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ABSTRACT

Given the wealth of new RNA structures and the
growing list of RNA functions in biology, it is of
great interest to understand the repertoire of RNA
folding motifs. The ability to identify new and known
motifs within novel RNA structures, to compare
tertiary structures with one another and to quantify
the characteristics of a given RNA motif are major
goals in the ®eld of RNA research; however, there
are few systematic ways to address these issues.
Using a novel approach for visualizing and mathe-
matically describing macromolecular structures, we
have developed a means to quantitatively describe
RNA molecules in order to rapidly analyze, compare
and explore their features. This approach builds on
the alternative h,q convention for describing RNA
torsion angles and is executed using a new program
called PRIMOS. Applying this methodology, we
have successfully identi®ed major regions of con-
formational change in the 50S and 30S ribosomal
subunits, we have developed a means to search the
database of RNA structures for the prevalence of
known motifs and we have classi®ed and identi®ed
new motifs. These applications illustrate the power-
ful capabilities of our new RNA structural con-
vention, and they suggest future adaptations with
important implications for bioinformatics and
structural genomics.

INTRODUCTION

A major new source of information on RNA structure has been
provided by the high resolution crystal structures of ribosomal
subunits and their complexes with cofactors (1). Together with
new structures of ribozymes and a diversity of RNA±protein
complexes, the ribosomal structures have expanded the RNA
structural database by an order of magnitude (2). Despite the
richness of this new database, its analysis has been hampered

by the absence of tools for structural search, comparison and
examination.

To create a more tractable format for describing nucleic
acid structure, the conformational space of individual nucle-
otides has been simpli®ed by assigning two virtual bonds that
extend from P to C4¢ and from C4¢ to P of the adjacent
nucleotide (3). Rotating around these virtual bonds are two
corresponding pseudotorsions, h (C4¢i-1±Pi±C4¢i±Pi+1) and q
(Pi±C4¢i±Pi+1±C4¢i+1), which describe conformational features
of a given nucleotide, i (Fig. 1). The values of these
pseudotorsions can be plotted in a manner analogous to a
Ramachandran plot (4,5), and qualitative correlations between
the h±q values and discrete nucleotide conformations have
been demonstrated (5). In more recent quantitative work,
statistical analysis has established that speci®c nucleotide
conformations are represented by individual regions of an
updated h±q plot that incorporates all entries from a current
database of high-resolution RNA structures (L.M.Wadley,
C.M.Duarte and A.M.Pyle, manuscript in preparation).

To evaluate the conformation of entire RNA structures, we
have combined our shorthand notation for describing indi-
vidual nucleotide conformation (h and q) with information
about position along the RNA biopolymer. The basic linearity
of an RNA polymer provides a key to organizing conform-
ational information regardless of molecular size or com-
plexity. Linear ordering of h±q values results in a
computationally searchable, sequential description of three-
dimensional data, which we call an `RNA worm'. By applying
a novel conformational analysis program (called PRIMOS),
RNA worms can be used to compare two or more different
structures on a nucleotide-by-nucleotide basis and to pinpoint
structural similarities and differences. For example, PRIMOS
can detect nucleotide-level structural differences between
different complexes of the same molecule. This is demon-
strated by analyzing the structures of 50S and 30S ribosomal
complexes bound to a variety of ligands. Additionally,
PRIMOS can perform structural motif searches. For example,
a search of ribosomal subunits for `S-motifs' not only located
the positions of all such motifs but also identi®ed two distinct
subtypes of S-motifs that can be distinguished by overall
conformation and variance in their h±q values.
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MATERIALS AND METHODS

PRIMOS software

PRIMOS (Probing RNA structures to Identify Motifs and
Overall Structural changes) is a software package written in
Perl. The program creates RNA worm ®les from a directory of
PDB ®les. The program can then perform structural compari-
sons and motif searches. All calculations were performed on a
933 MHz PC. Creating an RNA worm database for the current
RNA structural database (453 PDB ®les, ~73 000 nucleotides)
takes approximately 3 min. A four-nucleotide motif search of
the database takes under 1 min. PRIMOS is available online at
http://pylelab.org

Database

The database used in the study was compiled from the PDB
(2), NDB (6) and RNABASE (7) websites. Two-dimensional
graphs were created with Statistica 6.0 (StatSoft) and three-
dimensional RNA worm plots were created with POV-Ray 3.0
(POV-Team). Structural visualizations were performed
with Swiss-PdbViewer (GlaxoSmithKline) and WebLab
(Accelrys).

