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ABSTRACT

Functional analysis of genome sequences has
largely ignored RNA genes and their structures. We
introduce here the notion of ‘ribonomics’ to describe
the search for the distribution of and eventually the
determination of the physiological roles of these
RNA structures found in the sequence databases.
The utility of this approach is illustrated here by the
identification in the GenBank database of RNA motifs
having known binding or chemical activity. The
frequency of these motifs indicates that most have
originated from evolutionary drift and are selectively
neutral. On the other hand, their distribution among
species and their location within genes suggest that
the destiny of these motifs may be more elaborate.
For example, the hammerhead motif has a skewed
organismal presence, is phylogenetically stable and
recent work on a schistosome version confirms its in
vivo biological activity. The under-representation of
the valine-binding motif and the Rev-binding element
in GenBank hints at a detrimental effect on cell
growth or viability. Data on the presence and the
location of these motifs may provide critical guidance
in the design of experiments directed towards the
understanding and the manipulation of RNA com-
plexes and activities in vivo .

INTRODUCTION

The realization that conserved amino acid motifs in proteins
can often be related to function has greatly aided the evaluation
of unidentified open reading frames in sequence databases.
Detailed comparison of protein sequence, structure and function
has now provided motif databases (1–4), which greatly facilitates
the task of inferring function for otherwise uncharacterized
coding sequences. As sequences have accumulated, so has the
number of recognizable motifs, thereby guaranteeing that an
ever-increasing role will be played by functional inference or
in silico analysis of sequence motifs.

RNA remains an enigma in gene sequence research since
few systematic attempts have been made to identify RNA
coding genes in sequence databases other than those belonging
to a few well-known families, such as transfer RNAs (tRNAs)

or small nucleolar RNAs (snoRNAs; in particular see ref. 5),
well as other RNAs like Group I and II introns. The degenera
built into RNA molecules due to their composition being bas
on only four major nucleotides renders the primary sequen
of RNA insufficient, by itself, in defining motifs. Secondary
and tertiary structural aspects must therefore be made par
RNA motif definitions. In spite of these complications
evidence is accumulating that RNA motifs will provide th
ultimate basis for an understanding of RNA structure a
function (6,7).

To introduce our concept of RNA genomics, ‘ribonomics
we define and present here the distribution of a number
RNA motifs in the GenBank sequence database (8). Given
lack of consensus on what an RNA motif might be (6,9–11
the use of motif in this work will refer to RNA molecules or
parts thereof which have a chemical or ligand-binding activi
in a defined context. Our motifs could be called ‘functiona
motifs’ because of their demonstrated biological activity und
known conditions, but prudence dictates caution: it is unlike
that these motifs would behave similarly in all environmen
due to factors of conformational variability, accessibility, et
In light of these complications, we will arbitrarily refer to the
motifs under investigation here as ‘biological motifs’ in orde
to acknowledge their known activities under certain conditio
and to underline their potential to play a biological role in oth
contexts.

Our search of GenBank employed RNAMOT, a comput
search engine developed in our laboratory, which defin
primary and secondary structural information within comput
readable ‘descriptors’ (9,10). Previously, features of th
strategy have been illustrated in searches to identify tRN
(9), alternative folding patterns of cytoplasmic tRNAs (12
putative Tat-binding elements (TBEs) in viruses linked
human immunodeficiency infections (13) and a catalytic RN
domain in the repetitive DNA of schistosome (14) and of crick
(Rojas et al., manuscript in preparation). Here, we prese
extensive searches of the GenBank database for RNA biolog
motifs implicated in chemical or ligand-binding activities.

MATERIAL AND METHODS

The search

The program RNAMOT (9,10), written in C, requires
sequence file in the IUPAC/IUB format and a ‘descripto
defining the motif under investigation. In the course of th
study, we have used the release of October 15, 1998 of
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sequence data bank: GenBank (NCBI-GenBank flat file
release 109.0). Searches were carried out on both strands and
all occurrences of motifs involving unidentified bases denoted
by N in the database were disregarded. A Power Challenge XL
with 32 CPUs IP 19, R4400, 150 MHz processor (3072 Mb)
running UNIX IRIX 6.2 was used.

In order to help establish the significance of their presence,
frequencies of each motif in the database were compared with
frequencies in a random sequence database generated by a
uniform pseudo-random number generator (15) with a period
length near 2121. The random sequence databases contained
10 000 sequences of 100 000 nucleotides each; the four
nucleotides A, C, G and T were used with equal probabilities.
An ‘expected’ frequency in GenBank (N) was calculated from
the number of occurrences of each motif in the random databases
(M ) by the following:N = (a � M )/(104 � 105), wherea is the
number of nucleotides in GenBank (2.009� 109 in release
109.0).

