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Abstract: The various motifs of RNA molecules are closely related to their structural and
functional properties. To better understand the nature and distributions of such structural motifs
(i.e., paired and unpaired bases in stems, junctions, hairpin loops, bulges, and internal loops) and
uncover characteristic features, we analyze the large 16S and 23S ribosomal RNAs of Escherichia
coli. We find that the paired and unpaired bases in structural motifs have characteristic distribution
shapes and ranges; for example, the frequency distribution of paired bases in stems declines linearly
with the number of bases, whereas that for unpaired bases in junctions has a pronounced peak.
Significantly, our survey reveals that the ratio of total (over the entire molecule) unpaired to paired
bases (0.75) and the fraction of bases in stems (0.6), junctions (0.16), hairpin loops (0.12), and
bulges/internal loops (0.12) are shared by 16S and 23S ribosomal RNAs, suggesting that natural
RNAs may maintain certain proportions of bases in various motifs to ensure structural integrity.
These findings may help in the design of novel RNAs and in the search (via constraints) for
RNA-coding motifs in genomes, problems of intense current focus. ~© 2003 Wiley Periodicals, Inc.
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INTRODUCTION

As well appreciated for proteins, the sequences of
common structural motifs in natural RNAs, too, are
nonrandom. Large ribosomal RNAs (rRNAs), for ex-
ample, are known to have recurrent sequence motifs.
Common motifs of 16S and 23S rRNAs include the
UNCG and GNRA tetraloop motifs,"? and others like
bulge-G, bulge—helix—bulge, U-turn, biloop and
triloop, and A-stack have also been identified.'”
These patterns are important because they participate
in secondary and tertiary (e.g., loop—loop and loop—
bulge) interactions that help stabilize compact struc-
tures of functional RNAs. Thus, analysis of various
aspects of RNA motifs can help us understand the
structural features that distinguish natural RNAs from
non-RNA-like sequences. This understanding can be
applied to the design of RNA-like structures and to
searches for RNA-coding motifs in genomes.

Indeed, in the former application, the modular de-
sign of novel RNAs using existing RNA fragments
implicitly utilizes such information to improve the
functional properties of natural RNAs.®” Such infor-
mation may also be used to improve the in vitro
selection technique, an experimental method for se-
lecting functional RNAs from a large pool (10'°) of
random sequences.®’ Instead of random sequences,
using designed sequences with RNA-like motifs for
these experiments may increase the probability of
identifying novel functional RNAs.

The second challenging application—searching for
RNA genes in genomes—often utilizes motif-search
algorithms that require input about common motifs
and motif lengths to narrow the search.'®~'* RNA
genes are genomic sequences that lead to functional
RNA molecules instead of proteins as end products.
The recent RNAMotif scanning algorithm employed
to identify known and novel RNA genes can greatly
benefit from a greater understanding of RNA mo-
tifs.!>"3

Here, we present new analyses on aspects of RNA
motifs responsible for the stabilization of RNA sec-
ondary structure. Specifically, we examine the distri-
butions of the number of paired bases in stems and
unpaired bases in bulges/internal loops, hairpin loops,
and junctions of large ribosomal RNAs in an effort to
determine the character and range of structural motifs
of functional RNAs (see Figure 1). From these distri-
butions, we derive the ratio of the total unpaired to
paired bases and fractions of the paired bases in stems
and unpaired bases in bulges/internal loops, hairpin
loops, and junctions. These distributions and ratios are
not expected to be random because Nature has se-
lected RNA molecules with motifs that are thermo-
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dynamically stable. We choose the large ribosomal
RNAs for our analysis because they can yield statis-
tically meaningful results, unlike small RNAs. We use
Escherichia coli ribosomal RNAs in this study, but
we have found results to be similar for other species,
such as yeast, because of a high degree of structural
conservation in ribosomes.

We find that 16S and 23S rRNAs have a similar
range of paired or unpaired bases in stems, bulges,
loops, and junctions, although the length of 23S is
twice that of 16S. Moreover, for each motif, the
frequency distribution of bases displays a different
characteristic pattern. For example, the distributions
for paired bases in stems and unpaired bases in hairpin
loops decline linearly and exponentially, respectively,
with the number of bases. In contrast, the frequency
distribution of the number of unpaired bases in junc-
tions shows a pronounced peak (at 6-10 bases); for
bulges/internal loops, the distribution of unpaired
bases exhibits a sharp drop beyond a certain number
of bases (around 11). More significantly, our analysis
reveals that the ratio of total unpaired to paired bases,
and the allocation of paired bases in stems and un-
paired bases in junctions, bulges/internal loops, and
hairpin loops are roughly the same for 16S and 23S
ribosomal RNAs. These constants suggest that natural
RNAs may maintain these proportions or, equiva-
lently, structural parameters, which likely reflect the
global requirements for structural stability. Thus, de-
lineated characteristic distributions, ranges, and pa-
rameters for RNA motifs may be used to aid RNA
design efforts and the search for novel RNA motifs in
genomes.

