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Through all kingdoms of life RNAs are modified as, or after,
they are synthesized. The types and sites of modification are
often conserved, implying conservation of function. Many of
these modifications are located at key functional regions of the
ribosome or other RNAs. The enzymes that carry out the mod-
ifications exhibit unique or limited multisite specificity.

Substrate recognition by RNA-modifying enzymes is more
challenging than for DNA-modifying enzymes, because the
complex tertiary folds of RNA often prevent direct read out of
the target sequence. In some cases, there is no consensus target
sequence for the multiple substrates of an RNA-modifying
enzyme beyond the target base itself. A challenge for biologists
is to determine how an RNA-modifying enzyme selects the cor-
rect segment from a large folded or partially folded RNA and
then recognizes a single target base in the segment without
relying exclusively on sequence. Several crystal structures of
RNA-modifying enzymes with and without substrate bound
have recently been determined. These structures are beginning
to “decode” the basis for selectivity of enzymes for the many
different states and folds of RNA.

We focus on two of the classes of RNA-modifying enzymes for
which mechanisms of substrate recognition are understood to
some degree. These are the 5-methyluridine (m°U)* methyltrans-
ferases (MTases) and the pseudouridine synthases (W synthases).
These families catalyze some of the most common modifications
of the more than 100 different types of posttranscriptional modi-
fication seen in RNA. Each modification is evoked at a particular
stage in RNA folding suggesting that the determinants of selectiv-
ity often involve unique three-dimensional folded structures. In
some cases a fragment of the physiological substrate, for example
an isolated RNA stem-loop, can act as substrate; in others only
folded or partially folded ribosome or full tRNA suffices. Both of
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these classes of RNA-modifying enzymes use covalent addition of
anucleophilic side chain (Cys or Asp) to initiate the chemical mod-
ification of uridine. Synthetic minimal substrates containing 5-flu-
orouridine at the target site, when reacted with the proteins, yield
covalent protein-substrate analog complexes, providing an effec-
tive means to crystallize enzyme-RNA complexes.

RNA m°U MTases

The m°U MTases catalyze the S,2 transfer of the methyl
group from the cofactor, AdoMet, to the C-5 of the target uri-
dine (1). The first m®U MTase to be studied in detail was TrmA
(formerly called RUMT), which methylates U54 in the T-arm of
most Escherichia coli tRNAs. An intriguing problem was how
TrmA was able to recognize tRNAs with a different sequence
and structure and catalyze the specific methylation at only U54.
The minimal RNA structure for substrate activity contains the
7 bases of the T loop and a short base-paired stem of the T-arm
(2). The composition of the base-paired stem is unimportant,
and most base substitutions in the 7-base loop do not eliminate
TrmA activity except for any mutation of the methyl acceptor
U54 and the C56G mutation. Therefore the specificity of TrmA
does not reside in the sequence but rather in secondary and
tertiary structural features of the T-arm.

How does the enzyme-AdoMet binary complex gain
access to the base of U54, which is buried deep inside the
folded structure of tRNA, to perform the complex steps of
catalysis? Stable hydrogen bonds between the D and T loops
must be disrupted in order for TrmA to access the T loop.
The kinetics of formation of the TrmA-tRNA complex is
consistent with a two-step binding mechanism: a rapid asso-
ciation of the enzyme with tRNA followed by a slow step in
which the enzyme and tRNA tightly associate into stable
complexes that can be isolated on nitrocellulose filters (1).
The overall rate of complex formation is significantly faster
for tRNAs in which T loop/D loop hydrogen bonds have been
eliminated by mutagenesis, implying the slow step involves
disruption of T loop/D loop interactions (1).

If a substrate fragment is accessible but remains rigid as in
the folded RNA structure, the target base may not be sol-
vent-accessible. The crystal structure of the ribosomal m°U
MTase RumA bound to RNA and S-adenosylhomocysteine
illustrates in detail the importance of conformational adapt-
ability of an RNA substrate for recognition by the modifica-
tion enzyme (3, 4). RumA methylates U1939 in a conserved
region of E. coli 23 S RNA (5). A 37-nucleotide RNA with the
same sequence as a 23 S RNA fragment containing the target
uridine is a RumA substrate. The 37-mer, substituted with a
5-fluorouridine at U1939, was co-crystallized with the
enzyme and an AdoMet analog, SAH. In the complex, the
5'-end loop adopts a new fold that complements the detailed
shape and electrostatics of the protein surface and positions
the 5-fluorouridine in the active site, where it is covalently
bound to the catalytic Cys (Fig. 1). Another base from the
5'-loop, A1937, also inserts into the active site where it
stacks against the adenine ring of the SAH. Not only does
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FIGURE 1. Ribbon drawing of the RumA-SAH-RNA structure (right) (29). The protein is green, the RNA is
yellow, and SAH is orange. The SAH and the RNA bases are shown in stick representation, whereas the ribose
moieties are represented by tubes. The ribbon plot on the left shows the conformation that the RumA substrate
RNA assumes in the E. coli ribosome (from Protein Data Bank accession number 2AW4). The 5’-end loop of the
RNA refolds upon binding to RumA, whereas the 3’-hairpin does not change conformation and interacts
specifically only with the OB-fold domain. In the complex, nucleotides A1937 and F°U1939 (the target) are
inserted in the active site and nucleotides 1962-1968 are disordered. This figure was produced using the UCSF
Chimera package from the Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by National Institutes of Health Grant P41 RR-01081).