The analysis

Subsequent to the compilation of motif frequency in sequence
fragments, the location within the fragment was identified and
extracted from the associated documentations by SITE, a suite
of programs written in C with Perl, AWK and Bourne Shell
scripts. SITE determined the strand sense, and whether the
motif was contained partially or wholly within features defined
in the documentation of the sequence fragment. From the
overall list of some 67 features in GenBank, we have combined
and compiled the following subset of features for our classification:
1) mRNAs: sequenced mRNAs or cDNAs, CDS (coding
sequences), mat_peptides (maturation peptides) and UTR
(untranslated regions); 2) introns; 3) control regions: the
CAAT_signals, TATA_signal, enhancers, promoters, –10 and
–35_signals; 4) LTR (long terminal repeat); 5) rRNAs (ribosomal
RNAs); 6) tRNAs; 7) other RNAs: including pre_RNAs
(precursor RNAs), prim_transcript (primary transcript RNAs),
guide RNAs, scRNA (small cytoplasmic RNAs) and snRNAs
(small nuclear RNAs); 8) satellite & repeat: sequences with
satellite DNA features or repeated sequence entries; 9) artificial:
patent, synthetic, artificial and oligonucleotide entries not
described with features; and finally 10) a miscellaneous category
including all other minor features or no description at the location
of the result. The occurrence and location files were then
converted into the HTML format and linked to GenBank files.
The compilation of the results in some cases involved
correcting the location assignment of individual sequence
entries especially when an mRNA feature is identified, but the
motif falls outside identified CDSs, indicating that it is an
intron or a UTR.

A possible phylogenetic distribution was also evaluated
through the compilation of repeated gene names. For this analysis,
the GenBank files EST (expressed sequence tags), GSS
(genome survey sequences), HTG (high throughput genome
sequencing), PAT (patent sequences), STS (sequence tagged
sites), SYN (synthetic and chimeric sequences) and UNA
(unannotated sequences) were not considered.

RESULTS

The lack of a bona fide list of accepted RNA motifs prompted
us to make a rather arbitrary selection and definition of motifs.

We chose examples of defined individual structures rather th
structures derived from the known families of cellular RNA
Thus with the exception of the known natural occurrences
the hammerhead motif (16) or of the UV-loop motif (17) little
or no prior information was available indicating whether the
structures would be found in the database. Whenever it w
possible, we composed two descriptors which maintained
central core region of the motifs but gave two possible positio
for the 5� and 3� ends (see legend of Fig. 1).

Protein-binding motifs

The Tat-binding element (TBE).The interaction of the Tat
protein with a specific RNA-binding site, the trans-activatio
response region (TAR), is involved in the replication o
primate lentiviruses like HIV (human immunodeficienc
virus) and SIV (simian immunodeficiency virus) (18,19)
Basal transcription from the HIV LTR allows the synthesis o
short RNA transcripts, but in the presence of the Tat prote
transcription is enhanced and RNA transcripts are longer (2
The search descriptor for the TBE was defined by the minim
consensus sequence of the TAR element found in differ
HIV isolates and chemical interference analysis of the bindi
site (21,22; Fig. 1). In the TBE consensus structure, the t
base pairs in the upper and lower stem and the one uridine
at the 5� terminus of the internal loop are invariant, since the
provide key interactions in the conformation of the TBE whe
bound to Tat (23).

The RNAMOT search of the GenBank database using
TBE descriptor produced a list of 52 698 occurrences of t
motif in its two possible orientations: 26 102 occurrences f
the direct orientation and 26 596 for the reverse one (Table
After removal of the motifs from the patent and the synthetic
chimeric sequences, 25 518 occurrences of the direct motif
24 976 of the reverse one are present in the ‘natural’ GenBa
(Table 1). An identical search with the random sequence ba
produced 32 320 presences for the direct orientation a
32 887 for the reverse. The frequency of the motif in GenBa
is thus on the order of that expected in random sequence
slightly lower. Next, we established the organismal distrib
tion of the motif. From Table 2, it can be seen that the motif
distributed among the organismal classes in roughly t
proportion that each class is represented in GenBank (comp
‘TBE’ versus ‘GenBank distribution’ columns) and not only in
viral sequences where the natural motif has been identif
(see also Fig. 2). The distribution of the TBE motif amon
genetic features was determined and is shown in Table
Particularly interesting is the high number of occurrences
the direct motif in LTR features compared with the revers
motif (on the plus strand) and inversely its low representati
in the mRNAs of the minus strand whereas the reverse mo
has a quite high incidence.

