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Critical Review
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Summary

Pseudouridine (5-ribosyluracil) is a ubiquitous yet enigmatic
constituent of structural RNAs (transfer, ribosomal, small nuclear,
and small nucleolar). Although pseudouridine (‘) was the first
modified nucleoside to be discovered in RNA, and is the most abun-
dant, its biosynthesis and biological roles have remained poorly
understood since its identification as a “fifth nucleoside” in RNA.
Recently, a combination of biochemical, biophysical, and genetic
approaches has helped to illuminate the structural consequences
of ¥ in polyribonucleotides, the biochemical mechanism of U— ¥
isomerization in RNA, and the role of modification enzymes (¥
synthases) and box H/ACA snoRNAs, a class of eukaryotic small
nucleolar RNAs, in the site-specific biosynthesis of . Through
its unique ability to coordinate a structural water molecule via its
free N1-H, W exerts a subtle but significant “rigidifying” influence
on the nearby sugar-phosphate backbone and also enhances base
stacking. These effects may underlie the biological role of most (but
perhaps not all) of the ¥ residues in RNA. Certain genetic mutants
lacking specific ¥ residues in tRNA or rRNA exhibit difficulties
in translation, display slow growth rates, and fail to compete effec-
tively with wild-type strains in mixed culture. In particular, normal
growth is severely compromised in an Escherichia coli mutant de-
ficient in a pseudouridine synthase responsible for the formation
of three closely spaced W residues in the mRNA decoding region
of the 23S rRNA. Such studies demonstrate that pseudouridyla-
tion of RNA confers an important selective advantage in a natural
biological context.
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INTRODUCTION

Of the many intriguing features of RNA, none is more puz-
zling than the large number of structurally diverse residues (mod-
ified nucleosides) it contains (/). The first such modified nu-
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cleoside to be discovered, and the most abundant in RNA, is
pseudouridine (W), the 5-ribosyl isomer of uridine (U) (/; see
Fig. 1). A recent influx of information about ¥ is providing
structural insights and new experimental tools as well as data on
the intriguing pattern of occurrence of ‘¥ in various RNA species
(tRNA,! rRNA, snRNA, and snoRNA), the unusual mode of se-
lection of U residues for conversion to ¥, and, most importantly,
possible biological roles of ¥ in RNA (for detailed perspectives
on the history, chemistry, and biology of ¥, see /-8).

STRUCTURE AND PHYSICOCHEMICAL PROPERTIES OF
PSEUDOURIDINE

Early speculation about possible roles for ¥ in RNA (see
1, 2) was centered on its distinctive physicochemical properties
in comparison with its parent nucleoside, U. W is unique among
modified nucleosides in possessing a C-C rather than the usual
N-C glycosyl bond that links base and sugar (Fig. 1). Because
of the enhanced rotational freedom in C-C compared with N-C
glycosyl bonds, W was anticipated to exhibit greater conforma-
tional flexibility than U. The fact that the free N1-H in ¥ can
act as an additional hydrogen bond donor (Fig. 1) also indicated
that ¥ residues might participate in novel pairing interactions in
RNA. Finally, it was suggested that the N1-H of ¥ might exhibit
a high group transfer potential for acyl moieties (2, 9).

Conformational studies of ¥ as the free nucleoside indicate a
slight preference for the syn glycosyl conformation vs. the anti
configuration that U and other nucleosides adopt (5, 10, 11).
Consequently, it has been proposed that ¥ might function as a
conformational switch in RNA, given the low energy require-
ment for the syn/anti transition and the equivalence, in terms
of hydrogen-bondin g potential, of N1-H in the syn conformer
of W and N3-H in the anti conformer of U (see 2, 10). How-
ever, within the context of a polynucleotide chain, ¥ has so far

! Abbreviations: ASL, anticodon stem-loop; LSU, large subunit; PTC, pep-
tidyltransferase center; rRNA, ribosomal RNA; snRNA, small nuclear RNA;
snoRNA, small nucleolar RNA; snoRNP, small nucleolar ribonucleoprotein;
SSU, small subunit; tRNA, transfer RNA.
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Figure 1. Chemical differences between uridine (U, 1-B-p-ribofuranosyluracil) and pseudouridine (¥, 5-B-p-ribofurano-
syluracil), both depicted in the anti glycosyl configuration. The uracil base in uridine (left) is linked through its N-1 position
(arrowhead) to the C-1' position of the ribose. The base in U possesses one hydrogen-bon d acceptor and one donor (dashed arrows;
a and d, respectively). Isomerization occurs when the uracil base is rotated 180° through an N3-C6 diagonal axis (circular arrow).
In pseudouridine (right), the C-5 position of uracil (arrowhead) is linked to the C-1' position of the sugar, resulting in an increase
in hydrogen bonding capacity (to one acceptor and two donors) compared with that in U.

