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Abstract

FASTR3D is a web-based search tool that allowsuter to fast and
accurately search the PDB database for structusatiijfar RNAs. Currently,
it allows the user to input three types of quer{@sa PDB code of an RNA
tertiary structure (default), optionally with sped residue range, (i) an
RNA secondary structure, optionally with primaryqgence, in the
dot-bracket notation and (iii) an RNA primary seqgce in the FASTA
format. In addition, the user can run FASTR3D wafecifying additional
filtering options: (i) the released date of RNAustures in the PDB database,
and (ii) the experimental methods used to deterrhNA structures and
their least resolutions. FASTR3D - uses hash tabl&essel algorithm to
search for similar RNA structures, énd it can make searching more
efficiently. We transform PDB codes into secondatguctures, and store
them in a table of non-overlapping k-tuples befareh Then, FASTR3D
can find RNAs whose secondary structures are gxaqgtial to that of the
guery by searching overlapping k-tuples of the gusrcondary structure
against the hash tables. Finally, FASTR3D furth@esns out those RNAs
whose tertiary structures are not similar to tifahe query by a 3D-filter, if
the query is a tertiary structure. In the outpudgaeFASTR3D will show the
user-queried RNA molecule, as well as user-specdigtions, followed by a
detailed list of identified structurally similar 8. Particularly, when
qgueried with RNA tertiary structures, FASTR3D pue$ a graphical
display to show the structural superposition of gnery structure and each
of identified structures. FASTR3D is now availablenline at
http://bioalgorithm.life.nctu.edu.tw/FASTR3D/
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Chapter 1
| ntroduction

In recent years, there is a fast growing interashon-coding RNAs
(ncRNAS) because, although their transcripts atdraaslated into proteins,
they play essential roles in«many  cellular procgssecluding gene
regulation, RNA modification and:chromosome replaa[1-4]. However,
the function of most ncRNAs has yet to be deterchihékewise to proteins,
a common and useful approach for-annotating thetium of an ncRNA is
by searching databases for similar 'RNA molecule®sghfunctions are
already known. For this purpose, several databaE@&RNAs have been
proposed, such as NONCODE [5], RNAdb [6], miRBask fRNAdb [8]
and ncRNAdb [9]. For these databases, howeversdlagech is performed
solely by querying keywords, accession numberastapt/organism names
and/or sequences. Compared with the 20-letter ipratphabet, the 4-letter
RNA alphabet is smaller and less informative, legdio that searching for
similar RNA molecules based on sequence compadabgnment is not as

accurate and powerful as it does for proteins.

Actually, a more reliable way for determining thmétions of ncRNAs
is from the analysis on the structure level, sisitactures of molecules are

typically more evolutionarily conserved than th&equences. In this regard,



a series of recent efforts and studies has ledstabatantial increase in both
the number and the size of solved RNA structurg®sieed in the PDB and
NDB databases [10,11]. Therefore, it has become=rand more crucial to
develop automatic tools that are able to effickeathd accurately search for
structurally similar RNA substructures and motifgaimst the PDB/NDB
database. Although it is easy to detect structsirallarities in two RNA
molecules at the secondary structural level, howelang it at the tertiary
structural level would lead to a nondeterminisiotypomial time (NP)-hard
problem. What's more, even if we find a constariiorapproximation
algorithm to compute a pair of maximal substructuwath exhibiting the
highest degree of similaritys from two RNA (or prote tertiary
[three-dimensional (3D)] structures:[12]..Therefarerrently available tools,
such as ARTS [13,14], DIAL [15], SARSA:[16] and SARL17], are all
based on some heuristic approacheé for comparmgpithilarities of two
RNA tertiary structures. All these ‘methods, howevat least have
guadratic-time complexity and hence are impractidat searching
ever-increasing databases of RNA tertiary strustuf@urrently, there are
several tools that can be used to search motiRRNA structures, including
FR3D [18], PRIMOS [19] and RNAMotif [20]. FR3D usesbase-centred
method to perform a geometric search of RNA localfposite 3D motifs.
PRIMOS searches for locally structural similarities consecutive RNA
fragments by comparing their pseudotorsion ang®d$AMotif finds the
fragments of an RNA sequence that conform to agimeed descriptor of

defining a particular motif of secondary structure.

