Chapter 2

Comparative Analysis of the Higher-Order
Structure of RNA

Robin R. Gutell

Abstract
“If you want to understand function, study structure”

The functions of many RNA molecules are directly associated with their higher-order
structure, and given the vast abundance of their functions in a cell, the determination
of their structures should contribute significantly to our understanding of the cell.
A variety of methods are used to determine their higher-order structure. A multitude
of experimental methods are discussed elsewhere in this book. Computational
methods are also used. The first type, considered one of the grand challenges in biol-
ogy, utilizes different fundamental principles of RNA structure to predict their sec-
ondary and three-dimensional structure. While the accuracies of these methods have
been improving, generally speaking, higher-quality structure information is obtained
with experimental methods. In contrast to the computational methods that utilize
first principles to predict the RNA’s higher-order structure, comparative methods
are utilized to infer structure, function, and evolution from the patterns of sequence
and structure conservation and variation. The primary objective of this chapter is to
briefly review the use of comparative analysis to deduce information about RNA
structure, using an evolutionary framework.
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2.1 Fundamental Changes in Our Understanding of RNA
Structure and Function

The central dogma, enunciated by Crick in 1958 and the keystone of molecular biology
ever since, is likely to prove a considerable oversimplification (Anonymous 1970).

Since the central dogma in molecular biology was established (Crick 1958), the
primary role for RNA has been associated with protein synthesis. Molecular biolo-
gists, at the onset of the discovery of replication, transcription, and translation
focused primarily on proteins and DNA, since it was already known that proteins
can form three-dimensional structures that catalyze reactions, and DNA was known
to contain the instructions to make the proteins. Within this process, the primary
role for RNA was thought to be the messenger RNA, which carries the information
from the DNA to the ribosome to code for the proteins. In addition, it was known
that transfer RN As assign amino acids to their proper codon assignment, and ribo-
somal RNA is part of the ribosome. Still, these RNAs were initially perceived as
simply coding and structural, not dynamically involved in catalytic functions, and
while this central dogma is still correct, it primarily reveals only the protein’s and
DNA’s role in the metabolism and regulation of the cell. The significance of RNA
structure and function in the cell had been minimal with the central dogma as articu-
lated in 1958 (Crick 1958).

Dennis Overbye stated in the New York Times (July 27, 2011, (http://www.
nytimes.com/2011/07/28/science/28life.html?_r=4&ref=science) “... RNA, or
ribonucleic acid, ... plays Robin to DNA’s Batman in Life As We Do Know It,
assembling proteins in accordance with the blueprint encoded in DNA.” While
our understanding of RNA’s structure and function did not change for the first 20
or so years after the central dogma was proposed, it was postulated, based on
theoretical considerations, that RNA came before DNA and proteins (Woese
1967; Crick 1968; Orgel 1968). RNA has characteristics of DNA and protein.
RNA, like DNA, has similar rules for base pairing - adenine pairs with uracil
(thymine) and guanine pairs with cytosine. ‘Canonical’ base pairs that are con-
secutive and antiparallel on an RNA sequence form standard helices, and like
proteins, RNA forms three-dimensional structures, which for RNA are composed
of helices, hairpin, internal, and multistem loops, and other structural motifs
(Moore 1999).

Experimental evidence, beginning in the 1970s, started to suggest that rRNA was
directly involved in protein synthesis (Noller and Chaires 1972). During the early
1980s a series of studies revealed that the group I intron and RNase P were directly
involved in the chemical catalysis of RNA (Kruger et al. 1982; Guerrier-Takada
et al. 1983). Subsequently, other RNAs were identified and characterized that cata-
lyze chemical reactions, including riboswitches (Haller et al. 2011; Breaker 2012),
while it was determined that RNA has the capacity of catalyzing many different
types of chemical reactions (Hiller and Strobel 2011), including the primary steps
in decoding and peptidyl transferase during protein synthesis (Moore and Steitz
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2011) (Ogle et al. 2001; Noller 2006). Beyond the many functions of RNA’s
three-dimensional structures, small and large RNAs are being implicated in the
regulation of nearly all of the cell’s functions. Accordingly different RNAs are associ-
ated with many diseases and other anomalies in the cell.