been found only in the anti configuration (11, 12); moreover,
in these cases, W confers rigidity rather than flexibility on both
single- and double-stranded regions, even though U and ¥ share
the same basic topology in RNA (5, 6, 11, 12). This conclusion
is based on findings from nuclear magnetic resonance, X-ray
crystallography, and molecular dynamics simulations, powerful
approaches for determining or inferring the effect of ¥ on RNA
structure (see 5, 6, 11-16). The special properties of W relative
to U are largely attributable to the former’s additional hydrogen-
bonding capabilities. In the anti conformation, ¥ in RNA pro-
vides the appropriate geometry and distance for coordination of
a water molecule between its N1-H and the 5’ phosphates of
both ¥ and the preceding residue (6, 13). In cases where such a
water bridge has been inferred, this restricts base conformation
and mobility of the backbone 5’ to the site of pseudouridylation,
regardless of sequence or structure (single- or double-strand)
context (11, 15) (see Fig. 2).

Pseudouridylation has the additional effect of enhancing lo-
cal RNA stacking in both single-stranded and duplex regions
(11, 15) by favoring a 3'-endo conformation of the ribose, which
restricts the base moiety to an axial anti conformation (5, 11; see
Fig. 2). Here again, a structured water molecule is implicated in
the mechanism of this stabilization, which involves replacement
of aweak C5-H ... Oy interaction in U by a stronger N1-H . ..
Ow hydrogen bond in W (5, 6). The resulting reduced confor-
mational flexibility of the W moiety renders the phosphodiester
backbone in its vicinity more rigid. Consequently, stacking of

neighboring nucleosides is cooperatively increased, an effect
that is propagated throughout adjacent helical regions. In fact,
improved base stacking has been proposed to be the most im-
portant contribution of ¥ to the stabilization of RNA structure
(5,11,12, 14, 15).

DISTRIBUTION AND LOCALIZATION OF
PSEUDOURIDINE IN DIFFERENT CLASSES OF RNA

Transfer RNAs

Y is found in almost all tRNAs, notably as the nearly uni-
versal W55, after which the TWC stem-loop is named (Fig. 3).
Other locations at which W occurs in all three domains of life
(archaebacteria, eubacteria, and eukaryotes) as well as in or-
ganelles (mitochondria and chloroplasts) include the D stem
and the anticodon stem and loop. ¥ is found less frequently at
many other sites in tRNA (Fig. 3), in a distribution that is often
domain-specific (6). It contributes to the stabilization of the spe-
cific structural motifs in which it occurs: for example, the TWYC
loop (W55), the D stem (\¥'13), the anticodon stem (which often
features a strong closing base pair between W39 and A31 [16]),
and the anticodon loop (noncanonical base-pairing between W38
and residue 32).

Small Nuclear and Nucleolar RNAs
In eukaryotes, ¥ is found in the major spliceosomal snRNAs
(U1, U2, U4, U5, and U6) (7) and in the minor vertebrate
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Figure 2. Representation of the hydrogen bond-mediated wa-
ter bridge involving ¥ in RNA. In this three-dimensional model,
a structured water molecule is depicted as forming hydrogen
bonds (arrows) with N-1 of W (to the right) and with the sugar-
phosphate backbone of both the ¥ and the preceding residue
(to the left; only the backbone of the latter residue is shown).
The figure was prepared by superimposing a theoretical wa-
ter molecule (available at http://www?2.chemie.unierlangen.de/
software/corina/free _struct.html) (79) onto the three-dimen-
sional structure of the W39-containing portion of a yeast
tRNAPP® (coordinates 1TRA). Modeling was carried out with
RasMol-2.6-ucb-beta (80), which is available at http://www.
umass.edu/microbio/rasmol/.

variants responsible for AU/AC intron splicing (U12, U4atac,
and Ubatac) (17). These W residues are often phylogenetically
conserved but with organism- or taxa-specific variations; nearly
all are located in functionally important regions that participate
in the intermolecular RNA-RNA or RNA-protein interactions
involved in the assembly and functioning of the spliceosome (7).
For example, a W-A pair between U2 snRNA and pre-mRNA
is positioned immediately adjacent to the branch site in the in-
tron and may help to stabilize the resulting snRNA/intron helix,
thereby facilitating the “bulging out” of the adenosine nucleo-
phile thatinitiates the first step of the splicing reaction. ¥ residues
are often localized in the region of interaction between U4 and
U6 snRNA in the presplicing complex and between Ul snRNA
and the 5’ splice site.

Y residues are also found in snoRNAs, notably U3 (7, I8,
19), U8, snR4, and snR8 (20); as yet, neither the formation nor
the function of ¥ in snoRNAs has been investigated in any
detail.

