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2Laboratoire de Biologie Moléculaire des Eucaryotes (LBME) du Centre National de la Recherche Scientifique, 31062 Toulouse
cedex, France

ABSTRACT

The H/ACA small nucleolar ribonucleoprotein (snoRNP) complexes guide the modification of uridine to pseudouridine at
conserved sites in rRNA. The H/ACA snoRNPs each comprise a target-site-specific snoRNA and four core proteins, Nop10p,
Nhp2p, Gar1p, and the pseudouridine synthase, Cbf5p, in yeast. The secondary structure of the H/ACA snoRNAs includes two
hairpins that each contain a large internal loop (the pseudouridylation pocket), one or both of which are partially complemen-
tary to the target RNA(s). We have determined the solution structure of an RNA hairpin derived from the human U65 box H/
ACA snoRNA including the pseudouridylation pocket and adjacent stems, providing the first three-dimensional structural
information on these H/ACA snoRNAs. We have also determined the structure of Nop10p and investigated its interaction
with RNA using NMR spectroscopy. Nop10p contains a structurally well-defined N-terminal region composed of a b-hairpin,
and the rest of the protein lacks a globular structure. Chemical shift mapping of the interaction of RNA constructs of U65 box H/
ACA 3¢ hairpin with Nop10p shows that the b-hairpin binds weakly but specifically to RNA. The unstructured region of Nop10p
likely interacts with Cbf5p.
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INTRODUCTION

In eukaryotes and archaebacteria, pseudouridine (c) mod-
ification of ribosomal RNA is mediated by box H/ACA small
nucleolar RNPs (snoRNP) (Ganot et al. 1997b; Ni et al. 1997;
Tollervey and Kiss 1997). The H/ACA snoRNAs are com-
posed of two hairpins of varying length separated and fol-
lowed by short single-strand regions that include a conserved
box H (5¢-ANANNA-3¢) sequence and ACA, respectively
(Fig. 1B). The 5¢ and 3¢ hairpins each contain a lower stem,
an internal loop (pseudouridylation pocket), an upper stem,
and a terminal loop (Ganot et al. 1997b; Ni et al. 1997;
Tollervey and Kiss 1997). One or both of the internal loops
in each H/ACA snoRNA are complementary to residues
flanking a specific modification site, leading to the proposal
that the substrate U is positioned for modification by base
pairing of its flanking RNA to the internal loop, with the U
and its 5¢ neighboring residue unpaired at the top of the

internal loop (Ganot et al. 1997a). Box H/ACA snoRNAs are
therefore considered to be guides because they bind the
substrate RNA and mediate conversion of U to c. Pseudour-
idine, which has been dubbed the fifth nucleotide, is the most
abundant modified nucleotide in RNA (Ofengand et al.
1995). In eukaryotes, there are �95 c modifications in
5.8S, 18S, and 28S rRNAs (Grosjean et al. 1995; Maden et
al. 1995). Pseudouridines are typically clustered in function-
ally important regions in the ribosome, such as the peptidyl
transferase region of 23S rRNA (Bakin and Ofengand 1993;
Bakin et al. 1994). While the secondary structure of the box
H/ACA snoRNPs has been established, their three-dimen-
sional structures have not been determined.

Box H/ACA snoRNAs are complexed with four different
proteins to form the snoRNPs. In yeast (Saccharomyces
cerevisiae), these are Nop10p (6 kDa), Nhp2p (22 kDa)
(Henras et al. 1998), Gar1p (22 kDa) (Bousquet-Antonelli
et al. 1997), and the putative pseudouridine synthase,
Cbf5p (65 kDa) (Lafontaine et al. 1998). All four proteins
of box H/ACA snoRNPs (Lafontaine et al. 1998; Dez et al.
2001) have been shown to be essential for viability. Nhp2p
is a highly basic protein that is homologous to the 15.5-
kDa protein (Nottrott et al. 1999) and to ribosomal pro-
tein L30, both of which have been shown to bind K-turn
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RNA (Vidovic et al. 2000; Klein et al. 2001; Chao and
Williamson 2004). Nhp2p shows sequence alignment
with the ribosomal proteins L32 and L7Ae over 53 amino
acids (45% similarity between Nhp2 and the archaeal L7Ae
from Methanocaldococcus jannaschii) (Henras et al. 1998).
In archaea, Nhp2 is replaced by L7Ae, which is also com-
mon to their box C/D sRNPs involved in 2¢O methylation
(Rozhdestvensky et al. 2003). Structures of L7Ae–RNA
complexes show how this protein binds to the K-turn
found in box C/D sRNAs as well as K-turns and terminal
loops of archaeal box H/ACA sRNAs (Hamma and Ferre-
D’Amare 2004; Moore et al. 2004; Suryadi et al. 2005).
Gar1p comprises a central core domain flanked by repeti-
tive glycine–arginine repeat (GAR) domains (Bousquet-
Antonelli et al. 1997; Bagni and Lapeyre 1998). Deletion
studies have shown that the central core is required for
interaction with the yeast box H/ACA snoRNAs snR10 and
snR30 in vitro (Bagni and Lapeyre 1998). Cbf5p is highly
homologous to other pseudouridine synthases and is
thus the presumptive modifying enzyme (Lafontaine et al.

1998; Watkins et al. 1998). Nop10p is not homologous
to any proteins outside the Nop10 family (Henras et al.
1998). The human homologs of these proteins also bind the
box H/ACA snoRNA domain found at the 3¢ end of
human telomerase RNA (Dragon et al. 2000; Pogacic et al.
2000).