Analysing and evaluating D(h,q)

Since the pseudotorsions h and q comprise a two-dimensional
description of overall nucleotide morphology, the operator,
D(h,q) (equation 1), calculates the difference between the
descriptions of two nucleotide morphologies. The difference
between nucleotide morphologies increases as a function of
D(h,q). We have been able to establish quantitatively that
nucleotides with D(h,q) < 25° will generally be similar to each
other, while those with D(h,q) > 25° will not be (L.M.Wadley,
C.M.Duarte and A.M.Pyle, unpublished results). For motif
searches of the database, a search result was identi®ed as a
match if D��; �� < 25°, and the D(h,q) for any single nucleotide
position within the match was less than 40°.

The actual calculation of D(h,q) is modi®ed if:

X = |hi
A ± hi

B| > 180° or X = |qi
A ± qi

B| > 180°

In either or both of these cases, the quantity (360° ± X) is
substituted into equation 1. This is done to account for the fact
that the actual edges of the h±q plot are contiguous (i.e. 1° and
360° are only 1° away from each other).

RESULTS

As a ®rst step in analyzing an RNA structure, the AMIGOS
programs calculate the h and q values for each constituent
nucleotide and map these coordinates onto a two-dimensional
plot (5) (L.M.Wadley, C.M.Duarte and A.M.Pyle, unpub-
lished results). By connecting the points on this plot in order of
nucleotide sequence, one can de®ne a unique `path' that is
characteristic of the structure. Such a path-annotated plot is a
useful visual aid for describing the conformation of a small
motif, such as a UUCG tetraloop (Fig. 2a). The same
representation, however, quickly becomes unintelligible as
the number of nucleotides in the structure increases. This is
illustrated by the path-annotated plot of a larger motif, such as
group II intron domain 5 (D5, 34 nts; Fig. 2b).

PRIMOS overcomes this problem by incorporating
sequence position as a third spatial dimension. This three-
dimensional representation of an RNA structure is essentially
a series of stacked, two-dimensional h±q plots, each of which
contains a single point that describes an individual nucleotide.
By connecting these points along the sequence axis, one
obtains an `RNA worm', which is a virtual roadmap for an
RNA structure. At a glance, the RNA worm allows one to
locate and catalog speci®c RNA conformational features. For
example, since nucleotides from helical structures cluster at
the center of an h±q plot (h ~ 170°; q ~ 200°; the `helical
region') (5), their corresponding RNA worms are distinctively
straight. Likewise, more unusual types of RNA conformation
have correspondingly complex worm representations (see
Fig. 3).

The RNA worm for group II intron domain 5 (D5)
illustrates this point. D5 contains two helices connected by
an asymmetric bulge and capped by a GAAA tetraloop. These
features are all distinguishable in the D5 RNA worm (Fig. 3).
The portions of the RNA worm that correspond to helices
(Fig. 3, blue) travel a fairly straight path through the helical
region, whereas non-helical features are readily identi®able by
their large deviations from this path (Fig. 3, red). For example,
the second base of the GAAA tetraloop worm has an h value
close to 0°, which causes a sharp turn in the RNA worm at this
position. Similarly, large changes in topology occur in

Figure 2. Path-annotated h±q plots. (a) The path through sequence space of
the h±q values for a typical UUCG tetraloop (PDB code: 1F7Y) (38);
(b) the same type of path for D5 (PDB code: 1KXK) (39).

Figure 1. RNA pseudotorsions. RNA trinucleotide (blue) in Type-A con-
formation with virtual bonds (red) connecting atoms P to C4¢ and C4¢ to P.
Each of these virtual bonds is the central bond of the corresponding pseudo-
torsions, h (C4¢n-1±Pn±C4¢n±Pn+1) and q (Pn±C4¢n±Pn+1±C4¢n+1).
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portions of the worm that represent the bulge region, where
both A43 and C44 nucleobases are ¯ipped out of the structure.

Using RNA worms for structural comparisons

While the RNA worm is a useful method for describing RNA
structure, it is also the foundation of a powerful tool for
RNA structure-based comparisons and searches. Since an
RNA worm quantitatively describes a speci®c RNA structure,
one can compare subtle structural differences between
molecules by directly comparing their worm representations.
Computationally, this is done by taking two RNA worms of
the same length and calculating the difference in h±q values,
D(h,q), for each nucleotide with the following formula:

D��; ��i �
����������������������������������������������������
��i

A ÿ �i
B�2 � ��i

A ÿ �i
B�2

q
1

where i is nucleotide sequence position, and A and B are the
two structures being compared (see Materials and Methods).
One use of this approach, called D(h,q) analysis, is to compare
two different complexes of the same molecule. Even
ribosomal complexes, the largest unique structures in the
Protein Data Bank, can be compared nucleotide-by-nucleotide
in a matter of seconds using PRIMOS.