Ribosomal RNAs

A ubiquitous constituent of the small subunit (SSU) and large
subunit (LSU) rRNAs (3, 8) of eubacteria, archaebacteria, and
eukaryotes (including mitochondria and chloroplasts) (27), ¥
is also found in 5.8S and a few 5S (22) rRNAs. Nucleotide-
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Figure 3. Distribution of W residues in tRNA. ¥ residues
found at the same position in tRNAs spanning all three domains
of life (eubacteria, archaebacteria, and eukaryotes, including the
eubacteria-like organelles, mitochondria, and chloroplasts) are
shown as filled circles. Shaded symbols (circles and squares) in-
dicate nucleotide positions at which W residues occur in a more
restricted, sometimes domain-specific, fashion. Shaded squares
denote the anticodon sequence. The dashed line at the base of
the anticodon stem represents a noncanonical (“pseudo”) base
pair. Nucleotide positions are numbered according to the stan-
dard convention for tRNA (as in 6). Modified from Auffinger
and Westhof (6).

resolution mapping of W in LSU rRNA, first in Escherichia coli
(23) and subsequently in Saccharomyces cerevisiae (24), con-
firmed prior indications (9) that ¥ residues cluster in functionally
important domains of the LSU rRNA, specifically domains II
(near the 5'-end of LSU rRNA), IV (centrally located) and V
(near the 3'-end of the molecule) (Fig. 4). Domain V constitutes
the peptidyltransferase center (PTC) whereas domain IV is the
decoding center of the LSU rRNA, the site of interaction of LSU
rRNA with both mRNA and the anticodon stem-loop (ASL) of
tRNA. Domains II and IV, although distant from domain V in
primary and secondary structure, are in close three-dimensional
proximity to the site of peptide bond formation (23, 25). Indeed,
Y residues such as E. coli Y2580 (the only site of pseudouridy -
lation in the mitochondrial LSU rRNA of S. cerevisiae and prob-
ably also human and mouse [27]; see Fig. 4) as well as other ¥
residues in the PTC and in domain IV have been mapped to
the A- and P-sites of the ribosome (25), close to the point of
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Figure 4. Clustering of W residues (indicated by open and filled circles and squares) in domains II, IV, and V of the cytoplasmic
LSU rRNA (5.8S + 25S) of yeast, Saccharomyces cerevisiae (24, 81). The open circle denotes the only ¥ residue present in
yeast mitochondrial LSU rRNA (this particular residue is not present in yeast cytoplasmic LSU rRNA). Squares indicate the
16 W residues (of the total of 30 in yeast cytoplasmic 25S rRNA) that have been experimentally deleted by disruption of the
corresponding box H/ACA snoRNA gene (8). The empty square represents a ¥ that had been highlighted (2, 9) as a possible
catalytic residue in the peptidyltransferase reaction (see text). Dotted lines represent tertiary interactions that place domains II and
IV in the three-dimensional vicinity of the PTC in domain V. The yeast LSU rRNA structure is from Schnare et al. (82).

interaction between the PTC and the 3’-end of ribosome-bound
aminoacyl- (A site) and peptidyl- (P-site) tRNAs (26, 27). In
contrast, no clustering of ¥ residues is observed in known func-
tional regions of SSU rRNA (3, 8).

Although the proportion of W residues in eukaryotic LSU
rRNAs (0.9-1.4%) is substantially greater than in their eubac-
terial, archaebacterial, or organellar counterparts (0.03-0.4%),
these additional W residues are still clustered in domains II,
IV, and V (21). Notably, the low ¥ content in archaebacterial
LSU rRNA (21, 28) is more like that seen in eubacteria than in
eukaryotes.

In closely related organisms, homologous rRNAs share a
clade-specific set of ¥ residues, with organism-specific vari-
ations. However, no W residues are universally conserved in
secondary structure position (i.e., are positionally homologous)
in either LSU or SSU rRNA.

FORMATION OF PSEUDOURIDINE IN RNA

Pseudouridine Synthases. W is synthesized at the polyri-
bonucleotide level through the action of pseudouridine synthases,
which catalyze the site-specific isomerization of U residues
in RNA. Identified through a combination of biochemical and
bioinformatics approaches, the pseudouridine synthases com-
prise a large and ancient family of proteins, with TruA, TruB,
RluA, and RsuA (see below) representing four distinct sub-
families (29, 30). It is possible (although not yet proven) that
these enzymes arose by multiple independent gene duplications
of an ancestral pseudouridine synthase.

Pseudouridine Formation in Eubacterial rRNA and in tRNA.
Pseudouridine synthases exemplify two quite different mecha-
nisms in the selection of U residues for isomerization to . In
the first case, specificity derives from standard protein-based re-
cognition of the structural context of the target U. Pseudouridine
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synthases of this type include the RIuA and RsuA families re-
sponsible for W formation in eubacterial LSU and SSU rRNAs,
respectively. In both eubacteria and eukaryotes, the TruA and
TruB families use a similar system to mediate pseudouridyla-
tion in the ASL and at position 55, respectively, of tRNA. In these
cases, each synthase is generally responsible for the formation
of W residues at one or more positions in a particular RNA
species; however, dual-specificity pseudouridine synthases cat-
alyzing the formation of ¥ residues in both tRNAs and rRNAs
(31), tRNAs and snRNAs (32), and in both cytoplasmic and
mitochondrial tRNAs (33) have been described.

