Statistical Inference for Well-ordered
Structuresin Nucleotide Sequences

Shu-YunLe
Laboratory of Experimental
and Computational Biology

NCI Center for Cancer Research

National Cancer Institute, NIH

Bldg. 469, Room 151, Frederick

Maryland 21702, USA
shuyun@ncifcrf.gov

Jih-H. Chen
Advanced Biomedical
Computing Center
SAIC-NCI/FCRDC
Frederick, MD 21702, USA
chen@ncifcrf.gov

Jacob V. Maizdl, Jr.
Laboratory of Experimental
and Computational Biology

NCI Center for Cancer Research
National Cancer Institute, NIH
Bldg. 469, Room 151, Frederick
Maryland 21702, USA
jmaizel @ncifcrf.gov

Abstract

Digtinct, local structures are frequently corre-
lated with functional RNA elements involved in post-
transcriptional regulation of gene expression. Discov-
ery of microRNAs (miRNAs) suggests that there are a
large class of small non-coding RNAs in eukaryotic
genomes. These miRNAs have the potential to form
distinct fold-back stem-loop structures. The prediction
of those well-ordered folding sequences (WFS) in ge-
nomic sequences is very helpful for our understanding
of RNA-based gene regulation and the determination
of local RNA elements with structure-dependent func-
tions. In this study, we describe a novel method for
discovering the local WFSin a nucleotide sequence by
Monte Carlo simulation and RNA folding. In the ap-
proach the quality of a local WFSis assessed by theen-
ergy difference (Eq;¢7) between the optimal structure
folded in the local segment and its corresponding op-
timal, restrained structure where all the previous base
pairings formed in the optimal structure are prohib-
ited. Distinct WFS can be discovered by scanning suc-
cessive segments along a sequence for evaluating the
difference between Ey;¢; of the natural sequence and
those computed from randomly shuffled sequences. Our

results indicate that the statistically significant WFS
detected in the genomic sequences of Caenorhabditis
elegans (C.elegans) F49E12, TO7C5, TO7D1, T10H9,
Y56A3A and Y71G12B are coincident with known fold-
back stem-loops found in miRNA precursors. The po-
tential and implications of our method in searching for
miRNAs in genomesis discussed.

1 Introduction

Complete genomic sequence data are accumulating
at an unprecedented pace. The sequence data consist
of an alphabet of four nucleotides (nt) with implicit
rules for transcription, translation and cell organiza-
tion. Analyses of massive sequence datain the database
provide a great opportunity for us to explore the unre-
vealed hiological properties. Currently, the computa-
tional toolsfor predicting novel protein coding genesin
the compl ete genome are quite efficient and advanced.
However, efficient methods for predicting novel non-
coding RNAs (ncRNAs) and other RNA functional ele-
ments in whole-genome sequence data fall short.

Recent advances [1] in RNA studies indicate that
RNA has functions in various biological processes be-



yond carrying the message for protein synthesis and
ribosome structure. Included among these functions
are catalysis and regulation of gene expression medi-
ated by self-splicing ribozymes [1], small microRNAS
(miRNAS) [2, 3], trandational frame-shifting [4], trans-
lational repression elements [5], internal ribosome en-
try sequences [6], iron-response elements [7], constitu-
tive transport elements and Rev response elements [§],
and mRNA localization [9] etc.. Most of the functional
RNA elementsinvolvehigher order structurerather than
simple, linear sequence motif [1]. It has been estimated
that 98% of the transcriptional output of human genome
isncRNAs [10]. The number of miRNAsin eukaryotic
genomeswas estimated from hundredsto thousands per
genome[11]. These small RNA precursors of miRNAs
often range from 60 to 80 nt and are able to form a
conserved fold-back stem-loop structure in which the
~ 22-25 nt miRNA sequence is within one arm of the
stem-loop [12]. Knowledge discovery of such func-
tional RNA sequences in genomic segquences by com-
putational method is highly desirable.