In this study, we have developed a web servered®ASTR3D (“Fast
and Accurate Search Tool for RNA 3D structures’gsdxdl on a hashing



algorithm that is able to fast and accurately fetidictural similarities for a
guery of RNA molecule in the PDB database. In pples this hashing
algorithm consists of three main procedures asval The first procedure
Is to derive the primary sequence, secondary strei@nd tertiary structure
information of all RNA molecules currently depositn the PDB database
and then store the derived second structures @sh table. The secondary
procedure is to derive some possible secondargtstes of the query RNA
if it iIs a primary sequence or tertiary structufée third procedure is to
search the hash table for all candidate RNAs wises®ndary structures
exactly match that of the query RNA, followed bynmarry sequence filter
and/or tertiary structure filter tosscreen out tha@sndidates whose primary
sequences and/or tertiary structures are not ¢quhht of the query RNA.
The FASTR3D web =server. is now available online at
http://bioalgorithm.Iife.nctu.edu.tw/FASTRSD/ foublic access.

In addition, our FASTR3D was tested with a numbeRbBA primary
sequences, secondary structures and tertiary wtesctand its experimental
results on querying RNA primary sequences and skggnstructures were
also compared with those obtained by the searchofoBNA FRABASE
(http://rnafrabase.ibch.poznan.pl/), which was tmwed by Popenda et al.
[21] on the basis of RNA primary sequences andémosdary structures
using the methods of regular expression and patteocognition. The
comparison of experimental results on querying séany structures reveals
that FASTR3D has a comparable performance as RNABASE, both
with returning the search results in a short timewever, our FASTR3D is
able to find more structurally similar RNAs for aiegy of RNA primary
sequence, when compared with RNA FRABASE, becaud8TR3D



searches for structurally similar RNAs using theoselary structure derived
from the query sequence, while RNA FRABASE searthem solely based
on the primary sequence. In addition, the funcabquerying RNA tertiary

structures in FASTR3D, as well as the online greghdisplay of showing

the structural superposition of the query and idiedt structures, is not
available in RNA FRABASE.



Chapter 2

M ethod

Our FASTR3D was implemented based on a hashingritigp whose
procedure flowchart, as shown_.in, Figure 1, consiststhree major
procedures. The first procedure is.a. preprocegsinghat is to derive the
primary sequence, secondary- structure and tersi@ueture information of
all RNAs in the PDB databaseiand particularly stbeederived secondary
structures (i.e. standard Watson—Crick.and wobaeIpairs) in a hash table.
Note that the secondary structure information wasivdd using the
RNAView program [22], while the tertiary structurmformation of
pseudotorsion angleg and 6 values was derived using the AMIGOS
program [23]. Basically, an RNA 3D structure cansimaply represented by
a worm that is defined to be an order setyodnd 6 coordinates for all
nucleotides in the RNA structure [23]. Duarte agteR23] have shown that
the pseudotorsion anglesand 6 are at least as descriptive of backbone
morphology as standard torsion angled3( v, 6, € and{) and can be used to
specify the backbone conformation of an individoatleotide. They have
also demonstrated that two RNA molecules can bg senilar on the 3D
structure level if the average Euclidean distarete/ben their corresponding

worms is small, which is useful for us to design a 3Iefifor filtering out



those database hits whose 3D structures are ndassio the query RNA
molecule. The second procedure is to derive theorgkxy structure
information for the RNA queried by the user. Cutlgnthe user can input
any of the following three types of queries: ()P®B code of an RNA
tertiary structure optionally with specified reseduange, (i) an RNA
secondary structure, optionally with primary sedqueenn the dot-bracket
notation, and (iii) an RNA primary sequence in #&STA format. If the
query is a PDB code of an RNA tertiary structuteent its secondary
structure is derived from its PDB file, which isvddoaded from the PDB
database, using the RNAView program [22].

— >
I
o
1 ' '
Parsing RNAView AMIGOS

Y \ Y

List of Hash table of List of 3D
Y 1D sequences 2D structures n-6 values
> RNAView
3D L Onery searc h_ -] r---""1]--------- I
' | Query searc Y |
Input 2D (2D structure(s) I | Overlapping List of hits r— :
query RNA of query RNA : "  k-tuples of k-tuples & |
) ! :
I
I
1D : v |
> RNAsubopt | Dter | Yes B List of :
L ! - plhl T candidates | ,
. ' No I
»| Find true | < I
" o I

2D structures ; v :
i Output ; I No Yes X RMSD |
identified RNAs / : A Match 3D o computation | |
I
: |

b o Vil o ] G il o i i ] S Vit o ) B i st i i it ) b T

Figure 2-1. The procedure flowchart of FASTR3D, 2D and 3Derefo
primary, secondary and tertiary, respectively.