The Rev-binding element (RBE).The Rev protein and its
binding site, the Rev responsive element (RRE), promote
transport of unspliced transcripts of the HIV genome to th
cytoplasm (19,24,25). The primary interaction between R
and the RRE has been shown to be largely determined b
small, 30 nt region of the RRE, called the Rev-binding eleme
(RBE; 26). Descriptors for the RBE motif were derived from
the sequences of RNAs possessing high binding affinity to t
Rev protein as isolated by selection from partially randomiz



Nucleic Acids Research, 1999, Vol. 27, No. 224459

our
the

e

the

in
hat
t
ed
he
ber
oth
to

tion
e
e
y a
use
he
he
ted
in
in

t
1).
S

h
e
33

ting
is

or a
in

T,
the

the

es

.
s:
-
at

re
nd

ter
,

e.
sequence poolsin vitro (see SELEX below; 27). In Figure 1,
consensus structures for the four different classes used in
searches are shown. The classes are named according to
non-Watson–Crick interaction bridging two nucleotides in th
internal loop (Fig. 1, in bold). Note that the RR+2 class contains
a bulge of 2 nt not present in the other classes and that
GGwt class includes the wild-type RBE motif.

The number of occurrences for all the RBE classes
GenBank is: 87 for CA class, which represents 0.31 times w
we expected; 122 for RR+2, thus 0.22 times the amoun
expected; 1059 for AA class with 0.49 times the expect
frequency; and 1068 for GGwt class, which is around t
expected value (1.01 times; Table 1). The expected num
and the observed number of occurrences in GenBank are b
quite low except for the GGwt class. The AA class seems
produce twice as many occurrences in the reverse orienta
of the motif versus the direct one. From the distribution of th
hits in the GenBank files (Table 2; Fig. 2), it is obvious that th
frequency of the occurrences of the GGwt class is biased b
huge representation of the motif in the viral sequences beca
of numerous HIV sequence entries. In fact, if we remove t
number of occurrences due to HIV/SIV sequences, t
frequency obtained dropped slightly lower than the expec
level (Table 1). The distribution among features found
Table 3 shows that the RBE has a relatively high frequency
mRNA and coding sequences.

The S1-binding motif.This RNA motif contains a pseudokno
with highly conserved sequence elements in its loops (Fig.
The motif binds both the S1 ribosomal protein and the 30
ribosomal subunit fromEscherichia coli(28). Such an RNA
motif on the 5� UTR of an mRNA might have a regulatory role
in translation initiation.

A descriptor of this S1-binding motif was used to searc
GenBank. Of 135 identified occurrences only two were in th
patent or synthetic sequences (Table 1). The remaining 1
represent a frequency slightly higher than what we were expec
(1.38 times the expectation). Surprisingly, the distribution of th
motif in GenBank shows a presence higher than expected f
random distribution in the mammalian sequences (especially
primate, Pri, and other mammalian, Mam, files) and the ES
whereas in the bacterial sequences we obtained only half of
expected number (Table 2, Fig. 2). This could mean that
motif has been restricted in bacteria.

Chemically and catalytically active motifs

The UV-loop motif.The photoreactive UV-loop motif was
adapted from a consensus of similar RNA loop structur

Figure 1. The protein-binding motifs. (Top) Secondary structure of the TBE
(Middle four) Secondary structure of the four Rev-binding element
RBE_RR+2, RBE_AA, RBE_CA and RBE_GGwt, which were named accor
ding to the postulated interaction of the bold nucleotides (59). Note th
RBE_GGwt includes the wild-type motif found in HIV and SIV. (Bottom)
Structure of the S1-binding motif. Whenever possible, the RNA motifs we
given two orientations (direct and reverse) by maintaining the core region a
by varying the position of the stem–loop that completes the motif. The let
code represents the following nucleotides: B = C, G or U; D = A, G or U; H = A
C or U; K = G or U; M = A or C; N = A, C, G or U; R = A or G; S = C or G;
V = A, C or G; W = A or U; Y = C or U (IUPAC-IUB code). Note that N-N
constraints imply Watson–Crick or G-U pairing. T and U are considered the sam
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found in viroids, 5S rRNA, the sarcin-ricin loop of 28S rRNA
and the hairpin ribozyme (17). This internal loop includes a G
and a U (Fig. 3, bold) which are covalently cross-linked upon
UV radiation (29).

The two descriptors used represent the two orientations (5� or
3�) of the motif (Fig. 3). There are 2914 occurrences found in
the ‘natural’ GenBank (1452 occurrences expected, Table 1).

The distribution of this motif shows an over-representation
the invertebrates (Table 2, Fig. 2) as well as in rRNA gen
(reverse motif; Table 3).

