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RNASs are conformational molecules.

RNAs perform a wide range of functions in biological systems

Regulated controls of replication and transcription of virus.

Post-transcriptional regulation of gene expression
MRNA processing, localization and metabolism
Regulated controls of mRNA translation

Interactions between RNA/RNA and RNA/Protein play a crucial
role in the regulatory mechanism.

Micro-RNAs having the potential to form fold-back stem-loops are
Involved in RNA-based gene regulation.
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RNA Secondary Structures of let-7 microRNAs



FSRs are uniquely folded

Functional RNA molecules often contain important
structural motifs including distinct loop sequences and
specific combinations of base pairings.

Some FSRs, such as tRNA and RNase P RNA are not well

represented by the most thermodynamically stable structure.

Studies of RNA folding energy landscapes suggested that
functional structured RNAs (FSRs) were often thermo-
dynamically more stable than would be anticipated for
equivalent random sequences.




An Example for RNA Secondary Structure Prediction

5’-UACGCCACAAAGUGGCCCC-3’

E (kcal/mol) computed by Turner’s Rule
4.5 (for a hairpin loop of 3 bases)

-2.1 (for a base-pairs stacking of C:G and A:U)
-1.8

-2.9
5’-UACG--CCC-3’ -3.4
-1.1 (for a terminal mismatching stacking)

-6.8 Total Energy




Calculation of the lowest free energy:

Dynamic Programming Algorithm

V(i,j) minimal energy in a fragment, S(i,j), 1]
W(i,j) minimal energy in a fragment, S(i,j), regardless i1 and j formed
a base-pair or not

Eh(i,)) minimal E of the structure if i:j closes a hairpin loop
V(@ij)=min{ V(i+1,j-1) + Es(i,j) a stacking E if i:j stack over (i+1): (j-1)
EIL(i,j), EBL(i,J)) minimal E if I:j closes a interior or bulge loop

V(i,j)

V(i+1,j) +d (I) dangling contribution of base i
W() =min{ V(,j-1) +d ()

V(i+1, j-1) + d(i) + d(j)




Procedure of Discovering FSRs in Genomic Sequences

Input Genomic Sequences

/

Discovering Well—-ordered Discovering Unusual Folding
Folding Sequences (WFE'S) Regions (UFRs) by Sigstb
by EDscan or StemEd and Segfold

\ /

Statistical Inference —J EFFOLD and
for WFS by SigED or SigStem RNAinfer

Computing Common RNA /
Structures by RNAGA
Selection of Potential FSRs that

Are Both Significantly Stable and
Phylogenetic Conserved WFSs

Experimental Testing for Potential FSRs

V

Finding Homologues of Verified FSRs
in Databases by Pattern Search
Tools, such as RNAMotif and HomoStRscan



Flowchart of Data Mining of Structure Features in RNASs

Input RNA Sequences
P Rt H“ﬁ.hEIGETB, Statistical Eimulation by

--* Scanning Seqg. using Fixed Window (W)

FPotential UFRs (Unusual
Folding Regions)in RNA

Scanning Seq. with a Variety of W

SEGFOLD, Statistical Simulation by
by changing W Size Systematically

Delimit UFR by

Determining the
Boundaries for

Potential UFR _ | RNA Structural Analysis
# by EFFOLD and/or MFOLD
Multiple Seq. Alignment

Compute Common UFR |~ for UFR in a set of Eeq.

Structure by COMFJLD

Characterize RNA Etructural
feature and designed pattern

Y

Searching for more Seq. with the

pattern in database by RNAMOT




SIGSTB and SEGFOLD:

SIGSTB and SEGFOLD are variations of Zuker’s Mfold.
Mfold is Zuker’s implementation of a dynamic programming algorithm to
predict the maximally stable secondary structure from an RNA sequence.

Lowest free energy (E) Is computed by the Turner energy rules.

SIGSTB
It is used to search for potential unusual folding regions (UFRs) by
scanning a fixed window along the RNA sequence. In the scanning, we
compute two quantitative measures Sigscr and Stbscr.

SEGFOLD
It employs a systematic search with automatically varying window
size to define the limits of the local UFRs in an RNA sequence.

Using Significance score (Sigscr) and Stability score (Stbscr) we evaluate:
What is the E difference between a real folding and random foldings?
What difference is the folding E between a selected segment and other
segments in the sequence?
UFR: A region that has unusual lower and higher scores of Sigscr and Stbscr.




How SIGSTB and SEGFOLD Find Statistically Unusual Features

choose successive, overlapping segments by sliding a fixed window

S1 Si Sn 3’

Fold the local segment, S;  Shuffle the local segment and get a set of random

and compute the lowest segments; fold these random segments and
free energy (E;i) from the compute the sample mean (E,) and the sample
natural sequence. standard deviation (std,) of those E values.

Sigscr = (Ei - Er)/std;

For all E values (Eg, .., Ej, .., En) computed from the real RNA we also
calculate the sample mean (Ew) and sample standard deviation (stdy)

Stbscr = (Ei - Ew)/stdw



Discovering FSRs in the 5’UTR

IRES: Internal ribosome entry segment in the 5’UTR

Function: Allow the translational machinery to skip
over upstream AUGS

Detected IRES elements in cellular mRNAs are quite
divergent and their sizes range from less than 100 nt
to ~ 630 nt.



MRNA 1s considered as the immediate source of information for
translation from sequences in the four bases, A, C, G, U to the

twenty amino acids of proteins.