This article is organized as follows. The Methods
section defines the RNA structural motifs and de-
scribes a program for analyzing motifs. The Results
section presents the distributions, ranges, and param-
eters characterizing different RNA motifs. We con-
clude with a summary of the usage of such informa-
tion in biological research on RNA structure and
function.

METHODS

To survey structural motifs, we rigorously define RNA
stem, bulge, hairpin and internal loops, and junction using
the same definitions detailed recently in our approach for
representing RNA motifs as graphs.'* (Our RNAs-As-
Graphs, or RAG, database is available on our group’s web-
site http://monod.biomath.nyu.edu.) Specifically, we define
an RNA stem to consist of two or more complementary base
pairs (GC and AU), with the GU wobble base pair consid-
ered a complementary base pair as well.'> A nucleotide
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FIGURE 1 RNA structural motifs.

bulge, hairpin loop, or internal loop must have more than
one unmatched nucleotide or noncomplementary base pair.
A junction is a meeting point of three or more stems; the
number of unpaired bases at a junction can be zero or more
bases. Figure 1 shows various internal loops, bulges, junc-
tions, hairpin loops, and stems statisfying these definitions.

Here, we analyze the E. coli 5S, 16S, and 23S ribosomal
RNA sequences containing 120, 1542, and 2904 nt, respec-
tively; the 5S is from E. coli strain Pseudomonas putida and
the 16S and 23S are from Actinobacillus actinomycetem-
comitans. The secondary structures of these RNAs, obtained
from Gutell’s website (http://www.rna.icmb.utexas.edu),
are shown in Figure 2; they were reliably inferred by com-
parative RNA analysis using related experimental two and
three-dimensional structures.'>'® RNA structural motifs
(i.e., stems, bulges/internal loops, junctions, and hairpin
loops) can be evaluated using a “ct file” specifying which
bases are paired or unpaired; the file is produced by Gutell’s
comparative analysis.'® By using the ct file, we can deter-
mine the number of nucleotides associated with each of the
RNA structural motifs using our analysis program that scans
for existence of various structural motif types. The program

determines for each segment of paired/unpaired bases
whether it belongs to a stem, a bulge/internal loop, a hairpin
loop, or a junction. Since our analysis is confined to sec-
ondary structures, we removed a few base pairs associated
with tertiary structures in the ct files.

RESULTS

Characteristic Distributions of Paired/
Unpaired Bases in Structural Motifs

Figure 3 shows the characteristic frequency distri-
butions of the number of paired bases in stems and
unpaired bases in bulges/internal loops, hairpin
loops, and junctions of the 16S and 23S rRNAs; the
results for 5S are not shown because this small
RNA has only a few structural motifs. For the 23S
rRNA, the distribution of the occurrence frequency
for paired bases in stems declines roughly linearly
with the number of bases. The slope 1 of the linear
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FIGURE 2 Secondary structures of the E. coli 5S, 16S, and 23S ribosomal RNAs.

fitis —1.18. Most stems in 23S rRNA have between bulges/internal loops may be modeled, to a crude
4 and 14 bases, or 2 and 7 base pairs. In contrast, approximation, as a step-like function with an sharp
the frequency distribution for unpaired bases in decline at around 11 bases. The distribution for
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in the structural motifs of E. coli 16S and 23S ribosomal RNAs. Results for stems, bulges/internal
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functions, respectively.

unpaired bases in hairpin loops can be modeled as
an exponentially decaying function, exp(—aN),
where a (= 0.4) is a constant and N is the number
of unpaired bases; it has about half the range, i.e.,
4-10 bases, relative to that of the stems’ distribu-
tion. For junctions, the frequency distribution of
unpaired bases shows a prominent, narrow peak at
6—10 bases, indicating a strong bias in base number for
this structural motif. (We have binned the distribution
plot for junctions since there are fewer junctions than
stems, loops, or bulges.) This distribution can be reason-
ably fitted to the function NP exp(—+yN) where the con-
stants B = 4.0 and y = 0.45.