2.2 Comparative Analysis: An Introduction

In the 1830s Darwin used comparative analysis to identify patterns in the anatomical
features of some animals and in the process determined fundamental principles
about the evolution of biological species (Darwin 1859). More recently, compara-
tive analysis has been used to study macromolecular structure. Once the first few
transfer RNA sequences were determined in the early 1960s, it was appreciated that
the three-dimensional structures of tRNA would be very similar although their
nucleic acid sequences could share little identity with one another. The cloverleaf
secondary structure of tRNA, with approximately 76 nucleotides, was determined
to be common to all of the known tRNA sequences (Holley et al. 1965; Madison
et al. 1966; RajBhandary et al. 1966). Subsequent analysis revealed that the prob-
ability that 14 tRNA sequences could all form the same cloverleaf secondary struc-
ture by coincidence is 1 in 10% (Levitt 1969). This latter analysis also revealed a
few tertiary-structure interactions. This approach to the determination of RNA’s
secondary structure was substantiated when the proposed tRNA secondary struc-
ture and a few of the tertiary-structure base pairs were confirmed with crystallogra-
phy (Kim et al. 1974; Robertus et al. 1974). This success with tRNA was the
foundation for comparative methods to be utilized for the identification of higher-
order structures that are conserved in different RNA families. In 1975, the secondary
structure for 5S ribosomal RNA, a molecule approximately 120 nucleotides long,
was initially proposed with comparative methods (Fox and Woese 1975).
Subsequently, once a few 16S and 23S rRNA sequences were determined in the late
1970s and early 1980s, the minimal secondary-structure models were determined
for these RNAs that are approximately 1,540 and 2,900 nucleotides long in bacteria
(Woese et al. 1980; Branlant et al. 1981; Glotz et al. 1981; Noller et al. 1981;
Stiegler et al. 1981; Zwieb et al. 1981). During the 1980s, other RNA molecules
were studied with comparative methods, including group I (Cech 1988; Michel and
Westhof 1990) and II (Michel et al. 1989) introns, ribonuclease (RNase) P RNA
(James et al. 1988), U-RNAs (U1, U2, U4, US, and U6) (Guthrie and Patterson
1988), 7S SRP RNA (Zwieb 1989), and telomerase RNA (Romero and Blackburn
1991). More recently, the secondary structures for many other RNA types have
been elucidated with comparative analysis (Gardner et al. 2009) due to our current
appreciation that RNA is directly involved in many, if not all, of the regulations in
the cell, and the advent of ultrarapid nucleic acid sequencing that is providing us
with the genetic blueprints for a very large number of organisms that span across
the entire tree of life.
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2.3 Covariation Analysis: Identification of Canonical
and Noncanonical Base Pairs

The primary method for the identification of a common structure is based on a very
simple principle. While the primary structure (or sequence) of RNAs within the
same family can have significant variation with one another, base pairing, the domi-
nant element in RNA structure, can be conserved in the secondary and three-dimen-
sional structure of RNAs. As a consequence, a very large number of RNA sequences
can be mapped to the same secondary and three-dimensional structure. In practice,
the most common means to determine this common structure is from the analysis of
the patterns of variation in an alignment of the sequences. Initially, when the num-
ber of sequences in an alignment was small, sub-sequences that had the potential to
form G:C, A:U, and G:U base pairs within a helix were identified. Those potential
helices with at least two exchange (or covariation) of one canonical base pair with
another were considered a possible helix (Noller et al. 1981). As the number of
sequences in an alignment increased, covariation algorithms were developed to
identify those positions with similar patterns of variation (Olsen 1983; Gutell et al.
1985, 1992; Gautheret et al. 1995). These latter methods did not specifically search
for G:C, A:U, and G:U base pairs that occur within a potential canonical helix.

The most recent comparative structure model for Escherichia coli 16S TRNA
(Fig. 2.1) is the culmination of approximately 30 years of comparative analysis. The
coloring of the base pair symbols reveals our confidence for every proposed base
pair shortly prior to the determination of the high-resolution crystal structures (see
below). Red indicates the base pairs with the most significant covariation (strongest
confidence), followed by green and black. Black indicates a minimal amount of
covariation and/or variation at one of the paired positions but no corresponding
variation at the other paired position, and gray and blue indicate nucleotide conser-
vation greater than 98% for G:C, A:U, and G:U base pairs within a canonical or
compound helix that has strong support of other base pairs. The same coloring for
each of the proposed base pairs is associated with the base-pair-frequency tables at
the Gutell lab’s Comparative RNA Web (CRW) Site [http://www.rna.ccbb.utexas.
edu/SAE/2A/nt_Frequency/BP/16S_Model]. Note that the vast majority of the pro-
posed base pairs in 16S rRNA have a red base-pair symbol. The small number of
black, gray, and blue usually occurs at the ends of the helices.