A1937 assist in cofactor binding, but it also enhances catal-
ysis by positioning the methyl group for transfer to the target
base (4). Two other bases from the RNA loop are inserted
into the spaces vacated by the F°U1939 and A1937, and the
new fold is further stabilized by intra-RNA and RNA-protein
hydrogen bonds. Protein-RNA interactions are enhanced by
conformational changes in RumA, although these changes
are far less dramatic than the refolding of the RNA substrate.
The requirements for an RNA substrate to be able to “refold”
into the unusual conformation and form specific hydrogen
bonds with the protein are powerful constraints that help
explain the high specificity of RumA.

Interactions between RNA-modifying enzymes and RNA
substrate distal to the active site can enhance the chemical rate
(k...) as well as the substrate binding affinity. The 3'-segment of
the 37-mer co-crystallized with RumA is a hairpin that makes
few contacts with the 5'-end loop and is distant from the target
base. The hairpin binds to a small RNA-binding domain in
RumA with an OB-fold, which is separated from the catalytic
domain by a flexible linker. The 12-mer substrate RNA, in
which the hairpin is absent, has a 30-fold lower k_,, and 110-fold
lower catalytic efficiency (k.,./K,,,) than the 37-mer. The hair-
pin binding to the OB-fold domain apparently helps stabilize
productive alignment of the target base and active site residues.

RNA W Synthases

W, the C-C glycosyl isomer of uridine, is the most common
modification of RNA, and it occurs in most stable RNAs includ-
ing tRNA, rRNA, tmRNA, and snRNAs (6, 7). In prokaryotes,
pseudouridylation is mediated by a set of enzymes that recog-
nize one or a few sites. Eukaryotes and archaea have analogous

38970 JOURNAL OF BIOLOGICAL CHEMISTRY

site-specific ¥ synthases but also
use a set of ribonucleoprotein parti-
cles (RNPs) for pseudouridylation.
Guide snoRNAs in these RNPs
determine substrate specificity.
Although the reaction catalyzed by
each of these enzymes is the same,
the substrate specificity varies from
simple stem-loop structures to
larger and more complex three-di-
mensional RNA molecules.

Based on sequence alignments,
¥ synthases have been grouped
into five families, each named after
its first representative: TruA,
TruB, TruD, RsuA, and RIuA
(8-10). Since the first crystal
structure of a ¥ synthase was
solved in 2000 (11), structures of
W synthases from all five families
have been reported. The struc-
tures reveal that, despite limited
sequence similarity across the
families, the enzymes have a con-
served core architecture and
active site, consistent with their
evolution from a common ances-
tor. The core architecture is unique to W synthases. It fea-
tures two antiparallel B-sheets that are joined to each other
by hydrogen bonds between two contiguous parallel strands,
one from each antiparallel sheet, to form a continuous, bifur-
cated ~8-stranded B-sheet that is decorated by helices and
loops. The center of the extended sheet, where the antipar-
allel sheets join, forms the floor of the active site cleft. The
walls of the cleft are formed by a conserved loop-helix struc-
ture on one side and by a long loop containing the invariant
catalytic Asp on the other.

Apart from the conserved core the enzymes are structurally
very diverse (Fig. 2). Inserts unique to a particular ¥ synthase,
some quite long, cluster on either side of the active site cleft,
suggesting they have a role in RNA recognition. Most ¥ syn-
thases have a small RNA-binding domain, such as a PUA
domain, attached to the N or C terminus of their catalytic
domain (12). Others form homodimers or complexes with
other proteins with some specific function.