If the query is an RNA primary sequence, then atat mostX suboptimal
secondary structures is derived using the RNAsubopgram [24], where
the default value ofX is 16. It is often observed that the suboptimal
secondary structure predicted by RNAsubopt for BiARnolecule may not
be the true secondary structure. Therefore, wegdesa alternative approach
as follows to derive a set of at maoXt most frequently occurring true
secondary structures for the query RNA sequencst, ke search the PDB
database for all the RNAs whose primary sequenceggual to the query
sequence. Then, we use RNAView to derive all theoisgary structures
from the PDB files of these RNAs and from them walfy select at mosX
most frequently occurring secondary structures. third procedure is to use
the hash table to quickly search for, all. candidaMAs whose secondary
structures exactly match that of the query RNAgpoy of X predicted/true
secondary structures for the query RNA), followed gyimary sequence
filter (if the query RNA has primary sequence imhation) and/or tertiary
structure filter (if the query is an RNA tertiarfriecture) to screen out those
candidates whose primary sequences and/or tedieugtures are not equal
to that of the query RNA.

In the following, we describe the details of thignificant steps in the
above procedures, including how to prepare the ksl of the secondary
structures of all RNA molecules currently depositedhe PDB database,
how to use this hash table to search for RNA strattsimilarities and how
to utilize then and6 values to efficiently screen out structurally rexmilar
candidates. For simplicity, we IBX={S,, S, ... ,S} denote the database of
the secondary structures derived from the PDB dawbusing the
RNAView program [22], and leQ be the secondary structure of the query



RNA. Note that in the structural databd3e each structur& is labelled
with an integer i, to which we refer as the indéxX50 Moreover, we denote
by the k-tuple a consecutive sequence lomnt (residues) within an RNA
molecule. Clearly, there are§(|- k + 1) overlapping k-tuples for a given
RNA secondary structur@with |§ residues. Theffset of ak-tuple withinS

Is defined to be the position of its first residwéh respect to the first
residue ofS. For convenience, we use the leftes denote offset and use the
notation W(S) to denote thek-tuple of S that has offsef. Therefore, the
position of each occurrence of edetuple within a structur& of D can be

represented by am, () pair.

2.1 Hash table constructionfor a structur al database

Here, we reorganize the structural datadas®y using a hash table to store
the position of each occurrence of each k-tupldeNioat each RNA tertiary
structureS in the structural databade is represented by its secondary
structure in thalot-bracket format, where an unpaired nucleotide is denoted
by a dot and a Watson—Crick (e.g. AU, UA, CG, GCvobble (e.g. GU and
UG) base pair by a pair of opening and closing dobrackets (e.g. ‘(" and
). Moreover, to correctly represent complicatedcondary structures in
RNA molecules, the bracket notation used in thigdgtis extended by
allowing the user to use additional squared bracketg. ‘[’ and ‘]) to
represent simple pseudoknots and kissing loopscarig brackets (e.g. ‘{’

and ‘}) to represent high-order pseudoknotted dtnes.

To simplify our implementation, all the bracketpepring in an RNA

secondary structure are transformed into the rdmadkets, since their exact



pairing relationships between the opening and wtp&irackets are already

recorded in advance using a data structure of 1&y.aFor each secondary

structure § with |S| residues, we break it int |iq non-overlapping

k-tuples and store the position of each occurrefeach k-tuple in the hash
table. Recall that for any k-tuple w r, ... ry, each residue,, where
1< x<k, can be either a dot, opening bracket or closiagket. Therefore,
each of these three possible symbols is then edcadea base-3 digit as
follows: &) = G;, &(() = 1z andeg()) = Z. Using this encoding, w can be

represented uniquely by a decimal integgin)=>"" 3€(r,). Finally, the

hash table of the structural datab&ses represented by two data structures,
a list of positiond. and an array of pointers intoL. Basically, there are*3
pointers inA, with one pointer,_ corresponding to each of tHepBssible
k-tuples. More clearly, the pointer at positigfw) of A points to the entry of
L that describes the positions of the first occucee of thek-tuple w in the
databas®. Then we can obtain the positions of all occuresnaf w inD by
traversingL from this position until we reach the location med by the
pointer located at positidg(w) + 1 of A. Below, we illustrate the above hash
table construction with a simple example. For siaiyl we letk = 2 andD
consist of two RNASS, andS, whose secondary structures &re “(((...).))’
andS; = “.((....)).", respectively. In Table 1, each r@entains the list of the
positions of all occurrences for each of the ninsgible 2-tuples, denoted
by w. Then the pointer &(w) of A points to the beginning of the position
list corresponding to w and the concatenation efrtime position lists in the

order from top to bottom formis.



Table 2-1. A 2-tuple hash table fa&,= ‘(((...).))’ andS = “.((....)).’

