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Summary

H/ACA RNA-protein complexes, comprised of four pro-
teins and an H/ACA guide RNA, modify ribosomal and
small nuclear RNAs. The H/ACA proteins are also es-
sential components of telomerase in mammals. Cbf5
is the H/ACA protein that catalyzes isomerization of
uridine to pseudouridine in target RNAs. Mutations in
human Cbf5 (dyskerin) lead to dyskeratosis congenita.
Here, we describe the 2.1 A crystal structure of a spe-
cific complex of three archaeal H/ACA proteins, Cbf5,
Nop10, and Gar1. Cbf5 displays structural properties
that are unique among known pseudouridine syn-
thases and are consistent with its distinct function in
RNA-guided pseudouridylation. We also describe the
previously unknown structures of both Nop10 and
Gar1 and the structural basis for their essential roles
in pseudouridylation. By using information from re-
lated structures, we have modeled the entire ribonu-
cleoprotein complex including both guide and sub-
strate RNAs. We have also identified a dyskeratosis
congenita mutation cluster site within a modeled dys-
kerin structure.

Introduction

Box H/ACA RNA-protein complexes (H/ACA RNPs)
pseudouridylate ribosomal and small nuclear RNAs
(Decatur and Fournier, 2003; Kiss, 2002; Meier, 2005;
Terns and Terns, 2002; Yu et al., 2005). Pseudouridine,
a rotation isomer of uridine (), is often found in highly
conserved regions of functional RNAs such as tRNA,
rBNA, and snRNA. Pseudouridylation of RNA increases
thermal stability of RNA helices (Arnez and Steitz, 1994;
Davis, 1995; Newby and Greenbaum, 2002a; Yarian
et al., 1999) and extends the repertoire of RNA bases
that can interact to form new RNA structure and protein
binding sites (Newby and Greenbaum, 2002b; Yu et al.,
2005). The functional importance of RNA pseudouridyla-
tion has been demonstrated in ribosome function (King
et al., 2003), spliceosome function (Donmez et al.,
2004; Valadkhan and Manley, 2003; Yang et al., 2005a;
Zhao and Yu, 2004), and small nuclear ribonucleoprotein
assembly (Yu et al., 1998).

*Correspondence: hongli@sb.fsu.edu

H/ACA RNPs are RNA-protein assemblies that achieve
RNA pseudouridylation by an RNA-guided mechanism.
Specifically, the RNA component of each H/ACA RNP
contains regions of complementarity to a target RNA,
which confer site-specific modification (Balakin et al.,
1996; Ganot et al., 1997a; Ganot et al., 1997b; Ni et al.,
1997). The complementarity is distributed across two
strands of an internal loop of the H/ACA RNA termed
the pseudouridylation pocket. A conserved sequence
element termed box ACA or box H (ANANNA) is located
at the base of the hairpin housing the pseudouridylation
pocket and is essential for association of the RNAs with
a common set of proteins (Meier, 2005; Yu et al., 2005).
The core H/ACA RNP proteins include Cbf5p (Dyskerin
in human, NAP57 in rodents), Nop10p, Nhp2p, and
Garlp (Watkins et al., 1998; Bousquet-Antonelli et al.,
1997; Dragon et al., 2000; Henras et al., 1998; Lafontaine
et al., 1998; Wang and Meier, 2004). Archaeal homologs
of all four core proteins (Cbf5, Nop10, L7Ae, and Gar1, re-
spectively) as well as H/ACA RNAs, have been identified
(Henras et al., 2004; Rozhdestvensky et al., 2003; Tang
et al., 2002; Watanabe and Gray, 2000) and have been
used to reconstitute RNA-guided pseudouridylation in
vitro (Baker et al., 2005; Charpentier et al., 2005).

Pseudouridine is the most abundant single nucleotide
modification detected in a diverse range of functional
RNAs (Charette and Gray, 2000; Grosjean and Benne,
1998). Correspondingly, the families of enzymes that
catalyze isomerization of uridine exhibit extraordinarily
conserved active sites but a wide range of RNA binding
strategies (del Campo et al., 2004; Foster et al., 2000;
Hoang and Ferre-D’ Amare, 2004; Kaya et al., 2004;
Pan et al., 2003; Sivaraman et al., 2002). Cbf5 exhibits
strong sequence homology to the TruB family of pseu-
douridine synthases (Koonin, 1996) that catalyze isomer-
ization of uridine 55 in most tRNAs and, thus, is predicted
to be the catalytic subunit of the H/ACA RNP. However,
unlike all other known pseudouridine synthases, which
directly recognize and modify their cognate RNA target
sequences, H/ACA RNP-associated Cbf5 requires
a guide RNA and three accessory proteins to efficiently
bind and modify its substrate (Baker et al., 2005; Char-
pentier et al., 2005). The archaeal Cbf5 protein interacts
independently with the H/ACA guide RNA, Nop10 and
Gar1 (Baker et al., 2005; Charpentier et al., 2005). L7Ae
interacts directly with the guide RNA and does not inter-
act with the other proteins in the absence of the guide
RNA (Baker et al., 2005; Charpentier et al., 2005). All
four proteins and the guide RNA are necessary for effi-
cient modification of the substrate by Cbf5 (Baker et al.,
2005; Charpentier et al., 2005). These studies indicate
that Nop10, Gar1, and L7Ae (NHP2) influence catalysis,
perhaps by modulating target RNA-guide RNA interac-
tion or positioning the target RNA within the catalytic
site of Cbf5.

The H/ACA proteins are also essential components of
telomerase. Telomerase is an RNA-protein enzyme that
catalyzes telomere addition and is responsible for main-
tenance of chromosome termini (Blackburn, 2005).
Mammalian telomerase contains an H/ACA motif in its


mailto:hongli@sb.fsu.edu

Molecular Cell

5
A

Nop10

RNA component (Chen and Greider, 2004; Mitchell et al.,
1999a) and is bound by all four core H/ACA proteins
(Dragon et al., 2000; Mitchell et al., 1999b; Pogacic
et al., 2000; Wang and Meier, 2004). Although telome-
rase is not thought to function in pseudouridylation, as-
sociation of the H/ACA proteins with telomerase is im-
portant for the processing, stability, and trafficking of
telomerase RNA in vivo (Chen and Greider, 2004; Luko-
wiak et al., 2001; Mitchell et al., 1999b).