Here, we describe SIigeD (Significant scan of En-
ergy Difference), a computational method for detecting
statistically significant well-ordered folding sequences
(WFS) in a genomic sequence. SigED is designed to
identify the local structural features by computing stan-
dardized z-scores, SigZ scr. (See Methods section) and
statistical evaluation in arandom sample. The detected
well-ordered structures are expected to be both thermo-
dynamically stable and uniquely folded. Also, SIgED
is capable of finding unusually unstable folding re-
gions and/or distinct loop structures. Using SIgED, we
search for the distinct fold-back stem-loops of miRNA
precursors in the sequences of Caenorhabditis elegans
(C.elegans). Our results show that the statistically sig-
nificant WFS structures correlate with functional RNA
elements. In conjunction with the previously devel oped
EDscan [13] it is used in searching for potential, struc-
tured functional elementsin genomic sequences.

2 Methods

Functional RNA molecules in modern organisms
are presumably evolved to have distinct structures. It
has been suggested that structured functional RNAs
possess well-ordered conformations that are both
thermodynamically stable and uniquely folded [13-16].
Schultes et al [16] recently proposed three measures to
define the stability and uniqueness of RNA secondary
structures. However, these measures did not directly
consider the morphology of the folded structure. We
[13] previously proposed a quantitative measure,
Eq4i¢y, to characterize the thermodynamic stability and
well-ordered conformation of a local RNA secondary

structure in EDscan.  The measure Eg;rr(S;) of a
given RNA segment (S;) is defined as the difference
of free energies between the folded global minimal
energy structure (£(S;)) and its corresponding optimal
restrained structure (ORS) in which al the previous
base pairings in the lowest free energy structure are
forbidden (E(.S;)). We have

Eairs(Si) = E¢(Si) — E(Si) and

E i Sz - F i w
Zser.(Sp) = Laiti szd(w)d”( )

where Eqg; 7 (w) and std(w) are the mean and stan-
dard deviation, respectively, of the E4;;¢ scores com-
puted by diding afixed-length window in steps of afew
nt from 5 to 3' along the sequence. The greater the
Eqirs(Si) (or Zscr,) of the segment is, the more well-
ordered thefolded RNA structureis expected to be. The
measure Eg;¢¢ and Zscr, are obviously dependent on
the structural feature of a local segment. The scores
Z scr, of local segmentsin a sequence can be computed
by the previously developed computer program EDscan
[23].

What is the typical behavior of Eg;¢ in arandom
sample that is related to the local segment? We adapt
Monte Carlo simulations as the means of estimating the
uncertainty of Eg;ry in a random sample. In Monte
Carlo simulations, we first compute Eg;5/(S;) for a
given segment .S; in the sequence, We then generate a
large number of randomly shuffled sequences (RS; 1,
...,RS; ) for the local segment S;, where the num-
ber m is determined by the length (L.S;) of the segment
S;. In the current version of SIgED, we set m = 100
if LS; < 60, m = 200 if 60 < LS; < 150 and
m = 300 if LS; > 150. In the random shuffling,
nucleotides at all sites of the local segment are se-
quentially swapped with a randomly chosen site else-
wherein the segment [17]. Asaresult, randomly shuf-
fled sequences have the same length and same base
compositions as the natural segment S;.  Similarly,
we can compute Eq;f¢(RSi1), ..., Eaiff(RSim) for
each random sequence and calcul ate their sample mean
Eqirs(RS;) and sample standard deviation std(R.S;).

To facilitate statistical inference, we then define a
standard z-score, SigZscr.(S;) for the given segment.

. Eairy(Si) — Eairy(RS;
Sigzsen.(S) = P £ szd(R Sfl')ff( )

In the random sample, the distribution of the random
variable SigZscr.(RS;;) (1 < j < m) is expected
to follow a Normal distribution. The statistical signifi-
cance of the measure Ey;(.S;) of the segment S; can




be easily estimated by means of the classica Normal
distribution.