. A mMRNA has the coding region, 5’ untranslated region (5’UTR)
before the initiator AUG and 3’UTR following the coding region.

Most mRNAs encoding oncoproteins and cell factors possess a long,
GC-rich 5’UTR that contains one or more upstream AUG (UAUG)
triplets and a complex RNA secondary structure.

. Experimental studies revealed that there are cis-acting internal ribosome
entry sites (IRES) in the 5’UTR which allowed the translational machinery
to skip over the uUAUG and initiate translation in the start codon.




() IRES-mediated model in mRNA translation
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Cellular IRES and 5'UTR

1580 nt, 15 uaucss
AUNS

human AML] fRUBNI]1

1022 nt, 3 uAUGSs
AUTS

human PDGF2/c—sis (platelet—deriwved growth Factor B)

483 nt, 3 ualdss
AUG
human FSF—2 (fibroblast growth factor 2)

368 nt, 4 uaADsSs
AT

human eIF4G (eukaryotic initjiation factor 4 gamma)

221 nt

AUS
human BiF (immunoglobulin heavy chain binding prote

1038 nt, 1 vaAUGs
AT

human VECGF ([(Vascular Endothelial Growth Factorxr)

— e PO mRMNA g P1 mRNA
P2 mMRNA

524 nt

- 23 nh_t+ 45 nt
~=uill

1172 nt
Human <o-—-myc mnRNA
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Computation of Common RNA Secondary Structure

COMFOLD and RNAGA

COMFOLD follows the steps of phylogenetic method and includes four steps:
1. Align a set of homologous sequences by multiple alignment.

2. Generate a list of possible thermodynamically favored stems folded in the
sequence by program EFFOLD considering the uncertainties of energy
parameters for the formation of RNA duplexes and loops in Turner’s
energy rules. The primary approach is to simulate the energy rules by
perturbing the parameters within the range of the experimental errors
under a predetermined normal distribution. Using the “simulated energy
rules” and dynamic programming algorithm of mfold, the most stable

structures are computed, and all thermodynamically favorable stems in
the simulations are compiled.

3. Make a conserved stem list by inspecting equivalent base pairings for each
computed stem by program MATCH and multiple sequence alignment.

4. Build the optimal structure with the maximum score from the conserved
stem list by program BUILD.
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Commeon BNA Structures Predicted in the 37

Portion of VEGF S5 'UTR
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Strauactuvural Motif 1 Ethe 5" INTR
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A description file for pattern search by the program RNAMOT:
H1 S1 H2 S2 H3 S3 H3 H4 S4 H4 S5 H2 S6 H1 S7 H5 S8 H5 S9

H14:60; H24:90; H34:60; H44:60;, H54:60
S10:7; S20:1; S33:17; S43:17; S50:5; S60:6
S72:9; S83:17; S93:11 AUG
R H3 H4 H2; M O; W 9



S5"UTR Size No of Region
(nt) uAUG of Y Motift D
human
abl(M14753) 340 6  225-321
bcr(X02596) 488 2  373-455
erb(Y00479) 333 3 117-249
erbA(X55005) 466 4  258-382
IL15(X91233) 316 10 221-290
INt2(X14445) 491 3  396-456
mas (M13150) 267 3 117-249
mos (J00119) 479 1  369-473
mouse
abl2(U13835) 144 3 55-125
abl13(X07539) 219 O 90-166
abl4(X07541) 1168 11 1059-1145
Int2(Y00848) 864 3  776-833
mas (U96273) 341 5 86-212
VEGF(U41383) 1014 1  818-962
rat
BiP(M14866) 206 O 114-169
FGF2(M22427) 532 0  310-375
438-510
c-myc(Y00396)413 O 71-222
mos(X52952) 482 2  369-477

Stem

Z2=Z2<Z2<<Z2=z

< Z2<Z2=z2=2

Z2 <222

Complementary
Sequence

GGU--ACC-UAUUAUUACUUU-AUG
GGCGG--CGC(9 nt)CGGC-(6 nt)AUG
GGCAUCC(9 nt)UUGaaGUGA-AUG
GGCAUCC(9 nt)UUGaaGUGA-AUG
UAAgGAUUUACCGUGGCUUU-(5 nt)AUG
GAUGCC-(3 nt)AUG
CCaACCU-GaGGCcU-(4 nt)AUG
AUcAUC-(0 nt)AUG

UCCaGCCUcCCGAC-(0 nt)AUG
GGUCCuugugaGCCacgUUGUGGU . . AUG
CACCUaUUAUuUGCUUU-AUG
GAUGCC-(3 nt)AUG

CACCg-(0 nt)AUG

AcGGcCU-CC(6 nt)AUG

CCGCUgagcgACuUGACU-(19 nt)AUG
GUCCgGCU-(8 nt)CUG
GUCCcgggGCCGCGG-(7 nt)AUG
UUAUU-UGA(3 nt)CUG

UAAUC-(0 nt)AUG



RMHNA higher order structure folded in
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RENA Structuras foldad in tha 5'UTR of Yaaat mRENAs
for Eukaryotic Initiation Factor 4 Gamma {aIF4G)
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5"UTR Size No of Region Stem Complementary
(nt) UAUG of Y Motif D Sequence
hamster
BiP(M17169) 150 O 64-125 N GGCCCACagcGCcGGC-(3 nt)AUG

green monkey
mos(X12449) 479 1  369-473 N AUCAUC-(0 nt)AUG

bovine
VEGF(M32976) 533 O 351-494 Y A-GGcCU-CC(6 nt)AUG

chicken
mos(M19412) 487 4 377-481 N AUcCAUC-(0 nt)AUG

Xenopus
mos(X13311) 483 2 373-477 N AUcCAUC-(0 nt)AUG

Yeast

TIF4631

elF4F(L16923) 528 11 438-507 N ACCUaUUAC(4 nt)AUG

TIF4632

elF4F(L16924) 528 4 437-502 N AAUaGAUCaaUUGU-AgGCcACU-AUG



Evaluation of Structural Uniqueness

1. A quantitative measure, MSS (maximal similarity score)

2. Uniqueness of a RNA structure can be estimated by evaluating

Difference between the average MSS computed from a natural RNA and
Its related, randomly shuffled sequences and those MSS computed from
Random versus random sequences.