Mutations in the human Cbf5 gene, DKC1, cause X-
linked dyskeratosis congenita (DC) that is characterized
by abnormal skin pigmentation and nail dystrophy, bone
marrow failure, and a predisposition to epithelial can-
cers (Heiss et al., 1998; Marrone and Mason, 2003; Me-
ier, 2005). The molecular basis for DC is not yet clear.
Both dysfunction of ribosomal RNA (Mochizuki et al.,
2004; Ruggero et al., 2003) and shortening of telomeres
(Mitchell et al., 1999b; Mochizuki et al., 2004) have been
observed in DC patients, suggesting that DKC1 muta-
tions can affect both ribosomal RNA biogenesis and tel-
omerase function.

Here, we describe the crystal structure of the Pyrococ-
cus furiosus (Pf) Cbf5-Nop10-Garl complex at 2.1 A
resolution. The trimeric complex provides insights into
H/ACA RNP assembly and the RNA-guided pseudouri-
dylation mechanism. In addition, knowledge of the previ-
ously determined structure of a Cbf5 homolog (TruB)
bound to RNA allowed us to model the interaction of
the Cbf5-Nop10-Gar1 complex with an H/ACA guide
RNA-target RNA duplex and to suggest possible func-
tional roles for each H/ACA protein. Finally, our observa-
tion that DC-causing mutations, which are generally con-
centrated at the 5’ and 3’ termini of the DKC1 gene, affect
amino acids that cluster to a specific location within the
folded protein indicates the importance of this region in
normal dyskerin function and identifies the functional
domain that is disrupted in most DC patients.
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Figure 1. Overview of the Cbf5-Nop10-Gar1
Complex Structure in Two Orthogonal Views
and Secondary Structure Descriptions of
the Individual Proteins

Color designation is as follows: Cbf5, green
(catalytic domain); turquoise, PUA domain;
and orange, N tail; Nop10, red; Garl, blue.
Shown as a stick model is the conserved cat-
alytic residue Asp85 of Cbf5. In two-dimen-
sional (2D) topology diagrams, arrows repre-
sent B strands and circles represent helices.
Note that conserved Cbf5 secondary struc-
ture elements have the same numbering as
those of TruB and unique secondary struc-
ture elements are numbered independently
with primes.

Gar1l

Results and Discussion

Overview: Structure of Cbf5, Nop10, and Gar1

and Organization of the Complex

The Cbf5-Nop10-Gar1 complex was obtained by copur-
ification of the proteins after expression in E. coli. Cbf5
and histidine-tagged Gar1 were coexpressed, whereas
Nop10 was expressed alone. Copurified Cbf5-Nop10-
Gar1 complexes bind specifically to H/ACA guide RNAs
and, together with the fourth protein L7Ae, pseudouridy-
late target rRNA in vitro (Baker et al., 2005). The crystal
structure of Cbf5-Gar1-Nop10 was determined by the
multiple-wavelength anomalous diffraction method with
selenomethionine-containing crystals. The final struc-
ture includes Cbf5 residues 8-336 (full-length 1-343),
Nop10 residues 4-55 (full-length 1-60), and Gar1 resi-
dues 1-73 (full-length 1-97).

The Cbf5-Nop10-Gar1 complex crystallized with two
trimers in each asymmetric unit. The C-terminal domains
of each Cbf5 protein bury a moderate solvent-accessible
surface area (1048 Az), suggesting the possibility of weak
dimerization between Cbf5 molecules. To further assess
the oligomeric state of the heterotrimer in solution, we
carried out analytical ultracentrifugation experiments.
Results from sedimentation velocity (SV) centrifugation
with heterotrimers at concentrations as high as 172 uM
revealed a species that was predominately of ~3.4
Svedberg in solution (see the Supplemental Data avail-
able with this article online), indicating that the complex
exists in monomeric units in solution.

The overall structure of the Cbf5-Nop10-Gar1 complex
is shown in Figure 1. There was no previous high-resolu-
tion structural information for these three H/ACA pro-
teins from any organism. As expected, Cbf5 exhibits
overall structural homology to the E. coli pseudouridine
synthase TruB (Figure 2, Protein Data Base [PDB] num-
ber 1K8W, rmsd 1.3 A for 191 Ca. atoms; PDB number
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Figure 2. Structural Homology between Pf Cbf5, in Green, and E.
coli TruB, in Gray

Secondary structure elements (comprising the thumb loop) present
in TruB, but not in Pf Cbf5, are labeled in black. 87 and 310 are la-
beled in blue. The catalytic aspartate residues in both structures
are shown as stick models (Pf Cbf5 magenta and TruB red).

1R3E,rmsd 1.4 Afor184Co, atoms). Cbf5 shares the two
major structural domains of TruB: the catalytic domain
(Cbf5 residues 43-244) and the PseudoUridine synthase
and Archaeosine transglycosylase (PUA) domain (Cbf5
residues 245-336) (Figure 1, green and turquoise, re-
spectively) (Aravind and Koonin, 1999). In addition,
Cbf5 has an N-terminal tail (residues 8-42) that is not
present in TruB (Figure 1, orange). An aspartate found
in the catalytic domain is conserved among pseudouri-
dine synthases and is involved in catalysis (Charpentier
etal., 2005; Zebarjadian et al., 1999). Mutation of the con-
served Asp85 in Pf Cbf5 eliminates in vitro pseudouridy-
lation activity (D.L.B., R.M.T., and M.P.T., unpublished
data). Asp85 of Pf Cbf5 superimposes closely in space
with catalytic Asp48 of E. coli TruB (Figure 2).

The small Nop10 protein contains two distinct do-
mains: an N-terminal, all § domain comprised of two
closely packed f hairpins, and a C-terminal, single-helix
domain (Figure 1). The domains are connected by a 10
amino acid random coil. Within the B barrel domain,
four cysteines, Cys8, Cys11, Cys20, and Cys23, form a
structural zinc binding site (Figure 1) (Auld, 2001) exem-
plified as that observed in aspartate carbamoyltransfer-
ase (Gouaux et al., 1990) (rmsd 1.1 A for all atoms of the
four cysteine residues). The four zinc ligands are highly
conserved in Archaea (Cys11 is occasionally replaced
by aspartate) and, thus, likely play an important role in
the stability of archaeal Nop10 structure.