These trends for 23S rRNA are generally the same
for the 16S rRNA, with minor differences in the
distributions for stems and hairpin loops. We thus use
the same fitting functions in Figure 3 for 16S results,
but with different constants: = 0.85, B= 3.5, y =
0.4, and n = —0.54. The stem size distribution for
16S has a secondary peak at 14 bases and most of
16S’s hairpins are tetraloops whose common se-
quence motifs include the GNRA pattern."* We find

that the ranges of the distributions of paired/unpaired
bases (shown in Figure 3) for various motifs in both
16S and 23S rRNAs are nearly the same (see Table I),
even though the latter is twice the size of the former.
In particular, we find that the number of unpaired bases
in junctions, bulges/internal loops and hairpin loops has
about the same range (2-10), whereas the number of
paired bases in stems has a broader range (4-24).

The above general conclusions about structural
motifs of ribosomal RNAs of E. coli strains are also
valid for other species like the yeast rRNAs (check the
group’s website http://monod.biomath.nyu.edu).

Invariant Features of Structural Motifs

Other motif features of interest are the proportions of
paired and unpaired bases in structural motifs. Are
these proportions variable depending on RNA type or
are they fixed? We enumerate the number of bases in
bulges (B), hairpin loops (H), junctions (J), entire
RNA (L), helical mispairs (M), and stems (S), and
summarize in Table II the fraction of paired bases in



Table I Ranges of the Number of Paired Bases in
Stems and Unpaired Bases in Bulges/Internal Loops,
Hairpin Loops, and Junctions of the Ribosomal RNAs
of E. coli®

Bulges/Internal ~ Hairpin
RNA  Stems Loops Loops Junctions
16S 4-24 2-10 4-7 6-15
23S 4-26 2-11 4-9 6-30

“ These ranges are derived from the distributions of the number
of paired and unpaired bases in RNA structural motifs in Figure 3
where the occurrence frequence is at least three. The distributions
have the following shapes: linearly decreasing function for paired
bases in stems; step-like function for unpaired bases in bulges/
internal loops; exponentially decaying function for unpaired bases
in hairpin loops; and exponential-like function for unpaired bases in
junctions.

stems (S/L), fractions of unpaired bases in junctions
(J/L) and in bulges/internal loops (B/L), and ratio of
total unpaired to paired bases in the entire RNA. The
results for the small 5S rRNA are shown for compar-
ison. Despite their size difference, the 16S and 23S
rRNAs have remarkably similar proportions of paired/
unpaired bases in various structural motifs.

In particular, the ratio of unpaired to paired bases
is 0.70 for 16S rRNA, and 0.79 for 23S rRNA, mean-
ing the relative amount of unpaired bases is at most
~80% of paired bases for these RNAs. For the 5S
rRNA, the relative amount of unpaired bases is even
lower at 50% of paired bases. These results also
indicate that the ratio depends on RNA size: smaller
RNAs have a smaller proportion of unpaired bases.
The ratio may saturate for larger RNAs.

How are the paired and unpaired bases distributed
among stem, junction, and bulge motifs? As noted
above, the ratio of unpaired to paired bases, (B+J
+H+M)/S, is less than 0.8 for all rRNAs compared.
As shown in Table II, for the large rRNAs, S/J ~
0.58, J/L ~ 0.16, and B/L ~ H/L ~ 0.10 to 0.14; the
sum S/L+J/L+B/L+H/L is more than 0.97, with the
remaining small fraction of bases found in helical
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mispairs and 3’ and 5’ ends. These values again show
that RNAs are stabilized by a large proportion of
paired bases in stems. The slightly larger proportion
of unpaired bases in junctions than in either bulges,
internal loops or hairpin loops may suggest the need
for greater flexibility in junctions where several stems
meet; the J/L ratio also increases with RNA size. We
emphasize that the B/L ratio is remarkably similar for
all rRNAs. Overall, we find that about 60% of paired
bases occur in stems, and 10—18% of unpaired bases
occur in each of the following motifs, including junc-
tions, bulges/internal loops, and hairpin loops, and
less than 3% of the unpaired bases occur in helical
mispairs and 3" and 5’ ends.

RNA Structural Motifs and Euler
Formula

Another approach for analyzing RNA secondary
structures is to use graphical representations. In our
recent work,'* we introduce RNA graphical represen-
tations for quantitative analysis and enumeration of all
possible RNA structures with the aim of estimating
RNA'’s structural repertoire. One of our findings is
that the numbers of different structural motifs in any
given RNA are strictly related. Let us denote by Ny,
Ngp, and Ng the number of junctions, bulges/internal
loops/hairpin loops, and stems, respectively, in a
given RNA structure. From the Euler formula in
graph theory,'” we have derived the following relation
for any RNA':

Ny + Ngy = N, (D

Table III summarizes the ratios N,/Ng, Ng/Ng, and
(Ny +Ngy )Ny for all three rRNAs. We find that
N,/Ng ~ 0.2 and Ngy/Ng ~ 0.8, making (N;+Ngy)/Ng
= 1. Thus, the proportions of junctions and bulges/
loops to stems are nearly constant for RNAs with very
different sizes, although many other values are math-
ematically possible. In particular, the ratio Ny/Ng is a
measure of the degree of branching in RNA struc-