TruB—TruB is responsible for the universally conserved W55
in the T stem-loops of tRNAs (13). TruB accepts as substrates
isolated RNA stem-loops with the same sequences as portions
of tRNA T stem-loops (14). Co-crystal structures of TruB with
isolated stem-loops beautifully illustrate how the often elabo-
rate inserts seen in W synthases (Fig. 2) can participate in RNA
binding and determine substrate specificity (15—17). TruB hasa
PUA domain at its C terminus and a 29-amino acid “thumb”
domain inserted in the core architecture adjacent to the active
site cleft, both of which make extensive interactions with RNA.
Upon substrate binding, the thumb domain, which is disor-
dered in the apoenzyme structure, adopts a helical conforma-
tion. At the same time three of the bases in the stem-loop,
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loops in the intact tRNA. A PUA
domain in an archaeal tRNA-modi-
PUA fying enzyme, the archaeosine-spe-
Honan cific transglycosylase, also interacts
with the acceptor stem-loop of
tRNA, despite having low sequence
homology to the TruB PUA domain
(18). On the other hand, in the
eukaryotic W55 synthase Pus4, a
domain with an unknown fold
replaces the PUA domain, suggest-
ing that the PUA domain is a generic
RNA binding motif that can be
interchanged with a variety of other
such motifs (19).

TruD—Although TruD is evolu-
tionarily distant from all other W
synthases, its structural and func-
tional similarities to TruB provide
clues to its substrate recognition
mechanism. TruD modifies U15 in
the D stem-loop of tRNA. Like
TruB, TruD must dissociate the D
and T stem-loops that are joined by
hydrogen bonds in the folded tRNA

thumb-domain

FIGURE 2. Inside the circle is shown the structural alignment of the following representatives from each
of the five W synthase families (Protein Data Bank accession codes are given in parentheses after the
protein name): TruA (1DJO), TruB (1R3E), TruD (1SB7), RsuA (1KSK), RluD (2IST), and Cbf5-L7a3-Nop10-
Gar1 (2HVY). The conserved catalytic cores are colored gray with the invariant catalytic Asp marked with an
“X",and the appended/inserted domains or accessory proteins are colored differently. Around the circle, each
protein is shown separately in the same orientation as in the superposition. RNAs (magenta ribbons) bound to
TruB and Cbf5 are taken from the crystal structure of the respective substrate-RNA complex, whereas those
bound to TruA and TruD are models. The RNA bound to Cbf5 is the guide snoRNA, not the substrate RNA. This

and modify a single site with high
precision. TruD has a ~140-amino
acid insertion in the C-terminal half
of the protein on the RNA binding
face of the protein. The position of
this TruD-specific insert, called the

figure was produced with PyMOL, from Delano Scientific, San Carlos, CA.

including U55, flip into the active site. The thumb domain
clasps the RNA and makes stabilizing interactions with nucle-
otides bound at the active site. In contrast to TrmA, which
recognizes the overall shape rather than specific sequence of
the T loop, TruB requires the consensus sequence U54-U55-
X56-X57-A58 (where X is any nucleotide) for function but tol-
erates one-base changes to loop size (14). The thumb domain-
RNA interactions are proposed to play a role in interrogation of
the consensus sequence (16). The “thumb” domain insert is
unique to W55 synthases in the TruB family.

In three independently solved TruB-RNA crystal structures
the stem-loop bound at the active site is stacked end-to-end
with either the stem-loop from a neighboring complex (15, 17)
or with an RNA duplex formed by extra copies of the co-crys-
tallized RNA fragment (16). The stacked RNAs mimic a single
extended RNA stem-loop bound at the active site. In all three of
the crystal structures the PUA domain has moved as a rigid
body toward the active site and makes nonspecific interactions
with the extended stem. When whole tRNA is superimposed on
the TruB complex by aligning its T stem-loop with the active
site-bound RNA fragment, the tRNA acceptor stem-loop aligns
with the second, “stacked” RNA fragment. These three inde-
pendent observations of PUA-RNA interactions indicate the
strong tendency of the PUA domain to bind RNA and, accord-
ing to the TruB-tRNA model, to recognize the acceptor stem-
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TRUD domain, and its highly posi-

tive electrostatic nature are reminis-
cent of the thumb domain in TruB. Comparison of multiple
structures of apo-TruD reveals a hinge motion of ~18° that
alters the relative positions of the TRUD domain and the con-
served core, suggesting the TRUD domain may clamp down on
the RNA substrate much like the thumb domain of TruB (20 -
22). The structure of a TruD-tRNA complex has been modeled
by assuming the tRNA adopts the same conformation as it does
when bound to a transglycosylase that modifies position 15 in
the tRNA D loop of many archaea. In order for the D loop to
access the active site of the transglycosylase the tRNA assumes
a conformation radically different from the canonical L-shaped
tRNA (18). When TruD is docked to tRNA in this alternate
conformation, the TRUD domain interacts with the anticodon
stem-loop as well as the D stem-loop, whereas in TruB-tRNA
models the smaller (29 amino acids) thumb domain interacts
only with the T stem-loop (20). The TRUD domain interactions
with the anticodon stem-loop may provide one mechanism by
which TruD distinguishes between the D and T stem-loops of
tRNA.

