe Tic dhAeg
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Yyfua 7.3: Metpwée v axohoudieg urxoug < 30.

pedodoug. O nlplog Aoyog yiot auTAY TNV LUTEEOYT elvor 6TL xaddS To Whxog TnNg -
xohouvdog audvetan, uTdpyouy TeploadTERY HoTiBo exTOC amd Toug Peudoxdufouc,
omw¢ hairpins, multiloops x.o., To onola To Knotify + 6ev unopel va npoPAédel oe
QUTAY TOL TNV €xd00T. AuTtég oL douéc umopolv v eviomiotoly omd to Knotty, au-
&dvovtag tov aprdud tp, odnywvTag ot uPnhoTepeg YeTpxég avdxhnong xau Fl-score.
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Yyfuor 7.4: Metpuég yia oxohoudieg urxoug > 30 xou < 40.

7.3.5 Knotify+4: YOyxpion tou ypdvou extéleong

H tpltn petpun adlohdynong elvon o ypdvog extéheang, 6oL cuyxpivovTal Ta o-
TOTEAEGUOTA TNG TEOTEWVOUEVNG UeVOBoL e Tig umdlowmeg mAat@opues. O Ilivaxog
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Lyfuo 7.5 Metpuxég yia axohovdieg urxoug > 40 xou < 50.
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Eyfuor 7.6: Metpuée yia oaxohovdieg urxoug > 50.
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7.5 mopouctdlel ToV YedVo eXTEAEOTC TOU amatTelTon amd TNV XAl TAATQOPUAL YioL THY
TpoPBhedn tng BeutepoTaryolc dourc.

H 8eitepn otiin tou Ilivaxa 7.5 napouctdlel Tov ypdvo exTEAEONG avd TAXTQORUA
vt To 0OVoro Twv dedopévwy. To Knotify+ yeeidotnre 74,05 deutepdienta, o IP-
knot ypewdotnxe 117.02 deutepdhenta. To Knotty ypeetdotnxe 582.91 deutepdienta.
Mévo o Knotify, eivar tayltepo, yeyovog mou avauevotay agol mpoolédnxe otny
TROTEWVOUEVT UE0B0AOY o Ular axdun ahyopduixy| Sladixactio yio TNy €pEUOT) TV ECW-
TEQIXWY X0l TWV ACCUUETEWY Bpodywv uéca atoug dlo Ppdyoug tou Peudoxdufou, ue
v Tawtdypovn duwe avénon otny oxplfBeta Twv tpoliédewy. Iapdhn BéBoua, auth
™y ey adinom oto yedévo extéleong oe oyéon ue to Knotify, to Knotify+ #rov
Tepinov oxtd popéc (582.9/74.05 = 7.87) mo yphyopo and to Knotty, uneptepmvtog



Platform Total Time (sec) Average Time (sec)

[Pknot 117.02 0.45
Knotty 582.91 2.24
Knotify 56.43 0.22
Knotify+ 74.05 0.28

Mivaxag 7.5: O amantoOUeEVOS yeOVOg EXTEREOTS VLot xdUe TAXTPOEUN GTO GOVO-
MO TV OEBOUEVLV.

ONUOYTIXE omd TiC uTohoiteg TAat@opues. H tpitn othin nopouctdlel tov péco yedvo
exTéAeong Yo xdde TAATQOPUA, CToLyEl Tou Belyvouv Tr UxeoTeen TN peyédoug
O UETEIXT) TOU YPOVOU EXTEAECTC YId TNV TROTEWOUEVT uedodoloyia.

7.4 Xvunepdoyota

A&oloyovtog Tn cuvolixy| anodoot) tou Knotify+, n evowudtwon otoug deudo-
x6uPoug Tirou H acluuetpoug xat ecwtepinoils Bpdyoug 0dHYNOE GE ULol ATOTEAEGUO-
T TEOPAed TN SeutepoTaryols Sounc UE wlar axpifBela cuyxplown UE TIC YVWOOTES
mhatpopuee NG PBhoypaplag. Ewdwd yia oaxohoudicg mou elvan uixpdtepeg and 30
Bdoeic, Eemépaoe Oheg T e€eTaloueveg uevdooug, Belyvovtag 6Tl 1) evioyuon Tng ex-
(PEUC TIXOTNTAS TOU 00YYNOE GE UL CNUAVTIXT TEOOO0 GE GYEDT UE TNV TEOTYOUHEVN
€x0001| Tou. To mo onuavtxd edpnua ftav OTL 1 TEOTEWVOUEVY ueodohoyio uTepTe-
eoloe TNne mponyoLuevng éxdoong tou Knotify 6cov agopd tnv avdxinon, to Fl-score
xar o MCC g 6ha to 6UVoA, OelyvovTag onuoavTixy Bedtiwon yio axolovdieg yeyo-
ANotepeg a6 40. Emmiéov, to Knotify+ ouvéyloe va Eemepvd to Knotty yior pixpéc
axohouvdieg, eved ftav cuyxplowo yio axohoudieg petagd 30 xan 50, xou UELdVEL onua-
VT T Blaopd oty axpiBela and o Knotty yia oxohoudieg ye uixog yeyohitepo
am6 50. Toautodyeova, 1o Knotify+ Swthienoce to udmidtepo mococtd npdBiedng twv
XEVTEWOY Pdoewy oe olyxplon Ue Oheg Tig e€etaloueveg uetddoug xon ftay Tepimou
oxTG QopEg TayUTeEPo amd To Knotty, to onolo elvar o xlplog avtaywvio g Tou.



Kegpdhowo 8

Mia emextaocn Tou Knotily yia
bevooxoufouc tomou L

8.1 Ilpotewduevn CFG yia tnv aviyveuon
devdooxoufwy tonou L

Avuto 1o Kegdhowo mapovoidlel wa enéxtaon tou Knotify mou oyedidotnxe yia
vo TpofAénel PeudoxdufBoug tinou L oe axoroudicc RNA. Ewwdyetu wa véa CFG
YOEUUUATIXT, 1) OOl EVOWUATMVETOL GTO TEWTO GTAd0 TNe TAat@opuoc Knotify, e-
mTeénoviog TV TedPiedn twv PeudoxduBwy toinou L. To endueva 600 Priwato yia
v tehxr} TeoBhedm Tov PeudoxduBuwy oxoroudolv Tic Bieg apyéc ue to Knotify,
oAAG TpoToTolUVTL XAUTIAANA Yo vor Toupldlouv pe tov TOmo L. ‘Onwg xou oto
Knotify, o autd 10 xegpdioo yenowonoweltar 1 Grpseudo YOULUOTIX TOU TOQOU-
owdleton otov Ilivoxa 8.1 yio v epyaocio g meoPiedne twv Peudoxdufuv TdTou
L. ¥e auté 1o Kegpdhawo, moapouota pe tic mponyolueves exdooelc tou Knotify xou
Tou Knotify+, yenowonoteiton pa ehapene tpomonomuévn uPedun uédodog emio-
< BéhtioTou Bévtpou, N omolo cLVBUALEL TIC 500 THO XOWEC dpYEC, TNG EAGYLOTNG
ehellepnc evépyeoe (MFE) xaw tou yéyiotou tarpidopatog Bdoewy (maximum base
pairing).