We can also divide E4; ¢ ¢ into two parts, Estemg;y ¢
and Eloopg;y¢, to characterize the structural features
of the the base-pairing regions and loops, respectively.
Where Estemg;gy is defined as the energy difference
contributed by base-pairing stacking only between the
lowest free energy structure and its corresponding ORS.
Eloopgirs is defined as the energy difference con-
tributed by loops only between the two structures as
mentioned above. Similarly, we can define the other
two z-scores, SigStem.(S;) and SigLoop.(S;) for
the given segment S;. The measure SigLoop. and
SigStem. can help usto evaluate asignificantly unsta-
ble folding region that, for example, may be a potential
target for hybridization of antisense agents.

The computer program SigeD is designed to com-
pute the three z-scores of SigZscr., SigStem, and
SigLoop,. by scanning successive segmentsalong anu-
cleotide sequence. In the computation of thelowest free
energy for a folded segment, SIgED employs the dy-
namic programming algorithm and Turner energy rules
[18-19]. SIgED is implemented in Fortran 90 running
on Unix, such as SGI/Octane and SGI/Onyx platform
with IRIX 6.5. SIigED may take considerable heavy
computation for along sequence. The program SigeD
is often used in conjunction with EDscan and works in
aparticular region that was previously determined to be
of interest by EDscan [13].

3 Resultsand Discussion

3.1 The fold-back stem-loop of let-7 RNA
precur sor iscoincident with statistically sig-
nificant WFS

It is known that let-7 precursor can fold into
a conserved fold-back stem-loop in C. elegans, D.
melanogaster and human. The 21-nt let-7 RNA of C.
elegansislocated at the 5’ arm of the distinct stem-loop
and 20 out of 21-nt are base paired. We searched for
WFSin the C. elegans let-7 gene sequence (Accession
No. AF274345) by EDscan and SigED, respectively.

All scores are computed by moving the 75-nt win-
dow in steps of 3 nt from 5’ to 3' along the sequence.
Our results are displayed in Fig. 1. The global maxima
of Zser, and SigZscr, are 7.74 and 8.26, respectively,
and are identified in the segment 1756-1830. It is clear
that both EDscan and SIgED can detect the WFS exclu-
sively. The WFS 1756-1830 found in the gene sequence
is dtatistically significant and the well-ordered struc-
ture is not expected by chance. Except for the distinct
WEFS, we also find the three other interesting regions,
segment 1828-1902 (Sigstem,. = —2.94), 2038-2112
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Figure 1. Distributions of the scores, Zscr. from ED-
scan and SigZscre, SigLoop. and SigStem. from
SigeD computed in C. elegans let-7 RNA gene. In the
computation, the 75-nt window was moved in steps of
3-nt from 5 to 3' aong the sequence. The plot was
produced by plotting the scores of each segment against
the position of the middle nt in the segment. The max-
ima of Zscr., SigZscr. and SigStem. are found
at the same segment 1756-1830. The detected WFS
is coincident with the C. elegans let-7 RNA. The sig-
nificantly unstable folding regions are detected in the
segment 2038-2112 by the minima SigLoop. (-2.79)
and segment 1828-1902 by the minima SigStem. (-
2.94). The distinct loop structure is found in the seg-
ment 1186-1260 by the maximal SigLoop. (3.03).

(SigLoop, = —2.79) and 1186-1260 (SigLoop. =
3.03) that contain significantly unstable regions or dis-
tinct loop structure, respectively (see Table 1). The ca-
pability of SIgED isclear inthat it indicates the statisti-
cal significance of WFS explicitly by means of the mea-
sure SigZscr.. In contrast to the more rapid EDscan,
SigEeD aso identifies the significantly unstable folding
region by the minimal SigLoop. and SigStem., and
the distinct loop structure by the maximal SigLoop. in
scanning the sequence.