3. Computational experiment on 100 tRNAs indicates:

Structural conformations folded by tRNAs are significantly different from
Those of corresponding random structures, and the unigueness of the
Common cloverleaf structure is statistically significant.
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randomly shuffled sequences

Stscr = (RR-NR) [ std

The greater Stscr, the statistically
more significant is the well-ordered

| structure of the natural RNA.



The well-ordered structures of FSRs are both
thermodynamically stable and uniquely folded.

The measurement of thermodynamic stability
(folded free energy) alone is not sufficient enough
for us to characterize the structural features folded
In FSRs.

FSRs consist of a well-ordered folding sequence (WFES)



Searching for Well-ordered Folding
Sequences iIn RNA/DNA

(programs StemEd and SigStem)

Hypotheses:

A. Evolutionary constraints imposed by structural property of functional
RNA elements or RNA molecules are to have a well-determined
structure that is both thermodynamically stable and well-ordered

folding pattern.

Local folding in DNA and RNA is closely associated with its biological
functions.

. The distinct, well-ordered structure folded by a local segment is
closely correlated with a functional element whose structure property

play a crucial role in the gene expression.




Method:

Defining the Uniqueness of RNA/DNA Secondary Structures.

The quality of the well-ordered structure of a local segment is quantitatively

measured by the energy difference (Ediff) and its z-score (ZSCr,)

Eqirr (Si) = E¢ (S) - E(S)
Zscrg (Si) = (Egitr (Si) - Egin(w))/ std(w)

E(Si): lowest free energy of the optimal structure in a local segment S;

E; (S;): lowest free energy of the optimal restrained structure in S;, where all
the previous base pairings formed in the optimal structure are prohibited.

E ji(W) and std(w) are the sample mean and standard deviation of the E g
of all overlapped fixed-length segments computed by sliding a window stepped
a few nucleotides each time from 5’ to 3” along the sequence.
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Examples of the Global Minimal 5 7
U0 G A G:U
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U:A v:e Restrained Structure, G:C G:C
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G:C U:A C:G C:G
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5'"-GAU:A 5’ —-GAUC : GUGAACUAUGCAAUUUUCUACCUUACCGGA 5'-C:GG 5'"-C:G
-37.7 kecal/mol -13.8 kcal/mol -82.7 -78.9 kcal/mol

Optimized Structure (0OS) Optimized Restrained Structure (ORS)

o
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Calculation of the lowest free energy:

Dynamic Programming Algorithm

V(i,j) minimal energy in a fragment, S(i,j), 1]
W(i,j) minimal energy in a fragment, S(i,j), regardless i1 and j formed
a base-pair or not

Eh(i,)) minimal E of the structure if i:j closes a hairpin loop
V(@ij)=min{ V(i+1,j-1) + Es(i,j) a stacking E if i:j stack over (i+1): (j-1)
EIL(i,j), EBL(i,J)) minimal E if I:j closes a interior or bulge loop

V(i,j)

V(i+1,j) +d (I) dangling contribution of base i
W() =min{ V(,j-1) +d ()

V(i+1, j-1) + d(i) + d(j)




The minimal energy of an optimal structure folded by a
RNA, S(1,n) is W(1,n) that is computed from the recurrent
computation of W (1,)).

Computational time complexity is 0 (n )

To improve the speed of the DP algorithm, the new approach
StemEd Is restricted to search for all possible stem-loops Iin
excluding the multi-branch and opening bifurcate stem-loops.

The computational complexity of W (i,j) is reduced to 0 (n 2).




Eh(,j)
Es(i,j) + V(i+1,)-1)
EIL(Gi,j),  EBL(i,))

V(1))

V(i+1,j) +d (1)

V(i, j-1) + d (j)

V(i+1, j-1) + d(i) + d(j)

W(i, j) = min {

All energies of folded structures are computed by the DP algorithm

and Turner Energy Rules (Mathews et al., 1999, J. Mol. Biol.,
288: 911-940).




How Does StemEd /EDscan find statistically well-ordered
folding segments in a sequence?

A. The principle: choose successive, overlapping segments

e —
5 3’

l Eitr (S) = E¢(S) - E(S) S, E(S,), E¢(S,)
S, E(S), E:(S) Egifr (Sn) = E¢ (Sn)-E(S,)

S,, computing E (S,) and the optimized RNA 2D structure, T.
prohibiting all base pairings in the predicted optimized St. T.

Re-computing the minimal E; (S;) by DP when the previous base
pairings are forbidden.