The results from these covariation methods were very profound. While the
majority of the sets of positions with similar patterns of variation in the rRNAs
contained G:C, A:U, and G:U base pairs that occur within a helix, a small number
of covariations contained base pairs that were irregular (Gutell 1993; Gutell et al.
1994). Thus, covariation analysis, a specific type of comparative analysis, has
independently identified two of the most fundamental principles of nucleic acid
structure: (1) base pairings that are composed of G:C, A:U, and G:U, and (2) these
base pairs are arranged adjacent and antiparallel with one another to form a helix.
Given this recapitulation of these two canonical structural elements in RNA, we
are compelled to accept, or at least seriously consider, the noncanonical structural
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Symbols Used In This Diagram:
G - C - Canonical base pair (A-U, G-C)
G - U -G-U base pair

G o A - G-A base pair

U « U - Non-canonical base pair

Every 10th nucleotide is marked with a tick mark,
and every 50th nucleotide is numbered.

Tertiary interactions with strong comparative data
are connected by solid lines.

Fig.2.1 Comparative Escherichia coli 16S ribosomal RNA secondary-structure model (Cannone,
Subramanian et al. 2002)[http://www.rna.ccbb.utexas.edu/]

elements identified from the covariation analysis of the rRNAs. These include the
following:

* Non-Canonical base pairs: Several types of noncanonical base-pair exchanges
have been identified. The most common exchanges are A:A <> G:G (i.e.,
exchanges between A:A and G:G pairs), G:U <> A:C, C:C <> U:U, A:G <>
G:A, and G:U <> A:C. These noncanonical base pairs usually occur at the end of
a regular canonical helix or as a lone pair not flanked by other base pairs.
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Lone Pairs: A Lone pair (individual or isolated base pairs) is not flanked by
a base pair on its 5’ or 3’ end. Lone pairs are not stable enough to occur without
additional interactions, such as base stacking or being flanked by nucleotides
involved in a tertiary interaction. They occur in several structural environments,
including internal loops, multistem loops, and between two hairpin loops (one
form of a pseudoknot).

Lone-pair tri-loops: A special class of lone pairs contains a single base pair
capped by a hairpin loop with only three nucleotides. Several of these that were
identified with covariation analysis occur in the rRNAs (Gutell 1996). All of
these are immediately 3’ to a secondary-structure helix, suggesting that they
form a coaxial stack with the 5" helix. An analysis of the high-resolution crystal
structure of the rRNAs revealed that this motif occurs frequently in the rRNAs,
and all of them are 3’ to an existing helix and all of them are coaxially stacked
onto this helix (Lee et al. 2003).

Pseudoknots: Pseudoknots are defined as at least one base pair that crosses a
secondary-structure helix. These usually vary from one to three base pairs in
length in the rRNAs, and are usually always immediately adjacent to a secondary-
structure helix, suggesting that they can form a coaxial stack with these adjacent
helices. Nearly 20 pseudoknots were identified with covariation analysis in the
rRNAs (Gutell et al. 1986; Gutell and Woese 1990; Alkemar and Nygard 2003).
Parallel arrangement of base pairs: While nearly all of the adjacent base pairs
are arranged antiparallel with one another, a few of the base pairs identified with
covariation analysis are parallel. The most prominent example occurs in domain
V of 23S rRNA. Here positions 2112:2169, 2113:2170, and 2117:2172 form
base pairs. While 2112:2169 contains A:G and G:A base pair types, the latter
two base pairs exchange primarily between C:G <> U:A and G:C <> A:U,
respectively (Gutell 1993).

Base triples: Covariation analysis has identified several base pairs that covary
with a third “unpaired” nucleotide. The best candidates include the following: (1)
in the 16S rRNA - position 121 with either the 124:237 or 125:236 base pair, 863
with the 570:866 base pair, position 595 with the 596:644 base pair, and (2) in the
23S rRNA: position 2011 with the 2144:2147 base pair and between positions
1072 and the 1092:1099 base pair (Gautheret et al. 1995; Conn et al. 1998).
Non-base-pair constraints: While all of the previous constraints (or dependencies
between the evolution of different positions) are associated with a base pair,
covariation analysis has also identified weaker albeit significant covariations
between positions that are not base paired. One of the first examples, initially
published in 1992 and elaborated on thereafter (Gutell et al. 1992; Gutell 1993;
Gautheret et al. 1995), revealed that eight of the nucleotides in the D helix and the
variable loop co-evolve in the type-1 tRNAs. Our rationale for this set of eight
co-evolving nucleotides is associated with the structural and evolutionary
dynamics of several base triples with several consecutive base pairs. This
structural constraint restricts the types of changes that can occur at other posi-
tions that are in close proximity in three dimensions. Other examples of non-
base-pair constraints have been identified in the group I intron and the rRNAs
(Shang et al. 2012).