Gar1 forms a six-stranded B barrel structure that be-
longs to the reductase/isomerase/elongation factor
fold superfamily (see Structural Classification of Pro-
teins, http://scop.mrc-Imb.cam.ac.uk/scop/ (Figures 1
and 3). This fold occurs in domain 2 of the elongation
factor Tu (PDB number 1EFC, Z = 5.3; for pairs of protein
structures in which Z < 2.0, the pair is structurally dis-
similar), in the N-terminal domain of the F1 ATPase
o. subunit (PDB number 1SKY, Z = 6.8), in the T-protein
of the glycine cleavage system (PDB number 1WOO, Z =
6.0), in ribosomal protein L35a (PDB number 1SQR, Z =
5.1), and in translation initiation factor 2 (PDB number

Figure 3. Gar1 Employs a Potential RNA Binding Surface to Interact
with Cbf5

The complex of Gar1 (blue) and Cbf5 (green) is compared with those
of EF-Tu domains (blue) and tRNA (red). The structures of Gar1, EF-
Tu domain 2, and EF-Tu domain 3 are shown in the same orientation.

1G7R, Z = 5.0). In many cases, this structural fold is in-
volved in binding RNA (e.g., in translation factors). How-
ever, it can also be a modular domain to mediate protein
oligomerization (e.g., in F1 ATPase).

The organization of the Cbf5-Nop10-Gar1 hetero-
trimer confirms previous biochemical evidence that
Nop10 and Gar1 interact independently with Cbf5 (Baker
et al., 2005; Charpentier et al., 2005; Henras et al., 2004).
Viewed from the top (Figure 1), Nop10 and Gar1 sur-
round the catalytic domain of Cbf5, which measures
~58 A across and ~28 A in height, with Nop10 border-
ing to the north and Gar1 to the east. The two accessory
proteins are separated by nearly 20 A. The catalytic do-
main of Cbf5 is thus also the principal organizer of the
three-protein complex.

The binding of Nop10 to Cbf5 is mediated by interac-
tions along the length of Nop10, including residues in
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Figure 4. Residues Involved in the Interactions of Cbf5 with Nop10 and Gar1

(A) Aligned sequences of Pf, yeast, and human Cbf5 proteins overlaid with Pf Cbf5 secondary structures. Residues involved in interactions (de-
fined by a decrease of more than 4 A2 on side chain solvent-accessible area due to binding of another molecule) are highlighted as follows: Cbf5
residues that interact with Nop10 in red and that interact with Gar1 in blue, and Nop10 and Gar1 residues that interact with Cbf5 are shown in
green. The black arrow on the Cbf5 sequence indicates the proteolytic site of Cbf5 protected by Gar1 (see Figure S3). Dyskerin mutations are
indicated under the dyskerin sequence by gold dots. Asterisks under gold dots indicate mutations that occur in multiple families (from Marrone

et al., 2005).
(B) Specific contacts between Nop10 (red) and Cbf5 (green).
(C) Specific contacts between Gar1 (blue) and Cbf5 (green).

both the B barrel and helix domains, and the connecting
coil (Figures 1, 4A, and 4B). The o helix of Nop10 forms
a coiled-coil interaction with o6 of Cbf5. The 3 barrel do-
main of Nop10 packs against the central 3 sheet formed
by 10-$12 and, to some extent, 33 and 4 of Cbf5. The
interactions bury an extensive solvent-accessible sur-
face area (2834 A? total) and are 43% polar and electro-
static interactions and 57% nonpolar interactions.

Garl interacts with Cbf5 primarily via two B hairpin
loops formed by B1/82 and B4/5 of Gar1 (Figures 1, 4A,
and 4C). Gar1 packs the edge of Cbf5 formed by p7,
a5, and a3. The association of Gar1 and Cbf5 results in
amodest buried solvent-accessible surface (1583 A2 to-
tal) but involves substantial nonpolar interactions (63%).
Interestingly, the equivalent surface of the structurally
homologous domain 2 of EF-Tu is involved in RNA
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Figure 5. Comparison of Cbf5 to Regions of TruB and ArcTGT Involved in RNA Binding

(A) Comparison of the secondary structure of Cbf5 and TruB RNA substrates. H/ACA and tRNA are outlined in gray. The substrate rRNA is shown
in yellow. Red boxes highlight the shared target uridine and the preceding helix in both RNAs.

(B) Cbf5 is superimposed (via catalytic domain only) with a TruB-tRNA complex (PDB number 1K8W). Colored protein residues represent con-
served residues that contact the target uridine and the preceding helix. TruB residues are in wheat and Cbf5 residues are in cyan. The three bases
looped out of the T stem are shown as stick models (C). Structure-assisted sequence alignment of PUA domains of Pf Cbf5, TruB, and ArcTGT
overlaid with secondary structure elements of Cbf5 (top) and of ArcTGT (bottom). Solid triangles mark ArcTGT residues that specifically contact

the tRNA terminal CCA trinucleotides.

binding. We superimposed EF-Tu domain 2 (rmsd 1.8 A
for 27 Co atoms) and its bound RNA with Gar1. This
comparison shows that whereas the $ barrel surface of
EF-Tu domain 2 forms a specific pocket for the terminal
A nucleotide of tRNA, the equivalent binding surface of
Gar1 is involved in contacting Cbf5 (Figure 3). Thus,
Gar1 employs this fold for interaction with protein rather
than with RNA. EF-Tu domain 3, which interacts with the
T stem of tRNA through a set of nonspecific contacts,
bears similarity to Gar1 as well (rmsd 1.9 A for 27 Cu.
atoms). We superimposed EF-Tu domain 3 with Gar1.
Although the equivalent surface of Gar1 is not involved
in interaction with Cbf5 (Figure 3), the EF-Tu domain 3
residues involved in interaction with RNA are not con-
served in Gar1 (data not shown).

The residues involved in the interactions of Nop10 and
Gar1 with Cbf5 are generally conserved in eukaryotic
homologs (Figure 4A), indicating that the mechanism
of association of the Cbf5-Nop10-Gar1 complex will be
similar in eukaryotes.