Recent studies have begun to shed light on the specific
interactions of archaeal and eukaryotic H/ACA snoRNP
proteins with RNA and with each other. In an investiga-
tion of H/ACA snoRNP assembly, Wang and Meier (2004)
found that mouse Nop10 associates with Nap57 (mamma-
lian pseudouridine synthase) and that this binding is a
prerequisite for Nhp2 binding. Their results also showed
that Gar1 independently associates with Nap57. UV cross-
linking studies indicated that both Gar1 and Nap57 loca-
lize at the site of pseudouridylation on the RNA (Wang
and Meier 2004). Henras et al. (2004) reported that Cbf5p
can form a complex with Nop10p alone and with Nop10p
and Gar1p in the absence of Nhp2p and snoRNA. These
studies provide evidence that at least some of the H/ACA
snoRNP proteins associate with each other in the absence
of RNA, and this association may be relevant to snoRNP
assembly in vivo. Consistent with these results, a study of
archaeal box H/ACA sRNP components from Pyrococcus
furiosus found that aCbf5 recruits binding of aGar1 and
aNop10 independently (Baker et al. 2005). This study also
found that L7Ae (the archaeal homolog of Nhp2p) does not
interact with the other proteins in the absence of sRNA. In
another recent study using the archaea Pyrococcus abyssi, it
was found that a pseudouridylation-competent H/ACA
sRNP could be reconstituted from the H/ACA RNA,
aCBf5, and aNop10 alone (Charpentier et al. 2005). In all
of the above studies, Nop10 was found to directly interact
with the pseudouridine synthase (Cbf5p/Nap57 or aCbf5).
The observed differential interaction of Nhp2 (L7Ae) or
Gar1 with the pseudouridine synthase may reflect either a
species-specific difference or may simply be attributed to
differences in experimental conditions.

The secondary structure of human U65 snoRNA, used in
the present study, is shown in Figure 1B. Human U65 H/
ACA snoRNA is homologous to yeast (S. cerevisiae) snR34
and trypanosome (Leptomonas collosoma) h1. The 5¢ and 3¢
pseudouridylation pockets of U65 guide the conversion of
human 28S rRNA U4374 and U4428, respectively, to c. The
equivalent Us in yeast 25S rRNA are targeted by snR34
(U2822/U2876) (Bortolin et al. 1999), and the single hair-
pin snoRNA h1 in trypanosome targets 25S rRNA at U3643
(U2876 in yeast) (Liang et al. 2001). Although eukaryotic
H/ACA snoRNAs have two hairpins separated by a linker
containing an H box motif, there is evidence that each
hairpin assembles as a bipartite structure with a complete
set of the core proteins (Watkins et al. 1998). In many of the
H/ACA snoRNAs, only one of the two hairpins has been
identified as a guide sequence. Furthermore, the L. collo-
soma h1 H/ACA snoRNA consists of a single hairpin with

FIGURE 1. Sequence alignment of Nop10p and secondary structure
of snoRNA. (A) Sequence alignments of Nop10. The residues are color
coded as follows: red, hydrophobic; blue, negatively charged; pink,
positively charged; and green, uncharged polar. The asterisks denote
sequence identity, the colon denotes conserved substitutions, and the
period denotes semiconserved substitutions. The sequence alignment
was done using ClustalW (http://www.ebi.ac.uk/clustalw). A sche-
matic of the secondary structure elements of Nop10p is indicated
below the consensus. (B) Secondary structure of human U65snoRNA.
(C,D) Sequence and secondary structure of U65hp (C) and U65ACA
(D). Other RNAs used in this study include U65s (substrate RNA
sequence 5¢-UCGGCUCUUCCU), a 16-bp dsRNA capped by an
AGAA tetraloop (Wu et al. 2004), and U65 3¢ terminal hairpin (9 bp
and UUCAUGU loop).
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an AGA tail, as do some other H/ACA snoRNAs from
archaea and early eukaryotes such as Euglena gracilis
(Liang et al. 2001; Tang et al. 2002; Russell et al. 2004).
The 3¢ hairpin of human U17 and human telomerase RNA
sequences have been shown to be sufficient for assembly to
form a ribonucleoprotein complex when reconstituted with
nuclear extracts containing the core proteins (Dragon et al.
2000). Thus, the 3¢ hairpin of U65 provides a good model
system for studying H/ACA snoRNA structure and core
RNP protein assembly.

We have solved the three-dimensional structures of an
RNA hairpin derived from the human U65 box H/ACA
snoRNA including the 3¢ pseudouridylation pocket and adja-
cent stems (U65hp) and of yeast Nop10p, and characterized
their interaction with each other using nuclear magnetic
resonance (NMR) spectroscopy. Eight of the 10 nt of the
U65 3¢ pseudouridylation pocket form mismatched base
pairs in the absence of proteins and substrate RNA. Nop10p
has a small structured region composed of two anti-parallel
b-strands and a short 310 helix, and the rest of the protein is
only partially structured. Chemical shift mapping studies
show that the b-hairpin of Nop10p interacts with U65hp at
the junction of the lower stem and internal pseudouridyla-
tion pocket and more weakly with the 3¢ terminal hairpin
loop. Nop10p does not become substan-
tially more structured on RNA binding,
suggesting that the less structured region
of the protein is likely involved in inter-
actions with Cbf5p.

RESULTS

Solution structure of the
pseudouridylation pocket
of the 3¢ hairpin of U65 snoRNA

For structural studies, we focused on the
region of the snoRNA that contains the
pseudouridylation pocket (U65hp) (Fig.
1C). The human U65 rather than yeast
snR34 was chosen for structural studies
because the stems and the pseudouridy-
lation pocket were more clearly defined
by the sequence. It has been demon-
strated that human homologs hNop10
and hNhp2 can complement yeast cells
depleted of Nop10p and Nhp2p (Po-
gacic et al. 2000), suggesting that the
human and yeast snoRNP components
are interchangeable. The U65hp RNA
contains the sequence of the pseudour-
idylation pocket and adjacent base pairs
of the 3¢ hairpin of U65snoRNA (boxed
region in Fig. 1B). The top stem was
shortened, and the terminal loop was

replaced by a stable UUCG tetraloop to ensure forma-
tion of a hairpin rather than a duplex. NMR spectra of
U65hp indicate that it folds into a hairpin structure with a
UUCG tetraloop as designed. The imino proton spectra
(data not shown) contain the characteristic high field
shifted U and G imino resonances from the U-G base pair
in the tetraloop, the expected iminos from the base-paired
upper and lower stem, and some additional imino reso-
nances from bases in the pseudouridylation pocket, provid-
ing an initial indication that the internal loop is at least
partially base-paired. The 34-nt U65hp was assigned by
analysis of 2D and 3D NMR spectra acquired on unlabeled
and uniformly 13C,15N-labeled samples. Structure calcula-
tions were performed using 572 distance restraints derived
from NOEs, 209 dihedral angle restraints, and 11 RDCs
(Table 1). The 15 lowest-energy structures (Fig. 2A) have
an overall root mean squared deviation (rmsd) to the mean
structure of 2.1 Å for all heavy atoms. The lower stem,
the upper stem, and the tetraloop (C(UUCG)G) are well-
defined (rmsd 0.78 Å, 0.67 Å, and 0.29 Å, respectively).
Within the pseudouridylation pocket, the top six bases
form well-determined base pairs (Fig. 2B,C). The Watson–
Crick faces of A11 and G24 hydrogen bond to form a
symmetric A�G base pair. A10 amino is hydrogen bonded