Computing Energy difference, E i« (S,), = E¢(S,) - E(S,)

Computing the normalized Zscr, (S;) = (Egf: (S;) - Egirr(W))/std(w)

E,«(w) and std(w) are computed from E . (S,),...,Egi (S), ..., Egi (S,)




mir-35, mir-37, mir-38, mir-39 and mir-40

ZSC r. Zscre of Local Segments Computed in the Region from Genes FG&a to F54D5.12 of C. elegans
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Chromosome 3R of D. melanogaster
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Sequence Position in Region 25,029,971-25,040,470 of Chromosome 3R of D. melanogaster
Window Size: 100-nt, Free energy was computed by Turner energy rules



Zscr, Plots of the three genomic sequences of C.elegans
(top), C. briggase (middle) and D. melanogaster (bottom)
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The plot was produced by plotting Zscr, against the position of the middle base in
the window of 75-nt. In the plot of D. melanogaster , the sequence position 54,361
IS numbered as position 1.
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Stability of the statistical inference for detecting WFS by StemEd
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Sequence Position of C_elegance let—7 RMNA gene, AF274345
Zscr computed by sliding a 75, 100, 125 and 150—nt window are shown in Figs. a—d, respectively

Let-7 miRNA gene sequence of C.elegans, AF274345



Relationships between GC composition and Zscr, of the local segment of
75-nt computed in the wild type sequence of C.elegans let-7 RNA gene (top)
and 30 randomly shuffled sequences (bottom) of the wild type sequence
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Zscr, Of Free Energy Difference

Zscr,ranged from -1.0 to 7.74 in the natural let-7 gene, and the GC composition ranged from 0.15 to 0.70

In the random sequences Zscr, ranged from -1.37 to 5.93 and GC composition ranged from 0.16 to 0.58
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Zscr,, values are ranged from -1.19 to 6.64 and GC compositions are from 0.219 to 0 .671

in the wild type sequence.

Zscr, values are computed by moving the fixed window of 75-nt stepped successively

in3 ntfrom5’ to 3.



E i+ Of the folded structure is a good measure to define quantitatively both
the stability and uniqueness of the folding segment in a sequence.

The statistically significant well-ordered folding structure can be apparently
discriminated from the bulk distribution of folded segments. The distinct
well-ordered conformations in our examples can not be expected to be found
in large number of randomly shuffled sequences.

The general behavior of E In a random sample that is related to the local
segment is not represented in the measure, Zscr, of the local segment.

To well estimate the statistical significance of Zscr for a given segment we
have to know what is the general behavior of E of a set of random
sequences that are made by randomly shuffling the local segment rather than
the complete sequence.




Computational method, SigStem or SIgED is designed to identify the local
Structural features by computing energy difference E g and statistical
ealuation in a random sample.

A. Monte Carlo simulations are adapted to estimate the uncertainty
of Ei 1N @ random sample.

1.

2.

Computing E (S;) for a given segment S; in the sequence.

Generating a large number of randomly shuffled sequences,
RS 1, RS, ..., RS; , for the segment S;, where the number m
IS determined by the length of the segment.

(m =200 if 60 < length <= 150)

Computing E i (RS; ), 1<= k <=m, for m random sequences.

Computing the sample mean, E  (RS;) and sample standard
deviation, std(RS;) for those energy difference, Eg i (RS; ).



B. To characterize the structural features of the base-pairing regions
and loops, respectively, E s Is divided into two parts,

Eqirr = EStemyq + Eloop i

C. Computing the standard z-scores, SigZscr(S;), SigStem,(S;) and
SigLoop,(S;) for the given segment of the biological sequence.

Ediff(Si) - Ediff(RSi)

SigZscr,(S;) = ---------mmmmmmmmmmmee e
std(RS;)
Estemg (S;) - Estemgg (RS;)
SigStem (S;) = -----m-=mmmmmmmmmee e
Estem(RS;)
SigLoop,(S;) = -------=======m=mmmm e

Eloopg,(RS;)



D. SIgED is used to compute the three z-scores of SigZscr(S;),

SigZscr(S;), and SigZscr(S;) by scanning successive segments
along a nucleotide sequence similar to that EDscan did.

(http://protein3d.ncifcrf.gov/shuyun/rna2d.html)

E. SigED may take considerable heavy computation for a long
seguence. It is often used in conjunction with EDscan and

works in a particular region that was previously determined
to be of interest by EDscan .



WEFES with high statistical significance

mir-42, mir-43 and mir-44
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mir-35, mir-36,

mir-37, mir-38, mir-39, mir-40 and mir-41

WEFES with high statistical significance
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Statistical analysis of computed E j;¢ from known miRNA
precursors and their corresponding randomly shuffled sequences

Computed from natural seq. From randomly shuffled seq.
Genomes N SigZscr (std)  Eg;s (Std) Egifs (Std)  SigZscr (std)

Human 207 6.11(2.25) 20.52 (5.89) 3.50 (0.55) 0.0 (1.0)
Mouse 208 5.76(2.34) 19.14 (6.19) 3.43(0.52) 0.0 (1.0)
Rat 187 5.93(2.15)  20.40 (6.13) 3.54 (0.46) 0.0 (1.0)
G.Gal 121 6.13(L.77) 19.81(5.02) 3.30 (0.36) 0.0 (1.0)

Fly 78 580(L.73) 18.22 (4.68) 3.14 (0.41) 0.0 (1.0)
Celeg 116 6.09(2.40)  20.15(7.03) 3.36 (0.41) 0.0 (1.0)
Cbrig 50 6.77(2.30) 21.84 (6.03) 3.36 (0.34) 0.0 (1.0)
A.tha 92 848 (2.17) 30.54(8.22) 3.99 (0.80) 0.0 (1.0)
O.sat 122 7.72(2.61)  30.35(9.89) 4.35(0.66) 0.0 (1.0)