3.2 Digtinct structures of miRNA precur-
sors and the corresponding WFS identified
in C. elegans genomes

The 55 miRNAs encoded in C. elegans have been
recently reported [20]. The 22-nt miRNA 81 (mir-81)
wasidentified to be encoded in cosmid TO7D1 sequence
(Accession No. U41531). Figure 2 graphicaly dis-
playsthe observed distributions of the scores Sig Z scr.,
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Figure 2. Distributions of the scores of SigZscre,
SigLoop. and SigStem. computed in C. elegans
TO7D1 sequence. In the computation, the 80-nt win-
dow was moved in steps of 5-nt from 5’ to 3' aong
the sequence. The maxima of SigZscr. (6.29) is
identified in the WFS 14211-14290 that includes a
miRNA mir-81 (14261-14282). Two significantly un-
stable folding regions are found in the segment 3291-
3370 by the minimal SigLoop. (-3.73) and segment
566-645 by the minimal SigStem. (-3.72). For fur-
ther details see the caption to Figure 1.

SigLoop., and SigStem, computed in the TO7D1 se-
guence. The scores were computed by scanning the
80-nt window in steps of 5-nt from 5’ to 3’ along the
TO7D1 sequence (1-31150). The maximal score of
SigZser. was 6.29 and found in the segment 14211-
14290. The 22-nt mir-81 (14261-14282) was located at
theright arm of the fold-back stem-loop (14211-14288)
and 18 nt out of 22-nt werein the base-pairing region. It
isclear that the distinct WFS can be explicitly identified
by SigZscr. from the ~ 31100 observations. We also
found two significantly unstable folding regions, seg-
ment 3291-3370 with SigLoop, = —3.73 and 566-645
with Sigstem, = —3.72.

We also searched for miRNAS, mir-50, mir-62, mir-
70, mir-85 and mir-86 in the C. elegans genomic se-
guences. Among them, mir-70 and mir-86 were located
at the genes T10H9.5 (32586-29037, Accession No.
AF067949) and Y56A3A.7 (113210-100367, Acces
sion No. AL132860) that were encoded in the reverse
complementary strains. The mir-50 of 24-nt was lo-
cated at the region 98223-98246 (17054-17077, where
the start position of gene Y71G12B.11 was numbered
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Figure 3. Digtributions of SigZscre, SigLoop. and
SigStem. computed in C. elegans Y71G12B.11 gene
that islocated at the region 81170-98845 of Y71G12B
sequence. Intheplot, the start position of Y71G12B.11
gene is numbered to position 1. The WFS 17044-
17123 with SigZscre = 7.27 is identified by did-
ing the 80-nt window in a steps of 3-nt aong the se-
quence. Infact, the WFSislocated at the region 98213-
98292 of Y71G12B sequence and encloses the 24-nt
mir-50 (17054-17077). The two significantly unste-
ble folding regions are found in the segment 12139-
12218 with SigLoope = —3.40 and 12532-12611
with SigStem. = —3.13. For further details see the
caption to Figure 1.

by position 1) in the gene Y 71G12B.11 (Accession No.
AC025726). The detected WFS 98213-98292 (17044-
17123) had SigZser. = 7.27 and was easily detected
asshownin Figure 3. Mir-50 was located at the left arm
of the fold-back stem-loop of the WFS and the 21 nt
out of the 24-nt MiRNA was in base-pairing (Table 1).
Mir-62 of 22-nt was located at the region 11866-11887
of gene TO7C5 sequence (Accession No. Z50006).
The detected WFS 11829-11898 was coincident with
the mir-62 (Fig. 4). The miRNA of 22-nt was in the
right arm of the fold-back stem-loop of the WFS 11829-
11898 (Table 1). Among them, 18 bases out of the 22-
nt mir-62 were in the base-pairing region of the well-
ordered structure. Similarly, we identified the fold-back
structures of WFSin the genomic sequences of FA9E12
(Accession No. Z66520), T10H9, and Y56A3A. The
WFS 16090-16169 was detected by scanning a 80-nt
window in steps of 3-nt along the FA9E12 (40450-nt)
sequenceand its SigZ ser. was5.82, themaximal score
in the region (Fig. 5). Thisis statistically very signifi-
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Figure 4. Digtributions of SigZscre, SigLoop. and
SigStem. computed in C. elegans TO7C5 sequence.
The WFS 11829-11898 with SigZscr. = 4.46 is
identified by diding the 70-nt window in a steps of
3-nt along the sequence. The 22-nt mir-62 is |located
at 11866-11887. The unstable folding regions are de-
tected in the segment 14694-14763 with SigLoop. =
—3.93 and segment 12135-12204 with SigStem. =
—3.34. For further details see the caption to Figure 1.

cant and not be expected to occur by chance. The 24-
nt mir-85 was located at the right arm of the fold-back
stem-loop (16090-16169in FA9E12) and its 20 nt of the
24-nt miRNA were in base-pairing region.