TABLE 1. Restraint and structure statistics for U65hp and Nop10p

U65hp Nop10p

Distance restraints
Total NOE restraints 572 743

Intraresidue 186 354
Sequential (i + 1) 288 191
Medium (i + 2 to i + 4) 26 128
Long range (>i + 4) 72 70

Hydrogen bond restraints 64 10
RDC restraints 11
Dihedral angle restraints 209
Structure statistics

No. of NOE violation >0.2 Å 0.1 6 0.0 4.6 6 1.1
No. of NOE violation >0.5 Å 0 0
Maximum violation, Å 0.20 0.36
Mean deviation of NOE violation, Å 0.022 6 0.007 0.032 6 0.010

Rms deviation from ideal covalent geometry
Bond lengths, Å 0.0044 6 0.0012 0.0026 6 0.0008
Angles, � 1.03 6 0.27 0.47 6 0.15
Impropers, � 0.39 6 0.10 0.30 6 0.10

Rms deviation (Å) from the mean structure

Backbone Heavy atoms
Nop10p (10 lowest energy structures)

Residues 4–44 1.97 2.95
Residues 4–16 and 37–42 0.90 1.74

U65hp (15 lowest energy structures)
Residues 1–34 2.38 6 1.14 2.14 6 1.03
Residues 9–26 1.23 6 0.69 1.08 6 0.59
Residues 1–6, 29–34 0.79 6 0.22 0.78 6 0.20
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to C25 N3, and the N1 of A10 is partially protonated to
hydrogen bond with the C25 carbonyl. G9 and C26 form a
Watson–Crick base pair. The bottom of the pocket does not
have a well-defined structure. A7 and A28 stack on the
Watson–Crick U�A base pair at the top of the stem in the
majority (9 of 15) of the structures to form a mismatch pair
with a single A7N1-A28N6H hydrogen bond. The bases of
G8 or G27 do not have any defined position in the struc-
ture, due to insufficient NOE restraints. The small number
of NOE restraints may be due to conformational hetero-
geneity for G8, since resonances for this residue exhibit
exchange broadening. The structural heterogeneity in this
part of the pseudouridylation pocket leads to the relatively
high rmsd for superpositions over the entire structure.

Structural characterization of Nop10p

Nop10p is a 58–amino acid protein, with an isoelectric
point of 10.5, which shows sequence homology with other
Nop10 proteins (Fig. 1A) but is not homologous to any
other proteins. The protein amide resonances show limited
chemical shift dispersion for most of the resonances, char-
acteristic of a protein that lacks a high degree of second-
ary structure (see Fig. 5A, below). A structural model of
Nop10p (Fig. 3) was obtained using a total of 743 NOEs
and 10 hydrogen bond restraints (Table 1). The NOE
restraints show an uneven distribution along the protein
sequence, with the majority of them between the first 25
residues. Structure calculations showed that Nop10p is only
partly structured, and this was confirmed by dynamics
studies discussed below. The backbone rmsd from the
mean structure for residues 4–44 is 1.97 Å, while the rmsd
for residues 4–16 and 37–42 is 0.9 Å. The N-terminal third

of Nop10p contains a two-stranded anti-parallel b-sheet
connected by a structured loop (L1) (b-hairpin; residues
4–16) (Fig. 3A). The only other part of the protein with a
well-defined secondary structure is a short 310 helix (resi-
dues 39–41) that interacts with the b-hairpin. The residues
(L2) connecting b2 and the helix are only partially ordered, as
is the C-terminal region (L3), consistent with the NOE dis-
tribution observed. Thus, Nop10p belongs to the growing

FIGURE 3. Structure of Nop10p. (A) Stereo view of the lowest-
energy structure. The b-hairpin is colored aqua, and the 310 helix is
yellow-red. (B) Superposition of the eight lowest-energy structures.
(C) Backbone superpositions of the b-hairpin, with side chains of
aromatic and acidic residues shown in purple.

FIGURE 2. Structure of U65hp. (A) Superpositions of the 15 lowest-energy structures. Nucleotides are colored blue (Gua), green (Cyt), orange
(Ade), and red (Ura). (B) Base pairs in the pseudouridylation pocket. (C) Stereo view of the lowest-energy structure.
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family of proteins that are partially disordered or unfolded in
the absence of their binding partners (Wright and Dyson
1999; Dunker et al. 2002; Dyson and Wright 2002).

The residues on the solvent-exposed face of the b-hairpin
are Tyr5 (b1 strand), Tyr15 (b2 strand), and Lys12, Arg13
(loop L1) (Fig. 3C). The hydrophobic residues Met4, Thr6
(b1 strand), and Thr16, Ile14 (b2 strand) are on the inside
of the protein and are in contact with other residues. The
orientation of the 310 helix with respect to the b-hairpin is
not well-defined. However, there are hydrophobic contacts
between the side chains of Ile14 and Thr16 in the b2 strand
and Asp39 and Lys40 in the 310 helix, respectively, in the
majority of structures. These interactions indicate that the
310 helix is at least partially packed against the b-sheet.