PRIMOS comparisons of ribosomal complexes

High-resolution crystal structures of the 30S ribosomal
subunit from Thermus thermophilus (T30S) and of the 50S
subunit from Haloarcula marismortui (H50S) have been
solved in several different complexes (1). These include
unliganded forms of each subunit and complexes that are
bound by a variety of translation cofactors and/or antibiotics.
Crystal structures of these ribosomal forms have provided
structural snapshots of events that occur during translation.
Identifying and characterizing the conformational differences
between various forms of the same ribosomal subunit is
critical for understanding the structural permutations that lead
to substrate and cofactor recognition, catalysis and reaction
inhibition.

PRIMOS was used to compare several different sets of
ribosomal complexes. For example, the unbound 16S portion
of the T30S structure (PDB code: 1FJF) (8) was compared to
the 16S portion of the T30S complex that is bound to both a
tRNA anticodon stem±loop (ASL) and the antibiotic paromo-
mycin (PDB code: 1IBL) (9). Comparison of these two
structures revealed a movement of the head relative to the
body domain and architectural rearrangements at speci®c
nucleotides (9). PRIMOS shows that, while the vast majority
of nucleotides retain the nearly same conformation in both
complexes [average D(h,q) = 4.85°], there are over 20 sites of
signi®cant conformational differences [D(h,q) > 25°; see
Materials and Methods] that are distributed throughout the
30S subunit (Fig. 4a). These structural changes occur both
proximal to and far from the actual ligand binding sites. They
include conformational rearrangements at both the ligand-
bound A-site (centered at A1492) (9) and P-site (centered at
C1397) nucleotides, as well as a rearrangement in the platform
domain (centered at C748) that is approximately 70 AÊ away
from the closest bound ligand. PRIMOS comparisons of
unbound T30S with two other antibiotic complexes of T30S
(10) demonstrate a similar distribution of conformational
variation (data not shown).

PRIMOS also reveals interesting conformational differ-
ences between complexes of the 50S subunit. For example, the
structure of the 23S portion of unbound H50S (PDB code:
1JJ2) (11) was compared to a pre-translocation intermediate of
H50S in which a tRNA CCA fragment is bound at the P-site
and a CC-puromycin-nascent peptide is bound at the A-site
(PDB code: 1KQS) (12). A PRIMOS comparison revealed that
the two H50S structures are remarkably identical on a
nucleotide-by-nucleotide basis [average D(h,q) = 2.60°],
although there are two speci®c locations that show signi®cant
conformational differences (Fig. 4b): one occurs at the ligand
bound A-site [centered at U2620 and reported in analysis of
the crystal structure (12); Escherichia coli homolog U2585]
and the other at the ligand bound P-site (centered at A2637;
E.coli A2602). Unlike the 30S subunit, the few conformational
changes that were observed occur only at ligand binding sites.

This localized ¯exibility is underscored by an analysis of
four different H50S complexes in the region around A2637. In
addition to the two complexes mentioned above, two other
forms of the 50S subunit have been solved. One contains
ligand bound only at the A-site, while the other is bound only
at the P-site (13). When these four H50S structures are
overlaid, the nucleotides both 5¢ and 3¢ of A2637 are
essentially superimposable. In contrast, A2637 adopts a
distinctly different conformation and orientation in each of
the structures (Fig. 5). The apparently dynamic behavior of
A2637, which was also noted in the crystallographic analysis
(13), may explain its previously cited role in peptide bond
formation, translocation (14±18) or termination (A. Mankin,
personal communication).