The hammerhead motif.The hammerhead ribozyme motif wa
initially defined as a self-cleaving domain found in plant virusoid
and satellite RNAs (reviewed in 16). This motif is composed

Table 1.Frequency of RNA motifs in GenBank

The number of occurrences found in the GenBank for both orientations of the RNA motifs is shown together (total column) or
separately (direct or reverse column). The ‘natural’ GenBank refers to the database after removal of entries that are patented
sequences (PAT) and synthetic or chimeric sequences (SYN). These values are compared to the results obtained in a random
sequence database as indicated in ‘expected frequencies’ (see Material and Methods). The ratio is the number of occurrences
found in the ‘natural’ GenBank over what was expected. *, values excluding HIV and SIV sequences for RBE_GGwt-d.

Frequency in GenBank Frequency in ‘natural’ Expected frequency Ratio frequency over
Total Direct or reverse GenBank expected

FAD 10 – 10 0 –
Theophylline-d 3 0 4 0

12
Theophylline-r 9 3 2 1.50
Valine-d 9 9 55 0.16

25
Valine-r 16 15 43 0.35
DNAzyme_8-17 54 – 54 110 0.49
RBE_CA-d 35 35 155 0.23

87
RBE_CA-r 52 51 136 0.38
RBE_RR+2-d 16 10 47 0.21

122
RBE_RR+2-r 106 10 43 0.23
S1 135 – 133 96 1.38
Neomycin 402 – 391 915 0.43
FMN-d 209 203 177 1.15

469
FMN-r 260 255 193 1.32
RBE_AA-d 369 357 1019 0.35

1059
RBE_AA-r 690 641 1025 0.63
RBE_GGwt-d 860 792 486 1.63

1068 *(361) *(356) *(0.73)
RBE_GGwt-r 208 202 533 0.38
Hammerhead 2788 – 414 515 0.80
Leadzyme-d 1517 1487 1806 0.82

2808
Leadzyme-r 1291 1231 1804 0.68
UV-loop-d 1565 1543 718 2.15

2956
UV-loop-r 1391 1371 734 1.87
ATP-d 3438 3319 1918 1.73

7693
ATP-r 4255 4207 2085 2.02
tRNA 5841 – 5664 0 –
TBE-d 26 102 25 518 32 320 0.79

52 698
TBE-r 26 596 24 976 32 887 0.76
Paromomycin-d 418 554 407 954 466 255 0.87

831 965
Paromomycin-r 413 411 404 188 462 539 0.87
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three helices surrounding a single-stranded, catalytic core
region. Extensive mutagenic analysis has defined the sequence
requirements for efficient self-cleavage: changes in the
unpaired core region are not tolerated, whereas few sequence
restrictions constrain the base paired regions (Fig. 3).

The descriptor used in the GenBank search for the hammer-
head motif did not include the base-pairing requirements
derived from helices I and III of the consensus hammerhead
RNA motif in order that only the catalytic portion of the motif
would be found (bold region in Fig. 3). This definition makes
it possible to find the substrate portion of the motif at a distant
site consistent with atrans-cleavage modein vivo, where the
cleavage site and the catalytic core could be in different molecules
(14). The hammerhead catalytic motif occurs 2788 times in all
the GenBank but 85% of these occurrences correspond to artificial
sequences, leaving 414 occurrences in the ‘natural’ GenBank
(Table 1), compared to 515 occurrences expected, a ratio of
0.80. The organismal distribution shown in Table 2 and
Figure 2 suggests concentrations of hammerhead motifs in
both invertebrate and viral sequences, whereas primates seem
to be inhospitable to the motif. The motif is also under-represented
in the ESTs. The data in Table 3 eloquently support and extend
the apparent preference of this motif for repetitive DNA of
eukaryotes (14).

The leadzyme motif.The leadzyme is a catalytic RNA having
the unusual property of being able to cleave a target RNA in

the presence of lead, whereas the classical catalytic RN
require magnesium, manganese or calcium divalent cati
(30,31). The original leadzyme was isolated fromin vitro
experiments where partially randomized RNA molecule
derived from a tRNA structure were selected for their ability
self-cleave in the presence of lead ion; there are thus no kno
naturally occurring leadzymes which cleavein vivo. [Note that
many RNA molecules do show site-specific cleavages in t
presence of divalent lead ionin vitro (32).] The consensus
structure for a catalytically active leadzyme has been determined
extensive chemical and enzymatic characterization (31) an
shown in Figure 3.