Nop10p dynamics

The lack of interresidue NOEs for parts of Nop10p sug-
gested the presence of conformational heterogeneity.
Regions of Nop10p flexibility were assessed by measuring
steady-state heteronuclear 1H-15N NOEs (Farrow et al.
1994a). Residues 4–17, with the exception of Arg13, and
residues Tyr41 and Ser42 have positive values, while the rest
of the residues have near zero or negative heteronuclear
1H-15N NOEs (Fig. 4A). All of the residues with positive
heteronuclear NOEs are located in the b-hairpin or the 310

helix. The heteronuclear NOEs are consistent with the
results of the structure calculations, indicating that the

lack of a well-defined structure in the L2 and L3 regions
of the protein is due to conformational dynamics. The T1/
T2 ratio for residues in the b-hairpin region is very different
from the rest of the protein (Fig. 4B). The average value of
T1/T2 for b1–L1–b2 (residues 7–17) gives a correlation
time of 5.5 nsec, while the rest of the residues have an
average correlation time of 2.6 nsec. The average T1/T2
value of the structured N-terminal region of Nop10p is in
agreement with the average value obtained for structured
proteins of comparable size (Huang et al. 1999). Based on
the T1/T2 ratio, the 310 helix has the same correlation time
as the L2 and L3 regions. This may explain why the orien-
tation of the 310 helix relative to the b-sheet is not well-
defined, in spite of the presence of NOEs between these two
regions of the protein.

Nop10p binds weakly to the 3¢ hairpin of human
U65snoRNA

Although Nop10 associates with H/ACA snoRNAs as part
of the snoRNP (Henras et al. 1998; Pogacic et al. 2000),
there is no direct experimental evidence showing that
Nop10p interacts with the snoRNA. Studies using gel mobi-
lity shift assays did not detect any binding of Nop10 alone
to H/ACA RNAs (Wang and Meier 2004; Baker et al. 2005).
However, several lines of evidence indicate that Nop10 may
interact with RNA in the RNP. Human Nop10 has been
reported to UV cross-link to U17 RNA (Dragon et al.
2000). In archaea, Nop10 contains a putative zinc-finger
motif consistent with a role in RNA binding (Baker et al.
2005). In the reconstitution experiments of Charpentier et
al. (2005), the presence of a Nop10 was found to result in
more efficient binding of the RNA substrate in RNP com-
plex, implicating it in stabilization of the snoRNA:substrate
interaction. Since gel shift experiments failed to detect any
binding of Nop10p alone to H/ACA RNA up to 10 mM, this
indicates that if Nop10p does bind to the RNA its Kd must
be greater than micromolar in the absence of Cbf5p (Wang
and Meier 2004; Baker et al. 2005; Charpentier et al. 2005).
Since NMR can easily be used to detect millimolar binding,
we tested for the interaction of Nop10p with RNA by
monitoring the chemical shift changes of Nop10 upon
addition of various RNA constructs using 1H-15N HSQC
experiments. These constructs included the U65hp,
U65ACA, the terminal stem-loop of U65, a double-stran-
ded RNA (dsRNA) capped by a structured AGAA tetra-
loop, and the single-stranded substrate RNA (U65s) (Fig.
1B). No chemical shift changes in the 1H-15N HSQC of
Nop10 were observed when the single-stranded substrate
RNA or the dsRNA capped by an AGAA tetraloop were
titrated into the protein. However, in the presence of the
U65hp significant chemical shift changes occur for several
resonances, indicating that Nop10p is binding to this RNA.
For most of the affected resonances, incremental addition
of RNA results in incremental shifts (up to an RNA:protein

FIGURE 4. Plots of Nop10p dynamics. Plots of 15N-1H heteronuclear
NOE (A) and T1/T2 (B) as a function of the residue numbers.
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ratio of 1:1), indicating fast exchange on the NMR timescale
between protein and RNA. However, several resonances
showed significant line broadening as well as shifting, in
some cases broadening to baseline, indicative of chemical
exchange. Addition of RNA to Nop10p above a ratio of 1:1
(up to 2:1) did not result in any additional spectral changes.
To confirm that the His6 tag on the protein was not con-
tributing to binding affinity to the RNA, we repeated the
titration with protein from which the his6 tag had been
removed (data not shown). The same pattern of chemical
shift changes was observed on the protein lacking the His6

tag. We also tested for binding of Nhp2p to U65hp and also
observed no chemical shift changes in the 1H-15N HSQC
spectrum of Nhp2p (N. Chim and J. Feigon, unpubl. data).

The residues in Nop10p that exhibit the largest amide
chemical shift changes following addition of U65hp RNA
are 4–7, 12–16, 18, (structured region) and 20–24, 27, 29,
40, 53, and 54. Among these, Met4, Tyr5, Thr6, Leu7, Gly8,
Ile14, Tyr15, Thr16, and Glu22, all of which are on the b-
hairpin except for Glu22, show significant exchange broad-
ening (Fig. 5A,C). The side chains of these residues are
shown on the ribbon diagram of Nop10p (Fig. 5E). The
large chemical shift changes and exchange broadening of
residues in the b-hairpin indicate that this region of the
protein is interacting directly with the RNA. The chemical
shift changes for residues in the adjacent L2 region of the
protein as well as near the N terminus may be due to direct
contacts to the RNA and/or some conformational rearrange-
ment of the protein. However, the small magnitude of the
chemical shift changes is not consistent with any major
structural rearrangement in the L2–L3 regions of Nop10.
The surface view of Nop10p with residues with significant
chemical shift changes highlighted shows the potential
interacting surface at and around the b-hairpin on one
face of the protein (Fig. 5E).

The H and ACA boxes are required for accumulation and
stability of snoRNA in vivo (Balakin et al. 1996; Ganot et al.
1997b). Because it has been proposed that Nop10p binds to
the H and ACA boxes (Henras et al. 1998), we also obtained
chemical shift mapping results using a longer RNA that
includes the ACA box and is closer in sequence to the
full-length 3¢ hairpin of U65snoRNA (U65ACA) (Fig.
1D). This RNA contains two additional base pairs in the
upper stem and the full-length lower stem including a
bulged A residue, followed by the 3¢ tail containing the
ACA box found in the full-length U65snoRNA. The chemi-
cal shift changes observed upon addition of U65ACA to
Nop10p are very similar to those for the shorter U65hp
(Fig. 5B,D). However, the resonances that exhibited the
most exchange broadening during the titration with
U65hp (Met4, Tyr5, Thr6, Ile14, Tyr15, Thr16) disappear
at the first addition of U65ACA RNA (Fig. 5B). Since this
complex has a significantly larger molecular weight, the
additional line broadening may be attributed to contribu-
tions from the larger line widths of the resonances in the

complex. Alternatively, the exchange kinetics may be some-
what different between the two complexes, due to differ-
ences in RNA sequence and structure. However, overall the
chemical shift changes on Nop10p observed in the presence
of U65hp and U65ACA are so similar that it is clear that the
interaction between Nop10p and H/ACA snoRNA does not
require the ACA sequence. Finally, we checked for binding
of the terminal stem-loop of U65 to Nop10p. In this case, a
similar pattern of chemical shift changes was observed in
Nop10p for this RNA (data not shown), indicating that
Nop10 also binds this RNA. Like U65hp, the U65 terminal
loop contains a lower stem and partially structured loop.

