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The G-U wobble base pair

A fundamental building block of RNA structure crucial to RNA function in

diverse biological systems
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The G-U wobble base pair is a fundamental unit of RNA
secondary structure that is present in nearly every class of RNA
from organisms of all three phylogenetic domains. It has
comparable thermodynamic stability to Watson—Crick base
pairs and is nearly isomorphic to them. Therefore, it often
substitutes for G-C or A-U base pairs. The G-U wobble base
pair also has unique chemical, structural, dynamic and ligand-
binding properties, which can only be partially mimicked by
Watson—-Crick base pairs or other mispairs. These features
mark sites containing G-U pairs for recognition by proteins and
other RNAs and allow the wobble pair to play essential func-
tional roles in a remarkably wide range of biological processes.

Historical perspective

Little did Francis Crick realize 30 years ago that his G-U wobble
base pair used in decoding mRNA codons would have such an
expansive biological significance (Crick, 1966). When consid-
ering codon-anticodon interactions, Crick noticed that the G
and U bases would be able to form two hydrogen bonds by
interacting through the same face of the base involved in
Watson-Crick pairing (Figure 1). This prediction was confirmed
when the G-U wobble pair in yeast tRNAPhe was observed at
atomic resolution (Ladner et al., 1975; Quigley and Rich, 1975).
The history of the G-U pair is, in fact, even older. Yeast tRNAA?,
which was the first RNA molecule whose primary sequence was
determined, could be folded into a secondary structure
containing a single G-U wobble pair (Holley et al., 1965). It was
later shown that the G-U pair is a major determinant of that
molecule’s amino acid acceptor identity (Hou and Schimmel,
1988; McClain and Foss, 1988). G-U pairs have now been found

in virtually every class of functional RNA, and have been shown
to play many essential roles that are based upon the unique
chemical and structural properties of the wobble pair. Structural
features of G-U wobble pairs and other non-Watson-Crick pairs
have recently been reviewed elsewhere (Hermann and Westhof,
1999; Masquida and Westhof, 2000). Here, we will review the
biological roles of G-U pairs and discuss the specific features
that allow them to function in a remarkably wide variety of
biological contexts.

Ubiquitous building blocks of
RNA structure

The functional importance of G-U pairs is underscored by their
frequently high evolutionary conservation. For example, the
wobble pair at the third position of the acceptor helix of tRNAAR
is conserved in nearly all living organisms (Sprinzl et al., 1996).
This conservation implies that the G-U pair possesses unique
features that cannot be duplicated by any other nucleotide pair.
G-U pairs constitute the most common mismatch in the helices
of rRNA (Gautheret et al., 1995), and other tRNAs contain as
many as four, but typically one, G-U pairs (Sprinz! et al., 1996).
The mRNAs coding for ribosomal proteins S15 (Bénard et al.,
1998) and L30 (Li et al., 1996) contain G-U pairs that provide
recognition signals for autoregulation of protein synthesis. With
the discovery of RNA catalysis, G-U pairs were also found to be
associated with this ancient biological function of RNA. In fact,
the first class of ribozymes discovered, group | self-splicing
introns, contain a G-U pair at the site of cleavage that is nearly
universally conserved (Doudna et al., 1989; Hur and Waring,
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Fig. 1. Watson—Crick G-C and AU base pairs differ from wobble G-U pairsin
the type and location of functional groups that are projected into major and
minor grooves. These pairs also differ in the orientation of the bases with
respect to the phosphodiester backbone. Whereas the glycosidic angle is
similar (~54°) for all nucleosidesin Watson—Crick pairs, both anglesfor G and
U differ in the wobble pair.

1995). Replacement of this wobble pair with a Watson-Crick
pair compromises reactivity and fidelity (Doudna et al., 1989;
Pyle et al., 1994). The hepatitis delta virus ribozyme also identi-
fies its self-cleavage site through recognition of a G-U wobble
pair (Perrotta and Been, 1996; Ferre-D’Amare et al., 1998).
Group 1l self-splicing introns contain a nearly universally
conserved G-U pair within domain 5, surrounded by two base
pairs that are also nearly invariant (Peebles et al., 1995; Abram-
ovitz et al., 1996; Konforti et al., 1998). Finally, RNAs that have
been selected in vitro from large (10'#) pools of randomized
RNA sequences to perform various biological functions often
contain G-U pairs (Ciesolka and Yarus, 1996; lllangasekare and
Yarus, 1999; Khvorova et al., 1999).

The G - U wabble base pair

The G-U pair functions in so many different contexts because
it specifies unique recognition sites for proteins as diverse as
aminoacyl-tRNA synthetases and ribosomal proteins, for other
RNAs and for divalent metal ions. This ability resides in the
distinctive structural, chemical and thermodynamic properties
of the G-U pair, and in the unique conformational properties it
confers upon RNA double helices. Each of these features can be
exploited during recognition by proteins and other ligands.