2-tuplew E(w) Position lists
.. 0 (1, 5), (2, 5)
( 1 (2,1)

) 2 (2, 7)

(. 3 (1, 3), (2, 3)
(( 4 1, 1)

0 5

). 6 (1, 7), (2,9)
)( 7

) 8 1,9)

2.2 Query substructure search

In the following, we describe how to use the hagile of thestructural
databas® as constructed above to.search fooatlurrences of a quefy of
an RNA secondary structure. Suppties the length o isn. Then we can
proceed position-by-positioalong Q from position 1 ton — k + 1. At
positionp, where 1< p<n-k+1, we obtain the list of the positions aif
the occurrences of thetuple w,(Q) from the hash tabief D via the pointer
of E(wy(Q)). Let this list contairg positionssay (1, j1), (2 j2), -+ g Jo)-
From this list, we deriva list of hits H; = (i1, j1 — P, Ju), H2 = (2, j2 —P,
j2), «.. vHq = (iq, Jg =P, J¢)- This list of hitss then added to a master hatof
hits that accumulates #fie hits we derived whemruns from 1 tan —k + 1.
Forconvenience, the elements of a hit are referreasttheindex, shift and
offset. Next, we sort all the elements M firstby index and then by shift.
Finally, we scan througM by lookingfor runs of hits for which the index
and shift are identicaClearly, by further sorting each of these runs tiseo,

wecan determine the region of some structur® ithat exactlynatches the

10



query structureQ. For example, we search for theery of an RNA
secondary structur® = ‘(...).” within the hash table dD as constructed in
Table 1. In Table 2, column 3 displays the occuregpositionsn D for each
2-tuple of Q, with corresponding hits shown @olumn 4, and column 5
shows the sortedM in which the run othree hits highlighted in bold
indicates that there is a matibhtweenQ and S, that starts at the third
nucleotide and endd the eighth nucleotide. Basically, the searcledps
theabove hashing algorithm is proportional to the sif¢he mastdist M,
which falls off rapidly with increasing the valué ko Although a greatek

increases the search speed, the condil@& 2k -1 should be satisfied to

guarantee that theashing algorithm will‘find a hit at some point tine
matchingegion. For example, suppose tisat ‘((....))’ andQ = *(....)". If k

= 4, then none of three overlapping4-tuple®iis ableo match any of two
non-overlapping 4-tuples i&"In ‘addition;the hash table is generated in
advance for a fixedt in ouralgorithm. Therefore, to achieve the best search
speed and reducthe storage requirement, we set the valuekoés

)

11



Table 2-2. A The search of the query secondary structure'Q.5’

p wWp(Q) Positions H M

1 ( 1, 3) 1,2,3) |(L23)
2, 3) 2,2,3) (1,2 5)

2 . (1, 5) (1,3,5) |(L27)
(2, 5) (2, 3, 5) (1, 3, 5)

3 3} (1, 5) (1, 2,5) 2,2, 3)
(2, 5) (2, 2, 5) (2, 2, 5)

4 ) 2, 7) 2,3, 7) (2, 3, 5)

5 ). 1, 7) (1,2, 7) 2,3,7)
(2, 9) (2, 4, 9) (2, 4, 9)

2.3 Tertiary structurefilter using pseudotor sion angles

Basically, the comparison: of RNA conformation ishah-dimensional
problem, because six standard torsion-angleg, (y, 8, and{) are needed
to specify the backbone conformation @liregle nucleotide. Duarte and Pyle
[23], however, pointed outthat the pseudotorsion angles
(c4,-P-c4a-pP,) and0 (R-C4 -P,,-C4,,) are at leashs descriptive
of backbone morphology as standard torsion aragldsthey may be even
superior in terms of specifying the backbopaformation of an individual
nucleotide. This suggests th#te n—0 plot can provide us a 2D
representation of the conformatiproperties of an entire RNA molecule, so
that we can carry outhe rapid and accurate comparison of RNA
conformations. Duartet al. [19] further called such an ordered seteb
coordinatesas an RNAworm. As was used by Duare al. [19], we can
detecthe conformation difference of two RNAs by compgriheir worms
based on a Euclidean metric as follows. Qetlenote an identifiecandidate
RNA whose secondary structure matches that ofdleey RNAQ with n

12



residues, and let the worms@fandQ' denotedby {(n11, 01,1, --- , Qlzn O10)}
and {21, 02.1), ... , f2n 02)}, respectively. Theconformational difference

between tworesidues w1, 01) and 2, 0.) is defined to be

Ay, 8), =/Bn? +067  whereAn; = min{lny; —nz;l, 360 41 —no;[} and A6, =
min{|0,; — 0], 360 -01; — 0]} (since 0° and 360° are the sanf.was
also pointed out by Duart al. (19), two residue@y;, 01;) and €z, 02;)
can be considered structurally identi€al(n, 0); < 25°. Therefore, based on
this property, welesign our tertiary structure filter to discard tbentified
RNA Q' from consideration if the average conformatioﬁedéncew

betweenQ and Q' is greatethan or equal to a predefined cutoff, where

A(zy,é?):\/(Zi”:l(A(q,é?)i )2)/(n) and for jeur-purpose, the cutoff value is aet

55°.