Mechanism for Interaction of Cbf5 with the Target
Uridine and Adjacent Stem

E. coli TruB catalyzes the pseudouridylation of U55 on
various tRNAs in the absence of guide RNAs or other
proteins (Gutgsell et al., 2000). As noted by Hoang and
Ferre-D’ Amare, the RNA structural contexts of the uri-

dines targeted by Cbf5 and TruB (within an rRNA-H/
ACA guide RNA duplex or tRNA, respectively) possess
some interesting similarities (Hoang and Ferre-D’
Amare, 2001). In both cases, the target uridine is un-
paired and located adjacent to a helical stem (Figure 5A).
At the same time, however, the uridine isomerized by
Cbf5 is present at the center of a three-way junction,
whereas the tRNA uridine 55 isomerized by TruB is lo-
cated in a loop (the T loop) at the end of the stem (the
T stem). tRNA uridine 55 is followed by highly conserved
cytosine 56.

We coanalyzed the structure of Cbf5 and the previ-
ously described structure of TruB with bound RNA (Fig-
ure 5B) and found that the Cbf5 protein shares a largely
conserved RNA binding pocket with TruB but differs
from TruB in regions involved in binding T loop-specific
nucleotides. TruB residues involved in binding the target
uridine and the adjacent stem (Ec TruB Arg40, His43,
Asp48, Thr63, Lys64, Asn67, Tyr76, Arg151, Gly177,
Arg202, and Arg307) are strictly conserved in Cbf5, ex-
cept for Arg40, Lys64, and Arg307 (which are Lys77,
Arg101, and Lys325, respectively, in Pf Cbf5) (Figure
5B). TruB His43, which is conserved in Cbf5, was pro-
posed to play a central role in nucleotide flipping (Hoang
and Ferre-D’ Amare, 2001), and mutational studies sup-
port its role in catalysis (Hamilton et al., 2005). Arg202
and Tyr76 interact with the phosphate group of the target



Molecular Cell
254

uridine, and Arg307 interacts with the T stem (Hoang and
Ferre-D’ Amare, 2001). The conserved residues, which
are located primarily in the catalytic domain, can be
superimposed closely in space within the structures of
the two proteins (Figure 5B), indicating that TruB and
Cbf5 use a common mechanism to interact with the tar-
get uridine and adjacent stem.

Outside the regions involved in interacting with the
target uridine and the adjacent helix, the differences in
RNA recognition elements between TruB and Cbf5 are
evident. Cbf5 lacks the $5/36 hairpin, 24 helix, and short
38/B9 hairpin that comprise the “thumb loop” domain of
TruB (Figures 2 and 5B). These secondary structure ele-
ments are involved in binding cytosine 56 and the rest of
the T loop nucleotides in TruB (Hoang and Ferre-D’
Amare, 2001). The absence of the thumb loop (35/36
hairpin, o4 helix, and B8/p9 hairpin) leads to a wide
pocket directly above the target uridine binding site in
Cbf5. This structural feature of Cbf5 could facilitate the
binding of a bulkier guide RNA-target RNA complex.
There are likely other elements within Cbf5 and the
Cbf5-Nop10-Gar1 complex that play roles in binding
specific elements of the guide and target RNAs. Al-
though Cbf5 lacks 8 and (9, which are responsible for
anchoring the tRNA T loop in TruB, the B7/310 hairpin
loop of Cbf5 is well conserved and sufficiently long to
contact the RNA segment preceding the target uridine
(Figures 2 and 5B). The 37/310 hairpin very likely plays
a pivotal role in binding the guide RNA-target RNA com-
plex.

Role of the PUA Domain of Cbf5 in RNA Binding
Previous sequence analysis identified similarities be-
tween the sequences of the PUA domains of Cbf5 and
other RNA processing enzymes (Koonin et al., 1994). In-
deed, we find that the structure of Cbf5’s PUA domain
also exhibits homology to that of TruB (PDB number
1ZE1, Z = 10.4), a human homolog of yeast rRNA pro-
cessing protein Nip7p (PDB number 1T5Y, Z = 10.6),
and archaeosine transglycosylase (ArcTGT) (PDB num-
ber 11Q8, Z = 11.1). Interestingly, the similarity between
the PUA domains of Cbf5 and ArcTGT is even greater
than that of Cbf5 and TruB.

The PUA domain of Cbf5 likely anchors the RNA helix
preceding the target uridine in a manner similar to TruB
(Hoang and Ferre-D’ Amare, 2001; Pan et al., 2003). Ac-
cordingly, Lys325 in the PUA domain of Cbf5 is con-
served both in sequence and in location for interaction
with the RNA helix preceding the target uridine
(Figure 5B). However, the PUA domain is significantly
closer to the catalytic domain in Cbf5 than in TruB (Fig-
ures 2 and 5B). This may be brought about by a unique
feature in the structure of Cbf5. The N terminus of Cbf5
encircles the entire PUA domain (formed by the C termi-
nus of the protein) and contributes an additional g strand
(B1’) to the Cbf5 PUA domain 3 sheet (Figure 1). The in-
teraction of the N terminus with the C terminus buries
an extensive solvent-accessible surface (2116 Az) and
is mediated by residues that are well conserved among
Cbf5 proteins, in particular Thr30, Gly35, and Pro38
(Figure 4A). The encirclement of the PUA domain of
Cbf5 by the N-terminal tail limits its movement. In con-
trast, the position of the TruB PUA domain appears to
change upon RNA binding (Pan et al., 2003). Tight cou-

pling between the PUA and the catalytic domains in
Cbf5 could be important for the folding stability of the
catalytic domain and could narrow its specificity for
guide RNA. This proposal is supported by the fact that
the isolated catalytic domain of Cbf5 (residues 4-247
or 38-247) is completely insoluble (data not shown),
whereas the PUA domain (comprised of residues 4-38
and 247-343) is highly soluble (see below).

Archaeosine transglycosylase catalyzes the first step
in the conversion of tRNA G15 to archaeosine in ar-
chaea. The cocrystal structure of ArcTGT and its RNA
substrate revealed that the ArcTGT PUA domain inter-
acts specifically with the terminal CCA of the tRNA via
both electrostatic and nucleotide-amino acid stacking
forces (Ishitani et al., 2003). The strong structural homol-
ogy between the Cbf5 and ArcTGT PUA domains (rmsd
1.2 A for 73 Cu. atoms) and potential similarities in the
bound RNAs (3' CCA and 3’ ACA) suggest a possible
link in their RNA binding mechanisms. We further com-
pared the amino acids of ArcTGT involved in binding
CCA to their structurally equivalent residues within
Cbf5 and found no physicochemical similarity among
them (Figure 5C). This observation indicates that resi-
dues unique to the PUA domain of Cbf5 are likely to be
responsible for its sequence-specific interaction with
the guide RNA.