PRIMOS was also used to calculate the differences between
two Deinococcus radiodurans (D50S) complexes that are
bound to antibiotics (19). One complex contains clarithro-
mycin (PDB code: 1K00), which is a macrolide that blocks the
tunnel for channeling the nascent peptide away from the
peptidyl transferase center. The other complex contains
chloramphenicol (PDB code: 1K01), which blocks tRNA
from the A-site. PRIMOS comparison indicates that the

Figure 3. RNA worm of D5. The worm is plotted with projections onto the
h-sequence plane and the q-sequence plane. Also shown is the actual D5
structure. Helices (blue) are distinguishable from the non-helical features
(red), bulge and GAAA tetraloop.
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structures are extremely similar [average D(h,q) = 0.92°],
despite the fact that the two antibiotics bind to distinct sites
that are well-separated. Structural differences between the two
complexes are highly localized and speci®c to the reported
antibiotic binding sites [centered at A2041, U2588 for
clarithromycin and U2483 for chloramphenicol (19);
Fig. 4c]. Similar results were seen for three other D50S
complexes that contain bound antibiotics (data not shown). It
is important to note that difference electron density maps or
nucleotide-by-nucleotide RMSD comparisons can also
identify structural differences on the nucleotide level, and
this has been important in analysis of the ribosomal structures.
An advantage of PRIMOS analysis is the ability not only to

identify such differences, but to provide information on their
constituent motifs and conformational organization.

In summary, PRIMOS analysis has been applied in the
analysis of extremely large ribonucleoprotein complexes,
where it has succeeded in identifying important sites of
conformational change in both the 30S and 50S ribosomal
subunits. The results con®rm that 30S subunits undergo a far
greater degree of global conformational change than do 50S
subunits upon binding of antibiotics and translation cofactors
(20). Furthermore, PRIMOS comparisons highlight speci®c
structural changes that occur upon ligand binding. Since the
bound complexes re¯ect ribosomal states at different stages of
translation, this type of study can be used to identify the
speci®c conformations that are involved in function of the
ribosomal machinery.

An even larger number of ribosomal complexes, from an
even greater variety of species, have been structurally
analyzed by cryoelectron microscopy. These structures show
a much larger range of conformational heterogeneity than
observed in the high-resolution atomic structures reported to
date (21). When these structures are eventually resolved to
high resolution, PRIMOS will provide a valuable tool for
identifying and characterizing the conformational differences
that distinguish them.

Motif search and discovery

Although high resolution structures of the large and small
ribosomal subunits have increased the size of the RNA
database by ~8-fold (11), only three new RNA structural
motifs have been identi®ed within these complexes: the hook
turn (22), the A-minor motif (23) and the K-turn (11). The
K-turn ®ts the criteria for a structurally homogeneous motif
(24). The K-turn was thus selected to test an automated
approach for identifying and locating RNA structural motifs in
the RNA database using PRIMOS.

The motif search is a two-stage process. In the ®rst step,
PRIMOS creates an RNA worm database from a collection of
RNA structures. This step is not repeated for subsequent
searches unless additional structures are added to the database.
For the present study, the entire current database of RNA-
containing structures was translated into RNA worm repre-
sentations. In the second step, the user selects a single RNA

Figure 5. Conformational ¯exibility at A2637. Overlays of the G2634±
U2640 portions of the H50S subunits from four different complexes.
Positions C2636 and A2637 of unbound H50S (red), pre-translocation H50S
(green), A-site ligand H50S (blue) and P-site ligand H50S (pink) are
colored for reference. Despite the conformational heterogeneity at A2637,
the 5¢ and 3¢ ends (gray) of the each of the structures are essentially super-
imposable.

Figure 4. Ribosomal comparisons identify structural differences. (a) The
D(h,q) per nucleotide between T30S bound by an mRNA fragment (PDB
code: 1FJF) and the same subunit also bound by paromomycin and a tRNA
ASL (PDB code: 1KQS). The line at 25° indicates a threshold above which
nucleotides are considered to have different conformations in each complex.
Some regions undergoing conformational changes between the complexes
are indicated: the A-site (A1492), the P-site (C1397) and a site in the plat-
form domain (C748). (b) The comparison of unbound H50S (PDB code:
1JJ2) and H50S in a pre-translocational intermediate state (PDB code:
1KQS). Indicated regions are at the A-site (U2620) and P-site (A2637).
(c) The comparison of D50S bound by clarithromycin (PDB code: 1K00)
and bound by chloramphenicol (PDB code: 1K01). Indicated regions
interact with clarithromycin (A2041, U2588) or chloramphenicol (U2483).
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worm fragment (the `bait') that represents a motif of interest.
PRIMOS then uses the bait worm as a probe and compares it
with every possible worm segment of the same size in the
database (e.g. a four-nucleotide motif would be compared to
nucleotides 1±4, followed by 2±5, 3±6, etc. from each
structure) and calculates a score, D��; ��,

D��; �� �
Pn
i� 1

D��; ��i
n

; 2

where n is the total number of nucleotides in the probe. A
search of the database at its current size, using a four-
nucleotide motif probe, entails over 60 000 comparisons.
Since this involves a relatively simple computation, the search
takes less than 1 min. To identify and score matches, the
results are then sorted by D��; ��. As a test of the approach, the
RNA worm for a K-turn located at nucleotides U1314±A1317
in the H50S structure was used as a probe of the database.
Using this approach, PRIMOS correctly identi®ed all nine
sites of the K-turn motif in the database (data not shown), in
complete correspondence with previous analyses of K-turn
prevalence (11).