TruA—TruA modifies uridines at positions 38 —40 of the
anticodon stem-loop of tRNAs; thus it is an example of a ¥
synthase with regional as opposed to site specificity. TruA is the
only W synthase in E. coli that functions as a homodimer.
Unlike RumA or TruB, TruA requires a whole tRNA for mod-
ification; an isolated anticodon stem-loop is not a substrate. A
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model of a TruA-tRNA complex that is consistent with these
data has been constructed by docking whole tRNA to an elec-
tropositive surface surrounding the active site cleft of the apo-
TruA crystal structure such that the target sites of the tRNA are
placed near the active site and the body of tRNA contacts the
protein (11) (Fig. 2). This binding mode has recently been con-
firmed by our crystal structure.® In this binding mode, the
tRNA body is bound by the second subunit of the TruA
homodimer. This interaction may initiate the TruA-tRNA
association by orienting the tRNA such that the target sites are
localized near the active site but with enough degrees of free-
dom that any one of them can productively bind to the catalytic
Asp.

RsuA and RIuA Family

The RsuA and RIuA families are the two most closely related
of the five families based on sequence similarities. Full-length
crystal structures of RsuA (23) and of the RluA family member
RluD* have been solved. Each has an N-terminal domain that is
connected to the catalytic domain by a flexible linker. These
domains have the same fold as the RNA-binding domain of
ribosomal protein S4, and hence are referred to as S4 domains
(12). Superpositions of RsuA and RluD onto TruB show that the
S4 domains can interact extensively with an RNA helix that
extrudes away from the binding pocket like the extended stems
in the TruB-RNA complexes. However, the S4 domain does not
appear to be absolutely required for the function of enzymes in
the RIuA family as RluA and TruC from this family do not have
the domain.

Atleast in prokaryotes, RsuA family members are highly spe-
cific, usually modifying a single site on rRNA. RIuA family
members, in contrast, typically show broader, regional specific-
ity. Neither sequence differences nor the apoenzyme structures
provide obvious explanations for the differences in selectivity,
and no crystal structures of substrate-bound enzymes have
been reported. Therefore, the substrate recognition mecha-
nisms for the RsuA and RIuA family are still poorly understood.

H/ACA RNPs: Use of snoRNAs for Substrate Recognition

Eukaryotes and archaea utilize a different strategy than pro-
karyotes for selecting rRNA sites for the ¥ modification (24). A
TruB homolog, Cbf5, forms a heterotetramer with three acces-
sory proteins. The heterotetramer then binds to one of a family
of guide snoRNAs that are characterized by two conserved
sequence motifs, called the box H (sequence ANANNA) and
the box ACA motifs. The assembled H/ACA snoRNP then rec-
ognizes the target uridine through transient base pair interac-
tions between the snoRNA and sequences in the rRNA on
either side of the target site (25). Thus, ~50-100 target sites in
rRNA can be efficiently modified by a single protein complex
simply by using a different H/ACA snoRNA for each target site.

Crystal structures of an archaeal H/ACA snoRNP reveal the
close structural homology between Cbf5 and TruB (26-28).
Cbf5 has a PUA domain, which interacts with the ACA motif at
the 3'-end of the guide snoRNA and a flexible loop, corre-

3S. Hur and R. M. Stroud, unpublished data.
4P. G. Foster, J. Finer-Moore, and R. M. Stroud, unpublished data.
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sponding to the thumb domain of TruB, which could bind and
stabilize substrate RNA. The PUA-ACA interactions precisely
align the guide sequences of the snoRNA with the active site of
Cbf5 (27). The three accessory proteins in the archaeal RNP
(L7a3, Nop10, and Gar1), which are essential for function, have
been proposed to play roles in supporting the snoRNA, stabi-
lizing the RNP, and possibly guiding the target RNA to the
active site (26 —28). Although the structures of the RNP do not
contain substrate RNA, their parallels to the TruB structures
have suggested detailed mechanisms for snoRNA-guided sub-
strate binding (27). Because the RNP can be assembled with
mixtures of eukaryotic and archaeal components and there is a
high degree of sequence identity between corresponding com-
ponents from the two kingdoms, the proposed mechanisms for
RNA recognition can likely be generalized to eukaryotes (26).

Conclusions

RNA-modifying enzymes face the challenging task of binding
target nucleotides deeply buried in the folded or partially folded
RNA. Structural studies of m°U MTases and ¥ synthases have
revealed some common strategies for substrate recognition.
These include electrostatic attraction and shape complementa-
rity, stabilization of new substrate RNA folds, and use of flexible
protein loops to precisely position the target nucleotide in the
active site. The wide range of substrates and different degrees of
substrate specificity for the enzymes in these families implies
each enzyme’s substrate binding mechanism will have unique
features that we can begin to understand through the structures
of their substrate complexes.
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