Y yeopuotix) Grpseudo T™OU Topouctdleton otov Ilivaxa 8.1, n deltepn othin
TEPLEYEL TOUG CUVTAXTIXOUS xavoves. H ypoupatixr anoteleiton and téocepa U tep-
wotxd oUuPora, dnhadh NT = {S, L, D, K}, pye 10 S wc 10 alpforo exxivnone.
‘O)ot o1 cuVTAXTXO! xaVOVES UE TO S 670 aploTepd pépog (dnhadn xavovee 0 éwe 63)
oToyeloLY GTOV eviomoud evog mdavol Peudoxdufou timou L otny eloodo. 'Evog
heudoxouPBoc tonou L oplleton and touldyiotov teio Lebyn xevipixmy BAoEwy, OTKC
potvetar oto Lyruo 8.1.

[oe T ouvToTr avoary voplom evog heudoxouBou tomou L, npénel va yenowonomiet
HLOL XOUTHAANAT) GUVTOXTUIXY) YROUUATIXY Yial Vo avaAUGEL T1 YAWOGOIXT] AvVamapdc TAoT)
¢ axohoudiog RNA. H CFG Grpseudo OYEOGOTNXE YL0l VoL TEQLYpAPEL AMOTENETHO-
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Enumeration Syntactic Rules

O S — HAH L HAH L ”AU D HU” L HUH L HUH
1 S — HAH L "AH L ”U” D HU” L HUH L HAH
2 S — HAH L HAH L UG" D HU" L ”UU L HCU
3 S — HAH L "All L UC" D "UH L HUU L HGU
4 S — HAH L "Ull L UAU D HUH L HAH L "UH
5 S — HAH L HUH L ”UU D HU” L HAH L HAH
6 S — HAH L HUH L ”GH D HU" L HA” L HC”
7 S _> HAH L ”UH L ”CH D ”U” L HAU L HG”
8 S - HAH L "GH L HA” D UU" L HCH L HUU
9 S — HAH L "GH L "Ull D UU" L HCH L HAU
10 S — HAH L "GH L "GH D HUH L "CH L "CH
11 S — HAH L "GH L "CH D HUH L "CH L "GH
60 S — HC" L HAH L HCH D HGH L HGH L HUH
61 S _) HCH L HUH L HCH D HGH L HGH L HAH
62 S — HCH L HGU L HCU D HG" L HG" L HC"
63 S - HC” L HCU L HCU D HG" L HG" L HG"
64 L—"A"L

65 L—"U"L

66 L—"C"L

67 L—"G"L

68 L —"A"

69 L—"U"

70 L—"C"

71 L—"G"

72 D—- KK

73 K— "A"

74 K — "g"

75 K—"C"

76 K—"G"

77 K—e¢

ITivacag 8.1: Xuvtaxtixol xovovee Grpseudo-



Txd N ouvTadn evog Peudoxoufou tonou L oe plo oxoroudia RNA, ye tic xevtpixég
Bdoeg va oynuatilouy ta evolhacodueva avtinopdidcong Levydpia Bdoewy. Ta na-
eddetypa, o xavovag S — "U" L "G" L "G" D "A" L "C" L "C" unodnhwvel tnv
Omopén evog Peudoxdufou tonou L, dnwe U..G..G..A..C..C), 6mou ta U-A, G-C xou

EVOANAOCOVTAL, UE TA YPwUATH Vo odexviouy ta (euydpla Bdoewy. Autd Ta
evolaoooueva (euydplo Bdoewy ovoudlovia xevtpixég Bdoeilg yio Toug Peudo-
xoufBouc tonou L xou avuinpoownebovton and o ovuBora (), [, T, { %o '} oty
avamapdotact dot-bracket (Ilivoxeg 8.2 xau 8.3 otig embueveg evotnies). Egdcov
undpyouv téooepa Suvatd Leuydpta Bdoewy (A-U, U-A, C-G, G-C) xou tpeig duvo-
TE€C evahAayeg, umdpyouy 64 (43) cuvtoxTixol xavdvee HE S 0TO AP TERO PEPOC, UE
Toug xavovee 12 éweg 59 va mopokeinovtor and tov Iivaxa 8.1, xodode etvon ebxoha
xatovontol. To Eyrua 8.1, onwe avapépinxe, Tapéyel Eva TURADELY U TOU TEOTOU UE
ToV 0Tolo 0L XEVTEIXEC BATELC EVOANACTOVTOL UETOEY TOUG Lol VoL ONioupY oLy Evay
(eudoxoufo tonou L.

@ |
U G A C
G

Yyfua 8.1: O xavévag S — "U" L "G" L "G" D "A" L "C" L "C" nou
evtomilel v Umapdn evog deudoxoduou tinou L

8.2 Decoration twv xevipxov Pdoswy yio
devddxouBoug THToL L

X1y evotnta auTH TaEoLGCIAlEToL Eval TORAOELY oL TG Bladixaciog dlaxdounong
TWYV XEVTEIXWY BACEWY Tou Peudoxdufou, ue oxomo TNV EVEECT| TNE BELTEPOTAYOUS do-
unc e axoroudiog. Aol dnuovpynloly To cUVTIXTIXG BEVTE, OIS TEPLYPAPNXE
otny evotnta 8.1, o Peuddxoufoc draxoopeitan e emniéov Leuydpia Bdoewy e&epeu-
vovTag Oho T dnutovpynuéva 8évtea. O avahuthc e€etdler oelploxd xdde Bdorn eviog
Twv Pedywyv Tou Peudoxodufou yio va xodoploel edv unopel va oynuotiost {euydpl
Bdong pe dhhn Bdon mou Peloxeton otn cwoth Yéon. O akyodpriuoc tou decora-
tion moapovodletar avarutind otov Iivaxa 8.2. Agol evtornicel tig xlpleg Bdoelg
otic Véoeic 2-10, 9-16 xou 5-14 yioo U-A, G-C xou G-C avtiotorya, eetdlovion ot
Bdoewc oo Peoyo otic Yéoeig 11-13 xou otov Pedyo otic Véoceic 6-8 yia mbovr On-
wovpyla Lebyoug ue Bdoec extdc tov Beoywy (Véoeic 0-1 xa 17-19 avtiotouya).
YN ouvéyela, e€etdlovton oL BAcel; 6ToV EowTERIXO Bpdyo oTic Véoelg 3-4 xou GToV



gowtepnd Ppdyo otn Vé€on 15 yio mbavy Snuovpyia Lebyoug Bdoswyv. Me tn oelpd,
avaryvwpilovtan Levydpto Bdone otig Véoeg 1-11 (Brpa 1), 8-17 xou 7-18 (Brua 2),
xodide xon 4-15 (Bua 3).

String enumeration 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
String UUUACGGCCGAAUUCGT¢ CGGA
Parser output: o ( [ { ) . | }

Step 1 (|« [ o)) | oo
Step 2 O G T O G GAD A [N S
Step 3 S G G I P O S D D [

ivoxag 8.2: Evtomoudg Ceuymyv Bdoswy yipw and Ti¢ xevipnée Bdoelg Tou
(beudoxouBou.