Identifying and characterizing two different types of
S-motifs

PRIMOS was also used to identify the location of all S-motifs
in the 50S H.marismortui and 30S T.thermophilus rRNA
structures. The S-motif (also called the loop E or bulged-G
motif) is a semi-conserved, asymmetric internal loop that is
composed of seven bases on two strands (25). The highest
resolution structure of an S-motif (1.5 AÊ ) was obtained for the
sarcin±ricin loop of ribosomal RNA (PDB code: 480D) (26)
(Fig. 6a and b). In this example, G2655 of the longer strand is
bulged out and forms a base triple with the downstream base
pair, U2656±A2665. The three bases are coplanar and
approximately parallel to each other. Two strand reversals,

at A2654 and G2655, form an S-turn on the long strand, while
there is only a slight kink in the backbone of the opposite
strand.

A four-nucleotide worm that describes positions U2653±
U2656 of the sarcin±ricin loop was used as a probe for
S-motifs in the H50S and T30S ribosomal subunits (Table 1;
Fig. 6a). This search identi®ed nine S-motifs in H50S and
T30S (henceforth called S1-motifs). Notably missing from the
results was an S-motif, from helix 31A of 50S, that had been
predicted based on phylogenetic and chemical probing data
(25). The molecular conformation at this location in H50S
shared many of the structural features of the S-motif from the
sarcin±ricin loop, including an S-turn along one strand
(Fig. 6c). However, the base of the bulged nucleotide (A894
of H50S) does not form a characteristic triple with its
neighboring base pair. Instead, A894 is involved in a long-
range tertiary interaction and is situated perpendicular to the
base of A895, its 3¢ neighbor. Based on these characteristics,
this example represents a distinct subtype of S-motif, which
we call the S2-motif.

A four-nucleotide worm that describes positions G892±
A895 of H50S was then used to search for other S2-motifs
(Table 2). This search identi®ed three additional occurrences
of S2-motifs in the H50S subunit, all of which share the
conformational characteristics described above and none of
which had been identi®ed previously. Remarkably, in the
process of searching for S2 examples, PRIMOS did not
generate any false-positive or negative results. Like the S2-
motif, PRIMOS has successfully characterized other new

Figure 6. Two types of S-motifs. (a) Characteristic RNA worms for analo-
gous portions of S1 (black) and S2 (red) motifs shown as in Figure 3.
(b) S1-motif structure with backbone ribbon (PDB code: 480D).
Nucleotides for the S1 worm (U2653±U2656) are in black. (c) S2-motif
structure (PDB code: 1JJ2). Nucleotides for the S2 worm (G892±A895) are
in red.

Table 1. S1 motif search in the 50Sa and 30Sb subunits matchesc

Structure Start nucleotided Sequence D��; ��

480De 2653 UAGU 0.00°
50S 356 CAGU 6.49°
50S 586 CAGU 8.60°
30S 888 GAGU 11.92°
50S 173 CAGU 11.93°
50S 2690 UAGU 14.51°
50Sf 76 GAGU 14.71°
50S 211 UAGU 15.01°
30S 483 CGGU 18.61°
50S 1368 UAGU 22.19°

aPDB code: 1JJ2.
bPDB code: 1FJF.
cFor match criterion, see Materials and Methods.
dNumbering is taken from PDB ®les.
eRNA worm used for search is from sarcin±ricin loop structure; PDB code:
480D.
fThis example is in the 5S portion of 50S; all others are from the 23S
portion.

Table 2. S2 motif search in the 50Sa subunit matchesb

Start nucleotidec Sequence D��; ��

892d GCAA 0.00°
1983 CUUG 10.17°
1775 AAGA 13.61°
1163 GUGA 20.12°

aPDB code: 1JJ2.
bFor match criterion, see Materials and Methods.
cBased on numbering from the PDB ®le.
dRNA worm used for search is G892±A895 from 1JJ2.
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substructures, such as the `hook-turn', which is found in 50S
rRNA (22). The identi®cation of the S2 motif and charac-
terization of the `hook turn' establish that PRIMOS is not
only a tool for searching and comparing structures, but a
valuable new approach for discovering and classifying RNA
architectural motifs.