Table 1 shows that the frequency of the leadzyme motif
only slightly lower than that expected based on the constrai
used in the descriptors (1487/1806 for the direct orientati
and 1231/1804 for the reverse one). The motif shows a sli
overabundance among the mammals and bacteria (Tabl
Fig. 2), but its presence among the features may be m
significant, since an over-representation among mRN
sequences is evidence that the motif is being expressed in RNA
may therefore be involved in some cleavage activity (Table

In contrast to the search for the hammerhead motif abo
the entire leadzyme motif, its catalytic and substrate portio
were combined in the descriptor used in this case. If activ
leadzyme occurrences in coding sequences would likely
involved in self-cleavage (cis-cleavage) of the cited sequenc
in vivo, although transcription of the leadzyme could lead

Table 2.The organismal distribution of RNA motifs in GenBank

Percentage of occurrences in the different groups of organisms or sub-parts of the ‘natural’ GenBank for the motifs having a total
number of occurrences over 100 in Table 1. The GenBank distribution is the relative size of each GenBank group relative to the total
size of the ‘natural’ GenBank. Pri, primate sequences; Rod, rodent sequences; Mam, other mammalian sequences; Vrt, other
vertebrate sequences; Inv, invertebrate sequences; Pln, plant sequences (including fungi and algae); Bct, bacterial sequences;
Vrl, viral sequences; Phg, phage sequences; Rna, structural RNA sequences; Est, expressed sequence tag sequences; Misc.,
genome survey, high throughput genomic sequencing, sequence tagged site and unannotated sequences.

Pri Rod Mam Vrt Inv Pln Bct Vrl Phg Rna Est Misc.
S1 21 2 5 2 5 7 3 1 0 0 41 14
Neomycin 11 5 1 8 10 5 15 6 0 0 22 18
FMN-d 17 3 <1 2 7 10 4 1 0 0 31 24
FMN-r 9 9 1 9 8 7 7 3 0 0 28 17
DNAzyme_8-17 11 0 <1 2 4 11 24 6 0 0 33 9
RBE_AA-d 18 6 6 1 8 7 8 3 0 0 22 20
RBE_AA-r 16 2 1 <1 5 4 6 1 <1 0 47 17
RBE_GG-d 5 2 <1 1 1 1 4 63 0 0 17 5
RBE_GG-r 17 6 3 1 4 2 15 6 0 0 29 15
Hammerhead 3 1 0 2 20 9 9 26 <1 0 21 7
Leadzyme-d 17 5 2 2 3 3 10 2 <1 0 43 13
Leadzyme-r 14 5 2 1 6 4 11 3 <1 0 42 12
UV-loop-d 14 2 1 1 15 7 5 3 0 <1 28 24
UV-loop-r 14 2 1 1 17 11 5 2 <1 1 21 25
ATP-d 25 5 2 1 2 3 4 2 0 <1 37 20
ATP-r 26 4 1 1 3 2 4 2 <1 0 35 20
tRNA 2 1 <1 1 15 30 38 0 1 5 1 5
TBE-d 15 3 1 1 7 8 7 6 <1 <1 34 19
TBE-r 13 4 1 1 7 8 7 3 <1 <1 37 19
Paromomycin-d 15 3 1 1 8 8 6 2 <1 <1 35 20
Paromomycin-r 15 3 1 1 8 7 6 3 <1 <1 34 21
GenBank distribution 15 3 1 1 7 7 6 3 <1 <1 36 21
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trans-cleavage as well. The fact that the normal intracellular
concentration of lead ion would be below the 10–100�M
required for leadzyme activityin vitro does not augur well for
in vivo activity. These identified leadzyme motifs, however,
might play a role in lead poisoning.

The RNA-cleaving DNA enzyme motif.Santoro and Joyce (33)
isolated, by in vitro selection, DNA molecules capable of
recognizing RNAs by Watson–Crick base pairing and cleaving
them. One of them, DNAzyme_8-17, when paired to its target
has the consensus structure shown in Figure 3. We decided to
use this motif in our search although it is not an RNA motif
because single-stranded DNA shares many characteristics with
single-stranded RNA (34–36), even though the availability of
such a single-stranded DNA motif is unwarranted. Fifty-four
occurrences of the DNAzyme_8-17 can be found in the
‘natural’ GenBank, which represents only 49% of the expected
rate (Table 1). Compared to other ‘catalytic’ RNA motifs, this
shows the lowest frequency of occurrences.

Small molecule-binding RNA motifs

Aptamer motifs.Aptamers represent a class of RNA molecules
that have been isolated and characterizedin vitro by a technique
called SELEX (37). In the first step, a partially or fully
randomized pool of RNA molecules is challenged by a potential
ligand (37–39). Those RNA molecules bound to the ligand are
amplified by PCR after being reverse transcribed into DNA.
Cycles of binding and amplification follow until the selected
mixture is judged appropriate. Individual molecules are then

isolated, sequenced and consensus structures proposed. I
following database searches, we have constructed descrip
based on the consensus structures of the RNA molecu
reported in the original publications.

The neomycin-binding motif B.Neomycin and other amino-
glycosides bind to 16S rRNA in the A site causing misinco
poration of amino acids during protein synthesis (40). A
oligoribonucleotide, motif A, mimicking the decoding region
of 16S rRNA was partially randomized and used by Famul
and Hüttenhoffer (41) forin vitro selection. They identified a
new group of neomycin-binding RNAs whose consensus struct
was named motif B (Fig. 4). This motif was used to screen t
GenBank for neomycin-binding sites and a total of 391 occurren
were found among natural sequences, less than half of the
expected (Table 1). A particularly high representation of th
motif can be noted among the bacterial and vertebra
sequences (Table 2, Fig. 2); however, the expectation t
these surplus occurrences might be in rRNA genes finds lit
support in the present data (Table 3).