Egopuélovtag otn ouvéyela, to xptthplo TnNg ehdytotng ehevdépng evépyelog xou

Tou peyaluTepou aprluol (euywy Bdocwy YOpw and tov Peudoxdufo, emAéyetal 1
BérTiotn dour). O ahyopruog tng eiediepng evépyetag mou yenotuomolfunxe etvon
UTOC TOU TROTEIVETOL YIAL TO CUYXEXEWEVO TUTIO Peuboxoufou, eve Yio TO XELTHPLO
Tou PéyioTou apLiuol (eEuy®y Eyvay oL XUTIAANAES TEOTOTOINOELS, WGTE Vo GUVL-
mohoylovtan 6TV amoégact oka To CevyT Bdoswy Yopw and To Tela TAéov, (ebyn
XEVTEIMWY Bdoewy Tou (eudoxduou.
Enlong, n ouyxexpwévn vhomoinon tou Knotify emtpénel otov yprotn va npoyw-
erhoel oty emhoyt v Leuyov Bdoewv U-G w¢ nopdueteo and tn Yeouur EVIOAGDY,
emhoyn) 1 omola exxvel plar Sladastar SUVAIXAC VAOTOINONG Lol VEAS YRUUUATIXAG
UE ETUTAEOV XAVOVES. MUYXEXPWEVA eMITEETOVTAL TAEOV dhha B0 Ceuydpta U-G xou
G-U, ye amotéhecya oL XAVOVES TNG VEAS YROUUATIXNAS VoL YivovTow 63, oniaot| 216.

8.3 IlpoPBAedn evdc yvwoToU deuvdoxouou
tOrou L

Mo vor emPefouncdcoupe TNV AmMOTEAECUATIXOTNTA TNG VEOS YROUUATIXNAG Xl TOU
GUVOAXOU TROTIOTOLNUEVOU TROTEWOUEVOU GUC THUATOS, EIVAL XOWVY| TROXTIXT] VO XATO-
oxEVALOVUE VOl XUTIAANAO GUVONO BEBOUEVELV KOl VoL GUYXEIVOUUE TIC TTROPBAENOUEVES
deutepotaryelc Souég, Bladixaoior Tou mpayuatonolinxe xou ota mporyolueva Ke-
péhona. AucTuyOC, oTNY TEpinTwaoT TV PeudoxduPrv tirou L, 1o Sidéoiuo chvoro
dedouévmv elvon e€anpeTind meptoplopévo. Méypel orfjuepa, €yet nopatnendel povo évog
euddxopPoc tomou L, o onolog mapoucidotnxe opyixd oty epyacia [87]. Auth n
axoroudia RNA yenowonominxe wg elcodog otnyv npotetvouevn mhatgpopud, xadog
Xou o€ TPELC dAheS Tponypévec uedddoug, IPknot [35], Probknot [34] xou Knotty [32].
Or avtiotoyeg avanapactdoeic pe T poppr dot-bracket napouvoidlovtar otov Iliva-
xa 8.3, delyvovtoag 6Tl 1 mhatpdpua pog, mou avapépetar ¢ "Knotify", mpoéBiele
e oxpifeta Tig xevtpiée Bdoeic Tou PeudoxduBou tonou L. Avtiveta, ot Knotty xou



IPknot mpoéBiedav Peudoxodufoug tonou H, ever to Probknot mpoéBiede wa Sour| pe
Bedyoug, amotuyydvovtag vo TeofAédel Tic xevipixéc Bdoelc Tou Peudoxdufou THTou

L.
UGUGCGUUUCCAUUUGAGUAUCCUGAAAACGGGCUUUUCAGCAUGGAACGUACAUAUUAAAUAGUAGGAGUGCAUAGUGGCCCGUAUAGCAGGCAUUAACAUUCCUGA
1111..... B I
................... 111}

RNA/ Dot Bracket
)33

Platform

Ground truth  (CCCCCCCCCCCaannnntn [OCC. ... COCC. .. .ALLL-DDIDNDNNN
Knotify —  ....... CCCCCCae e COCCCL. . L)) ) e e e
IPknot LCCCCCC CCCCC LN v o (e e NCCITTINNIMIIMIIMIMIINMD et CCCCCCCCa o G CCCannnnene

Knotty CCCCCCC. e e o LOOL. - L CLLCCEE DM I ) e CCCCCCCC. . eI L1330
Probknot CCCCCCC. CCCCCCCC e CCCCe a3 042232322923232322))) (.. .))) . CCCCCCCC . (e CCCenennnnn )))))))INIINID.

Hivoxac 8.3: TpoBhedm tou PevdoxduBou timou L
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Yyfua 8.2: Ground truth (a), n tpdBredm e npotevopevng mhatpopuas (b),
N meoPBredm tne mhatgdeuac Knotty (c), n npdPredn e mhatgbpuac IPknot
(d), xou m mpdPAedm e mhatpoppac Probknot (e) tou deudoxduBou mou ma-

povolac Txe oo [87).
To Eyfua 8.2 napovotdlel tny mparyuatix doph tne oxoloudiog oto urtooyfua (o),
™V TEdPAed TNe mhatpopuoc pog oTo utooyua ([B), xou tic mpoPiédelc twv Knotty,

IPknot xou Probknot ota vrooyfuota (), (8) xou (€) avtictoryo.



‘Onwe mpoxintel, 1 TedBAedn Tou TEOTEWOUEVOU GUGTHUNTOS TEOCEYYILEL ONUAVTIXG
NV oy oty Sour) Tou PeudoxoduBou, oe avtiieon ue to dAAo CUC THUATA TOU TTRO-
BrEmouy Tehelwg BlapopeTixéc Bouéc OTwe PeudoxouPoug tumou H 7 amholc Bpdyouc.
H Suwduasio ontixonoinong twyv Soumy peudoxouPonv RNA nou gaivovtoa oto Eyrua
8.2 mparypotonotfinxe péow Tne yehone tou epyoleiou pseudoviewer [88].

O ITivoxag 8.4 mapovoidlet ta anoteréopota yio xdde u€dodo ovapopixd ue tTnv o-
xp{Bewa, TN avdxhnon, to Fl-score, xou to MCC. Eniong, nopéyovton Aentouepnc ot
TWES tp, tn, fp xou fn yio Gheg Tic pedodoUC.

Platform tp tn fp fn Precision Recall Fl-score MCC

Knotify 27 55 5 21 0.844 0.563  0.675 0.521
[Pknot 22 32 44 10 0.333 0.688 0.449 0.102
Probknot 24 25 54 5 0.308 0.828 0.449 0.143
Knotty 40 27 40 1 0.500 0.976  0.661 0.419

ivoxcag 8.4: O Bacixég petpinés allohdynong twv utd a&lohdynoT TAUTPOR-
LY.