Taken together, the chemical shift mapping of the var-
ious RNA constructs on Nop10p indicates that Nop10
interacts weakly with the U65 H/ACA RNA (Kd � 0.1
mM based on NMR titration), and this interaction does
not require either the H or ACA box for binding. Further,
the binding is specific to a stem-loop junction. There is
no binding to substrate RNA, double-stranded RNA, or a
structured tetraloop. This interaction appears to involve the
structured b-hairpin region of the protein. Although addi-
tional chemical shift changes in other regions of the protein
are observed, they are not accompanied by the resonance
line broadening that is observed for the shifted amide
resonances on the two b strands. The chemical shift
changes observed for amide resonances in other regions of
the protein are likely due to secondary shifts rather than
direct interaction with the RNA, due to some structural
rearrangement of the protein. However, these changes are
too small to be consistent with any major structural change
in the rest of the protein.

Mapping of Nop10p binding to U65hp

To further check for the specificity of the interaction
between Nop10p and U65hp, we also obtained chemical
shift data using 13C-1H HSQC experiments on the RNA as a
function of added protein, up to a ratio of 1:1. As was the
case for the reverse titration, some resonances shifted as a
function of added protein, and in some cases this shifting
was accompanied by resonance line broadening (Fig. 6A).
Nucleotides exhibiting 1H chemical shift changes of >0.02
ppm for one or more resonances are G8, G9, A10, A28, A29,
and A30 (Figs. 6B,C, 7A). These results clearly indicate that
Nop10p binds specifically to U65hp at the junction between
the lower stem and the pseudouridylation pocket.

Figure 7B shows a surface view of U65hp with the nucleo-
tides that the chemical shift mapping indicates interact with
the protein highlighted. For protein interactions with dou-
ble-stranded RNA or DNA that do not distort the structure
of the duplex, chemical shift mapping can usually distinguish
between minor groove and major groove interactions on the
basis of which resonances (e.g., AH2 in minor groove, AH8
in major groove) shift. However, in this complex Nop10p is
interacting with residues at or near the conformationally
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FIGURE 5. Chemical shift mapping of U65hp and U65ACA on Nop10p. 1H-15N HSQC of free Nop10p (blue) bound to U65hp (red) (A) and
U65ACA (red) (B) at a 1:1 ratio of RNA:protein. (C,D) Plots of the chemical shift changes of Nop10p in the presence of U65hp (C) and U65ACA (D).
Note that although Y5 is not visible in Figure 5A in the bound form, it is possible to observe the peak at a higher noise level. Asterisks indicate
resonances that are exchange broadened in the presence of the RNA. In D some of these are broadened beyond detection and therefore their chemical
shift change cannot be quantified. The dashed lines indicate the thresholds used in the surface mapping. A schematic of the secondary structure
elements are shown underneath the sequence. (E) The chemical shift changes after the addition of U65hp mapped onto the structure of Nop10p: (Left)
Ribbon representation of Nop10p with side chains of residues whose amides are significantly exchange broadened in the presence of U65hp shown;
(middle) van der Waals surface representations of Nop10p with all residues that show significant chemical shift changes highlighted in pink (Dppm
0.05–0.07) and red (Dppm >0.07) with same view as ribbon representation; (right) surface representation rotated by 180�.
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dynamic bottom half of the pseudouridylation pocket. In
this case, binding of the protein likely results in some con-
formational changes in this region of the RNA. We observed
chemical shift changes for protons located in both the major
and minor grooves of the RNA. Thus, we cannot use the
specific resonance shifts to distinguish between minor and
major groove binding. However, the surface view shows that
Nop10 likely binds on one face of the RNA and interacts with
the phosphodiester backbone on opposing strands. The rela-
tively small chemical shift changes as well as the requirement
for Nop10p to be able to interact with many different H/
ACA hairpins are consistent with a structure-specific rather

than sequence-specific interaction. This may also explain the
interaction with the U65 terminal hairpin, which also has a
stem-loop junction. Similar small chemical shift changes
were observed in an NMR study of the structure specific
interaction of the dsRBD of S. cerevisiae RNase III (Rnt1p)
with dsRNA capped by an AGNN tetraloop (Wu et al. 2004).

DISCUSSION

The H/ACA snoRNP is a unique particle required for conver-
sion of U to c in eukaryotic rRNAs. Although the protein
components of the mature H/ACA snoRNP have been identi-
fied and the secondary structure of the RNA has been deter-
mined, no structures of the RNA component have been
previously reported and there is limited structural informa-
tion on related protein components. As a first step in char-
acterizing the structure of the H/ACA snoRNP complex and
understanding how the four snoRNP proteins and the RNA
assemble to form a structure for rRNA substrate binding and
catalysis, we have determined the structures of Nop10p and
the 3¢ hairpin of U65 H/ACA snoRNA. We have further shown
that these two components interact weakly but specifically
with each other in the absence of other RNP components.

The pseudouridylation pocket is partially structured
in the absence of proteins

The H/ACA snoRNAs form a bipartite secondary struc-
ture in which each half forms a hairpin that contains an

FIGURE 6. Chemical shifts of Nop10p mapped on RNA. (A) 13C-
HSQC of U65hp in the absence (blue) and the presence (red) of
Nop10p. The resonances between 136 and 139 ppm in the 13C region
are from H8-C8 residues, and between 150 and 153 ppm, from H2-C2
residues. (B,C) Graphs of the proton chemical shift differences of H8
(gray) and H5 (red) (B) and AH2 (green) and H1¢ (blue) (C) reso-
nances before and after the addition of Nop10p to U65hp.