Unit of E i+ . Kcal/mol



The Reported miRNAs and the Corresponding WFS in C.elegans

Gene Corresponding Well-ordered Folding Sequences (WE'S) SigZscr
lin-4 UUCCCUGAGACCUCAAGUGUGAGUGUACUAUUGAUGCUUCACACCUGGGCUCUCC 3.34
let-7 UGUGGAUCCGGUGAGGUAGUAGGUUGUAUAGUUUGGAAUAUUACCACCGGUGAACUAUGCAAUUUUCUACCUUACCGGAG 8.35
mir-1 GUGACCGUACCGAGCUGCAUACUUCCUUACAUGCCCAUACUAUAUCAUARAUGGAUAUGGAAUGUARAGAAGUAUGUAGAACGGGGUGGU 7.01
mir—-2 CAUCAAAGCGGUGGUUGAUGUGUUGCAAAUUAUGACUUUCAUAUCACAGCCAGCUUUGAUG 3.85
mir-34 AGAGGCAGUGUGGUUAGCUGGUUGCAUAUUUCCUUGACAACGGCUACCUUCACUGCCACCCCGAACAUGUCGUCC 5.11
mir-35 UCAGAUCGAGCCAUUGCUGGUUUCUUCCACAGUGGUACUUUCCAUUAGARCUAUCACCGGGUGGARAACUAGCAGUGGCUCGAUCUUUUCC 9.49
mir-36 GUCGGGGAACCGCGCCAAUUUUCGCUUCAGUGCUAGACCAUCCAAAGUGUCUAUCACCGGGUGARAAAUUCGCAUGGGUCCCCGAC 7.36
mir—37 CCCUUGGACCAGUGUGGGUGUCCGUUGCGGUGCUACAUUCUCUAAUCUGUAUCACCGGGUGAACACUUGCAGUGGUCCUC 5.55
mir-38 AGGUCCUGUUCCGGUUUUUUCCGUGGUGAUAACGCAUCCARAAGUCUCUAUCACCGGGAGAARAAACUGGAGUAGGACCUG 10.01
mir-39 GAGAGCCCAGCUGAUUUCGUCUUGGUAAUAAGCUCGUCAUUGAGAUUAUCACCGGGUGUAAAUCAGCUUGGCUCUGGUGU 6.97
mir-40 CCGCACCUCAGUGGAUGUAUGCCAUGAUGAUAAGAUAUCAGAAAUCCUAUCACCGGGUGUACAUCAGCUAAGGUGCGGGU 6.85
mir-41 UCCCAGAGACCUUGGUGGUUUUUCUCUGCAGUGAUAGAUACUUCUAACARCUCGCUAUCACCGGGUGAAARAUCACCUAGGUCUGGAGCC 3.45
mir-42 GGACCUUUGUGGGUGUUUGCUUUUUCGGUGAAGUUGUCUUCCGUAGCUUCUUCUUCACCGGGUUAACAUCUACAGAGGUCCARARAGGGG 7.80
mir—43 GCCCGUGACAUCARGAAACUAGUGAUUAUGCCAAACCACAGGGACAUAUCACAGUUUACUUGCUGUCGCGGGCGG 10.39
mir—44 GGCCAAUCUGGAUGUGCUCGUUGGUCAUAGACGUCAACACGAACUGUUCAUAUGACUAGAGACACAUUCAGCUUGGCCUG 6.76
mir—-45 GUGCCACGCUGGAUGUGCUCGUUAGUCAUAAUAUCCUCCACAAAGCAAGGACUAUGACUAGAGACACAUUCAGCUUGGCG 9.80
mir-46 GCUGAAGAGAGCCGUCUAUUGACAGUUCAAGACCACGAGUCGUUGUGUGCUGUCAUGGAGUCGCUCUCUUCAGAU 5.55
mir-47 AARACUGAAGAGAGCAGUCUAUUGACAGUCGGUUACUCGAAAUCUUUACUGUCAUGGAGGCGCUCUCUUCAGAUGA 7.88
mir-48 aactctgggaatgcgagctaggetggtggatgtgagatacegttcaat TCGCATCTACTGAGCCTACCTCAagttececgggagtt (antisense) 8.17
mir—-49 AAAAGACCACCGUCCGCAGUUUGUUGUGAUGUGCUCCAAGCAAUCAUGAGUCUGAAGCACCACGAGAAGCUGCAGAUGGAGGUUC 3.86
mir-50 UGCCCGCCGGCCGCUGAUAUGUCUGGUAUUCUUGGGUUUGAACUUCCAGCGUUGAACCCGCAUAUUAGACGUAUCGACGGCCGGCGGGGE 10.32
mir-51 CGUCUACCCGUAGCUCCUAUCCAUGUUACUGGUCAAAAAGUGAACAUGGAAGCAGGUACA 3.84