Cbf5 Stabilizes the Bipartite Binding of Nop10

Recent biochemical studies indicate that Nop10 and
Gar1 are not required for the interaction of Cbf5 with
a guide RNA but that both proteins are essential for
pseudouridylation and that Nop10 may play a role in
binding the target RNA (Baker et al., 2005; Charpentier
et al., 2005). The interactions between Nop10 and Cbf5
observed in the structure of the Cbf5-Nop10-Gar1 com-
plex suggest two mechanisms by which Nop10 may
function in RNA-guided pseudouridylation. First,
Nop10 directly contacts residues surrounding the target
uridine binding pocket on Cbf5. Two conserved Nop10
residues, Tyr14 and His31, form hydrogen bonds with
Arg204 and Glu202 on B12 of Cbf5 (Figures 4A and
4B). On the opposite face of Cbf5 12, Arg205 is pre-
dicted to stabilize the phosphate group of the bound tar-
get uridine (Figure 5B). Thus, Nop10 may indirectly sta-
bilize binding of the target uridine through a network of
hydrogen bonds.

Second, the bipartite structure of Nop10 and its inter-
action with Cbf5 suggest that Nop10 may undergo sig-
nificant conformational change or stabilization upon in-
teraction with Cbf5. Such changes could modulate the
ability of Nop10 to interact with RNA or other proteins.
The N-terminal  barrel domain, the C-terminal helix do-
main, and the connecting loop of Nop10 all pack closely
onto Cbf5 through complementary electrostatic and hy-
drophobic interactions (Figures 4A and 4B). Whereas
the two domains of Nop10 both interact with Cbf5,
they do not contact each other. This lack of intramolec-
ular interaction within Nop10 is a strong indication that
the observed structural fold of Nop10 is stabilized
upon association with Cbf5. Nop10 may be an intrinsi-
cally disordered protein (Dyson and Wright, 2005). The
extensive contacts made between Nop10 and Cbf5
(Figure 4B) presumably overcome the negative entropy
change derived from the intrinsic flexibility in Nop10.
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These observations suggest to us that Nop10 may act as
a molecular switch that acquires additional function
upon interaction with Cbf5.

The remarkable conformational dependence of
Nop10 on Cbf5 may play a role in the ordered assembly
of the H/ACA RNP. For example, whereas in archaea the
fourth H/ACA protein L7Ae does not interact indepen-
dently with the other H/ACA proteins, the eukaryotic ho-
molog NHP2 does interact with NOP10, and this interac-
tion requires prior interaction of NOP10 with the Cbf5
homolog (Wang and Meier, 2004). In addition, the inter-
action of Cbf5 with target RNA appears to depend on
Nop10 (Charpentier et al., 2005). Although the majority
of Nop10 rests below the base of the catalytic domain
of Cbf5, the connecting loop and N-terminal end of the
helix domain rise above and could extend the peripheral
RNA binding pocket of Cbf5. Strong conservation of the
Nop10 connecting loop sequence supports its potential
role in RNA or protein interaction (Figure 4A). We pro-
pose that binding of Nop10 to Cbf5 stabilizes a Nop10
conformation required for interaction with substrate
RNA and, in the case of mammals, with NHP2.

Role of Gar1 in Assembly and Implications in
Naf1p-Mediated H/ACA RNP Biogenesis

The structural homology between Gar1 and protein do-
mains involved in interaction with RNA suggested that
Gar1 may be involved in direct RNA binding in the H/
ACA RNP. However, as discussed above, in the case
of Gar1, the surface of Gar1 that corresponds to the sur-
face of EF-Tu domain 2 that mediates RNA binding is
used for interaction with Cbf5 (Figure 3). Furthermore,
although the exposed surface of Gar1 is oriented simi-
larly to the RNA binding surface of EF-Tu domain 3 (Fig-
ure 3), Gar1 lacks the identified RNA binding residues.

A previous study found that mammalian Gar1 could be
crosslinked to the target uridine (Wang and Meier, 2004).
Given the location of Gar1 within the structure of the
complex and the well-established position of the bound
target uridine, our structure cannot readily accommo-
date this piece of important biochemical data. The ob-
served uridine crosslink could be mediated by contact
with the N- and C-terminal glycine/arginine-rich (i.e.,
GAR) domains that are found in the eukaryotic, but not
archaeal, Gar1 proteins (Girard et al., 1992, Watanabe
and Gray, 2000). Alternatively, Gar1 may transiently as-
sociate with the target uridine at some point between
substrate RNA binding and product release.

Like Nop10, Gar1 contacts Cbf5 in regions that are
critical for target RNA binding. Interestingly, Gar1 spe-
cifically interacts with the 37/310 hairpin of Cbf5. As dis-
cussed above, the Cbf5 37/810 hairpin is likely involved
in interaction with the guide RNA-target RNA complex.
The constraintimposed by Gar1 on 37/310 may stabilize
the association of the target RNA with Cbf5. To test
Gar1’s predicted role in stabilizing the B7/B10 hairpin
of Cbf5, we carried out partial proteolysis of Cbf5 in
the presence and absence of Gar1. We subjected cop-
urified complexes of Cbf5-Nop10-Gar1i and Cbf5-
Nop10 to limited trypsin digestion and analyzed the
products by sodium dodecyl-sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and by N-terminal se-
quencing (Figure S3). Cbf5 was specifically cleaved
into two discrete fragments only in the absence of

Gar1, indicating that the bound Gar1 protected this pro-
teolytic site (Figure S3). N-terminal sequencing revealed
that the site of cleavage is located within the loop $7/810
after residue Arg154 (Figure 4). This analysis confirms
the binding interface of Cbf5 and Gar1 observed in our
high-resolution crystal structure and supports the pro-
posed function of Gar1 in stabilizing a potential RNA
binding element of Cbf5.