Pseudouridine Formation in Eukaryotic rRNA. Whereas
the relatively few W residues in eubacterial rRNAs and in tRNAs
are formed by site-specific pseudouridine synthases, it seemed
unlikely a priori that each of the 50-100 W residues in eu-
karyotic TRNA species (3, 8) would be generated by separate
pseudouridine synthases. This conundrum was resolved when
a new class of small nucleolar RNAs, box H/ACA, was iden-
tified (20, 34, 35). Found (as the name implies) in the nucle-
olus, the site of ribosome biosynthesis in eukaryotes (36), the
box H/ACA snoRNAs possess hairpin-hinge-hairpin-tail struc-
tures, with the hinge region containing the conserved sequence
block ANANNA (box H) and the ACA motif found in the
tail structure, three nucleotides from the 3’-end (20, 34, 35)
(Fig. 5).

In this system, site selection for pseudouridylation occurs
by transient base-pair interactions between antisense elements
in the box H/ACA snoRNA and sequences in the rRNA on ei-
ther side of the target U residue (Fig. 5). This complementary
base-pairing creates a pseudouridylation pocket in which the
target U is unpaired and thus available to its synthase (20, 35).
In the formation of a functional small nucleolar ribonucleopro-
tein (snoRNP) particle, each box H/ACA snoRNA associates

Nq@ §W 5' IRNA
3' rRNA — —
—| BoxH —_| Box ACA
snoRNA 57 ANANNA JACAINNN 3'

Figure 5. Schematic representation of a box H/ACA snoRNA
acting on rRNA. One or both hairpins contain bulged pseu-
douridylation pockets that constitute short regions of comple-
mentarity to sequences flanking the target uridine (here shown
as the product, ¥) in rRNA (bold line). The only conserved
sequence motifs are box H in the hinge region and box ACA,
three nucleotides from the 3’ end of the snoRNA. The figure is
modified from Balakin et al. (34).
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with at least four specific proteins, one of which (Cbf5p) is a
generic pseudouridine synthase. Cbf5p, originally isolated as
centromere-binding factor 5 protein (37), is a member of the
TruB family of pseudouridine synthases (29, 38). This snoRNA -
associated pseudouridine synthase appears to direct formation
of most, if not all, of the ¥ residues in eukaryotic LSU and
SSU rRNAs (39, 40), with each box H/ACA snoRNA effec-
tively guiding Cbf5p to one and occasionally two target sites
(20, 35). Box H/ACA snoRNAs may also mediate ¥ formation
in snRNAs (e.g., U6) and snoRNAs (e.g., U3) (19).

Mechanism of Pseudouridine Formation. Unlike other nu-
cleoside modification reactions, U W isomerization has no known
energy or coenzyme requirement (2), although zinc is an es-
sential (structural?) cofactor in at least one pseudouridine syn-
thase (41). Recent mutagenic (40, 42, 43), biochemical (44),
and crystallographic (45) studies have identified a catalytic as-
partate residue in pseudouridine synthases and provided insight
into the enzymatic mechanism by which ¥ formation occurs in
RNA (see Fig. 1). In the first step of this model, the universally
conserved Asp (corresponding to Asp60 in E. coli TruA) carries
out a nucleophilic attack on C-6 of the uracil ring in the target U.
This breaks the N1-C1/ glycosyl bond, separating the base from
its ribose partner. The freed base, attached by a C6-O41 linkage
to the side chain of the catalytic Asp, is rotated 180° through
a diagonal N3-C6 axis (Fig. 1). The base is then reattached to
the ribose by a C5-C1’ glycosyl bond and liberated from its
synthase.

POSTULATED BIOLOGICAL ROLES OF
PSEUDOURIDINE RESIDUES IN RNA

Transfer RNA

During translation, ¥ is thought to modulate some of the
many interactions that tRNA molecules make with rRNAs and
with mRNAs. Pseudouridylation of tRNA does not influence the
overall three-dimensional structure of tRNAs, is not essential for
cell viability, and is not generally required for aminoacylation
(13, 16, 46). However, ¥ does affect the local structure of the
domains in which it resides (see 6).

The influence of modified nucleosides, including but not lim-
ited to ¥ residues, on the local structure of the ASL appears to
be critical for the proper binding of tRNA to the ribosome. This
effect may be mediated by a tighter binding of the appropri-
ate tRNA to the 30S ribosomal subunit through stabilization of
the dynamic structure of the anticodon loop (11, 14, 47; but see
also 12). Maintenance of the proper conformation of the three
anticodon residues undoubtedly helps to foster correct codon-
anticodon interactions. This may increase translational accuracy
by decreasing the rate of peptide bond formation, thereby allow-
ing more time for rejection of incorrect codon-anticodon pairs
(46).