Distinctive chemical, thermodynamic
and structural properties

G-U pairs present a unique array of hydrogen bond donors and
acceptors in the RNA major and minor grooves. These chemical
groups can be recognized by complementary functionalities in a
protein, RNA or other ligands. The exocyclic amino group in the
minor groove is a distinctive feature of the G-U pair, since it is
not base paired and is shifted with respect to the equivalent
group in a normal G-C pair (Figure 1). Distinguishing chemical
features are distributed in the major grooves well, and the pres-
ence of co-planar guanosine N7, guanosine O6 and uridine O4
defines a region of deep negative electrostatic potential (Allain
and Varani, 1995a; McDowell and Turner, 1996). In contrast,
G-C and A-U pairs both project an NH, group into the major
groove that interrupts the electrostatic field (Figure 2). This steep
electrostatic gradient is a major determinant of the ability of
divalent metal ions to bind the major groove of G-U pairs, but
not that of double helical tracts composed entirely of Watson—
Crick pairs (Ott et al., 1993; Allain and Varani, 1995a; Konforti
et al., 1998). The affinity for metal ions becomes even stronger
when two G-U pairs are present side-by-side (Cate and Doudna,
1996; McDowell and Turner, 1996; Kieft and Tinoco, 1997).
Since most RNA enzymes are metalloenzymes in the sense that
metal-binding sites generated by unique RNA structures position
metals for promoting catalysis (Pyle, 1993), the ability of G-U
pairs to bind divalent metal ions is likely to be important for RNA
catalysis (Konforti et al., 1998).

A second important aspect of G-U pair function is its thermo-
dynamic stability, which approaches that of Watson—Crick pairs
and exceeds that of most other mispairs (Jaeger et al., 1989;
Mathews et al., 1999; Strazewski et al., 1999). This high thermo-
dynamic stability allows G-U pairs to substitute functionally for
Watson-Crick base pairs in phylogenetically conserved double-
helical tracts in rRNA, ribozymes and other RNAs. Also, in some
sequence contexts, G-U pairs stabilize backbone turns. In tRNA,
for example, the G-U pair is most frequently found at the junc-
tion of the single-stranded V loop and the T helix where the
polynucleotide chain makes a sharp turn (Clark and Klug, 1975).
However, thermodynamic stability is not sufficient for G-U func-
tion. For example, the aminoacylation capacity of active and
inactive mutants of tRNAA? with various substitutions of G-U
does not correlate with their respective thermodynamic stability
(Strazewski et al., 1999).

G-U wobble pairs embedded within A-form RNA helices have
a distinctive structure that results from the displacement of the
bases of the G-U pair relative to the bases of Watson—Crick pairs.
The glycosidic bond angle between the base and C1' sugar atom
of Watson-Crick pairs in an A-form RNA helix is ~54° for each
of the four nucleotides (Figure 1). Thus, the four standard base
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Fig. 2. The G-C, A-U and G-U pairs have different functional groupsin the major groove, leading to a significantly more electronegative environment at and near
the G-U pair. As shown in this image, the surface electrostatic potential (negative isred and positive is blue) of tRNAA2 acceptor end minihelices differs between
the wild-type molecule containing G-U (right) and a mutant molecule where G-U isreplaced by G-C (left).

pairs can be interchanged at a particular site in a double-
stranded region without substantially affecting the helical
parameters. In contrast, the glycosidic bond angles are dissimilar
in the G-U wobble pair (G, 40° and U, 65°, approximately). The
substitution of G-U by any Watson-Crick pair or by a U-G pair
therefore results in a structural perturbation in any sequence
context in which the wobble pair is located. In addition to these
sequence-independent properties, other features of the structure
of double helical regions containing wobble pairs depend
strongly on sequence context (Masquida and Westhof, 2000). As
noted both in crystal (Westhof et al., 1985; Masquida et al.,
1999; Mueller et al., 1999) and in solution structures (Allain and
Varani, 1995b; Ramos and Varani, 1997), G-U pairs introduce a
pattern of overtwisting/undertwisting of the RNA double helix.
This helical twist is influenced by the identity of the base pairs
immediately adjacent to the wobble pair. The conformation of
the phosphodiester backbone around the wobble pair also varies
between G-U-containing sequences and even between crystal-
lographic environments of a given sequence.