In addition, it appears that the interaction of Gar1 with
Cbf5 could play a specific role in biogenesis of the ma-
ture eukaryotic H/ACA RNP complexes. In yeast, the as-
sembly of H/ACA RNPs involves Nafip (Fatica et al.,
2002; Yang et al., 2002). It is known that Naf1p interacts
with Cbf5p and that the Nafip-Cbf5p complex is re-
cruited to the H/ACA RNPs cotranscriptionally at the
H/ACA RNA gene (Yang et al., 2005b). Nafip contains
a region of ~58 amino acids that is homologous to
Gar1p. We have found that the regions of Gar1 involved
in contacting Cbf5 are highly conserved in Naf1p as well,
particularly the $4/85 hairpin (Figure 4A). This result sup-
ports the hypothesis that Nafip and Gar1 occupy the
same Cbf5 binding site at different stages of H/ACA
RNP assembly.

Structural Model of a Functional H/ACA RNP

To gain further insight into the functional organization of
the H/ACA RNP, we constructed a three-dimensional
model of a complete RNA-guided pseudouridylation
complex (Figure 6A). The model is based on the pre-
dicted secondary structure of a functional Pf H/ACA
RNA (Baker et al., 2005) and the previously described
TruB-tRNA cocrystal structure (Hoang and Ferre-D’
Amare, 2001; Pan et al., 2003). A target-associated H/
ACA RNA contains a three-way helical junction (Fig-
ure 5A). Guided by the three-way junction structure
found in a hammerhead ribozyme (Scott et al., 1995),
we manually constructed a model for the three-way
junction formed by the H/ACA-guide RNA and rRNA tar-
get RNA. A K-turn motif was included within the upper
stem of the guide RNA, and a lower stem was added.
L7Ae was placed on the K-turn motif by using a previ-
ously determined L7Ae-K-turn RNA cocrystal structure
(Moore et al., 2004). The entire model was subjected to
several runs of energy minimization with the Crystallog-
raphy and NMR System (CNS) (Brunger et al., 1998) to
ensure reasonable stereochemical geometry. We
placed the entire modeled RNA structure onto the ex-
perimentally determined Cbf5-Nop10-Gar1l complex
structure, guided by the TruB-tRNA structure
(Figure 6A). The target uridine and the helix formed by
base-pairing of the right side of the guide RNA pseu-
douridylation pocket with the rRNA target are superim-
posed with the tRNA uridine 55 and T stem, respectively
(Figure 6A).

Our structural model of an H/ACA RNP is consistent
with the previous finding that archaeal Cbf5 depends
on the presence of both the pseudouridylation pocket
and the ACA sequence element for binding to H/ACA
RNAs (Baker et al., 2005). In the model, the pseudouridy-
lation pocket contacts the major RNA binding surface
within the catalytic domain of Cbf5, and the ACA trinu-
cleotide is located proximal to the PUA domain. Though
not explicitly depicted in the model, we envision a direct
interaction between the PUA domain of Cbf5 and the
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ACA element, perhaps by twisting of the ACA trinucleo-
tide and/or via amino acids at the C terminus that are
missing from our crystal structure. Moreover, our RNA-
protein interaction model not only provides a structural
basis for the observed cooperativity between the two
RNA elements but also predicts cooperativity between
the PUA and catalytic domains of Cbf5 with regard to
RNA binding. It follows that elimination of either protein
domain would abolish (or substantially reduce) the bind-
ing of Cbf5 to the guide RNA. In agreement with this pre-
diction, we have found that the PUA domain (residues 4-
38 and 247-343) does not interact with H/ACA RNA in gel
shift assays at a wide range of protein concentrations
(data not shown).

Our model further provides a potential explanation for
the critical importance of Nop10 and L7Ae in assembly
of a functional RNP. The available biochemical data indi-
cates that Nop10 does not interact with the H/ACA RNA
in the absence of Cbf5 but that it is essential for catalysis
and likely facilitates binding of target RNA (Baker et al.,
2005; Charpentier et al., 2005). In our model, Nop10is lo-
cated near the upper stem of the guide RNA. The upper
stem also is the location of the K-turn motif where L7Ae
binds the guide RNA (Baker et al., 2005; Charpentier
et al., 2005; Rozhdestvensky et al., 2003), placing L7Ae
close to (perhaps in contact with) Nop10 in the fully as-
sembled H/ACA RNP. Although it is not known how (or
iff Nop10 interacts with RNAs, L7Ae-induced bending
of the K-turn is well established (Hamma and Ferre-D’
Amare, 2004; Moore et al., 2004; Suryadi et al., 2005;
Turner et al., 2005). It is possible that L7Ae and Nop10
work in concert to induce a large conformational change
in the guide RNA, which facilitates the binding of target
RNA. Interestingly, the eukaryotic homolog of L7Ae,
NHP2, has been reported to interact with Nop10 in the
presence of Cbf5 (Wang and Meier, 2004) and to interact
directly with RNA, with a preference for irregular stem-
loop structures (Henras et al., 2001).

Insight gained from our modeled Pf H/ACA sRNP, to-
gether with the available biochemical data, suggests
that the arrangement of fully assembled H/ACA compo-
nents is conserved between Archaea and Eukarya
(Figure 6B). However, there is at least one apparent dif-
ference in the mechanism of assembly. Archaeal L7Ae is
recruited to the complex by direct RNA-protein interac-

Figure 6. Structural Model of Fully Assem-
bled H/ACA RNP

(A) A modeled H/ACA RNA-target complex is
placed in the Cbf5-Nop10-Garl complex
structure. The same coloring scheme is
used as in Figure 1 with the addition of L7Ae
(wheat), guide RNA (gray), and target RNA
(red). The catalytic residue Asp85 of Cbf5,
the target uridine, its immediate 3’ nucleotide
.Gar1 (which mimicks the location of C56 in tRNA),
and the conserved ACA motif of the guide
RNA are shown as stick models.
(B) A 2D drawing of the three-dimensional
model in which Nop10 and L7Ae facilitate tar-
get RNA binding by anchoring the upper stem
of H/ACA guide RNA.

CANNN-3'

tion (with the K-turn) (Baker et al., 2005), whereas spe-
cific association of the eukaryotic protein NHP2 is likely
mediated primarily by protein-protein interaction (with
NOP10) (Wang and Meier, 2004).