DISCUSSION

By translating a three-dimensional RNA structure into an
RNA worm, one obtains a simple, analytically tractable
description of an RNA molecule. PRIMOS and the RNA
worm convention are particularly useful for comparing
different conformational states of closely related molecules.
The ability to identify nucleotides that undergo conform-
ational changes between functional states can facilitate many
different types of investigations and applications, including
drug design.

Using more conventional approaches, macromolecular
structures are quantitatively compared by performing three-
dimensional structural superimpositions and calculating
RMSD values for distances between corresponding atoms.
This process tends to average differences between substruc-
tures over an entire larger macromolecule, often making it
dif®cult to stipulate exactly where, and to what extent, regions
of a structure differ. Furthermore, unless entire molecules are
superimposed on one another, the conventional approach
requires human input for deciding which subsections of the
molecule should be superimposed. Given these issues with
conventional methodologies, the worms convention, as
executed through PRIMOS, represents an important comple-
mentary approach for conducting structural comparisons
between macromolecules.

PRIMOS is also useful for searching the RNA structural
database for known motifs, quantitatively de®ning their
characteristics and for discovering new conformational states.
By using PRIMOS to search for motifs, one can create a
census of RNA motifs in a given structural database. This
allows one to determine: (i) the overall prevalence and
location of motifs, (ii) modes of tertiary interaction involving
these motifs and their constituent structures, (iii) the sequence
conservation for each example, and (iv) the degree of
conformational variation at each position in a motif. This
radically facilitates analysis of new and existing structures, the
modeling of structures that have yet to be solved and the
potential design of RNA sequences that adopt desired
conformations (27,28).

Given that PRIMOS uses pseudotorsional parameters, it is
reasonable to ask whether the standard RNA backbone torsion
angles can be arranged sequentially to derive a meaningful
description of RNA conformation. The fundamental de®-
ciency in the latter approach is that different combinations of
standard backbone torsion angles often describe essentially
the same nucleotide conformation. This results from compen-
satory changes among differing backbone torsions that result
in minimal effects on overall polynucleotide morphology (5).
Additionally, it has been shown that there is a higher
correlation between h±q parameters and RMSD comparisons
of nucleotide structures than between the standard torsions and
RMSD comparisons (29). That PRIMOS can discriminate
motifs such as S2 suggests that the worms convention can

detect conformational differences with high sensitivity, which
is an important ®nding given that it is based on a reduced
representation for backbone torsional con®guration.

It is interesting to compare the approach described here with
related efforts to analyze protein structure. The earliest such
work elaborated on the conventions that were originally
introduced by Ramachandran et al. (30), in which structural
motifs such as a-helices and b-sheets were described by
characteristic combinations of f and y backbone torsion
angles. In subsequent efforts, the protein backbone torsion
angles were used to sort loop motifs into speci®c structural
classes (31±33). Known protein structural motifs, such as
helices, sheets and loops, can now be identi®ed in protein
structures through application of the PROMOTIF suite of
programs (34). Most directly comparable to PRIMOS (but
using criteria other than torsion angles), the SS3D-P2 program
can determine elements in a protein structure that match
characteristics of a structural search probe (35). Despite these
parallels, there is no available program for protein structural
analysis that is the designed exactly like PRIMOS.

It is valuable to consider how PRIMOS might be extended
and adapted. A modi®ed PRIMOS might address the fact that,
while sequence information is included in the output of a
PRIMOS structural search, it is not currently a useable search
key. By incorporating sequence and/or other parameters into
the program structure, one could create an even more uni®ed
approach to structure analysis and prediction, resulting in
powerful tools for bridging the gaps between sequence,
structure and functional mechanism. Furthermore, there may
be instances where the input of additional structural inform-
ation (such as the disposition of the base relative to the
backbone) is required for the complete de®nition of certain
motifs. For example, one could include some of the more
common metrics for describing RNA structure. These descrip-
tors tend to focus on the relationship between bases, and they
include the standard base pairing parameters, such as
propeller, slide and shift (36), as well as the classi®cation of
base pairs into discrete quantitative categories (37).
Furthermore, one could incorporate information on known
tertiary interaction partners. Although these modi®cations are
interesting and would be straightforward to incorporate, the
simplest manifestation of PRIMOS and the RNA worm
provides a valuable new approach and a powerful screen of the
RNA database.
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