H npotewvopevn yedodoroyia Knotify L-tinou Eenépaoe Tic dAleg uedddoug 660V o-
popd v axp{Bela, pe Ty fon pe 0.844, evey to Knotty elye 0.500, o IPknot 0.333
xat o Probknot T {on e 0.308. ‘Ocov agopd to Fl-score, 1 mhatpopuo Knotify
nétuye éva oxop 0.675, eved to Knotty 0.661, to onolo ftoy mohl xovid otny meo-
TEWOUEVT TAATPOPUO Xat Ol GAAES 800 TAaT@OpUES elyav T (on ue 0.449. Erlong,
Eemépaoe Oheg Tig Yedddoug 6oov agopd To MCC, ue T fon e 0.521. Télog, 10
Knotty métuye plo mohd udgmhih Ty avéxdnone (0.976) éyovtac uévo éva Peudide
oEYNTXO ATOTENEOUA, TO OTOl0 UTopel Vo 0gelAeTon 0TO YEYOVOS OTL Ueydhee RNA
oaxohoudieg ouyvé epLEyouy ToAES Bopés (6Twe eZoyxmuata xou dAhoug Bedyouc)
mou Sev oyetilovtal amapaltnta dueco Ye Tov Peudoxoufo. Autd umopel vo aughoel
TO GUVOAXO 0EIIUO TV OWOTMY YETIXWY X0l VoL UELOOEL Tov aptdud Twv Peudde op-
VITIXOV. 2N UEANOVTIXT ETEXTAOT) TOU GUCTHUATOS, oYeddleTon 1 Bedtiovon axdun
TeplocdTEpo TN uedodohoylag Yoo vor avTetwniler oaxdun mo mokimhoxo wotiBo,
omwe ot peudoxduPol L-tdnou mou mepiéyouv aoluuetpous Bpdyouc (bulges), eow-
tepinolg Bpdyoug 1 hairpins, oto npdtuna Tou Knotify+. Auctuywg, ue Bdon doa
otouyeia yvwpetlovye and 1N BiAoypapio, xavévag dhhog Peudoxdufog tonou L dev
€yEL XOoTOYPAEL, DOTE VoL TOV GUUTERLAGBOUUE GTO GUVOAO BEBOUEVKY TPOg 0&LOAOY Y-
on. To napandve aroteréopata Tapouatdalovion eniong oto Lyfua 8.3 yia xahiTeen
AVTLITAPABOAY| TV CTOLYEIWY UECK TNG OTTIXOTOMONG.

8.4 Yuunepdouato

Y10 nopdv Kegpdhowo nopoucidotnxe Wi véa uédodog yiol Tov EVIOTUOUO TwV (Jeu-
doxouPwy tomou L, évay ondvio tino PeudoxduBwy. H npotevouevn ufeidnt| otpotn-
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Yyfuo 8.3: Precision, Recall, Fl-score xan MCC avd mhatpodpua.

o emhéyel Ty axoroutio RNA ye v mo mdav éxgpoon peudoxopfou. Autod me-
ethapfBdvel Tn dnutovpyio evog cuVORoL Bouwy PeudoxduBwy Timou L xar ot cuvéyela
Vv enthuor evog TeoPBAfuatoc BehtioTonoinong yiot TNy EmhoyT| Tou PeudodxouBou ue
Tov Uéyioto apriud Ceuynv Bdocwy yOpwm and tov Peuddxoufo xou TNV eAAYLOTY €-
hetepn evépyeta. Ou poutiveg xmdxa LAomodnxay e Yhwooo C, and Python mou
yenowornopinxe otnv apywxt) €éxdoon tou Knotify, yia nepoutépwy Beitictonoinon
TOU YPOVOU EXTENEOTC XATd TN epyaoior Tng apyixig avdiuong tng oxohovdiog. H
axohoutia €.0660u Slonpeitar oe ToAATAES uToaxolovdies yia Tapalhnhomoincy Tou
podpTOL gpyaciog xon yenowonoleiton Tapdhhnin avdiuor ye morhamhole CFGs ya
v o&lohdynon Gy Twv urtooxohovhwy. Kdibe mepintwon avdiuvong dnuovpyel
utar doyur) heudoxouPou mou meprypdpet mhavoic PeuddxopBouc evidg Tou mediov TNne
CFG. ‘O)ot ot eudoxdufol anotdnxedovial oe yia douy) SeBoUEVWY, XL 1) TAEOV Ti-
Yovry Aoom emaéyetan ye Bdorn tny ehdytotn ehediepn evépyelo. To Knotify yio tov
L-timo eudoxoduPBou Eenépace Tic dhheg Tpelc uedtddoug 6oov apopd TNV axplBeld, ue
T 0.844, eved ol dhheg pevddol onueiwoay 0.500, 0.333 xou 0.308. ‘Ocov apopd to
Fl-score, 1 mpotewvouevn uedodoroyia onueiwoe enidoor (on ye 0.671, evey ot dhheg
uedodor 0.661, 0.449 xou 0.449 avtiotoiya. H mpotevopevn pedodoroyio Eenépace
Oheg g uevddoug boov agopd TN uetew) MCC, emtuyydvovtag Ty lon pe 0.521,
eved 1 mhatgpdpuo Knotty métuye éva mohd udnhéd oxop avdxhnone oe oyéon pe tig
umolowneg Yedodoug. ‘Olo autd tar euphuota €6y 6Tt o Knotify yio tov L-timo
amoTeAEl €va YENoWOo €pYUAElD TOU TAREYEL EATLOOPOPI ATOTEAECUATA O TTEETEL VAL
e€eTaoTel TEPUTERW TPOXEWEVOU VoL avly VEDGEL IO TOAOTAOX O GUVOLAGC TG LOT{Ba.



Kegpdhowo 9

DIVUTEQACUATA XU
MeAhovTixéec Enextaoelc

O oxpiBric mpocdlopiouds Twy deutepotay®y douwy tou RNA, cuunepiiaufovo-

HEVLY TV (PeudoxouBwy, anotehel ulo TEOXANCY UE CNUAVTIXG ATOTEAECUATO. GTOV
TOUEN TNG YEVETIXNE Xt TNS LYEloc. Xe auThv T Statelf3n], avamtiydnxoy TEC xouvo-
Topeg yevodoroyiee, ot Knotify, Knotify+ xa Knotify yia L-t0ro, yia tov eviomioyd
xou TNV TedPBAedn Blapdprv TiTwY Peudoxdufwy oto RNA. Autd ta cucthpota o&to-
hoyinxay Bdoel Slopdemy HETEIXWY, CUUTERLAUUBAVOUEVKDY TOU TOGOGTOU TEOPBAeE-
Ine v xevipxdyv Bdoewy PeudoxouPny, Tou yedvou extéleons, T oxplfBelag, g
avéxhnone, tou Fl-score xat tou ouvteheo 1 ouoyétione Matthews (MCC).
Tt v medPAedn twv xevtpixmy Bdoewy, o Knotify napovciace pla udpmir mpofe-
TTXT IXOVOTNTA, AV VELOVTOG UE EmTuyla TIC xevTipixée Bdoelg oe 143 and tic 262
axoloudiec. Eemépaoe AANES EVEEWS YPNOULOTIOLOVUEVES UEVOBOUS, OTWE To UG THUO-
ta Knotty, HotKnots, IPknot xou IHFold. O Knotify €dei&e uvdmrdtepn axpelfBeia otny
TEOPBREYN TV AETPWOY Bdoswy TV (PeudoxduBwy ot Telo amd To Técoepa GUVOAN
axorovdwy RNA, ye ocuyxplown andédoon pe tov Knotty oto undhoino clvoro. ‘O-
cov agopd TNV TEdBAedn e cuvohxrc dourc, o Knotify nopouvoidlel e€onpetiny
anodooT o 6poug axpifelag, emTuyydvovtoag Ty ton pe 0.784. And tnv dhhn yepld,
n mhatpopua Knotty elye upniodtepo Fl-score xou MCC, ahhd to Knotify elvon moAd
XOVTY OTIC Topamdve emdooelc. To eviunwotaxd etvar 6Tt o Knotify elye xolbtepn o-
xp{Bela oe dha Ta €Vp Tou Prxoug axoroudiac RNA, eve o Knotty Eeydeile wuplwe
oe ueyahitepeg oaxohovdiec RNA. Autéd umodnidver 6t to Knotify elvon wa moAd
aLomo Tty wévodog yia Ty meolAedn twv Bdocwy, Wilwe yio wxpdTepES axoloudieg
RNA. Avagopixd ye tov ypdévo extéheong, to Knotify anodelydnxe armotekeopatind,
Cenepvwvtag Tov Knotty xatd 7.76 gopéc. Emnlong, enédeile ouyxplowoug 1 xolUTe-
poug ypovoug extéleong and to IPknot xou to HotKnots, and toug onoloug BE¢foua
elye moAD xahOtepeg TpoPAEdels, xou €Tl To Knotify avaderyinxe wg o anodotiny
AOOT| ovapoplxd UE ToV Yedvo exTéAeomg yio TNV TeOPBAedn TV PeudoxduBuwy oTig
axorovdiec RNA, onuavtind enlong otouyeio yio Tig avahOoElS Twv BLOAGYWV.
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YuvodiCovtag ta anoteréopata yio To Knotify+, tn BeAtiwpévn éxdoor tou Kno-
tify, emonuaivouue 6Tl mapaTnEUNXAY axOU XAAVTEQH AMOTEAEGUATA, XOL ELOLXJL
oty TeOBAedn TV xevipdy Bdoswy twv Peudoxouloy. To Knotify+ mpoéBie-
(e pe emtuyla Tic xevTpés Bdoeic Twv PeudoxduPny ot 142 amd tig 260 axoloutieg,
Cemepvwvtag To IPknot xau 1o Knotty 6cov agopd tnv yetenh vty Emmiéoyv, to
Knotify+ Eenépooce 1o Knotify, to IPknot xaw to Knotty otny mpdfBiedn tovkdyiotov
ulog xevtpwng Bdong, UTOONAWVOVTAS TN BEATIWHUEVY BUVATOTNTO TOU VoL TEOBAETEL TIC
AEVTPIXEC BAoElC TwV PeuBoxduBwY, axOUa X0l OE TEQITTMOEL OTOL 1 axELBNC TEOBAe-
) ebvan Wraitepor BOGXOAT.