A Structural Domain Linked to Dyskeratosis
Congenita

Mutations in the human DKC1 gene cause X-linked re-
cessive DC. These mutations map to several well-sepa-
rated regions on the DKC1 gene (Mason et al., 2005). The
Cbf5 crystal structure provided us the opportunity to
study the spatial arrangement of the amino acids af-
fected in DC patients. Based on the Pf Cbf5 crystal
structure and the sequence alignment of Pf Cbf5 with
human dyskerin (Figure 4A), we constructed a three-di-
mensional structure of human dyskerin. This was carried
out with a comparative protein structure modeling pro-
gram, MODELLER (Marti-Renom et al., 2000). Dyskerin
mutations were mapped on the modeled dyskerin struc-
ture (Figure 7). Clustered but distantly located in the pri-
mary structure, the majority of DC-causing mutations
colocalize on one side of the PUA domain of dyskerin.
Mutations that affect dyskerin residues in the N and C
termini (1-35 or 359-513) could not be mapped because
these residues are not included in the alignment with Pf
Cbf5 and thus are not modeled (Figure 4A). However,
these unmapped residues are expected to be in the
same region due to the encirclement of the PUA domain
by the N terminus (Figure 7).

The strikingly narrow spatial distribution of amino
acids affected in DC offers insight into possible molecu-
lar mechanisms of this genetic disorder. Most of the mu-
tations occur within or near the PUA domain, which is
predicted to play a specific role in binding H/ACA and
telomerase RNAs (Figure 7). Mutations within this do-
main would be expected to weaken the interaction be-
tween Cbf5 and its cognate RNAs, leading to decreased
cellular accumulation of the RNAs. Indeed, depending
upon the particular mutation investigated, significant
decreases in the levels of H/ACA RNAs or telomerase
RNA or both have been observed (Mitchell et al.,
1999b; Mochizuki et al., 2004). Alternatively, the location
where the mutations converge may delineate the bind-
ing site of a yet unidentified factor. Either possible
mechanism could account for the ribosome deficiency
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Figure 7. Clustering of Residues Affected in Dyskeratosis Congenita
on a Dyskerin Model

Residues affected in DKC1 mutations (Marrone et al., 2005) are map-
ped on a human dyskerin structure model generated based on se-
quence homology between dyskerin and Pf Cbf5.

Affected residues are shown as orange spheres. Residues are la-
beled black or, in cases that occur in multiple families, in white.

and telomerase dysfunction associated with DKC1 mu-
tations that lead to the disease (Meier, 2003).

Conclusion

Over the last few years, a number of pseudouridine syn-
thase structures representing all currently known fami-
lies of this enzyme have been reported. Comparison of
the structures reveals a well-conserved catalytic core
domain and a startling distribution of peripheral do-
mains that are thought to be involved in binding different
RNA substrates (Figure S1). Some of these RNA binding
domains, such as the S4 and PUA domains, also occurin
other RNA binding proteins. Interestingly, for a given
RNA domain, the mode of binding can be drastically dif-
ferent in different enzymes. The catalytic domain of Cbf5
is fused with a PUA domain, which is likely responsible
for anchoring the H/ACA-specific RNA. However, unlike
any of the previously known pseudouridine synthases,
Cbf5 requires partner proteins to bind its target RNA
and to trigger its pseudouridylation activity. Our struc-
tural analyses suggest that both Nop10 and Gar1, in
the presence of L7Ae, enhance the ability of Cbf5 to in-
teract with the guide RNA-target RNA complex. In par-
ticular, Nop10 may prepare the guide RNA for target
binding and/or stabilize RNA binding elements of Cbf5.
Garl1, despite its structural homology with EF-Tu and
limited evidence of its ability to associate with RNA,
binds to the periphery of the active site and appears to
interact with RNA binding elements in Cbf5 rather than
to interact with RNA directly. Finally, the availability of
the Cbf5 structure allowed us to identify a structural sur-
face within the PUA domain of Cbf5 that is affected in
DC. Our work suggests that the affected region may
be involved in RNA interaction. It will be important to de-
termine the specific role of the DC-linked structural re-

gion of Cbf5 in H/ACA and telomerase RNP biogenesis
and function and dyskeratosis congenita.

Experimental Procedures

Protein Expression and Purification

Pf Gar1, Cbf5, and Nop10 were separately cloned into pET24D or
pET21D vectors. Among these, only Garl was cloned with
a 6xHis-tag at its C-terminal end. Plasmids carrying His-Gar1 and
Cbf5 were transformed into BL21(DE3) cells for coexpression
whereas the plasmid carrying Nop10 was individually transformed
into BL21(DE3) cells. Cells coexpressing His-Gar1 and Cbf5 were
mixed with those expressing Nop10 during harvesting and were dis-
rupted by sonication in buffer A (50 mM sodium phosphate [pH 6.0],
1 M NaCl, 0.1 mM phenylmethylsulfonyl fluoride, and 14.2 mM B-
mercaptoethanol). Cell lysate was then heated at 70°C for 15 min
and cleared by centrifugation at 18,000 rpm for 1 hr. The three pro-
teins were purified as a single complex by Ni-NTA affinity chroma-
tography followed by gel filtration (Superdex 200) in buffer B (20
mM HEPES [pH 6.0], 750 mM KCI, 5 mM B-mercaptoethanol, and
0.5 mM ethylenediamine tetra acetic acid). Purified trimeric protein
complex was concentrated to 50 mg/ml and stored at —80°C before
crystallization. Selenomethionine substituted proteins (only on Cbf5
and his-Gar1) were produced according to a procedure by Ramak-
rishnan and Biou (1997) and were purified by using the same proce-
dure.