Y residues, occasionally found in the anticodon proper, play
arole in alternative codon usage. In the mitochondria of echin-
oderms, a tRNAA" having the anticodon G¥U translates the
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AAA lysine codon as asparagine (48). Also, eukaryotic cytoplas-
mic tRNAD" (anticodon GWA ) is a suppressor of UAA and UAG
stop codons (see 48). In yeast, a minor tRNA® variant has the
anticodon WYAWY (49). In these contexts, W34, W35, and W36 are
postulated to strengthen codon-anticodon base-pairing, partic-
ularly noncanonical interactions involving G-A or G-G wobble
base pairs (/7). Thus, pseudouridylation plays an important bio-
logical role in fine-tuning the structure of those tRNAs in which
it occurs, thereby influencing their decoding activity, improving
the fidelity of protein biosynthesis, and helping to maintain the
proper reading frame (46).

Ribosomal RNA

Compared with tRNA, far less structure-function informa-
tion is available for W residues in rRNA. At the moment, func-
tional inferences for W in rRNA are largely limited to extrapo-
lations from the known biochemical and biophysical effects of
Y residues in other contexts, superimposed on our knowledge
of the distribution of ¥ in individual rRNA species.

Y residues may influence both rRNA folding and ribosome
assembly (8, 50). The structural stability afforded by ¥ may
assist in guiding the folding of rRNA toward a productive—
or away from a dead-end—path; one possibility is that box
H/ACA snoRNAs mediate rRNA folding and that pseudouridyl-
ation might then serve as a sSnoRNA/rRNA dissociation signal
once the rRNA molecule has assumed its proper structural con-
formation (8). In the mature ribosome, ¥ probably contributes to
the stabilization of local secondary or tertiary structure through
RNA-RNA or RNA-protein interactions (or both) (3). Such fine-
tuning of local higher-order structure in tRNA could influence
the speed and accuracy of decoding and proofreading during
translation by fostering appropriate interactions with tRNAs and
by promoting catalytic efficiency in peptide bond formation (2).
Pseudouridine residues may also stabilize the multiple contacts
that are made, broken, and reformed during movement of tRNA,
mRNA, and rRNA within the translating ribosome.

A catalytic role in peptidyl transfer during translation has
been considered for ¥ in rRNA. This idea (2, 9) was prompted
by recognition of the provocative clustering of W residues in the
PTC of the LSU rRNA and by the intriguing possibility that the
N-1 position of ¥ might exhibit a high group transfer potential
for acyl moieties. However, recent observations seem to argue
against a direct involvement of ¥ in the chemical mechanism of
ribosome-mediated peptide bond synthesis. First, as previously
noted (2), no W residues are absolutely conserved in position
in the LSU rRNA in all three domains of life, or even within
a single domain (8); thus, any requirement for W in the PTC
of the ribosome cannot be universally site-specific—although
reasons that might account for this lack of universality have
been elaborated elsewhere (2). Second, genetic knockout of the
snR10 gene in yeast is not lethal (20). This gene encodes a box
H/ACA snoRNA that mediates formation of a candidate (2, 9)
catalytic ‘P residue in eukaryotic LSU rRNA (see Fig. 4). Third,
a decrease but not complete loss of peptidyltransferase activity
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has been reported in experiments using 50S ribosomal subunits
(Bacillus stearothermophilus and Thermus aquaticus) reconsti-
tuted with unmodified 23S rRNA transcribed in vitro (51, 52).
Finally, induced loss through genetic depletion experiments of
most of the W residues in yeast rRNA, including all of those in
the PTC, is not lethal (see below).

Although the “pseudouridine hypothesis” of Lane et al. (2, 9)
seems at this stage to be unsupportable in its original form, there
is no question that it has focused attention on and galvanized
research into possible biochemical functions of W in rRNA.
One legacy of this hypothesis is a greatly increased knowledge
of the localization and phylogenetic distribution of W in rRNA
(21, 23, 24) and the discovery and characterization of pseudouri-
dine synthases and their genes (see below).

GENETIC ANALYSIS OF PSEUDOURIDINE FUNCTION
IN RNA

Transfer RNA

The first genetic evidence supporting a biological role for ¥
in RNA came from studies of the phenotypic effects of the hisT
mutation in E. coli and Salmonella typhimurium. The hisT gene
encodes pseudouridine synthase I (Pusl), a member of the TruA
family and responsible for formation of ¥ at positions 38, 39,
and 40 in the ASL of about half of all tRNA isoacceptors (see
53). Transfer RNAs that lack W38, ¥39, and W40 (as a result
of mutations in hisT) are efficiently charged with their cognate
amino acid but exhibit problems at the aminoacyl-tRNA selec-
tion step during translation, possibly because of the absence of
the stabilizing effects of ¥38/39/40 (12) on the multiple contacts
ordinarily made between mRNA, rRNA, and the ASL of tRNA
in the ribosomal A-site. As a result, the attenuation mechanism
that regulates the transcription of many biosynthetic operons
does not operate in hisT mutants (see 53), leading to consti-
tutive expression of the his, leu, tyr, lys, and ilv operons. In
addition, hisT mutant strains display a 20-25% reduction in the
rate of polypeptide chain elongation and exhibit pleiotropic ab-
normalities in cell division processes, resulting in an increase in
doubling time of ~30% (54).