The two miRNAs mir-70 and mir-86 were detected
in the reverse complementary sequence (RCS) of their
corresponding loci. The distinct fold-back structure of
mir-70 precursor was coincident with the WFS 32400-
32321 (RCYS) that was identified by scanning the 80-
nt window aong the gene T10H9.5 sequence (32586-
29037, RCS). Mir-86 precursor was coincident with
the WFS 102922-102858 (RCS) that was detected by
scanning the 65-nt window along the gene Y56A3A.7
(113210-100367, RCS). The SigZscr. values of the
two detected WFS were 3.48 and 3.50, respectively (Ta:
ble 1). The likelihood of the two WFS in the random
sample are less than 0.005.

Draper [15] has suggested that RNA functional el-
ements whose folded structure conformation plays a
crucia role are known to possess specific structural
features that are both thermodynamically stable and
uniquely folded. In the method SigED, the confor-
mational property in the RNA secondary structure is
measured based on the consideration of both thermo-
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Figure 5. Digtributions of SigZscre, SigLoop. and
SigStem. computed in C. elegans F49E12 sequence.
The plot was produced by plotting the three scores of
a80-nt segment against the position of the middle base
in the segment as it was moved successively by 3-nt
each time from 5’ to 3' along the sequence. The maxi-
mal SigZscr. is5.82 and found in the segment 16090-
16169 that encloses a24-nt mir-85 (16140-16163). The
another interesting WFS 23353-23432 contains a dis-
tinct loop structure with the maxima SigLoop. of
4.80. Severa unstable folding regions are aso found
in the computation. The two of them are region 16441-
16520 with the minima SigLoop. (-3.60) and region
29791-29870 with the minima SigStem. (-3.87).

dynamic stability and uniqueness of the minimal free
energy structures folded in both the natural and ran-
domly shuffled sequences. Our computational results
show that WFSwith high SigZ scr. are coincident with
the reported miRNAS in our tested examples. Statisti-
cal extremeswith high SigZscr. determined by SigED
represent such significant folding segments where pre-
dicted structures are expected to be well-ordered.

Recently, we reported a computational method ED-
scan [13] to discover WFS in nucleotide sequences.
Both the EDscan and SigeD provide a computational
tool for the discovery of WFS. Those detected 60-80 nt
WFS can be used to explore those undiscovered miR-
NAs in eukaryotic genomes with the help of structure
and sequence comparisons. But the method SIgED puts
our emphasis on the statistical inference for the unique-
ness of the morphology of folded RNA secondary struc-
tures. Our computational experiments indicate that the
new method can also offer ameans of searching for un-
usually unstable folding regions and distinct loop struc-
turesin a genomic sequence. The new features added



in SIgED should be useful in the theoretical design of
antisense RNA structuresin antisense therapeutics. The
previously devel oped EDscan however failed of success
in characterizing the unstable structural features from
the bulk distribution of Zscr, [13].

With the combination of the two methods EDscan
and SigED we can do the computational experiment in
alargescale. In general, we can find those potential in-
teresting regionswith high Z scr, in agenome sequence
by the more rapid EDscan and dliding various fixed-
length windowswith arange of sizes. Thenwecaneval-
uate the random probabilities of those WFS by SigED
and localizethe critical sequencefor detailed analysisof
its secondary and/or tertiary structure. SIigeD provides
us a new computational tool for the determination of
potential functional elements with structure dependent
functions that may be exploited for possible regulatory
or therapeutic purposes.
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Table 1. WS and its fol d-back stem | oop structures conmputed in C. el egans