13



Chapter 3
| mplementation of Software Tools

Based on the hashing algorithm described in theique chapter, we have
developed a novel web-based. tool, called FASTR3wr{sfor “Fast and
Accurate_8arch_Dol for RNA 3D structures”), which allows user to find
similar tertiary structure, secondary structure/angrimary sequence when
user queries them respectively. In‘the following, will detail the usage of
FASTR3D, including its input and eutput.

3.1 Usage of FASTR3D

3.1.1 Input of FASTR3D

FASTR3D provides an intuitive user interface assiitatedn Figure 3-1. In
basic search, the user can submit a job by enterimmasting one of the
following three types of queries to seaffoh structurally similar RNA
structures: (i) a PDB code of &NA tertiary structure (1) (default),
optionally with specifiedesidue range, (ii) an RNA secondary structure (2),
optionally withprimary sequence, in the RNA FRABASE format (i.diral

of dot-bracket notation) and (iii) an RNA primary seqae (3) in theASTA

format.
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FASTR3D

A Fast and Accurate Search Tool for RNA 2D Structures

[Home] - [PDB List] - [Help]

Input a query RNA in the following box:
(1) (2) (3)

Query RNA: @ Tertiary structure ) Secondary structure ! Primary sequence

Query examples: (Tertiary) ex1, ex2, ex3 (Secondary) ex1, ex2, ex3 (Primary) ex1, ex2, ex3

Match query 1D sequence exactly? ) Yes @ No (4)
RMSD calculation of 3D structures? @ Yes ©/No (5)

Search with true/predicted secondary structures (at most top 16 |): ' 'True | ' Predicted [6)

| Run FASTR3D || Reset || Advanced Search | (7)

Figure 3-1. The web interface of FASTR3D.

Advanced search options:

(9) Experimental method(s): Released since:
X-Ray Diffraction Any date E| (8)
NMR
Electron Microscopy
Other Resolution < (10) A

Figure 3-2. The advanced search options of FASTR3D.

In addition, the user can further restrict FASTRo return those RNAs
whose primary sequences exactly matchdh#ite query RNA by clicking
on the “Yes” button of “Match query 1D sequenceaty®” (4). if the query
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RNA contains the information afs primary sequence. If the query is an
RNA tertiary structurehen the user can determine whether to calcul&e th
RMSD betweerthe query RNA and identified candidate RNAs witle th
considerationef computational performance by clicking on the "Noitton

of “RMSD calculation of 3D structures?” (5). If thguery is a primary
sequencdhen the user can choose to use either at Xdste, frequently
occurring secondary structures or predicted sub@btsecondargtructures
to perform the PDB database search (6). The defalueof X is 16 and can
be changed by the user. The user can click on &uwvdnced Search”
bottom in Figure 3-2 (7) to activate the functioh amlvanced search. In
advanced search (refer to Figure 348 user can run FASTR3D with
specifying additional filteringptions: (i) the released date of identified RNA
structuresn the PDB database (8), and (i) the experimemigthods usetb
determine identified RNA structures (such as X-Raffraction, electron
microscopy, and NMR) (9) and their least resolwi¢i0).

3.1.2 Output of FASTR3D

In the output page, FASTR3D will first show the mgaeried RNA
molecule, as well as user-specified options (SeeirEi3-3). Next, it will
show a detailed list of identified structurally dsm RNAs, including
corresponding PDB ID, primargequence, secondary structure, tertiary
structure, RMSD betweethe query and identified structures, chain ID,
starting andending nucleotide numbers, experimental method used
determinghe structure, classification of RNA molecule (lthsa function,
metabolic role, molecule type, cellular locatiordao on)released date in

the PDB database and solved resolutigrefer to Figure 3-4 for an
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example). In addition, FASTR3D allows the userdwesthe search result in
the Excel or CSV format for later process. Paréidylnote that if the query
RNA is a tertiary structure, then the FASTR3D alkdlae user to visually
view, rotate and enlarge the superposibbrihe query RNA and each of
identified RNA by clicking on the link of “Jmol 3D{Figure 3-5). If the
guery RNA is a primary sequence or secondary sirectherthe user still
can visually view, rotate and enlarge the tertsinycture of each identified
RNA candidate.