FIGURE 7. Mapping of Nop10p on U65hp structure. (A) Schematic
of the structure of U65hp. Residues that show chemical shift changes
upon addition of Nop10p are colored in red (Dppm >0.03) and pink
(Dppm >0.02). (B) Surface view of U65hp is shown with the affected
residues from Nop10p binding highlighted as in A. (C) Stick and
ribbon representations of U65hp and the b-hairpin of Nop10p,
shown to illustrate size complementarity of binding interface. Side
chains of Y5, T6, K12, Y15, and T16 are red; L7, G8, and R13 are pink.
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internal loop of 9–15 nt, the pseudouridylation pocket (Fig.
1B). The conserved H and ACA boxes are located 14–17 nt
from the 5¢ and 3¢ pseudouridylation sites, respectively.
Prior to base modification, the substrate rRNA is thought
to bind the pseudouridylation pocket through base-pairing
of complementary nucleotides flanking the U that is subse-
quently modified, leaving the U and its adjacent 3¢ nucleo-
tide unpaired at the top of the pocket. The pseu-
douridylation pockets of H/ACA snoRNA thus form the
essential core of the snoRNP, since the substrate rRNA and
the pseudouridylase, Cbf5p in yeast, must bind to this
pocket for catalysis. We have determined the structure of
the 3¢ pseudouridylation pocket of U65 snoRNA, and find
that in the absence of substrate RNA and snoRNP proteins,
the internal loop is largely base-paired to form a ‘‘closed’’
conformation (Fig. 2C). This is not surprising, as most
internal loops exhibit at least some secondary structure
from mismatch base pairs. The top half of the pseudouri-
dylation pocket of the 3¢ hairpin of human U65 snoRNA
contains three well-defined base pairs, while the bases in the
bottom half are more dynamic. Since the U65 3¢ pseudouri-
dylation pocket is partially ordered and base-paired in the
free RNA, binding of the rRNA substrate will require open-
ing of the internal loop. This is likely to be the general case
since, as discussed above, most internal loops are partially
structured. Binding of the snoRNP proteins to the snoRNA
likely destabilizes the base pairing in the internal loop to
prepare the snoRNP for substrate binding, as discussed
below.

The pseudouridylation pocket contains successive
A11�G24, A10�C25 mismatched, and G9-C26 Watson–Crick
base pairs in the upper part of the pocket, next to the
pseudouridylation site. For the bottom 2 nt on each site of
the pocket, there is no defined structure for G8 and G27, and
the A7�A28 bases interact via a single hydrogen bond and
appear to be dynamic. It is interesting to note that the
homologous internal loops from trypanosome h1 and yeast
snR34 can form either the same 3 bp found at the top of the
U65 3¢ pseudouridylation pocket or an A�U in place of the
A�C mismatch, respectively, while the sequence at the bottom
of these pseudouridylation pockets differs and also contains
additional nucleotides in the predicted secondary structures
(Samarsky et al. 1995; Ganot et al. 1997b; Liang et al. 2001).
In both cases, it appears that the bottom of the pocket will be
less structured than the top of the pocket, as we observed for
U65hp. Thus, for these three U65 homologs the bottom part
of the pseudouridylation pocket is more open than the top. It
remains to be seen whether this is the general case for H/ACA
internal loops.

Role of Nop10p in H/ACA snoRNP assembly
and catalysis

RNA-guided pseudouridylation of substrate RNAs requires
a site-specific H/ACA RNA and four core proteins: Cbf5,

Nop10, Gar1, and Nhp2. Nop10p is the smallest of the four
proteins, and, like Gar1p and Nhp2p, its role is unknown.
Although Cbf5 can bind snoRNA in the absence of other
protein components, in archaea the minimal functional
complex with the H/ACA RNA has been shown to require
Nop10 in addition to Cbf5 (Charpentier et al. 2005). A
direct interaction between Cbf5 and Nop10 appears to be
universal among archaeal and eukaryotic H/ACA snoRNPs
(Henras et al. 2004; Wang and Meier 2004; Baker et al.
2005; Charpentier et al. 2005). Here we have shown that
in the absence of other RNP components, Nop10p is only
partially structured, with a two-stranded anti-parallel b-
sheet in the N-terminal third of the protein and a 310-
helix loosely packed against the b-hairpin (Fig. 3). NMR
relaxation measurements confirmed that the C-terminal
two-thirds of Nop10p is less structured than the b-hairpin.
Many proteins or protein domains are intrinsically unstruc-
tured or lack globular structure under physiological condi-
tions, and only become structured upon binding to their
target (Dyson and Wright 2002). These include a variety of
nucleic acid binding proteins, where a disorder-to-order
transition takes place on binding to the nucleic acid. How-
ever, we have found that Nop10p interacts with RNA via its
structured b-hairpin, and the rest of the protein does not
become significantly more structured in complex with
RNA. This suggests that the flexible region of Nop10p
rather plays a role in protein–protein interactions in the
snoRNP, and therefore likely becomes structured on bind-
ing Cbf5p.

Although the binding of the free Nop10p to RNA is weak
and probably occurs in vivo only in the presence of Cbf5p,
this low affinity interaction is detectable by NMR and
provides insight into probable interactions between
Nop10 and H/ACA snoRNA in the intact snoRNP. The
observed interaction is consistent with biochemical data
that indicate that Nop10p binds to the RNA (Dragon et
al. 2000; Pogacic et al. 2000). We found that Nop10p binds
at the bottom of the U65 3¢ pseudouridylation pocket under
NMR conditions (protein and RNA concentrations of 0.1–
1.0 mM). Nop10p does not bind the single-stranded sub-
strate RNA or double-stranded RNA capped by an ordered
tetraloop, but does interact with the U65 terminal loop,
which also contains a stem-‘‘unstructured’’ loop junction.
Interestingly, Nop10p interacts via its structured b-hairpin.
The b-hairpin was first identified as a DNA binding motif
that interacts in the major groove (Somers and Phillips
1992) and has since been found in several rRNA–protein
interactions, e.g., S6, S7, S11 (Wimberly et al. 2000) and L5,
L14, L25 (Yusupov et al. 2001; Klein et al. 2004), as well as a
BIV Tat peptide–TAR RNA complex (Puglisi et al. 1995). In
these complexes, the mode of interaction of the b-hairpin
with RNA varies; it has been found to bind in a widened
major groove, the minor groove, and to loop regions. In the
ribosome, both the isolated b-hairpin and b-hairpins that
are part of b-barrels appear to play an important role in
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RNA–protein assembly. Thus it appears reasonable that the
b-hairpin of Nop10p could recognize a stem-loop junction
in H/ACA snoRNAs. Based on the chemical shift mapping,
all of the residues on the b-strands of the b-hairpin interact
with the RNA. These include two highly conserved aro-
matic residues (Tyr5 and Tyr15) and the positively charged
Lys12 and Arg13 on L1 adjacent to b2 (Fig. 3C), residues
that are frequently found to interact with RNA (Jones et al.
2001; Treger and Westhof 2001). A comparison of the bind-
ing interfaces for Nop10p and U65hp shows that there is
size complementarity between the interacting residues of
the b-hairpin and the RNA (Fig. 7C).