Table II Fractions of the Number of Unpaired to Paired Bases, Paired Bases in Stems (S/L), Unpaired Bases in
Junctions (J/L), Unpaired Bases in Bulges/Internal Loops (B/L), and Unpaired Bases in Hairpin Loops (H/L) Found

in E. coli Ribosomal RNAs?*

RNA B +J+H+ M)S S/L JL B/L H/L

5S 0.500 0.667 0.075 0.108 0.142
16S 0.702 0.598 0.137 0.129 0.104
23S 0.786 0.560 0.178 0.120 0.135

M is the number of unpaired bases in helical mispairs and L the RNA sequence length.
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Table III' Number of RNA Structural Motifs
(Number of Junctions (N;) and Number of Bulges/
Internal Loops/Hairpin Loops (Ngy), Relative to the
Number of Stems

RNA N,/Ng Ng /N (N; + Ng;p)/Ng
5S 0.167 0.833 1.00
168 0.217 0.795 1.01
238 0.199 0.808 1.01

tures. The observed N;/Ng value suggests that rRNAs
are moderately branched, as we have shown earlier.'*
Our results also imply that N/Ng < Npp/Ng. Thus,
examining RNAs from the perspective of relation (1)
again suggests the existence of nonrandom relation-
ships among RNA structural motifs.

Comparison with tRNA

It is instructive to compare the above results with
those for the tRNA. We choose a 76-nt yeast tRNA-
Phe whose crystal structure is known (see Nucleic
Acids Database at http://ndbserver.rutgers.edu). The
fractions of paired bases in stems and unpaired bases
hairpin loops, and junctions are 0.55, 0.29, and 0.11,
respectively; the tRNA has no bulges and internal
loops. Thus, the proportions of paired bases in stems
and unpaired bases in junctions are similar to those in
rRNAs, but a larger fraction of bases in hairpin loop
is found in tRNA. As for the ratios of structural motif
numbers, we obtain N;/Ng = 0.25 and Ngy/Ng = 0.75,
which are comparable to those for rRNAs (Table III).

CONCLUSION

Our survey of ribosomal RNA motifs (and examina-
tion of tRNA for comparison), indicates that common
features hold for large functional RNAs (Figure 3,
Tables I-III). To establish the proportions and ranges
of paired and unpaired base more firmly, future anal-
ysis should consider all existing RNA secondary
structures. Since the fraction of paired bases (with
respect to the total number) in an RNA (~60%) is
related the overall energetics or stability of the sec-
ondary structure, most RNAs are likely to have sim-
ilar values. It is also likely that the other related ratios
in Table II may be generally valid for RNAs.
RNA’s modularity and conformational flexibility
have been exploited to synthetically design novel
functional RNAs for biotechnology applications using
in vitro selection experiments®® and rational modular

design where new RNAs are engineered by assem-
bling existing RNA fragments.®’ Such design efforts
can be made more productive by selecting RNAs with
structural motifs resembling those for natural RNAs.
For example, in vitro selection uses a large (random)
sequence pool (of order 10') of which only a tiny
fraction of sequences yields the selected functional
properties. This is likely due to the poor folding
characteristics of random sequences. To improve the
selection, we suggest instead designing a smaller pool
of RNA sequences possessing the structural motifs in
proportions we found in Tables I-III. RNA-like motifs
are likely to have a much greater probability of yielding
functional RNAs than random sequences. By the same
argument, the “parameters” we derived from rRNAs
may be applied to other RNA design applications.

Another intriguing application of this work is in
the search for novel RNA motifs and genes in ge-
nomes. Programs such as RNAMotif allow general
search for RNA motifs, but the motif “descriptor”
specifying stem, bulge, and loop sizes must have
well-defined constraints to make the search effec-
tive.'>'® Current uncertainty in defining such con-
straints limits the value of RNA motif search pro-
grams in terms of finding known functional RNA
families in genomes. Since the RNA parameters in
Tables I-III may approximate functional RNAs, they
can be used to constrain the search for novel RNAs
using motif search programs.

In sum, the information derived here on the global
features of RNA structural motifs complements the
accumulated knowledge about many sequence pat-
terns and motifs found in RNAs.'™ Taken together,
the information about RNA motifs can be exploited to
advance the rapidly progressing fields of RNA design
and genomics.

This work was supported by a Joint NSF/NIGMS Initiative
to Support Research Grants in the Area of Mathematical
Biology (DMS-0201160). TS is an investigator of the
Howard Hughes Medical Institute.
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