A final distinctive property of G-U base pairs refers to their
conformational flexibility. G-U pairs are conformationally soft in
the sense that they are found in different conformations in
different chemical and structural environments. For example,
G-U pairs respond more sharply to sequence context and crystal
packing interactions than do Watson—Crick base pairs (Westhof
et al., 1985). Because of this property, the conformation of the
RNA double helix can be more easily altered at sites containing
wobble pairs, allowing for recognition by induced fit (Ramos
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and Varani, 1997; Chang et al., 1999). As an example, a signifi-
cant helical kink is observed at a G-U pair in the aspartyl-tRNA
synthetase-bound form of tRNAA® relative to free, unbound
tRNAAP (Ruff et al., 1991).

Specific recognition: chemical identity
and structural context

As discussed in the previous section, unique chemical features
distinguish G-U pairs from Watson-Crick pairs or other
mismatches. The functional role of individual chemical groups
of the G-U pair in acceptor minihelix tRNAAR was demonstrated
in an in vitro analysis of the enzymic activity of alanyl-tRNA
synthetases (Musier-Forsyth et al., 1991; Musier-Forsyth and
Schimmel, 1992). These studies identified specific chemical
groups in the G-U pair that are critical for alanyl-tRNA
synthetase activity. These include the exocyclic amino group of
two guanosines, including that of G-U, and several ribose 2'-OH
groups, all located in the minor groove of the tRNA acceptor end
(Figure 3). A related but not identical ensemble of chemical
groups was also demonstrated to be important for the ability of
the catalytic core of group | introns to recognize the substrate for
splicing or to stabilize the enzyme’s transition state (Strobel and
Cech, 1995).

In addition to presenting distinctive chemical groups in the
major and minor groove, individual G-U pairs also possess
unique conformational features dictated by the sequence
context in which the wobble pair is found and by factors that
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Fig. 3. View into the minor groove of RNA double helices showing the exocyclic amino groups (blue) and 2'-OH groups (red) that are critical for the activity of
the G-U pairs in different functional contexts. The figure shows the three-dimensional structure of the tRNAA!2 acceptor end minihelix (left) and of the P1 helix
substrate of group | self-splicing introns (right), highlighting chemical groups in the minor groove that contribute to G-U activity. A set of related but not identical
chemical groups at and around the wobble pair are essential for activity in both contexts.

bind to it. The importance of sequence context and of the struc-
tural and dynamic features of the wobble pair in its function was
demonstrated in genetic and biochemical studies of tRNAAR
function conducted in vivo (Gabriel et al., 1996; Chang et al.,
1999; McClain et al., 1999). These studies identified C-C and
C-A nucleotide substitutions that functionally replace the G-U in
tRNAAR even though they contain different chemical features.
These results and those from other extensive investigations led to
the conclusion that the G-U pair in tRNAA? s recognized
through a combination of the direct read-out of its distinctive
chemical identity and by the indirect recognition of the struc-
tural features of the double helix in which the G-U pair is
embedded. G-U pairs in other functional contexts may also be
recognized through a similarly complex mechanism. For
example, the guanosine unpaired amino group is energetically
important in the function of the group | self-splicing intron
(Strobel and Cech, 1996), and other mispairs do not function as
well as G-U within the upstream splice site for cleavage.
However, A-C, which may be a close structural analogue of
G-U, provides the best substitute (Doudna et al., 1989).

Since the conformation of an RNA double helix at and around
the wobble pair varies from one sequence to another, incorpora-
tion of a G-U pair and the subsequent sequence-dependent
distortion of the RNA double helix leads to an expansion of the
structural diversity of A-form RNA. This property allows G-U
pairs to form the main anchor points or fulcrums in networks of

three-dimensional contacts with the catalytic core of an RNA
enzyme or the RNA recognition domain of a protein. These
networks of contacts centered on the wobble pair contribute to
the high specificity observed in recognition or catalysis. Indirect
recognition of G-U is a particularly powerful discrimination
mechanism. It allows for productive interaction with cognate
ligands, and thus positive discrimination. It also allows for rejec-
tion of non-cognate substrates through non-productive inter-
actions with those substrates that lack a required G-U. In
addition, a non-cognate substrate can be rejected as a result of
steric conflict resulting from the distinctive structure of a G-U
pair. An example of the latter type of discrimination is the non-
productive interaction between charged selenocysteine tRNA
and elongation factor Tu, which results from a particular G-U
pair in that specialized tRNA (Rudinger et al., 1996).

Summary

G-U pairs are used with remarkable frequency in biology to
expand the chemical and conformational universe accessible to
double-stranded RNA and thereby provide unique recognition
sites. Protein and RNA enzymes and RNA-binding proteins bind
to unique G-U sites by recognizing chemical features common to
all G-U pairs and that differ from Watson-Crick and other
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mismatched pairs. Conformational features of G-U-containing
RNA double helices unique to the specific sequence context of
each G-U pair provide diversity and allow a variety of unique
interaction sites to be built from this otherwise simple recognition
tag.
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