The paromomycin-binding motif.Paromomycin is another
aminoglycoside antibiotic binding to rRNA at the ribosome
site. Rechtet al. (42) developed a consensus structure of th
motif based on the analysis of the critical nucleotides essen
for paromomycin (Fig. 4). A total of 831 965 occurrences wa
found. This number should serve as a warning: the utility
finding a given RNA motif in the database is strictly depende
on the careful definition of the motif descriptor. The paromomyc

Table 3.Distribution of RNA motifs among GenBank features

Occurrences of the RNA motifs in different gene regions as annotated in the feature section of the GenBank report of
each entry (see Material and Methods). Plus strand, sequence submitted to GenBank; Minus strand, complementary sequence from the
sequence submission; Misc., not described. Note that on the minus strand the ‘other RNAs’ column includes rRNA and tRNA.
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enBank
motif in this case is insufficiently constrained, and the search
produces an unmanageable result list. Estimation of the
frequency (i.e. in a small database) could avoid a useless search.
The valine-binding motif.The valine-binding motif has been
exclusively defined by the SELEX technique, and thus there is
no evidence that this RNA motif plays any biological rolein
vivo (43). On the other hand, the motif is highly constrained as
shown in Figure 4. This motif proves to be very under-represented
in GenBank; we found only 24 ‘natural’ occurrences when
98 are expected from the random database (Table 1). These few
occurrences are concentrated in the mRNAs (Table 3). Perhaps
the clustering of sites in mRNA and the avoidance of this motif
signal a functional role for valine.

The theophylline-binding motif.RNA ligands have been
isolated by Jenisonet al.(44) following a SELEX for theophylline
binding and a counter-SELEX against binding to caffeine. The
consensus secondary structure is shown in Figure 4. We use
two descriptors that correspond to the two orientations of the
theophylline-binding motif found by selection. Putative theo-
phylline-binding motifs were found only 12 times in GenBank.
Most of these are in patent and synthetic sequences, leaving
only three occurrences of the reverse motif (Table 1). Since the
motif contained a lot of constraints, this result is close to what
was expected. Because of the low level of incidence, it is not
significant to look at the distribution.

The FMN- and the FAD-binding motifs.Burgstaller and
Famulok (45) performed a SELEX to isolate RNA ligands to
flavin adenine mononucleotide (FMN) and flavin adenine

dinucleotide (FAD). The consensus motifs are presented
Figure 4. The occurrence of FMN-binding motifs of the dire
orientation was comparable to the random distribution (203/17
whereas that of the reverse orientation was slightly high
(255/193) (Table 1). It was found at a frequency nine tim
higher than expected in vertebrate sequences (Table 2, Fig
and the FAD-binding motif was found more frequently tha
expected (10/0) (Table 1).

The ATP-binding motif.ATP-binding RNAs have been
isolated byin vitro selection (46). The RNA aptamer consensu
obtained recognizes the adenine part of ATP (Fig. 4). The sa
consensus structure was obtained independently in ano
experiment that selected RNAs for binding to NAD (45). Wit
two descriptors of the ATP-binding motif, one for each orientatio
of the motif, we found a total of 7526 ‘natural’ occurrence
(Table 1). This is nearly twice that expected in a random situati
Table 2 clearly highlights a high distribution of occurrences
mammalian sequences (primates, rodents and other mammals
also Fig. 2). A low frequency is observable in invertebrat
plant and bacterial sequences. The ATP-binding motif see
to have no location limitation through the genomes (Table 3

The tRNA motif.We used a general motif for tRNA (Fig. 5) as
a positive control for the search. Our scan found 5664 occurren
which is far in excess over the expected number (none w
obtained in the random sequence database we used). Tab
and Figure 2 show a significantly increased presence of
motif in structural RNA sequences (RNA), invertebrate, pla
and bacterial sequences which could come from a bias

Figure 2. The organismal distribution of RNA motifs in GenBank. Graphic representation of the percentages of occurrences of the RNA motifs and the G
distribution as shown in Table 2.
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known tRNA sequences for these organisms in GenBa
ESTs contain an extremely low frequency of tRNA motifs, a
expected. Table 3 ascertains that most tRNAs are in the tR
feature.