2 Comparative Analysis of RNA 17

2.4 Accuracy of the Covariation-Based Higher-Order
Structure

Asnoted earlier, the comparative secondary-structure model for tRNA was substantiated
with its high-resolution crystal structure (Kim 1976; Rich and RajBhandary 1976).
While all of the secondary-structure base pairs and a few of the tertiary interactions
predicted with comparative analysis were in the crystal structure, several tertiary-
structure interactions in the crystal structure were not identified with comparative
analysis. The comparative structure models for 5S, 16S, and 23S ribosomal RNA,
the culmination of more than 30 years of an initial predicted structure followed by
refinements as the number of sequences and the diversity of the sequences increased,
and multiple improvements in the covariation algorithms (Cannone et al. 2002)
were compared with the high-resolution crystal structures that were determined in
2000 (Ban et al. 2000; Wimberly et al. 2000). Of the 476 base pairs in the predicted
16S rRNA secondary-structure model, including a small number of tertiary-structure
interactions (e.g., noncanonical base pairs, base triples, base pairs not in canonical
helices), 461 (or 97%) were in the 30S ribosomal crystal structure. Of the 797 base
pairs in the 23S rRNA secondary-structure model (including the small number of
tertiary-structure interactions), 779 (or 98%) were in the 50S ribosomal crystal
structure. Nearly all of the base pairs that were predicted with comparative methods,
but not in the high-resolution crystal structure, were base pairs with minimal or no
covariation, and, accordingly, those base pairs with sufficiently large amounts of
covariation were present in the crystal structure (Gutell et al. 2002). Our analysis of
the crystal structures of the ribosome also revealed 56 and 425 base-base interactions
in the 16S and 23S rRNA, respectively, that were not predicted with comparative
analysis. An analysis did not reveal any significant covariation in nearly all of these
base pairs first identified in the crystal structures (Shang et al. 2012).

2.5 Structural Motifs

Comparative analysis reveals more than just the base pairs that have covariation at
two paired positions. Comparative analysis has been used to identify structural
motifs that are the basic building blocks of RNA structure. Earlier it was noted that
covariation analysis has independently determined two of the most fundamental
principles of RNA structure: (1) the base pair and the most frequent pairing types,
G:C, A:U, and G:U, and (2) the arrangement of consecutive and antiparallel base
pairsinto ahelix. Covariation analysis also revealed several other types of noncanonical
base-pair types and noncanonical arrangements of base pairs in context with other
structural elements. All of these “non-canonical” base pairs were present in the high-
resolution crystal structure. We now question if comparative analysis can be utilized
to identify structural elements that are present in similar structural environments
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that do not have a covariation signal. Below are a few of the many structural motifs
that have been identified.

Unpaired Adenosines: An analysis in 1985 revealed that approximately 66% of the
adenosines in the Escherichia coli 16S tRNA comparative secondary-structure
model were unpaired, while only approximately 30% of the G’s, C’s, and U’s were
unpaired (Gutell et al. 1985). A more comprehensive analysis in 2000 revealed that
these biases in the distribution of the four nucleotides in a large sampling of bacte-
rial 16S and 23S rRNAs were approximately the same as for E. coli 16S rRNA. This
study revealed many other biases in the distribution of nucleotides in the paired
(helices) and unpaired (loops) regions. A few biases worthy of mention are as fol-
lows: (1) more than 50% of the 3’ ends of a loop contain an A that is conserved at
that location in more than 95% of the sequences, (2) G and A are the two most fre-
quent nucleotides at the 5" ends of a loop, and (3) the most frequent consecutive
nucleotides are GG, GA, AG, and AA, with ~70% of the GG occurring within a
helix, ~70% of the AA occurring in loops. These and other observations from this
analysis are consistent with the distribution of nucleotides in GNRA tetraloops (see
below), adenosine platforms (Cate et al. 1996), E and E-like loops, and AA and AG
juxtapositions flanking the ends of a helix (see below) (Gutell et al. 2000).