Crystallization and Structure Determination

Crystals of the Cbf5-Nop10-Gar1 complex were obtained by the va-
por diffusion method in hanging drops. A protein solution containing
3.5 mg of protein tricomplex in 50 mM (NH,)>SO,, 35 mM NaCl, 100
mM CsCl,, and 20 mM HEPES (pH 6.0) was mixed with 3 pl of a well
solution containing 100 mM BisTris (pH 6.5), 256 mM (NH,4)>SO4, and
35% Pentaerythriotol Ethoxylate (15/4 EO/OH) (Hampton Research).
Crystals of the trimeric complex grew in 5-7 days at room tempera-
ture to a maximum size of 0.3 mm X 0.6 mm x 0.6 mm. Selenome-
thionine-containing crystals were obtained from mixed selenome-
thionine and native proteins in an 8:1 mass ratio. Crystals could be
frozen directly in a liquid nitrogen cryo stream in their mother liquor,
and they belong to space group P1 with a = 36.087 A, b = 75.361 A,
c =103.524 A, o = 95.90° B = 96.22° and y = 94.98°. There are two
trimers in each asymmetric unit that are related by a noncrystallo-
graphic 2-fold symmetry, resulting in 49% solvent content. A
three-wavelength anomalous diffraction data set at 2.5 A was col-
lected with the BM-8 beamline at the Advanced Photon Source
from a single selenomethionine-substituted crystal and by using
the inverse beam strategy. Data were collected in 60° wedges se-
quentially for the peak, inflection, and a high-energy remote wave-
length for a total of 360° (180° forward and 180° inverse) each. The
program SOLVE (Terwilliger and Berendzen, 1999) was used to ana-
lyze the MAD data set. Twenty one out of the total of twenty six se-
lenine sites were identified by the Single Anomalous Dispersion
(SAD) method from the peak wavelength data and were used in sub-
sequent phasing with all three wavelength data. Solvent flattened
and noncrystallographically averaged experimental density was ex-
cellent and allowed tracing of the entire model for all three proteins.
The initial model was built with the program O (Jones et al., 1991).
Model refinement was carried out with CNS (Brunger et al., 1998)
against a native data set at 2.1 A resolution collected at the South-
east Regional Collaborative Access Team (SER-CAT) beamline.
We included experimental phase probability distribution during ini-
tial stages of refinement by using the “mlhl” target function. Final re-
finement against experimental amplitudes, only without noncrystal-
lographic symmetry constraint, led to an excellent model with
satisfactory stereochemical geometry and crystallographic residual
values (Ryree = 25.8%, Ryork = 21.2%). Data collection, phasing, and
refinement statistics are included in Table 1. All figures were pre-
pared with the PyMOL Molecular Graphics Program (DeLano Scien-
tific, San Carlos, CA, USA).

Supplemental Data

Supplemental Data include three figures and Supplemental Refer-
ences and can be found with this article online at http://www.
molecule.org/cgi/content/full/21/2/249/DC1/.
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Table 1. Data Collection, Phasing, and Refinement Statistics®

Data Collection Statistics

Wavelength Resolution Measured Unique

Data Sets (A) (A) Reflections Reflections Rgym <I>/<a(l)> Completeness Diffraction Ratios®
M A2 A3
A (peak) 0.9792 50.0-2.5 112803 32264 0.077 32.3(7.5) 88.8 (21.4) 0.066 0.035 0.044
(2.6-2.5) (0.259)
A2 (edge) 0.9794 50.0-2.5 111412 32032 0.073 32.1 (5.5) 93.3 (64.6) 0.048 0.049
(2.6-2.5) (0.265)
A3 (remote) 0.9537 50.0-2.5 99467 34669 0.075 26 (5.1) 95.7 (86.0) 0.052
(2.6-2.5) (0.355)
Native 1.0000 50.0-2.1 93272 51837 0.037 19.7 (3.1) 83.8 (35.5)
(2.2-2.1) (0.182)
Refinement Statistics
Rwork(%) Ritree(%) B-factors Number of Rmsd Rmsd %Phi-Psi in core
(A3 atoms bond (A) angle (°) region (disallowed)
21.4 (37.2) 25.8 (49.6) C, 33.5; C, 2617; 0.006 1.29 C, 92.5 (0.4)%
G, 52.2; G, 612; G, 91.0 (0);
N, 49.6; N, 434; N, 92.0 (0)
W, 33.2 W,176

Phasing Statistics

Overall Z score 47.7
Figure of merits 0.56 (0.35)

2The values in parenthesis are those for the highest resolution shell. Abbreviations are as follows: C, Cbf5; G, Gar1; N, Nop10; and W, Water.
® Diffraction ratios are defined as (AIFI?)'?/ (IFI%)'/2, where AIF? are taken between the current and the reference wavelength (5) for dispersive

ratios and between matched Bijvoet pairs for anomalous ratios.
©Glu97 is in a disallowed region despite a well-defined density.
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Figure S1. Comparison of Peripheral Domains of Currently Known Pseudouridine
Synthase Structures



All structures were first superimposed and are displayed in the same orientation. The central
domain is colored in blue and the peripheral domains are in orange. The catalytic aspartate is
colored in red. The name and PDB code number of each pseudouridine synthase are indicated.
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Figure S2. Analytic Centrifugation (AUC) Analysis of Pf Cbf5-Nopl0-Garl
Complex

We analyzed sedimentation velocity data using both the van Holde-Weischet (G(s), van Holde &
Weischet, 1978) and the continuous sedimentation coefficient distribution (c(s), Schuck et al.,
2002) methods. Both methods yielded an average sedimentation coefficient of ~3.4 Svedberg.
Based on the crystal structure of the terimeric complex, we predicted sedimentation coefficients
using the program HYDROPRO (Garcia De La et al.,, 2000). The computed sedimentation
coefficient of a single trimer is 3.7 Svedberg while that of the dimer related by non-
crystallographic symmetry is 5.7 Svedberg. This comparison supports a monomeric rather than a
dimeric heterotrimer in solution. Sedimentation velocity experiments were conducted with a
Beckman Optima XL-A analytical ultracentrifuge equipped with absorption optics at the Center
for Analytic Ultracentrifugation of Macromolecular Assemblies at the University of Texas
Health Science Center at San Antonio. The trimeric complex was made at 10 mg/ml (172 uM) in
a buffer containing 25mM Na-phosphate (pH 6.5), and 1M KCI. Velocity data were analyzed
with the UltraScan version 6.1 software (Demeler, B., 2001).
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Figure S3. Mapping Interaction Surface between Garl and Cbf5 by Partial
Proteolysis

Copurified ternary and binary complexes as indicated were subjected to limited trypsin digestion.
The number in each lane indicates the trypsin unit used per milligram of protein. The box
indicates the two protein fragments generated by trypsin cleavage in the absence of Garl. The
site of cleavage was identified by N-terminal sequencing. The band A starts with “LRTRKVY”
and the band B starts with “ILPIDIK”. The site indicated by the sequence of band A is in the
loop connecting 7 and 310 and is marked in Figure 4.
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