Phylogenetic analysis

We also looked for a possible phylogenetic distribution
these motifs. We were thus searching for multiple occurrenc
of a particular motif within homologous genes of differen
species. We found many such examples, but in most cases
distribution of the motifs between closely related species did n
match their relationships as inferred from molecular phylogen
In fact, the evolutionary pattern followed that of the encode
proteins. Two exceptions, however, are the occurrence of
ATP-binding motif in an intron of the adenine phosphoribos
transferase (APRT) gene of several species of rodents (
below) and the presence of hammerhead motifs in satel
DNAs of several eukaryotes (14,47; Rojaset al., manuscript in
preparation).

DISCUSSION

We have reported the results obtained in the building of
RNA motif database. RNA structures have been define
converted to computer-usable descriptors and used to se
the GenBank database. The principal issues rising from th
data are the origin of the motifs, the significance of the wid
distribution of the RNA motifs in the database and the usefulne
of this information.

Origin of the motifs

Among the origins for the RNA motifs that can be envisage
are random evolutionary drift of sequences, descent fro
an ancestral organism (phylogenetic origin) and horizon
transfer between organisms. In the first case, one would exp
frequencies of occurrences to reflect the probability of
random formation of motifs and a uniform distribution o
motifs throughout natural sequences. Frequencies of motifs
a given organism would be proportional to genome size and
restrictiveness of constraints used in their definition. Moti
would be found indiscriminately among different organism
sources and in transcribed or non-transcribed regions. T
distribution of the motifs studied here corresponds very w
with these criteria. Moreover, our results confirm the conclusi
of Schusteret al. (48) that sequences able to fold in the sam
secondary structure can be found randomly in a space of artifi
sequences. They are also consistent with reports showing th
subset of evolved RNAs have a similar distribution of sha
elements, as do natural RNAs (49,50). Based on these observat
we favor the random drift origin of the vast majority of RNA
motifs in the present version of GenBank. Even if the frequenc
of some motifs (RBEs, DNAzyme_8-17, valine-binding moti
UV-loop and the ATP motif) vary significantly from the
expected (Table 1), this could reflect an origin by random dri
with strong negative or positive selectivity.

Evolutionary dynamics of the motifs

An auxiliary issue to origin is evolutionary flux: can a motif be
‘fixed’ in a population or is it transitory? Evaluation of this
property requires detailed phylogenetic analysis, which is n
possible in the current organismally sparse database. T

Figure 3. Chemically and catalytically active motifs. (Top) The secondary
structure of the UV-loop motif is presented. The nucleotides in bold are involved in
cross-linking upon UV irradiation. (Second from top) The hammerhead motif is
shown in bold with its target RNA. This motif is composed of three helical
regions Helix I, II, and III surrounding a catalytic, non-helical region. In
searches with this motif, only the lower bold part of the structure has been
encoded in the descriptor to allow distant potential substrates to be found.
(Third from top) The leadzyme motif, note that in contrast to the hammerhead
motif, both catalytic and substrate portions of this motif were encoded into the
descriptor for the searches. (Bottom) The DNAzyme_8-17 motif is presented
in bold with its target RNA. As with the hammerhead, only the portion in bold
was used in searches. As explained in Figure 1, two orientations were given to
the motifs when possible (direct and reverse). The arrows indicate the position
of the catalytic cleavage site. The letter code is defined in the legend of Figure 1.
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limited analysis we performed confirms quite a wide distribution
with few exceptions of conservation such as the ATP motif
(see ‘ATP in APRT’ below) and the hammerheads in satellite
DNA. Indeed, in the study of the schistosome catalytic RNA
domain, the distribution of the hammerhead motif was determined
in related species (14). These data clearly indicate that the
hammerhead motif is evolutionarily stable among closely
related species of schistosomes. The distribution in conjunction
with the biochemical data generated for the motif also shows
that the schistosome hammerhead RNA is catalytically active
in vivo. Thus, even when a motif is generated by a random drift
of sequences, this ‘evolutionary accident’ can be put to profit
by the host.

The RNA motifs presented here can be useful or detrimental
to the organism and their relatively high (but expected)
frequency hints that most of them have little or no effect.
Furthermore, it must be kept in mind that distal recognition
elements well knownin vivo have been ignored in our search
descriptors. The RBEs, the DNAzyme_8-17 and, in particular,
the valine-binding motifs are clearly exceptions. The simplest,
obvious explanation for these distributions is that the motifs
are somehow detrimental to the host organism.