Kot v e&étoon tov petpmmy alohdynong v to Knotify+, autd €deile avte-
en anddoon oe obyxplon pe 1o Knotify cuvolixd. To Knotify+ nétuye udnidteen
avéxhnon, Fl-score xou MCC, pewdvovtog tn dlagopd ye to Knotty, mou nopouévet
1 wéYodog e TNy xahiTepn anddoor ot auteg T ueteixéc. To Knotify+ diatrenoe
xa\UTeET oxpBela and to Knotty, énwe xou and to Knotify. Autd unodewxviet 6Tt
o Knotify+ Bektiddver ) cuvoliny) axplBeia twv npofiédeny, 1dlwg 6cov agopd Tny
avdxhnon, 1o Fl-score xou to MCC. Qo1600, 10 Knotty Eenépace dheg tig pedod0ug
oe yeyolUtepeg axoloudiec RNA,| mdavotota Aoym tne txavotntde Tou vor vty velel
npoodeta mepimioxa wotifa, émwe ol Bedyol xou ta hairpins, tou o Knotify+ 6ev o-
VIYVEVEL O aUTHY TNV €x000T. Ot UeEAAOVTIXES EMEXTACELS amooxoTolV oTr BeAtionon
tou Knotify+ yio ) Swyeipion mo nohdmioxwy potiBov evide twv Pedywy tov Peu-
00x0UBWY, HOTE Vo BEATIOOEL TNV 68007 TV TEOBAEPEDY TOU XU OE PEYAUNITERES
oxohoudliec.

Téhog, vy TV meoBredn twv PeudoxduBwy titou L, 1o Knotify yio L-tino €deiie
ehmbogdea anoteréopota, Eemépaoe dhheg uedodoug dov agopd TNV axpeifBeio pe Eva
oxop 0.844. To Fl-score xar to MCC rrav udmidtepa yio tov Knotify ond tic dhheg
uedodoug, eved 1o Knotty mapdro mou mapoucioce pior uPni Ty avéxinong, dev
€dele avtioTolya XoahEC TWES OTIC UTONOLTES UETEIXES 0&LONOYTOTC, OUTE GTOV GUVO-
Ax6 evtomiopd tou potiBou. Me Bdon ta mapandvew, tpoxintel 6T To Knotify yia
Toug Peudoxoufoug tomou L elvan anotekeouatind xan oxpiBéc oty meoBAedn auto
TOU GUYXEXEWEVOL TUTOU (peudoxouBou xou TaEd Tov WxEd apLiud dedouévwy, etval
wla €towun mhatgdpua yior Ty TeoBredn tétowwy potiBwy, 6tay autd eviomotody ot
pLoM xou amontnUEl 1) TEPAUTEPL AVIAUGY| TOUG.

YUVONXd, Tar AMOTEAECUATA BELYVOLY TNV ATOTEAECUATIXOTNTO TWV AVATTUYUEVODY CU-
otnudtwv (Knotify, Knotify+ xo Knotify yia toug deudoxdufouc tinou L) otnv
TeoBAedn Twv PeudoxduBwy tou RNA. Autd ta cuc ot Tog€youy a&lomio Teg Tpo-
Brédec o Tic xevtpwéc Bdoelc (core stems) twv Peudoxdufrv, 0 cuvolxr| doun
xou Ty axpifelo Tov (euyov Bdocwy, SlatnpdvTog TapdAinio eEoupeTixole ypOVoUg
extéheone. Ilepautépw BeATidoelg Yumopoly va Tpoydatotoinoly e oToY0o TNV ou-
Enuévn oxplfBeior meoPBredng yior peyolbtepeg axoroutdiec RNA xau mo moAdmhoxa
uotiBa peudoxduPwy. Yuurepaouatixd, n clooywyr Twv Knotify, Knotify+ »xou Kno-
tify yio Toug eudoxduBoug timou L anotehel onuavtind Bruc meoddou GTov Touéa
e medPAedne e Seutepotayol dourc tou RNA xou edixdtepo otov evionioyd
TV PeudoxduPuv. Autéc ol pedodoloyieg Belyvouv Behtiwpévn axplBela, anddoon



xaL BuVOTOTNTEC O oUYXELOT PE TIC uTdpyouces pedodouc. H emtuynuévn vlono-
inon twv Knotify, Knotify+ xo Knotify yir touc ¢eudoxduBouc tinou L avolyet
VEOUC BpOUOUS VLol UEANOVTIXESG €RELVES, CUUTERLAUPBAVOUEVNC TNG EEEPEDVNONS O
TohOThoxwv YoTiBov Peudoxoufwy ue .y, hairpins xa $eudoxouBwy timou K xow M.
[MopddAnha, etvar onupavtixd 1 avamtun evoc online epyaheiov ye dAeg Tic Slodéctueg
AELTOLEYWOTNTES, Yo TN PeATidon NG TEOoBACUOTNTAS TWV CUCTNUATLY VLo TOUG
EPELYNTEC TOL ACYOAOUVTAL UE TOV CLUYXEXPWEVO Topéa Tne douxic Broroylac. H
oYy povr SldixTuAXT] TAUTQOEUY, 1 omola Bploxetar ot TEAMXO oTAdl0 LAoToinoNC,
ToEEYEL PE €val by ENOTO YPuPIxd TERBAAAOY OTOUC YPNOTEC WOTE Vo EMAECOUV TN
YoouuaTr Tou emugoly, Vo TPOTOTOCOUY TIC THEoUETOUE Tou PeYEDoug TV -
CUUHETPWY XAl ECWTERIXMY BeoymVY, XS xo dARo GToLyEld UE GTOYO TNV EVPELX
¥eNoM TOL amd TNV XOWOTNTA.