Tandem GA & AA. AG@helix.ends: Studies have revealed that tandem G:A juxtapo-
sitions occur frequently within helices. The most frequent orientation of the tandem
G:A juxtapositions is 5" N:N' G:A A:G M:M' 3', where N and N', and M and M’ can
be any set of canonical base pairs flanking the tandem GAs. The G is 3’ to a nucle-
otide that is base paired within a helix and the A is 5’ to a nucleotide that is base
paired within a helix. The G is frequently exchanged with an A. The G:A and A:A
juxtapositions usually form the sheared conformation when this tandem is within a
helix. The G is rarely 5’ to a nucleotide that is base paired within a helix (SantaLucia
et al. 1990) (Gautheret et al. 1994). It was also observed that in the ribosomal RNAs,
helices are frequently flanked by a G:A juxtaposition on the loop side of a canonical
helix (Traub and Sussman 1982) (Elgavish et al. 2001). With a significantly larger
dataset of comparative rRNA secondary structures, it was observed that the Gs in
the G:A juxtaposition are replaced with an A. The G in the G:A juxtaposition is
nearly always at the 3’ end of the helix. The majority of these A:A and A:G at the
ends of helices form a base pair (sheared conformation) in the 16S and 23S rRNA
crystal structures. The AA & AG at helix end motif occurs within several larger
structural motifs —GNRA tetraloops (see below), E and E-like loops, tandem G:A
base pairs, U-turns (see below), and adenosine platforms (Cate et al. 1996).

Tetraloops: 1t was observed that the sequence for the hairpin loop with four nucle-
otides is frequently GNRA in the group I introns (Michel and Westhof 1990). The
majority of the hairpin loops in the rRNAs have four nucleotides, and the majority
of these have the GNRA tetraloop sequence (where N is any nucleotide and R is a
purine, either A or G) (Woese et al. 1990). While this GNRA tetraloop is the most
frequent hairpin loop with four nucleotides, tetraloops with the sequences UUCG
and CUUG also occur frequently in the rRNAs (Woese et al. 1990). Nearly all of the
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GNRA tetraloops in the ribosomal RNAs are involved in a tertiary interaction.
Comparative analysis reveals the conservation and variation at each of the tetraloops
for any portion of the phylogenetic tree. While some tetraloops are invariant, others
exchange primarily between the different sequences within the GNRA family, and
others exchange between the GNRA, UUCG, CUUG, and possibly other sequences.
Notable is the tetraloop at position 83—86 in 16S rRNA. The primary sequences
observed are GCAA, UUCG, and CUUG. The rate of exchanges between these
sequences is high, as gauged by mapping these tetraloop sequences onto the phylo-
genetic tree. All three sequences are present in all of the major phylogenetic groups
in the bacteria [see Table 1 in (Woese et al. 1990)]. The different rates of evolution
of the tetraloops and the different compositions present at each tetraloop location
suggest that tetraloops have different functions. While the primary tetraloop
sequences are known to be more stable than other hairpin loops, UUCG tetraloops
are known to be particularly stable (Tuerk et al. 1988) and are likely to be nucleating
the formation of a helix during RNA folding. In contrast, nearly all of the GNRA
tetraloops in the rRNA crystal structures form tertiary-structure interactions.

2.6 Future Prospects

These examples of structural motifs in RNA are only a partial list. They reveal some
of the utilities and latitude that comparative analysis offers. At this stage we address
a variety of questions to assess the full potential of comparative analysis.

The operational premise for comparative analysis is based on one of the major
discoveries in molecular biology since the elucidation of the double helix. The
three-dimensional structure of proteins and nucleic acids can remain relatively con-
stant during significant evolutionary changes in the macromolecule’s primary struc-
ture. While this premise is widely used in the study of many macromolecules and
their functions in the cell, its full extent has not been fully explored.

What is the relationship between RNA’s sequence variation and the variation in its
secondary structure and its three-dimensional structure? What is the maximum amount
of variation that is possible between two sequences in the same RNA family?

While the positions that form secondary-structure base pairs generally covary
with one another, the majority of the positions that form tertiary-structure base pairs
do not have a simple covariation. The pattern of covariation in secondary-structure
base pairs is simple. Do the tertiary-structure base pairs have patterns of variation
that can be deciphered and utilized to predict these base pairs with comparative
sequence and structure information?

Can comparative methods be used to identify more structural motifs that do not
have any obvious positional covariation? Ultimately we wonder how much of the
higher-order structure for an RNA can be inferred with comparative methods?
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