1. let-7 gene of C el egans
folding region: 1756 ~ 1830; energy = -37.7, SigZscr: 8.26, SigStem 3.88
gaTCCGGTGAGGTAG AGGTTGTATAGTTTGGaat at t accaCCggt GAACTATGCAATTTt CTACCTTACCGGA
————————————————————— (let-7)

folding region: 2038 ° 2112; energy = -8.5, SigLoop: -2.79
GGTAaTGIATct ggAGAgaat aaTCTaat cGTATGTACTGIt gAgt aATG aTCcat gGAgcCGI Tt gACatttc

folding region: 1186 ~ 1260; energy = -11.8, SigLoop: 3.03
catcttt cGTGTACATTTCcaacatttt ct ggat cat caat CAAGTGTGCACt gaccactctctctctcctcecta

folding region: 1828 ~ 1902; energy = -9.7, SigStem -2.94

GCGAGacAGAAct ct t CGAAGCt GCG cgt ct TGt ct cacaactttct TTTCG t TTCTt cCTCCicttactttc
The significant regions were conputed by Si gD and noving the 75-nt

wi ndow (W5) in steps of 3 nt from5 to 3 along the sequence

2. TO7C5.1, WO, WFS: 11829-11898, SigZscr = 4.46
folding region: 11829 ~ 11898; energy = -25.5
gGTGAGTTAGATct CATATCc TTCCGcaaaaTGGAAat GATATG aATCTAGCTTACagGTITgt t cAACa
11866-11887 (22-nt), mMr-62  ----------------------

3. TO7D1.2, W80, WFS: 14211-14290, SigZscr = 6.29
folding region: 14211 © 14290; energy = -35.9
CCAACAG cGGTTTTCACC GTGATCTgAGAGCAat ccaaaaaTCCi t t TCTgAGATCATc GTGAAACTagTTGI TGt
14261-14282 (22-nt), mMr-8l  --------mmmmi oo

4, Y71Gl2B. 11a, WB0, WFS: 98213-98292(17044-17123), SigZscr = 7.27
folding region: 98213 © 98292; energy = -42.3, Position 81170 was nunbered by 1.
cgCCGBCCGe TGATATGTCTGGTATt ct TGGGTTTgAACE t ccagce GTTGAACCCGe ATATTAGACGT ATCGaCGGCCGG
------------------------ mr-50, 98223-98246 (17054-17077) (24-nt)

5. F49E12.8, W80, WFS: 16090- 16169, SigZscr = 5.82
fol ding region: 16090 © 16169; energy = -32.8
gt CGGAGCC CGATTTTTCAATAGTTTGAAACCAGTG acaCATaaaTGGI TaCAAAgTAL TTGAAAAGTCG GCCTCTGaa
16140-16163 (24-nt), mMr-85  ------ommmii

6. T10H9.5, WBO, WFS: 32400-32321(187-266), SigZscr = 3.48
folding region: 187 ~ 266; energy = -25.2
at gaAAACTATCc GAAATACTAtL CGACGaATaACAcTTat gaagAAaTGIaATaCGICG TGGTGT TTCcATAGI TTgaat
Reverse conpl enentary sequence (RCS)  ---------mmmmmmomnnn
32352- 32330 (235-257) (23-nt), mr-70
Position 32586 was taken as position 1, and position 29037 was taken as
3550. The gene T10H9.5 is at reverse conplenentary strain (32586-29037).

7. Y56A3A. 7, W5, WFS: 102922-102858 (10289-10353), SigZscr = 3.50
folding region: 102922(10289) ~ 102858(10353); energy = -22.3

t CTAAGTGAATQCTt t GCCaCAG: CTTCgATgt t ct gaaATGAAGC CTGGECt cAGATTCCCTTA
----------------------- mr-86, RCS 102920-102898 (10291-10353) (23-nt)

Position 113210 was taken as position 1, and position 100367 as 12844.

The gene Y56A3A. 7 is at reverse conplementary strain (113210-100367)

Al structures were conputed by nfold [19] and the base-pairing regions
in the structures were indicated by capital letters.