In yeast (S. cerevisiae), the DEGI gene encodes a TruA-type
Y synthase (Deglp = Pus3p) responsible for ¥ formation at po-
sitions 38 and 39 in cytoplasmic tRNAs. Disruption of DEGI re-
sults in a reduced growth rate, especially at higher temperatures
(55). Genetic disruption of the yeast gene PUSI, which spec-
ifies the synthase (Puslp) responsible for pseudouridylation at
positions 34 and 36 in the anticodon proper and elsewhere in the
tRNA, is without detectable phenotypic effect (56, 57). More-
over, PUSI-DEG! double mutants do not exhibit a slow growth
phenotype beyond that seen with DEGI mutants alone (55).
However, simultaneous loss of function in PUS/ and in another
locus, LOSI,leads toreduced growth rate at 30 °C and no growth
at37 °C (56, 57). The Los1p protein may function as an importin-
like factor in the nuclear export of tRNAs; consequently, it has
been proposed that Puslp-catalyzed W modification may be
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necessary for interaction of mature tRNAs with Loslp during
their export from the nucleus (57).

Finally, disruption of the yeast gene PUS4, the protein prod-
uct of which (Pus4p) is responsible for formation of W55, has
no detectable effect on growth (33). Earlier work had demon-
strated only a small decrease in growth rate after disruption of the
homologous E. coli gene, TruB (see 58). Lack of a significant
phenotype in W55-deficient tRNAs is surprising, considering
that W55 is almost universally conserved in tRNA. Neverthe-
less, W55 is evidently not required for aminoacylation, nor is it
required for translation in vitro (33).

Ribosomal RNA in Eubacteria

In eubacteria, the role of W residues in rRNA function has
been assessed by gene disruption of the corresponding ¥ syn-
thases. Knockout of rsuA (responsible for formation of ¥516,
the sole W residue in E. coli SSU rRNA [59)), riuA (W746 in LSU
rRNA and W32 in some tRNAs [60]), and rluC (pseudouridyla-
tion of positions 955, 2504, and 2580 in the LSU rRNA [61, 62]),
has little or no discernible effect on exponential growth rate in ei-
ther rich or minimal media at temperatures ranging from 24 °C
to 42 °C. This is surprising, considering that W¥516 in E. coli
SSU rRNA is located in the 530 loop (63), which is implicated
in the fidelity of codon recognition, and that two of the missing
LSU rRNA Y residues, ¥2504 and 2580, are localized in the
PTC. On the other hand, mutant phenotypes were observed for
rsuA, rluA, and rluC knockout strains when their growth char-
acteristics (including survival in stationary phase and length of
lag phase) were assessed in competition experiments involving
mixed cultures of mutant and wild-type strains (60). Thus, the
presence of W516 in SSU rRNA and of W746, W955, ¥2504,
and w2580 in LSU rRNA appears to confer a slight but sig-
nificant selective advantage on the wild-type E. coli strain, as
seen by a gradual decrease in the proportion of rsuA and rluC
mutants and a sharp decrease in the proportion of rluA mutants
over time.

The pseudouridine synthase encoded by E. coli rluD is re-
sponsible for formation of ¥1911, W1915, and W1917 (62, 64),
all of which are in mRNA-decoding domain IV of the LSU
rRNA. In marked contrast to functional disruption of rIuA, riuB,
and rluC, knockout of rluD in E. coli results in severe inhibition
of growth (62, 64), possibly as a direct consequence of distur-
bances in the structure and decoding activity of domain I'V. Thus,
rluD is an essential gene for normal growth in E. coli.

Ribosomal RNA in Eukaryotes

In eukaryotic rRNAs, the functional role of any particular ¥
residue can be assessed by disruption of the corresponding box
H/ACA snoRNA. In S. cerevisiae, no observable growth defect
is seen after individual loss of at least 18 of the 45 experimentally
verified W residues in the ribosome. Deletions of multiple box
H/ACA snoRNAs, resulting in simultaneous loss of five (65)
or seven (66) YW residues, similarly had no observable effect on
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growth, although in neither case were competition experiments
performed in the presence of the wild-type strain. The mutant
strain harboring four disrupted box H/ACA snoRNA genes (spe-
cific for five W sites: three in LSU rRNA and two in SSU rRNA)
also displayed no discernible growth defect when cultured on
different carbon sources and at temperatures between 15 °C and
37 °C, with normal cell morphologies and bud formation evident
(65). However, in both of the above cases, the ¥ residues that
are missing correspond to residues that are distributed among
different rRNA domains (see Fig. 4) rather than being concen-
trated in a particular domain. The individual loss of all eight ¥
residues in the vicinity of the PTC in yeast (Fig. 4) resulted in no
observable defects in cell viability or growth (8); however, the
effect of simultaneous loss of these eight W residues has not yet
been assessed. In S. cerevisiae, genetic depletion of Garlp, one
of the protein components of box H/ACA snoRNPs, results in
the loss of virtually all ¥ residues in the SSU and LSU rRNAs
(67). Although such cells are viable, their growth behavior has
not yet been investigated.