I i e T T T I 1
1

Information of your query RNA:
>query

1Ya27

X,27,43

X,54,72

Its 1D sequence and 2D structure are as follows:
GCGUGGAUAUGGCACGC
CGGGCACCGUAAAUGUCCG

((((@=n10)))
(((((129)))))

Basic search options:
Match query 1D sequence exactly? No
RMSD calculation of 3D structures? Yes

Figure 3-3. The user-queried RNA molecule and user-specdns.
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iYeo ﬁéﬁf@gﬁfﬁggﬁgx E 5 5 E g e ) ; }yy JmolsD o.00 § 54 X-Ray Difraction RIBONUCLEICACID 28-DEC-04
2 =0sC m‘gg&ﬁgg& v E : g g g - AL ; ; ; ; )y AmelaD o081 3 o ;2 X Ray Difraction RIBONUCLEIC ACID 51X0V.06 s
3  =2Bs57 gggég:éé’é{:’ﬁggggc - § § : E E ar. [ [ ) ; i ; ; yy JmolaD 0087 ‘;‘ ‘5’: ;g X-Ray Difraction RIBONUCLEIC ACID 23-MAY-06 2.15
4 | zEEwe SECIEELICERS g g g '('- g eal 200 ; ; ; ; 4y JmolaD  o.089 = :: 35 XRayDifraction RIBONUCLEICACD 13-NOV-o7 2.25
5  =2EEU g‘ggégfgggé:ﬁfggggm E ‘é E E E i [ [ ) ; ; ; ; )y JmolaD  o.9e: : _E:; jg X-Ray Difraction RIBONUCLEICACID 13-NOV-07 1.95
6 2EES géggcﬁ“g‘?&mﬁgggc & f: E { E i [ [ ) ; ; ; ; yy JmelsD o952 i ;Z ‘;g X-Ray Difraction RIBONUCLEICACID 13-NOV-07 175
7 1USD gggéggég&‘g:‘ﬁgg%c A E E E E E s [ [ ) ; ; ; ; )y ImolaD 1008 ‘: Z ;2 X-Ray Difraction RIBONUCLEIC ACTD  23-NOV-04 195
L 2EET {fgg&%gﬁggggm E : E E ‘é i [ [ ) ; ; ; ; yy JmelsD 1em ‘: :Z gg X-Ray Difraction RIBONUCLEICACID 13-NOV-07 1.95
o  2EEV gggégfégééfﬁ?ﬁﬁgm E E E E g Wi [ [ ) ; ; ; ; )y JmelaD  so ‘: "; 12 X Ray Difraction RIBONUCLEICACID 13 NOV.ow 105
5 | mhse | SR e L E e TERIDL | | amstaD) el | 27 # XRayDifraction RNA 17-FEB-09 1.85

Query RNA (1Y27): Oldisplay IDs (PDB file) Identified RNA (3DS$7): [display IDs (PDE file
Jmol Jmol
Superposition: [display query RN A [Ds, [display identified RNA IDs (PDE file)
Jmol

Figure 3-5. The visual display of query RNA (top left pandd)y identified
RNA (top right panel) and their superposition (baottpanel).
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Chapter 4
Experimental Results

For the purpose of evaluation, our FASTR3D wasetestith anumber of
RNA primary sequences and,,secondary/tertiary strasf and its
experimental results on querying=RNA primary segesand secondary
structures were also compared with those obtaioyedRNA FRABASE
search engine, developed by Popenda et al [21]. RRABASE on the
basis of RNA primary sequence and/or secondaryctsies using the
methods ofregular expression and pattern recognition. It should be noted
here that the function of querying RNA tertiaryustures in our FASTR3D,
as well as the online graphical display of showing tertiary structures of
the identified RNAs and their structural superpogitwith the query tertiary
RNA, is not available in the current RNA FRABASEassh program.
Basically, our FASTR3D has a comparable performasd@NA FRABASE
on querying RNA secondary structures, bec#usdasic principles behind
these two tools are the same, etlerugh they were implemented based on
different algorithmsAs to the queries of RNA primary sequences, theckea
resultof our FASTR3D is greatly different from those ab&d by RNA
FRABASE. Recall that, when queried with an RNA @mn sequence&ur
FASTR3D searches for query-matching substructufeyrhents)within
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RNA molecules using the secondary structure infoioneof the query
sequence, while RNA FRABASE searches them sbiabed on the query
sequence. As mentioned before, RNA structares more evolutionarily
conserved than their sequences #metefore, it can be commonly observed
that different RNA sequencdsave the same/similar structures. This
indicates that our FASTR3ay be able to find more structurally similar
RNA fragmentswhen compared with RNA FRABASE. For the purpose of
demonstrationwe selected a fragment from the large subunit & th
ribosoman Haloarcula marismortui (PDB ID: 1FFK, chain: 0, nucleotide
number: 2558-2575) and applied its sequence (GGG&CU
AAGAAGGUCCC)to RNA FRABASE (with default parameters) and our
FASTR3D (withsearching frequently occurring true secondary sires
andwithout matching the query sequence). ConsequeRiyA FRABASE
found 51 candidate RNAs that have the same prireaquencas the query,
while our FASTR3D found 304 ‘candidates that hidnee same secondary
structure as that of the query derivedliy program RNAsubopt. By further
verification, we found th&4 out of the 304 tertiary substructures returned
by our FASTR3[are highly similar to that of the query. Actualllge above
verification was done by running our FASTR3D usthg tertiary structure
information of the above query sequence (Figure),4vihere in this
resulting list, the first 97 RNAs, which are also the above list of 304
substructures queried using the primary sequencteofquery, have ver
similar structures to the query one (with RMSDssléisan or equal to 2
angstrom). This experiment demonstrdtest the number of structurally
similar substructures identifiddy our FASTR3D is greater than that by
RNA FRABASE.
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1 1FFK GCCCGUGCAGAAGCGGGC CCCCCCaennnn NN Jmol 3D o 000 o 2558 25 5 X-Ray Difraction RIBOSOME 14-AUG-00