mir-52 UCCRACUCUAACAGUCCACCCGUACAUAUGUUUCCGUGCUUGACAGCGAAGCUCAAUCACGUUACAAUGARAGGGUAGCCGGUUAUUGAAGUUGG 3.24
mir-53 ACCCGUACAUUUGUUUCCGUGCUUGACUUCAARAGCUCAAUCACGGCACRAUAUAUGGGUC 3.55
mir—-54 CGCUCUGACUAGGAUAUGAGACGACGAGAACAUUGCUUUUUUAAAAGACUUGUACCCGUAAUCUUCAUAAUCCGAGUCAGGGCUAGCUGA 5.49
mir-55 GGGACUCGGCAGAAACCUAUCGGUUAUACUUUUUGGAUAUGCUAUACCCGUAUAAGUUUCUGCUGAGCCCCUUAU 7,95
mir-56 CUGUUCUUGGCGGAUCCAUUUUGGGUUGUACCUCAUCCUARAUUUGACGGUACCCGUAAUGUUUCCGCUGAGAACCGACU 7.51
mir-57 CUACCCUGUAGAUCGAGCUGUGUGUUUGARACAAUCAUACACGAGCUAGACUACAAGGUGCACGAACAAACCGAA 4.39
mir-58 CAUAUCCAUUGCCCUACUCUUCGCAUCUCAUCACUUCGUCCAAUACCAUAGGGAUGAGAUCGUUCAGUACGGCAAUGGAC 5.52
mir-59 UAUGACAUCGUCCUGAAAACGAAACGGAACAAAAGUUCAAGAUAUUGAUUUCGAAUCGUUUAUCAGGAUGAUGUG 5.63
mir—60 UCUUGAACUGGAAGAGUGCCAUAAAAUCAUGACAAAGUACGUGAUAUUAUGCACAUUUUCUAGUUCAAGACUUGA 10.43
mir-61 UAUCGCUGAACCUCGAGAUGGGUUACGGGGCUUAGUCCUUCCUCCGUAUGGCAAUGACUAGAACCGUUACUCAUCUCGAGGUUUCGGUGA 8.11
mir—-62 GGUGAGUUAGAUCUCAUAUCCUUCCGCAARAUGGAAAUGAUAUGUAAUCUAGCUUACAGG 5.18
mir-63 GACACAAUUUCUAACUCGUCGGUAGUCAUCGUUCUAGCUGAAAAGGACACUAUGACACUGAAGCGAGUUGGAAAUAGUGGUUCUA 8.24
mir—64 CGCCGAAUAUGACACUGAAGCGUUACCGAACCGUUUUCCCACACCUGGAUUCGGUGCAACGAUCAGUGGCAUGCUCGGCU 5.70
mir-65 AUGGAGCCUUCGCCGAUUAUGACACUGAAGCGUAACCGAACACCAUAUUUUGAGAUUCUG. . (25 nt) . . GUUGGCUCCAUUAAA 4.09
mir—-66 CCACAAAAAUGCCAUACAUGACACUGAUUAGGGAUGUGAUGAAUGUUAAGAUCCCGAUCA. . (20 nt) . . AUGGCGUAUGUGGUU 7.20
mir-67 GUCGAUCCGCUCAUUCUGCCGGUUGUUAUGCUAUUAUCAGAUUAAGCAUCACAACCUCCUAGARAGAGUAGAUCGAUUUU 9.96
mir—-68 UUUUGAAAUUCAUUUUUCUGAAUUUCACACUUUCAGUUAGUUGAUVAUUAACGUUUGUARAUAGGAUGGUAUAUUCGAAGACUCARRAGUGUAGAC 3.06
mir-69 UUAAUUUAAUUUUUUUUUAAUUUUUAACGGGGUUAUUCAAGUAAUAUCGAAAAUUAAAAAGUGUAGACAU 3.33
mir-70 UCAARAAUAAA. . (25 nt) . .CGACGAAUAACACUUAUGAAGAAAUGUAAUACGUCGUUGGUGUUUCCAUAGUUUGAAUUGUUUAU 4.15
mir-71 CUGCUCUGAACGAUGAAAGACAUGGCGUAGUGAGACGUCGGAGCCUCGUCGUAUCACUAUUCUGUUUUUCGCCGUCGGGAU 4.57
mir-72 GGUCCCGUCAGAGCUAGGCAAGAUGUUGGCAUAGCUGAAUGAUCGCUAURAACAACUAUCAGCUUCGCCACAUUCUGCCACGCACUGAUGU 3.69
mir-73 CACACACGACUGGACUUCCAUAUCGAGCCACAGCUAUCAACGAAUUUGCUGGCAAGAUGUAGGCAGUUCAGUUGU 2.77
mir—-74 ARAUGGUUCA. . (20 nt) . .CUCUUUCCCAGCCUACAUCUCAACCUGGGCUGGCAAGARAUGGCAGUCUACACGUUUUUCAACCA 6.46
mir—-75 UUGCUUUGAAGAAUUGCAGUCGGUUGCAAGCUUAAAUACAAAUCCGAAUUGUUAUUAAAGCUACCAACCGGCUUCAAGUCUGAAAGAGCA 4.71