Global loss of W residues in yeast has been studied by muta-
tion of the box H/ACA snoRNA-associated pseudouridine syn-
thase, Cbf5p. However, interpretation of the results of such ex-
periments is problematic because Cbf5p forms associations with
microtubules and with the kinetochore complex in chromosome
segregation (37); with the meiosis-specific protein kinase, Mck1
(68); with the RNA polymerase I transcription factor, RRN3,
involved in pre-rfRNA transcription (69); with hTR, the RNA
component of human telomerase (70); and with the box H/ACA
snR30, which is involved in endonucleolytic pre-rRNA process-
ing and the activity of which is essential (39). Nonetheless, ge-
netic depletion of Cbf5p in S. cerevisiae has a dramatic effect,
resulting in the near global abolition of ¥ in rRNAs and a grad-
ual decrease in growth rate, with eventual arrest of cell division
at the G/S boundary and lethality (37, 39). Point mutations
introduced into the catalytic domain of Cbf5p yield cells that
are viable at 25 °C but display cold- and heat-sensitive growth
phenotypes and reduced W content in rRNA (40). Substitution
of the catalytic Asp by Ala globally abolishes W formation in
rRNA under all temperature conditions. Mutant strains carrying
this substitution are viable but exhibit severe growth defects at
temperatures below 30 °C and no growth at 37 °C. However, this
mutation may also influence the interaction of Cbf5p with the
box H/ACA snoRNAs as well as TRNA stability, as suggested by
decreased levels of snoRNPs and both 18S and 25S rRNAs (40).

In Drosophila, the CbfSp ortholog Nop60B (71), also known
as minifly (72), is essential for viability and fertility. P-element-
induced deletions of the entire Nop60B ORF lead to homozy-
gous lethality late in development (71, 72). Partial loss-of-
function mutations in Nop60B have dramatic effects during
embryogenesis and in subsequent development, with morpho-
logical abnormalities evident in certain tissues (72). Exami-
nation of rRNA in mutant flies revealed inefficient pre-rRNA
processing and decreased pseudouridylation in both 28S and
18S rRNAs (72).
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A HUMAN GENETIC DISORDER ASSOCIATED WITH
MUTATIONS IN A PSEUDOURIDINE SYNTHASE

Mutations in the human gene encoding dyskerin, a Cbf5p
ortholog, have been associated with the rare haematopoietic and
malignant disorder, X-linked dyskeratosis congenita (73, 74).
Initially, a defectin rRNA processing or maturation (‘P -deficient
ribosomes?) was thought to be the fundamental cause of this
disorder; however, normal amounts of ¥ and mature rRNAs
have since been found in the ribosomes of affected individuals
(70). Instead, cells of individuals with this disorder have a lower
content of h'TR; consequently, telomerase activity is decreased,
with a resulting difficulty in maintaining telomere length (70).
Interestingly, the 3'-terminal region of mammalian hTR has the
characteristic primary sequence blocks and secondary structure
features of a box H/ACA snoRNA (75); thus, dyskerin may
associate with this region. Whether there is a direct link between
the pseudouridylation function of dyskerin, hTR, and X-linked
dyskeratosis congenita remains to be seen.

CONCLUSIONS

Although W has been slow to give up the secrets of its roles
in RNA, many of the “where” and “how” questions have yielded
to the combination of biochemical, biophysical, and genetic ap-
proaches summarized here. The “why” questions, however, re-
main only partially answered. Considering that ¥ is so abundant
and so widely distributed in naturally occurring RNAs, and that
so much genetic information (in the form of ¥ synthases and
snoRNAs) is invested in its formation, it is a reasonable conjec-
ture that this modified nucleoside is an important, even essen-
tial, constituent of RNA in the biological contexts in which it
normally exists. The profound phenotypic effects seen in some
cases of W deficiency in RNA (40, 54, 64) fully support this
view. Particularly telling in this regard are those genetic exper-
iments in which loss of one or more W residues has little or no
discernible effect on growth and other measurable parameters,
yet the mutant strain is unable to compete effectively with the
parent strain in mixed-culture experiments. Given the apparent
subtlety of much of the “Y¥ effect” in RNA, standard biochemi-
cal and genetic approaches in a laboratory setting may provide
only limited insight into W function, especially with regard to
the importance of any given ¥ residue in an individual RNA
species.

The consensus view is that most W residues are likely to serve
a structural role (acting as “structural struts” [see 24]) in RNA.
More than 30 years ago, McLennan and Lane (76) inferred that
Y residues are probably concentrated at the junctions between
single-stranded and helical regions in tRNA and rRNA. Detailed
physicochemical studies (5, 6) have now elucidated the con-
sequences of such localization, since confirmed, in stabilizing
higher-order structures.