2 1S11 GAGUCGUCACUCGCAAGA CCCCCCaennnn »N)N Jmol 3D 0.001 3 2558 2575  Electron Microscopy RIBOSOME 25-MAY-04 1.7
3 1FGO  GCCCGUGCAGAAGCGGGC  ((((((+wnn.-. )))))) JmolsD o0.128 A 2558 2575  X-Ray Difraction RIBOSOME 28-AUG-00 3
4 1M90  GCCCGUGCAGAAGCGGGC  ((((((+--n.-. )))))) JmolgD 0.135 A 2558 2575 X-RayDiftaction RIBOSOME 06-SEP-02 2.8
5 1JJ2 GCCCGUGCAGAAGCGGGC  ((((((evnrn- )))))) JmolsD  0.136 0 2558 2575  X-Ray Difraction RIBOSOME 01-AUG-01 2.4
91 1IVOW  GGGGCUGAAGAAGGUCCC CCCCCCeennnn I Jmol 3D 1.794 B 2502 2519  X-Ray Difraction RIBOSOME 16-NOV-04 11.5
92 1VOY GGGGCUGAAGAAGGUCCC CCCCCCennnnn ) Jmol 3D 1.794 B 2502 2519  X-Ray Difraction RIBOSOME 16-NOV-04 11.5
93  1VOU  GGGGCUGAAGAAGGUCCC  ((((((.venr.- )))))) JmolsD  1.796 B 2502 2519  X-Ray Difraction RIBOSOME 16-NOV-04 1.5
94 1VPo GGGGCUGAAGAAGGUCCC CCCCCCaennnn NI Jmol 3D 1.796 B 2502 2519  X-Ray Difraction RIBOSOME 16-NOV-04 11.5
95 2GYC  GGUUGGGUAACACUAACU  ((((((...... ’)))))  JmolzD 2562 o 707 724  Electron Microscopy ~ RIBOSOME 26-SEP-06 2

Figure 4-1. The output of FASTR3D for querying an RNA tertiatyucture
(PDB ID: 1FFK, chain: 0, nucleotide numbers: 2553%).

In the following, we demonstrate the utility of oHASTR3Don
guerying RNA tertiary structures, which Is currgntlotavailable in RNA
FRABASE. First of all, we used the tertissybstructure of a riboswitch
(PDB ID: 1Y27, chain: X, nt'JcIeotid:mj'm'bers: 27-43 and 54-72), as shown
in Figure 4-2to test our FASTR3D for its capability of searchig PDB
database for structurally sirﬁilar riboswitches. Boecallediboswitches are
genetic regulatory elements typically fouindthe non-coding regions of
various bacterial mMRNAs. They aceregulate the expression of the genes
encoded by their downstreaniRNAS, via the binding of small metabolites
that do not requirdhe assistance of any protein factor [25]. More
importantly,it has been suggested by recent studies that ritst®s can
serve as antibacterial drug targets, due to tihgnortanceéo the control of

genes in many bacteria [26].
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Figure 4-2. The interaction between two hairpin loops from the
guanine-responsive riboswitch (PDB ID: 1Y27, chal; nucleotide
numbers: 27-43 and 54-72). One loop is in cyanthadther is in magenta,
with interacting residues in the loops colored gslland green. Helical
stems of the hairpin loops are in blue. This figwa&s prepared using the
program PyMoL (http://www.pymol.org/).

Basically, riboswitcheare composed of a ligand binding aptamer domain
and an expressigrlatform that interfaces with RNA elements involvied
geneexpression. Particularly, the aptamer domain foangue-responsive
riboswitches consists of three stems and two haitpops.Ilt has been
reported that the interaction between these Iawpin loops, as was
illustrated in Figure 4-3, is required ftne biological function of the
guanine-responsive riboswitches [27]. In this expent, FASTR3D quickly
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found other nine riboswitch¢BDB IDs: 2G9C, 2B57, 2EEW, 2EEU, 2EES,
1U8D, 2EET, 2EEV andDS7) that possess substructures highly similar to
the querywhere their RMSDs to the query range from 0.98 ALi04A
(Figure 3-4 for other details). The superposition tlee query and the
identified substructure in 3DS7 is shown inblogtom panel in Figure 3-5.