TO7Dl.2 gene of C. elegans (Accessoin No. U41531) MIRNA -81

WFS: 14211-1423%0, energy = —-35.%0, Bigifscr = 6€.20
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¥71GL2E. 1l gene of C. elegans (Searched seguence is reglon 81170-%8845
in ¥YT1G12R, Accessicon No. ACDZETZE6) ’rn|FQPd/\_5()

WES: 17044-17123, energy = —-42.30, Bigfscr = 17.27
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- - — (mir-50, 24 nt)
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LECECTLcAGCTETAGAAL LCCCTttaaatectocacttttcataacaaccacAGGoot cat TTTTALTAS TTE tocAG TGO
12533 12611 b
12540 12602 5
12545 12554 5
12552 125846 4

e D I3 2



Conclusion:

WFSs with high SigZscr. are coincident with the reported miRNAs in C.
elegans, C.brig, human and other genomes.

With the combination of the two methods EDscan/StemEd and
SIgeD/SigStem we can do the computational experiment in a large scale.

SIgED can also offer a means of searching for unusual unstable folding
regions and distinct loop structures in RNAs.

Statistical extremes with high Zscre and SigZscr. represent significant
folding segments where predicted structures are expected to be well-
ordered. EDscan/StemEd and SigeED/SigStem provide us a new tool for
the discovery of potential functional elements with structure dependent
functions.

With the additional information, such as miRNA phylogenetic
conservation, the method can be used to search for ncRNAs in genome.



Detecting ncRNAs of known structured
RNAS In genomes

HomoStRscan: A novel algorithm to search for homologous structured
RNASs by scanning a genomic sequence.

It uses information of both the primary sequence and the secondary
structural constraints to the query RNA in detalil.

It provides two types of scoring mstrices:
a. Base matching score for 4 types of bases, A, C, G, U
b. Base-pairing matching score for 16 types of base-pairings,
with including non-canonical base pairs, A:G, G:G, ....

It computes MSS between the query RNA and the computed matching
structure inferred in a flexible window.

Homologous structured RNAs are detected by robust statistical inference
from the MSS distribution computed by moving the window along genome.



The two profiles of 5Srna+ and 5Srna- of 5S rRNA queries used in HomoStRscan

a. The profile 5Srna+

5Srna+_ B.sub_ matured

TTTGGTGGCG auaGCGAAGA GgtcacACCC GTtcccatac
cgaacACGGa aGTtaagCTC TTCaGCgCCG ATGGTAGTcG
GGGGtttCCC CCtGTGAGAG TAGGaCGCCG CCAAGc

>

>

(1 ) 1 115 10
(2 ) 14 66 2
(3 ) 16 63 6
(4 ) 27 53 2
(5 ) 29 49 4
(6 ) 68 104 11
(7 ) 80 92 5

>
b. The profile 5Srna-—
58Srna—_B.sub_matured RCS

gCTTGGCGGC GtCCTACTCT CACaGGGGGa aaCCCCCgAcC
TACCATCGGc GCtGAAGAGc ttaACttCCG Tgttcggtat

gggaACGGGT gtgacCTCTT CGCtatCGCC ACCAAA
>

>

(1 ) 2 116 10
(2 ) 13 49 11
(3 ) 25 37 5
(4 ) 51 103 2
(5 ) 54 101 6
(6 ) 64 90 2
(7 ) 68 88 4



The predicted 5S rRNAs in the
genome of E.coli kl2

rRNAs Location Product Prodicted MSS
+ -
MSS > mean+6*std 500 500
228756..228875 + 5SS rRNA 228756..228875 555
2724089..2724208 - 5S rRNA 2724089..2724208 555
3421059..3421179 - 5SS rRNA 3421059..3421179 550
3421305..3421424 - 5SS rRNA 3421305..3421424 855
3944324..3944443 + 5SS rRNA 3944324..3944443 555
4038097..4038216 + 5SS rRNA 4038097..4038216 553
4169216..4169335 + 58S rRNA 4169216..4169335 555
4210619..4210738 + 5SS rRNA 4210619..4210738 555
Total number of observations with MSS > 500 5
Total number of observations with MSS > 500 3



Table 4 The predicted 5S rRNAs in the genome of
Staphylococcus aureus subsp. aureus MW2
rRNAs Location Product Prodicted MSS
+ -
MSS > mean+6*std 508 509
496386..496500 + 5S rRNA 496386..496500 546
534799..534913 + 5SS rRNA 534799..534913 546
540641..540755 + 5S rRNA 540641..540755 546
545852..545966 + 5S rRNA 545852..545966 546
1959247..1959361 - 5SS rRNA 1959247..1959361 546
2137179..2137293 - 58S rRNA 2137179..2137293 546
2250748..2250862 - 5S rRNA 2250748..2250862 546
Total number of observations with MSS > 508 4
Total number of observations with MSS > 509 3



Table 5. The predicted 5S rRNAs in the genome of
Streptococcus agalactiae 2603V/R by HomoStRscan

rRNAs Location Product MSS > mean+6*std 505 505
+ -
16411..17917 + 16S rRNA
18234..21136 + 23S rRNA
Predicted + 5S rRNA 21211..21326 539
22242..23748 + 16S rRNA
24065..26967 + 23S rRNA
Predicted + 5S rRNA 27042..27157 539
91219..92725 + 16S rRNA
93042..95944 + 23S rRNA
Predicted + 58S rRNA 96019..96134 539
165248..166754 + 16S rRNA
167071..169973 + 23S rRNA
170027..170188 + 5S rRNA 170048..170163 539
250375..251881 + 16S rRNA
252198..255100 + 23S rRNA
Predicted + 58 rRNA 255175..255290 539
348582..350088 + 16S rRNA
350405..353307 + 23S rRNA
353361..353522 + 58S rRNA 353382..353497 539
417726..419232 + 16S rRNA
419549. .422451 + 23S rRNA
Predicted + 58 rRNA 422526..422641 539
Total number of observations with MSS > 505 7
Total number of observations with MSS > 505 0



5S rRNA MSS distribution computed from E. coli K12

MSS computed from positive stranded sequence are shown in the top
MSS computed from reverse complementary sequence are shown in the bottom.

Flaaane Frequency
o Distribution of MSS Computed from E.col K12 genome, 4 64Mb 10 Distribution of MSS Computed from E.coli K12 genome, 4.64Mb
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5S rRNA MSS distributions computed from S. agalacitae (strain 2603 V/R)
MSS computed from positive stranded sequence are shown in the top
MSS computed from reverse complementary sequence are shown in the bottom.