‘Ohat tot oLUOTAUOTA TOU VAOTOLAUTXAY X0 OL TROTACELS Yiol UEANOVTINES EMEXTAUCELS
anoTeAolV €va ey yelpnua UE YEYSAT BuvoLXT], TOU CUUBAAOUY SpUOCTIXd GTOV TOUEN
e BlomAneogopixiic xat TG BLOAOYIAS, X0l TEOGYOLY TNV OVATTUEY CUVERYACLOY XaL
GUVERYLOV PETAED TV AVTIO TOLY WV BIETLO THLOVIXWY OUAOWY, ETUC TNUOVWY GTOV TOUEN
¢ Lyelag, PLOAGY®Y xou EBIXOY TANROPORIXYC.
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CccJ Chen—Condon—Jabbari

CFG Context-Free Grammar

CNN Convolutional Neural Network
CYK Cocke—Younger—Kasami

DAG Directed Acyclic Graph

DNA Deoxyribonucleic Acid

IBPMP Improved Base-Pair Maximization Principle
IncRNA long non-coding RNA

LSTM Long Short-Term Memory
mRNA messenger RNA

MCC Matthews Correlation Coefficient
MFE Minimum Free Energy

miRNA microRNA

ncRNA non-coding RNA

NP Nondeterministic Polynomial
piRNA piwi-interacting RNA
pre-mRNA precursor mRNA

rRNA ribosomal RNA

RNA Ribonucleic Acid

scRNA small conditional RNA

siRNA small interfering RNA

snoRNA  small nucleolar RNA

sTRNA small regulatory RNA

tRNA transfer RNA

tsRNA tRNA-derived small RNA
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Algorithm 2 Apply Free Energy and Stems Criterion Algorithm

1 import pandas as pd
2 from knotify.energy.base import BaseEnergy
3 def apply_free_energy_and_stems_criterion/

4 data: pd.DataFrame,

) sequence: str,

6 max_stem_allow_smaller: int,

7 energy: BaseEnergy,):

8 nmnn

9 This function selects and sorts the best RNA
structures based on energy and number of stems.

10 Args:

11 data (DataFrame): Data containing RNA structures.

12 sequence (str): The RNA biological sequence.

13 max_stem_allow_smaller (int): The maximum
allowable number of stems that can be smaller
than the maximum.

14 energy (BaseEnergy): An object that calculates the

energy of structures.

15 Returns:

16 DataFrame: The modified data with the best
structures.

17 R

18

19 # Calculate the total number of stems for each row

of data.

20 datal["stems"] = data["left_loop_stems"] + datal"
right_loop_stems"]

21 # Filter rows based on the number of stems.

22 data = dataldata["stems"] >= datal["stems"].max() -

max_stem_allow_smaller].reset_index (drop=True)

23 # Calculate the actual number of stems based on
dot -bracket representation.

24 data["real_stems"] = datal["dot_bracket"].apply(
lambda r: sum(x != "." for x in r))

25 # Calculate the energy for each RNA structure in
the DataFrame.

26 data["energy"] = datal["dot_bracket"].apply(lambda
r: energy.eval (sequence, r))

27 # Sort data based on energy, actual number of
stems, and ’dd’ dimension.

28 data.sort_values (["energy", "real_stems", "dd"],
ascending=(True, False, True), inplace=True)

29 # Reset the DataFrame index.

30 data = data.reset_index(drop=True)

31

32 return data




Algorithm 3 Grammar Generation for H-type Pseudoknot Detection

1 import jinja2

2

3 TEMPLATE = """

4 8 : ?a’”> L ’a’ D ’u’ L ’u’ # RO1 (1 3 5)
5 | ’a”> L ’g> D ’u’ L ’c’ # RO2 (1 3 5)
6 -

7 | >u’> L ’u’> D ’g? L ’g’ # R36 (1 3 5)
8 {% endif %}

9 ;

10 L ’a’ L # L1 (1)

11 | 2u’ L # L2 (1)

12 | ’c> L # L3 (1)

13 | »g> L # L& (1)

14 | ’a’ # 0

15 | >u’ # 0

16 | ¢’ # 0

17 | g’ # 0

18 D : {% for x in range(max_dd_size) %}D{{ x }} {%
endfor %} # M1 ({% for x in range(max_dd_size) %}{{
x }} {% endfor %})

19 E : ’a’> # 0
20 | ’u’ # 0
21 | 2¢c?> # 0
22 | ’g?> # O
23 |

24 {% for x in range(max_dd_size) %}
25 D{{ x }} : E # N{{ x }} (0)
26 {% endfor %}

27 e

28

29 def generate_grammar (allow_ug: bool, max_dd_size: int)
-> str:

30 o

31 Generate grammar for pseudoknot detection, based

on parameters.

32 o

33 return (

34 jinja2.Environment ()

35 .from_string (TEMPLATE)

36 .render (

37 allow_ug=allow_ug,

38 max_dd_size=max_dd_size,

39 )

40 )




Algorithm 4 Struct Definitions for Pseudoknot Detection

1

w

© 00 3 O

10

12

// Structure representing a pseudoknot in an RNA

sequence
struct pseudoknot {
int left_loop_size; // Size of the left loop
int dd_size; // Size of the D-D (

directed distance) segment
struct pseudoknot *next; // Pointer to the next
pseudoknot in the list
+s

// Structure for maintaining a list of integer values
struct size {
int value; // Integer value
struct size #*next; // Pointer to the next size
node in the 1list




Algorithm 5 Struct Management for Pseudoknot Detection (Part 1)

1 struct pseudoknot #*create_pseudoknot (int
left_loop_size, int dd_size) {
2 struct pseudoknot *ps =
(struct pseudoknot *)malloc(sizeof (struct
pseudoknot)) ;

w

4 ps->left_loop_size = left_loop_size;

) ps->dd_size = dd_size;

6 ps->next = NULL;

7 return ps;

8 };

9

10 struct size *create_size(int size) {

11 struct size *size_node = (struct size *)malloc(
sizeof (struct size));

12 size_node ->value = size;

13 size_node ->next = NULL;

14 return size_node;

15 };

16

17 struct pseudoknot *
18 append_pseudoknot_if_not_exists(struct pseudoknot *

list,

19 struct pseudoknot *
upcoming_knot) A

20 for (struct pseudoknot #*it = list; it != NULL; it

it->next) A
21 if (it->left_loop_size == upcoming_knot->
left_loop_size &&

22 it->dd_size == upcoming_knot->dd_size) {

23 return list;

24 }

25 }

26 upcoming_knot ->next = list;

27 return upcoming_knot;

28 }




Algorithm 6 Struct Management for Pseudoknot Detection (Part 2)

1 struct size *append_size_if_not_exists(struct size *
list, int size) {

2 struct size *size_node;

3 struct size xiter = list;

4 while (iter !'= NULL) {

5 if (iter->value == sgize) {

6 return list;

7 }

8 iter = iter->next;

9 }

10 size_node = create_size(size);

11 size_node ->next = list;

12 return size_node;

13 %

14

15 struct pseudoknot *concatenate_punique(struct

pseudoknot *1listl,

16 struct
pseudoknot *
list2) {

17 struct pseudoknot *iter2 = 1list2, *next = NULL;

18 struct pseudoknot *new_list_head = list1l;

19

20 if (listl == NULL) {

21 return list2;

22 }

23 if (list2 == NULL) {

24 return listl;