We propose that the intrinsically unstructured region of
Nop10p functions to help assemble the H/ACA snoRNP
complex by interacting with Cbf5p and that it becomes
structured on binding Cbf5p. The weak interaction of
Nop10p with the snoRNA is likely stabilized by the interac-
tion of Cbf5p with the RNA in the snoRNP. Although NMR
data showed that Nop10p can interact with both the bottom
of the pseudouridylation pocket and the terminal loop of the
3¢ U65 hairpin, which both contain a stem-loop junction, it
appears most likely that binding of Nop10p to Cbf5p would
position it at the bottom of the pseudouridylation pocket,
allowing the catalytic core of Cbf5p to be in proximity to the
upper part of the pocket where the modification occurs.
Binding of Nop10p at the bottom of the pseudouridylation
pocket would be consistent with the finding that the presence
of Nop10p in the complex with Cbf5p increases the efficiency
of substrate RNA binding to the H/ACA RNA (Charpentier
et al. 2005). Once the snoRNP proteins assemble on the
RNA, they form a stable complex and do not exchange
their RNA components, suggesting that formation of new
snoRNPs requires de novo synthesis (Wang and Meier
2004). Since each snoRNP should catalyze the conversion
of U to c for many rRNA substrates, this implies that the
rRNA binds subsequent to particle formation. Thus, the
snoRNP proteins likely facilitate opening of the pseudouri-
dylation pocket for rRNA binding. An interaction between
Nop10p and the stem-loop junction at the bottom of the
pseudouridylation pocket could play a role in opening of the
pseudouridylation pocket for binding to the target RNA.

MATERIALS AND METHODS

RNA preparation and purification

Unlabeled, uniformly 15N,13C-labeled, and nucleotide-type selec-
tively 15N,13C-labeled RNAs (Fig. 1C,D) were synthesized by in
vitro transcription using T7 RNA polymerase and purified as
described (Batey et al. 1992; Dieckmann and Feigon 1997). The
purified RNAs were exchanged into the NMR buffer and con-
centrated to 0.1 mM (for titrations) or 1.5 mM (for structure
determination) using an AMICON filtering device. The single-
strand substrate RNA 5¢-UCGGCUCUUCCU was purchased
from Dharmacon.

Protein expression and purification

Nop10p was cloned in a pET15b vector as described (Henras et al.
1998). Unlabeled and 13C,15N-labeled (media supplemented with
1 g/L of 15NH4Cl and 2 g/L [13C]-glucose) Nop10p were expressed
in BL21(DE3) gold cells (Stratagene) and grown in M9 minimal
media. Cells were lysed in the loading buffer used for the HiTrap
chelating nickel affinity column (10 mM Tris-HCl, 0.5 M NaCl, 10
mM imidazole at pH 7.6) in the presence of protease inhibitor
cocktails (Calbiochem). The protein was eluted using 10 mM Tris-
HCl, 0.5 M NaCl, 0.5 M imidazole (pH 7.6). The sample was
loaded on a HiTrap heparin sepharose column (Amersham) and
eluted using a linear gradient from 0.05 to 1 M NaCl. Finally, the
protein was loaded on a superdex 75 preparation grade size exclu-
sion column (Amersham) and eluted in the NMR buffer (10 mM
potassium phosphate, 100 mM KCl at pH 6.5). The sample was
concentrated using an AMICON filtering device at 4�C.

NMR spectroscopy, assignment methodology, and
structure calculations for U65hp

All spectra for assignments and structure determination were
obtained on Bruker DRX 500 and 600 MHz spectrometers. Sample
conditions were 1.5 mM RNA in 30 mM potassium phosphate (pH
6.5). Additional spectra were obtained on a sample with 100 mM
KCl added for comparison since titrations with protein were done
under the higher salt conditions. Spectra of samples in H2O (95%
H2O/5% D2O) were recorded at 283 K, and spectra of samples in
D2O were recorded at 298 K. Assignments of the nonexchangeable
1H and proton attached 13C resonances were obtained from analy-
sis of 2D NOESY, CT-HSQC, MLEV-TOCSY, HCCH-COSY, and
long-range 1H-15N HSQC and 3D HCCH-TOCSY experiments
(Furtig et al. 2003). Filtered/edited NOESY spectra acquired on
13C,15N-A, -U, -G, and -C labeled samples were used to resolve
some of the ambiguities in assignments (Peterson et al. 2004).
Assignments of the exchangeable 1H and proton attached 15N
were obtained from analysis of NOESY, 1H-15N HMQC, and 15N-
correlated CPMG-NOESY spectra acquired on samples in H2O
(Furtig et al. 2003). Residual dipolar couplings (RDCs) were mea-
sured for 1JHC in 5% C12E6/hexanol using CT-CE-HSQC.