Nevertheless, to conclude that all ¥ residues occupy similar
environments in all of the RNA molecules in which they occur,
and play the same role at all positions at which they are located,
would be premature. Just as a given amino acid (e.g., Asp) may
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serve either a structural or a catalytic role in a protein, so too
might a given modified nucleoside (e.g., V') have different func-
tions depending on the local environment in which it occurs.
In eukaryotic LSU rRNA, in particular, the curious cocluster-
ing of ¥ and o? -methylnucleoside residues (3, 24), as well as
the presence of divalent metal ions (particularly Mg?*), could
conceivably create local environments that alter the function of
selected W residues (see 2).

As a result of findings (64) stimulated by the “pseudouridine
hypothesis” of Lane et al. (9), the focus for a possible trans-
lational role for W has now shifted from domain V (PTC) to
domain IV (mRNA decoding site). In this regard, it would be
very interesting to determine the phenotypic effect in yeast of
the simultaneous loss of the same W residues that are absent
from domain IV in the LSU rRNA of the E. coli rluD mutant.
With respect to a possible catalytic role for W in LSU rRNA (9),
it is notable that reconstituted 50S ribosomal subunits contain-
ing modification-free 23S rRNA are able to carry out peptide
bond synthesis, albeit with substantially lower efficiency than
508 subunits reconstituted with the corresponding natural rRNA
species (51, 52). This finding would seem to preclude the type
of role originally envisaged (9) for ¥ in the chemistry of pep-
tide bond synthesis. However, in assessing the role of modified
nucleosides in rRNA function, we would do well to remember
that such experiments are still a long way from the “real” bi-
ological situation, where the translating ribosome, in decoding
natural mRNA, catalyzes multiple rounds of peptide bond for-
mation with exquisite accuracy and efficiency.

Biophysical studies of W-containing tRNAs have been es-
pecially revealing about the structural consequences of ¥ in
this RNA species. We can look forward to comparable insights
for ¥ in rRNA and snRNA, while recognizing that the cor-
responding studies, particularly in the context of a ribosomal
particle or splicing complex, are likely to be orders of magni-
tude more difficult. In this regard, naturally fragmented rRNAs,
in which rRNA domains and subdomains are distributed among
separate RNA species (e.g., 77), may ultimately prove useful.
Although genetic experiments in yeast, based on snoRNA gene
ablation, have yielded the somewhat surprising result that loss
of multiple W residues from an rRNA molecule is not neces-
sarily lethal (or even obviously detrimental), additional studies
of this sort are needed to assess the consequences of simultane-
ous loss of all of the W residues within functionally important
domains (e.g., the peptidyltransferase and mRNA decoding cen-
ters of LSU rRNA). Another approach to elucidating ¥ func-
tion in IRNA (or snRNA) might be to target artificial snoRNA
constructs to U residues that are not ordinarily pseudouridy -
lated, and to assess the biophysical and other parameters of such
supramodified RNAs in comparison with their normally modi-
fied counterparts. Such an approach has been used successfully
to alter the 02 ~methylation status of rRNA (78). Finally, other
aspects of RNA structure and function that have been addressed
elsewhere, such as the importance of modified nucleosides
in coordinating metal ions (particularly Mg?*) (4) and the
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provocative clustering of ¥ and 0% -methylnucleoside residues
in LSU rRNA (3), should continue to be explored.
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NOTE ADDED IN PROOF

A newly identified pseudouridine synthase, PusSp, mediates
formation of the lone W in yeast (S. cerevisiae) mitochondrial
LSU rRNA, at a position (2819) corresponding to ¥2580 in
E. coli 23S tTRNA [Ansmant, I., Massenet, S., Grosjean, H.,
Motorin, Y., and Branlant, C. (2000) Identification of the Sac-
charomyces cerevisiae RNA:pseudouridine synthase responsi-
ble for formation of Wg19 in 21S mitochondrial ribosomal RNA.
Nucleic Acids Res. 28, 1941-1946]. As observed when the anal-
ogous E. coli gene (rluC) was disrupted, a yeast PUS5 knockout
strain did not display any apparent growth defect when cultured
on rich or minimal medium at temperatures of 20 °, 30 °, or
37 ° C. Thus, viability of S. cerevisiae is not compromised even
when its mitochondrial ribosomes totally lack W residues.

In a phylogenetic comparison of deduced secondary struc-
ture, a 3'-terminal box H/ACA snoRNA motif was found to
be characteristic of vertebrate but not ciliate telomerase RNAs
[Chen, J.-L., Blasco, M. A., and Greider, C. W. (2000) Sec-
ondary structure of vertebrate telomerase RNA. Cell 100, 503~
514]. However, it would appear that this particular box H/ACA
motif does not function in pseudouridylation in the cell.
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