25 }

26 while (iter2 != NULL) A{

27 next = iter2->next;

28 new_list_head = append_pseudoknot_if_not_exists(

new_list_head, iter2);

29 iter2 = next;

30 }

31

32 return new_list_head;

33 }




Algorithm 7 Struct Management for Pseudoknot Detection (Part 3)

1

O© 00 3 O U = W N

[ S
N = O

13
14
15
16
17

struct size *concatenate_sunique(struct size =*1listl,

struct size *1ist2) {
struct size *xiter2 = 1list2;
struct size *new_list_head = listil;

if (listl == NULL) A{
return list2;

}
if (list2 == NULL) {
return listl;

X
while (iter2 != NULL) {
new_list_head = append_size_if_not_exists(
new_list_head, iter2->value);

iter2 = iter2->next;
}

return new_list_head;




Algorithm 8 Helper Functions for Pseudoknot Detection (Part 1)

1 void print_node_type(struct yaep_tree_node *node) {
2 switch (node->type) {

3 case YAEP_ANODE:

4 printf ("YAEP_NODE\n");

5 break;

6 case YAEP_NIL:

7 printf ("YAEP_NIL\n");

8
9

break;

case YAEP_ERROR:
10 printf ("YAEP_ERROR\n") ;
11 break;
12 case YAEP_TERM:
13 printf ("YAEP_TERM\n") ;
14 break;
15 case YAEP_ALT:
16 printf ("YAEP_ALT\n");
17 break;
18 case _yaep_VISITED:
19 printf (" _yaep_VISITED\n");
20 break;
21 case _yaep_MAX:
22 printf (" _yaep_MAX\n");
23 break;
24 default:
25 printf ("NULL\n") ;
26 break;
27 }
28 }

29 static int read_token_func(void **xattr) {
30 *attr = NULL;
31 if (s_input[s_ntok]) {

32 return s_input[s_ntok++];

33 } else {

34 return -1;

35 }

36 }

37 static void syntax_error_func(int err_tok_num,

38 void *err_tok_attr,

39 int start_ignored_tok_num,

40 void *start_ignored_tok_attr,
41 int start_recovered_tok_num,
42 void #*start_recovered_tok_attr) {}

43 static void *parse_alloc_func(int size) {
44 void *result;

45 result = malloc(size);

46 return result;

47 %




Algorithm 9 Helper Functions for Pseudoknot Detection (Part 2)

1 struct yaep_tree_node *parse(const char *description)

{

2 struct grammar *g;

3 struct yaep_tree_node *root;

4 int ambiguous_p;

5

6 // Grammar parsing and tree creation logic

7 if ((g = yaep_create_grammar()) == NULL) {

8 fprintf (stderr, "yaep_create_grammar: No memory\n
")

9 exit (1) ;

10 }

11 yaep_set_debug_level(g, 0);

12 yaep_set_one_parse_flag(g, 0);
13 yaep_set_cost_flag(g, 0);

14 yaep_set_lookahead_level(g, 2);

15 if (yaep_parse_grammar (g, TRUE, description) != 0) {

16 fprintf (stderr, "%s\n", yaep_error_message(g));

17 exit (1);

18 }

19 int parsed = yaep_parse(g, read_token_func,
syntax_error_func,

20 parse_alloc_func, NULL, &

root, &ambiguous_p);
21 if (parsed) {

22 printf ("this should not be accepted\n");

23 fprintf (stderr, "yaep_parse: %s\n",
yaep_error_message (g)) ;

24 }

25 return root;

26 %

27

28 char *terminal_codes_to_char (int code) {

29 // Convert terminal codes to their respective

character representation
30 switch (code) {
31 case 97:

32 return "a";

33 case 99:

34 return "c";

35 case 103:

36 return "g";

37 case 117:

38 return "u";

39 default:

40 return "ERROR";
41 }

42}




Algorithm 10 YAEP Graph Traversal Functions for H-type Pseudoknot

Detection (Part 1)
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int traverse_parse_tree_for_loop(struct yaep_tree_node

*node) {

switch (node->type) {

case YAEP_ANODE:
return traverse_parse_tree_for_loop(node->val.

anode.children[0]) + 1;

case YAEP_TERM:
return 1;

default:
return -1;

void dump (struct size *s) {
for (struct size *a = s; a != NULL; a = a->next) A{
printf ("%d ->", a->value);
}
printf ("\n");
}
struct size *cartesianProduct(struct size *A, struct
size *B) {

struct size *sizes = NULL;
if (A == NULL)
return B;
if (B == NULL)
return A;
for (struct size *iterA = A; iterA != NULL; iterA =
iterA->next) {
for (struct size #*iterB = B; iterB != NULL; iterB
= iterB->next) {
sizes = append_size_if_not_exists(sizes, iterA->
value + iterB->value);
}
}
return sizes;

3

struct size *multiCartesianProduct(struct size *x*A,
int count) {

struct size *xsizes = NULL;
for (int i = 0; i < count; i++) {

sizes = cartesianProduct(sizes, A[i]);
}

return sizes;




Algorithm 11 YAEP Graph Traversal Functions for H-type Pseudoknot

Detection (Part 2)
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struct size *traverse_parse_tree_for_dd(struct

yaep_tree_node *node) {
switch (node->type) A
case YAEP_ANODE:

if ((node->val.anode.name) [0] == °>M’) {
struct size **childSizes = malloc(s_max_dd_size
* sizeof (struct size x*));
for (int i = 0; i < s_max_dd_size; i++) {
childSizes[i] = traverse_parse_tree_for_dd(

node ->val.anode.children[i]) ;
}
return multiCartesianProduct (childSizes,
s_max_dd_size);
} else if ((node->val.anode.name) [0] == ’N’) {
return traverse_parse_tree_for_dd(node->val.
anode.children [0]) ;
}
break;
case YAEP_TERM:
return create_size (1) ;
case YAEP_NIL:
return create_size (0);
case YAEP_ALT:
struct size *anode_dds =
traverse_parse_tree_for_dd(node->val.alt.node);
struct size *xalt_dds = NULL;

if (node->val.alt.next != NULL) {
alt_dds = traverse_parse_tree_for_dd (node->val.
alt.next);
}
struct size #*new_list = concatenate_sunique(

anode_dds, alt_dds);
return new_list;
default:
printf ("Error in node type\n");
}
return NULL;




Algorithm 12 YAEP Graph Traversal Functions for H-type Pseudoknot

Detection (Part 3)
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struct pseudoknot *traverse_parse_tree(struct
yaep_tree_node *node) {
int loop_size;
struct size *dd_sizes;
struct pseudoknot *pknots = NULL;
struct pseudoknot *pseudoknots = NULL;
if (!node) {
return pseudoknots;
b
switch (node->type) {
case YAEP_ERROR:
return NULL;
case YAEP_NIL:
return NULL;
case YAEP_TERM:
return NULL;
case YAEP_ANODE:
if ((node->val.anode.name) [0] != °R’>) {
return NULL;

}
loop_size = traverse_parse_tree_for_loop(node->val
.anode.children [0]) ;
dd_sizes = traverse_parse_tree_for_dd(node->val.
anode.children[1]);
while (dd_sizes != NULL) {
pseudoknots = append_pseudoknot_if_not_exists(
pseudoknots, create_pseudoknot(loop_size,
dd_sizes->value));
dd_sizes = dd_sizes->next;
}

return pseudoknots;
case YAEP_ALT:

pknots = traverse_parse_tree(node->val.alt.node);

pseudoknots = NULL;

if (node->val.alt.next != NULL) {
pseudoknots = traverse_parse_tree(node->val.alt.