Distance restraints were obtained from NOE cross peaks in 2D
1H-1H NOESY in H2O (tm = 75 msec) acquired on unlabeled RNA
and filtered/edited (F2f, F2eF1f, and F2eF1e) NOESY experiments
(tm = 200 msec) acquired on base specifically 15N,13C-A, -U, -C, and
-G labeled RNAs (Peterson et al. 2004). Distance restraints obtained
from spectra of D2O samples were classified as follows for structure
calculations: 1.8–2.5 Å (strong), 1.8–3.5 Å (medium), 2.0–4.5 Å
(weak), and 3.0–5.5 Å (very weak). Similar boundaries were used
for cross-peaks in H2O spectra, except very weak was 3.0–6.5 Å.
Hydrogen bond distance restraints for Watson–Crick base pairs,
including G8�C26, were derived from JNN-COSY type experiments
(Luy and Marino 2000). Additional hydrogen bond restraints for
A11�G24 and A10�C25 mismatches were included near the end of the
structure calculations based on the structure and NOE patterns.
3JH3¢P and 3JCP were measured using 31P spin echo difference CT-
HSQC to determine b and e torsion angles. Ribose conformation and
x angles were analyzed as described (Wu et al. 2004). Ninety-six
additional dihedral angle restraints (630�) were included for stem
nucleotides with NOE patterns consistent with A-form geometry.
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Under low salt conditions, G8 is exchanging between two con-
formations with two different (N and S) sugar puckers, which give
rise to two sets of NOE cross-peaks for this residue. A28 and A29
also have two sets of cross-peaks but with only small chemical shift
differences, both with N-type sugar puckers. Thus, in low salt the
bottom of the pseudouridylation pocket adopts at least two con-
formations that are in slow exchange on the NMR timescale. When
100 mM KCl was added to the RNA samples to obtain the salt
conditions used for the titration experiment with Nop10p, cross-
peaks for only one of the two conformations were seen, correspond-
ing to an S-type sugar pucker for G8. Therefore, only the set of
restraints for this conformation were used in the calculation of
U65hp. The RDCs were obtained for a sample in 100 mM KCl.

Structures were calculated using the standard simulated annealing
protocols with NIH-XPLOR (Schwieters et al. 2003) starting from an
extended template with randomized angles. Sixty low-energy struc-
tures from 200 initial calculated structures were then subjected to
refinement against 11 RDCs (Clore et al. 1998). The refinement used
a simulated annealing procedure that consisted of 18 psec of high
temperature dynamics at 1000 K followed by slow cooling to 100 K.
The alignment tensor of the RDCs was determined by a grid-search
protocol as described, which produced optimal values of Da = -41
Hz and R = 0.18. The force constants used in the refinement stage of
the structure calculations were 50 kcal�mol�1�Å2 and 200
kcal�mol�1�Å2 for NOEs and dihedral angles, respectively. Structure
statistics for the 15 lowest-energy structures are given in Table 1.

NMR spectroscopy, assignment methodology, and
structure calculations for Nop10p

All spectra for assignments and structure determination were
obtained on Bruker DRX 500 and 600 MHz spectrometers at 288
K and processed as above. Backbone assignments of Nop10p were
obtained from 3D CBCANH (Grzesiek and Bax 1992b), 3D
CBCA(CO)NH (Grzesiek and Bax 1992a,b) using a 15N, 13C-
labeled proteins. Protein side-chain assignments were obtained
using 3D HBHA(CO)NH (Grzesiek and Bax 1993), 3D HCCH-
TOCSY (Bax et al. 1990), and 2D homonuclear TOCSY. The NOE
cross-peaks were obtained from 3D 13C-NOESY-HMQC in D2O
and 3D 15N-NOESY-HSQC in H2O (Nikonowicz and Pardi 1993).
Eleven RDCs were also obtained at 288 K and the alignment
medium used was C8E5/octanol.

Protein–protein NOE cross-peaks obtained from 3D 13C-
NOESY-HMQC (tm = 150 msec) and 3D 15N-NOESY-HSQC
(tm = 150 msec) were converted into distance restraints and cate-
gorized as follows: strong (1.8–2.5 Å), medium (1.8–4.5 Å), and
weak (1.8–6.5 Å). In total, 743 NOE-derived restraints were used
in the structure calculation, of which 354 NOEs are intraresidue
and 191 are sequential NOEs (Table 1). The structure of the
protein was calculated using XPLOR (NIH) with a simulated
annealing protocol. We generated 50 templates from extended
protein structures with random orientations. This was followed
by several rounds of simulated annealing protocol employing the
all-hydrogen force-field parallhgd.pro version 5.0. The simulated
annealing procedure started from random coordinates and con-
sisted of 30 psec of high temperature dynamics at 2000 K followed
by slow cooling to 100 K in 30 psec. Following the simulation, the
10 lowest-energy structures were chosen for further refinement
with a simulated annealing procedure that consisted of 30 psec of

high temperature dynamics at 1000 K followed by slow cooling to
100 K. Due to the dynamic nature of the protein, incorporation of
RDCs in the structure calculations did not improve the accuracy of
the final structures.

To assess Nop10p dynamics, the modified T1 and T2 experiments
with better water suppression and 1H-15N steady-state NOE experi-
ments were acquired as described (Farrow et al. 1994a,b) at 288 K
and 500 MHz. The T1/T2 ratio for each residue was plotted and used
to estimate the correlation time of the molecule (Huang et al. 1999).

Chemical shift mapping

All spectra for chemical shift mapping were obtained on a Bruker
DRX 800 MHz spectrometer at 298 K. Sample buffer conditions
were the same as those used for the free Nop10p. In order to
monitor the chemical shift changes of U65snoRNA hairpin upon
addition of Nop10p, Nop10p was added in 0.05 mM increments to
0.1 mM base specifically 13C,15N-A, -G, -U, and -G,C labeled RNA
samples, up to a protein:RNA ratio of 1:1. At higher protein:RNA
ratios the sample began to precipitate. We were also unable to make
soluble 1:1 complexes at concentrations above �0.2 mM. The 1H
chemical shift changes of the RNA were monitored using 1H-13C
HSQC experiments. The 1H and 15N amide chemical shift changes
on Nop10p were monitored by titration of RNA in 0.1 mM incre-
ments to a 0.5 mM 15N-labeled protein sample up to an RNA:pro-
tein ratio of 2:1 using 1H-15N HSQC experiments. The chemical
shift changes found in the 1H and 15N resonances of the protein
after addition were plotted according to the following equation:

d(Hz) = |D1H| + 0.101|D15N|,

where |D1H| is the absolute value of the proton chemical shift
difference and 0.101D15N is the absolute value of the nitrogen
chemical shift difference weighted based on the relative proton
and nitrogen gyromagnetic ratio. There were no significant changes
in the 13C chemical shifts of the RNA in the titrations with Nop10p;
consequently we only plotted D1H for the RNA.

Coordinate deposition

Coordinates for the 15 lowest-energy structures of U65hp and 10
lowest-energy structures of Nop10p have been deposited in the
Protein Data Bank under accession codes 2EUY and 1Y2Y,
respectively.
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