Next, we tested our FASTR3D using a framesigfijpseudokndPDB
ID: 1YG3, chain: A, nucleotide numbers: 3-30) frengarcane yellow leaf
virus (ScYLV), as shown in Figure 4-38rogrammed -1 ribosomal
frameshifting (-1 PRF) & recoding mechanism by which the translational
ribosome switchefsom the zero reading frame to the —1 reading fraiae
specific position and continues .its. translation tme newframe. The
recording of —1 PRF leads to an expressioan alternative protein, which is
different from that producdaly standard.translation. To date, this recoding
mechanism habeen found to eccur in-many viruses, as well agwa f
cellulargenes [28 ,29]. The mechanism allows viruses taywe different
proteins from the same MRNA and hence increaseslitresityof their
proteins. In most cases (but not all), thePRF is commonly stimulated by
an RNA pseudoknot located downstreiom a heptanucleotide slip site
where the —1 PRF evemakes place. It has been shown that the absence or
destabilizatiorof a stable pseudoknot can eliminate efficient gkaton
of—1 PRF in ScYLV [30]. In this experiment, FASTR3Dickly found other
three RNA pseudoknots (PDB IDs: 1YG4, 2AP0 and 2ARShe PDB
database whose 3D structures are very similéinabof the query, where
their RMSDs to the query is betwe&ryl A and 2.97 A. Figure 4-3b
displays the superpositiaf the query and the identified pseudoknot 2AP5
whose RMSD i€.97 A.
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(a)

Figure4-3. (a) Tertiary structure of a frameshifting pseuduk{"DB ID:
1YG3, chain: A, nucleotide numbers: 3-30). Stema ihiyellow, stem 2 is in
blue, loop 1 is in red, loop 2:s in green andrhbeleotide (A13) between
the two stems is in violet. (b) The superposmem/\teen the query
pseudoknot (1YG3) colored orange-and an identgselidoknot (2AP5)
colored green with an RMSD, of A 256 I S

For more detailed experimental results of our FASDRand their
comparisons with RNA FRABASE, refer to the follogiriTfable 4-1 on
guerying RNA primary sequences, Table 4-2 on qugn®NA secondary
structures, and Table 4-3 on querying RNA tertgryctures.

Table 4-1. Comparison of FASTR3D and RNA FRABASE on querying
RNA primary sequences.

Query RNA RNA FRABASE FASTR3D
Testing example Result Time (h/m/s)] Resllt Timen(k)
>Query
ACUGGCCGUGA | 2.7 sec. 0.34 sec.
AGAUGCGGCC
>Query
GUCGGGUAAGU | 2.9 sec. 0.37 sec.

UCCGAC
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Table 4-2. Comparison of FASTR3D and RNA FRABASE on querying
RNA secondary structures.

Query RNA RNA FRABASE FASTR3D
Testing example Time (h/m/s) Time (h/m/s)

>Query

GAGGNRACUC | 3.3 sec. 0.66 sec.

(((..))

>Query

GUCGGGUAAGU | 4.2 sec. 0.72 sec.
UCCGAC

Table 4-3. Comparison of FASTR3D and RNA FRABASE on querying
RNA tertiary structures.

Query RNA FASTR3D
Testing example Result. Time (h/m/s)
>Query
2HHH 3.80 sec.
A,595,612
>Query
1082
B,3004,3037 1.97 sec.
B,3043,3089
B,3094,3119

Basicallywhen queried with RNA primary sequences, our FASDR3
can providenore unintended structures than RNA FRABASE asqilery
sequenceare not as conserved as their secondary structOreshe other
hand, the search results by our FASTR3D using RiN#atry structuresave
the intended structures with more various sequetitasthose by RNA
FRABASE using their primary sequences and secorstaugtures as the

input.
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Chapter 5
Conclusions

FASTR3D is a web-based search tool that allowsuer to quicklyand
accurately search the PDB database for structumalasities of a query
RNA. The user can query this tool by using eiteRNA tertiary structure,
an RNA secondary structure orRNA primary.; sequence. Since the hashing
algorithm, as well a®rtiary structure filter, behind our FASTR3D igjhiy
efficient,a typical query can be'done in a short time. Wasth mentioning
again that the function of querying RNA tertiaryusturesn our FASTR3D,

as well as the online graphical display of shovaitngctural superposition, is
not available in RNA FRABASE. Thereforge believe that our FASTR3D

can serve as a useful tool in gtady of structural biology.
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