next) ;

b

pseudoknots = concatenate_punique (pseudoknots,
pknots) ;

return pseudoknots;

default:

printf ("Unhandled node type\n");
return pseudoknots;

}




Algorithm 13 YAEP H-type Pseudoknot Detection and Procedure Initial-
ization

—

void detect_pseudoknots(char #*sequence, void (*cb) (int
, int, int, int)) {
s_input = sequence;
int len = strlen(sequence);
int min_window_size =

Ot = W N

s_min_window_size ? s_min_window_size : (len *
s_min_window_size_ratio);
int max_window_size =
7 s_max_window_size 7 s_max_window_size : (len *
s_max_window_size_ratio);

D

8
9 for (int right = len - 1; right >= min_window_size -
1; right--) {
10 for (int left = right - min_window_size + 1;
11 left > right - max_window_size && left >= 0;
left--) {

12 s_ntok = left;

13 struct yaep_tree_node *root = parse(s_definition
)

14 struct pseudoknot *ps = traverse_parse_tree(root
)

15

16 for (struct pseudoknot *i = ps; i != NULL; i = i
->next) {

17 if (i->dd_size < s_min_dd_size) {

18 continue;

19 }

20 cb(left, right - left + 1, i->left_loop_size,

i->dd_size);

21 }

22 }

23 s_input [right] = ’\0’;

24 }

25 %

26

27 void initialize(char *_grammar, int _allow_ug, int
_min_dd_size,

28 int _max_dd_size, int _min_window_size
, int _max_window_size,
29 float _min_window_size_ratio, float

_max_window_size_ratio) {

30 s_definition = strdup(_grammar);

31 s_min_dd_size = _min_dd_size;

32 s_max_dd_size = _max_dd_size;

33 s_min_window_size = _min_window_size;

34 s_max_window_size = _max_window_size;

35 s_min_window_size_ratio = _min_window_size_ratio;
36 s_max_window_size_ratio = _max_window_size_ratio;

37 %




Algorithm 14 Grammar Generation for L-type Pseudoknot Detection
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import jinjaZ2

TEMPLATE = """
S : ’a’” L ’a”> L ’a’” D ’u”> L ’u’ L ’u’ # RO1 (1 3 57
9)
| a”> L ’a’ L ’u’> D ?u’ L ’u’> L ’a’ # R02 (1 3 57
9)
| a”> L ’a’> L ’g?> D ’u’ L ’u’> L ’c’ # RO3 (1 3 5 7
9)

| u> L 2u’> L ’u’> D g’ L ’g> L ’g’ # R215 (1 3 5

7 9)
| >u> L ’g” L ’a’ D ’g’> L ’u’ L ’u’ # R216 (1 3 5
7 9)
L : ’a’ L # L1 (1)
| >u’> L # L2 (1)
| ¢’ L # L3 (1)
| 'g’ L # L4 (1)
| a>  # 0
| ’u’ # 0
| ¢’ # 0
| ’g> # 0

D : {% for x in range(max_dd_size) %}D{{ x }} {%
endfor %t # M1 ({% for x in range(max_dd_size) %}{{
x }} {% endfor %})

E : a’” # 0
| u’ #
| ¢’ #
| Jg) #
s

{% for x in range(max_dd_size) %}

D{{ x }} : E # N{{ x }} (0)

{% endfor %}

o

def generate_grammar (allow_ug: bool, max_dd_size: int)
-> str:
return (
jinja2.Environment ()
.from_string (TEMPLATE)
.render (
allow_ug=allow_ug,
max_dd_size=max_dd_size,




Algorithm 15 YAEP Graph Traversal Functions for L-type Pseudoknot

Detection
1 struct pseudoknot *traverse_parse_tree(struct
yaep_tree_node *node) {
2 int loop_size;
3 struct size *dd_sizes;
4 struct pseudoknot *pknots = NULL;
5 struct pseudoknot *pseudoknots = NULL;
6 if (!'node) {
7 return pseudoknots;}
8 switch (node->type) {
9 case YAEP_ERROR:
10 return NULL;
11 case YAEP_NIL:
12 return NULL;
13 case YAEP_TERM:
14 return NULL;
15 case YAEP_ANODE:
16 if ((node->val.anode.name) [0] !'= ’R’) {
17 return NULL;}
18 left_left_loop_size =
19 traverse_parse_tree_for_loop(node->val.anode.
children [0]) ;
20 left_right_loop_size =
21 traverse_parse_tree_for_loop(node->val.anode.
children([1]) ;
22 dd_sizes = traverse_parse_tree_for_dd(node->val.
anode.children[2]) ;
23 right_left_loop_size =
24 traverse_parse_tree_for_loop(node->val.anode.
children[3]);
25 while (dd_sizes != NULL) A
26 pseudoknots = append_pseudoknot_if_not_exists(
27 pseudoknots,
28 create_pseudoknot (left_left_loop_size,
left_right_loop_size,
29 right_left_loop_size,
dd_sizes ->value));
30 dd_sizes = dd_sizes->next;}
31 return pseudoknots;
32 case YAEP_ALT:
33 pknots = traverse_parse_tree(node->val.alt.node);
34 pseudoknots = NULL;
35 if (node->val.alt.next != NULL) {
36 pseudoknots = traverse_parse_tree(node->val.alt.
next) ;}
37 pseudoknots = concatenate_punique (pseudoknots,
pknots) ;
38 return pseudoknots;
39 default:
40 printf ("Unhandled node type\n");
41 return pseudoknots;}}




Algorithm 16 YAEP L-type Pseudoknot Detection and Procedure Initial-
ization

1 void detect_pseudoknots (char *sequence, void (*cb) (int
, int, int, int, int, int)) {

2 s_input = sequence;

3 int len = strlen(sequence) ;

4 int min_window_size =

5) s_min_window_size ? s_min_window_size : (len *

s_min_window_size_ratio);
6 int max_window_size =

7 s_max_window_size ? s_max_window_size : (len *
s_max_window_size_ratio);

8
9 for (int right = len - 1; right >= min_window_size -
1; right--) {
10 for (int left = right - min_window_size + 1;
11 left > right - max_window_size && left >= 0;
left--) {

12 s_ntok = left;

13 struct yaep_tree_node *root = parse(s_definition
)

14 struct pseudoknot *ps = traverse_parse_tree(root
)

15 for (struct pseudoknot *i = ps; i != NULL; i = i
->next) {

16 if (i->dd_size < s_min_dd_size) {

17 continue;

18 }

19 cb(left, right - left + 1, i->

left_left_loop_size,
20 i->left_right_loop_size, i->
right_left_loop_size, i->dd_size);

21 }

22 }

23 s_input [right] = ’\0’;

24 }

25 }

26 void initialize(char *_grammar, int _allow_ug, int
_min_dd_size,

27 int _max_dd_size, int _min_window_size
, int _max_window_size,

28 float _min_window_size_ratio, float
_max_window_size_ratio) {

29 s_definition = strdup(_grammar);

30 s_min_dd_size = _min_dd_size;

31 s_max_dd_size = _max_dd_size;

32 s_min_window_size = _min_window_size;

33 s_max_window_size = _max_window_size;

34 s_min_window_size_ratio = _min_window_size_ratio;

35 s_max_window_size_ratio = _max_window_size_ratio;

36 %