Frequency . . ; Frequency ... .
Distribution of MSS Computed from Streptococcus agalactiae 2603V/R genome, 2.16Mb x 10" Distribution of MSS Gomputed from Streptococcus agalactiae 2603V/R genome, 2.16Mb
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E.coli (K12) NC_000913 (Original, U00096),
mean + 5*std = 300 319
MSS > 301 322
Transfer RNAs Location Product T2+ 85+
225381 . .225454 + tTtRNA-Ile 315
225500. .225572 + tRNA—Asx 324
228928. .229001 + tRNA—Val 323
236931. .237004 + tRNA—Sec 323
262095. .262167 + EtRNA—Thr 312
563946. .564019 + tRNA-ATrg 330
695656. .695727 — ERNA-Gln
695768. .695839 — tRNA-Gln
695890. .695963 —  tRNA—Met
695982. .696053 — tRNA-Gln
696091. .696162 - tERENA-G1ln
696189. .696270 — tERENA-Leu
696283. .696356 -  tRNA—-Met
TFTO9FTT..T779849 + tRNA-LysS 331
779988..780060 + tRNA—Val 322
780066..780138 + tRNA—Lys 331
780291..780363 + tRNA-Val 322
T780370..780442 + tRNA-Lys 331
780592 . .780664 + tRNA-Lys 331
780800..780872 + tRNA-LyS 331
925110..925194 — tRNA—Ser
1030851..1030935 —  tRNA—Ser
1096791..1096875 — tRNA—Ser
1286470. .1286551 — tRNA-Tyr
1286764 . .1286845 — tRNA-Tyr
1744459 . .1744532 + tRNA—Val 322
1744540. .1744613 + EtRNA-—Val 322
1989841..1989924 —  tRNA—-Leu
1989940..1990010 — tRNA—Cys
1990068..1990140 — tRNA-Gly
2041493..2041579 —  tRNA—Ser
2042571. .2042643 + tRNA—Asn 327
2056052 . .2056124 — tRNA—-Asn
2057873..2057945 + tERNA—-Asn 327
2060282. .2060354 + tERNA—-Asn 327
2284231 . .2284304 + tERNA—-Pro 315
2464329. .2464400 + tRNA-Arg 319
2516064. .2516136 — tRNA—Ala
2516179. .2516251 — tRNA-—-Ala
2518951 . .2519023 + tRNA—Val 322
2519071. .2519143 + tRNA-Val 322
2519193. .2519265 + tRNA—-Val 322
2519273. .2519345 + tRNA-Lys 331
2727392, .272T7464 —  tRNA—Sec
2783785..2783857 — ttRNA-Ile
2815809. .2815882 — tRNA-Arg

4.64 Mbp

300
301
72—

344
344
314
345
345
316
314

312
316
312
318
318

308
325
324
312

327

320
320

326
326
330

319
322
85—

330

358
356
358
343
343

344

359



Transfer RNAs Location Product 72+ 85+ 72— 85—
2816084. .2816157 — +tRNA-Arg 330
2816223 . .2816296 — +tRNA-Arg 330
2816498. .2816571 tRNA—-Arg 330
2816578. .2816667 — tRNA-Ser 309 349
2945409, .2945482 + tRNA-Met 314
2945519 . .2945592 + tRNA-Met 316
2945629, .2945702 + tRNA-Met 316
2997009, .2997079 — tRNA-Gly 325
3108383..3108455 + tRNA-Phe 324
3213239..3213311 + tRNA-Ile 326
3315857..3315930 — tRNA—-Met 314
3319716..3319799 — tRNA-Leu 302 333
3421220, .3421292 — +tRNA-Thr 323
3424598. .3424670 - tRNA-Asx 324
3424716..3424789 — tRNA-Ile 315
3706248. .3706321 - tRNA-Pro 326
3833850..3833939 + +tRNA-OTHER 328
3941057..3941129 + +tRNA—Val 326
3944496..3944569 + tRNA—-Sec 323
3944581. .3944653 + tRNA-Trp 322
3979988. .3980061 + tRNA-ATrg 320
3980122..3980195 + tRNA-His 327
3980219. .3980302 + tRNA-Leu 327
3980348. .3980421 + tRNA-Pro 328
4034730. .4034803 + tRNA-Ile 315
4034849, .4034921 + +tRNA-Asx 324
4165951. .4166023 + tRNA-Val 326
4172967..4173039 + +tRNA-Thr 318
4173051..4173132 + +tRNA-Tyr 318 342
4173252. .4173323 + tRNA-Gly 315
4173333..4173405 + tRNA-Thr 326
4207352..4207424 + tRNA-Sec 326
4360132. .4360204 — tRNA-Phe 324
4389938. .4390010 + +tRNA-Gly 324
4390050. .4390122 + +tRNA-Gly 324
4390161. .4390233 + tRNA-Gly 324
4493973, .4494054 + tRNA-Leu 316 339
4603651. .4603734 — tRNA-Leu 327
4603772. .4603855 — tRNA-Leu 327
4603887. .4603970 — tRNA-Leu 327

Predicted new candidates for tRNA genes

MSS > 301 322 301 322
344558. .344635 + tRNA-Trp 304
649910. .649984 - tRNA—-Ser 304
1785332..1785407 - tRNA-Glu 305
3264993. .3265080 - tRNA-Ile 323
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