The activity and utility of motifs

The presence of RNA motifs in the database raises import
and cogent issues dealing with not only the activity of an RN
motif in a novel context, but also the ability of the organism o
an outside entity to take advantage of the motif in that conte
It is unlikely that all of the occurrences identified in this wor
are active since many unfavorable aspects are to be taken
account such as transcription, compartmentalization, alterna
folding, co-localization with the interacting protein or molecu
and with co-ions, etc. However, because of its intrinsic properti
RNA can accumulate mutations without changing i
secondary structure, providing access to new shapes and m
(48,51). Since RNA structures are dynamic, the presence o
new, putative motif can confer a potential, novel activity to th
RNA. Environmental changes can induce alternative foldi
within the RNA and encourage the formation of the motif
Thus knowledge of the presence of a motif by itself is usef
information because some of these may be bona fide mot
For example, our recent study of the hammerhead motif fou
in schistosome repetitive DNA shows that it is expressed a
active in schistosomes and may be involved in the regulation
the synaptobrevin-like protein gene via atrans-cleavage of the

Figure 4. Small molecule-binding RNA motifs. The structure of the neomycin-binding motif B (top left), the paromomycin motif (second left), the FMN- (fl
adenine mononucleotide) binding motif (third left), the flavine adenine (FAD) motif (bottom left), the valine-binding motif (top right), the theophylline-binding
motif (middle right) and the ATP-binding motif (bottom right) are presented. In the ATP-binding motif, the asterisks indicate that one mismatch is permitted in the
stem. The letter code is defined in the legend of Figure 1 and two orientations were given to the motifs when possible (direct and reverse).
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mRNA (14). Other occurrences of the RNA motifs are equally
intriguing even if not yet proven. The presence of a neomycin
motif B in Giardia could explain its high sensitivity to this
antibiotic compared with other eukaryotes (52). In the case of
the TBE motif, we have suggested that the presence of putative
TBE structures in Kaposi sarcoma associated herpes virus (or
HHV8) and hepatitis C virus might be related to the fact that
these viral infections are exacerbated by the HIV virus (13).
Putative TBEs were also found in viruses like shope fibroma that
stimulate HIV replication (53). Here are two particularly inter-
esting occurrences.

TBE motif in vaccinia virus. Parket al. (54) have reported that
HeLa cells express a ‘TAR-binding protein’ that is a potent
inhibitor of the interferon-induced, ribosome-associated
protein kinase, PKR, which mediates the antiviral and antipro-
liferative effects of interferon (55). Vaccinia virus also
possesses a similar protein, called E3L whose absence in the
replication defective mutant virus can be complemented by the
human TAR-binding protein. Parket al. (54) have suggested
that E3L could provide a means by which the virus could
escape the interferon induced antiviral pathway. Finding a
TBE motif in the coding region of a subunit of the vaccinia
virus RNA polymerase (accession no. VACRNAPSA; position
6000–6034) provides a mechanism: the cellular TAR-binding
protein or the viral-encoded counterpart could inhibit PKR by
binding to the TBE.

ATP-binding motif in APRT genes. Occurrences of the ATP-
binding motif have been found in the second intron of the
APRT gene in four closely related rodents:Mus pahari(accession
no. MPU28721; position 1128–1163),Stochomys longicaudatus
(accession no. SLU28723; position 1060–1113),Rattus norvegicus
(accession no. RATAPRT; position 1104–1138) andGerbillus
campestris(accession no. GCU28961; position 1193–1227).
On phylogenetic trees either based on rodent APRT genes or

on other morphological and biochemical analysis (56), t
ones with an ATP-binding motif in the intron II cluster in the
center of the tree and are phylogenetically linked. In tw
related rodents, the motif seems to have been lost by a dele
in the intron II ofMus musculusandMus spicilegus(accession
nos M11310 and U28720, respectively). Since the APRT ge
is involved in the salvage pathway of adenine synthesis
mammals, the presence of the motif might play a regulatory ro

Taking advantage of fortuitous targets

RNA motifs do not have to be used by or be useful to the ho
cell to provide an important entry point to metabolic manipulatio
of a cell. As the number of defined small molecule- an
protein-binding motifs grows, RNA-based intervention cou
become the method of choice in inhibiting, stimulating o
modulating biological processes. Equally exciting is th
possible use of the RNA motif database in the identification
secondary targets, when evaluating drugs for which RN
aptamers have been selected. Since it has been proved tha
presence of an RNA aptamer in the mRNA of a given ge
inhibit its expression upon binding to the ligand (57), it is qui
probable that the fortuitous occurrence of a motif in RN
influences its expression.

Conclusion

As the number of unknown sequences accumulates
GenBank databases, recourse to motif search programs wil
increasingly useful forin silico functional analysis (58). A
research strategy based on database searches and experim
approaches was developed. This strategy when coupled to
ability to define new motifs usingin vitro selection could lead
to a virtually limitless source of new concepts in the unde
standing and use of RNA structures. Using such a strategy,
have already been successful in identifying functional cataly
motifs (14). Likewise, a similar strategy was used by Lowe a
Eddy (5) to identify new snoRNA genes in yeast. The occu
rences and location files of our searches are available on
web at the URL: http://www.centrcn.umontreal.ca/~bourdea
Ribonomics
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