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ABSTRACT: The H/ACA class of small nucleolar ribonucleoproteins (snoRNPs) is primarily responsible
for catalyzing the isomerization of uridine to pseudouridine (W) in ribosomal and other cellular RNAs.
Each H/ACA snoRNP consist of four conserved proteins, Cbf5 (the W-synthase), Garl, Nhp2 (L7Ae in
archaea) and Nop10, that assemble onto a unique RNA component (the snoRNA). The smallest of these
proteins, Nop10 (~7 kDa), has an essential role in the assembly and activity of these particles and binds
directly to the W-synthase to form the minimal active enzyme in archaea. To better understand the conserved
function of this protein, we characterized the NMR structure and dynamics of Nop10 proteins from both
archaea and yeast. We show that archaeal Nopl0 contains a highly stable Zn?>" binding motif that is
replaced in eukaryotes by a smaller meta-stable S-hairpin, while a highly conserved and conformationally
dynamic linker connects these motifs to a nascent o-helical structure. Our structural analysis and NMR
relaxation data show that these motifs do not interact with each other and tumble independently in solution.
Several residues within the archaeal Nop10 Zn?* binding motif have clear structural and functional roles
and are conserved in eukaryotes, yet remain disordered in the free yeast Nopl0. We propose that the
dynamic structure of Nop10 facilitates an induced-fit recognition with the H/ACA W-synthase and allows
it to act as a molecular adaptor for guiding snoRNP assembly in similar fashion in all archaea and eukaryotic

organisms.

The H/ACA small nucleolar ribonucleoproteins (sno-
RNPs') are a highly conserved class of RNA—protein
complexes found in eukaryotes and archaea that are respon-
sible for catalyzing the isomerization of uridine to pseudou-
ridine (V). This ubiquitous post-transcriptional modification
is thought to promote the folding and stability of the local
RNA structure in the ribosome and other RNAs (/). Most
H/ACA snoRNPs localize to the nucleolus in eukaryotic cells,
the site of ribosome biogenesis, where they carry out catalysis
at conserved sites of ribosomal RNA (rRNA) (2).

Each H/ACA snoRNP is defined by a single unique RNA
component, the H/ACA snoRNA (3-5), that assembles with
four highly conserved core protein subunits that are common
to all H/ACA snoRNPs, known as Cbf5 (dyskerin or NAP57
in mammals), Garl, Nhp2 (L7Ae in archaea), and Nopl0
(6-8). Cbf5 is the W-synthase responsible for catalyzing the
isomerization reaction (9-11), while the three additional
H/ACA-specific core proteins Garl, Nhp2 and Nopl0, are
required for maturation, stability and nucleolar localization
of the snoRNP (/2—17). Individual H/ACA snoRNAs contain
conserved sequence motifs (the H and ACA boxes) as well
as unique internal sequence elements that contain base-pair
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complementarity to regions flanking their specific target, thus
providing the particle with substrate specificity (/8-20).

While most H/ACA snoRNA are programmed for guiding
W-synthesis, some eukaryotic H/ACA snoRNPs are non-
catalytic, yet play critical biological roles. A subset of
H/ACA snoRNPs is required for pre-rRNA cleavage steps
during ribosome biogenesis (27, 22), apparently by acting
as RNA folding chaperones. In higher eukaryotes, the
H/ACA proteins associate with the RNA component of
telomerase and are required for the stability and localization
of this RNP (23-25). Mutations in the W-synthase (26) as
well as human NoplO (27) have been linked to the rare
genetic disorder dyskeratosis congenita (DC). Patients car-
rying this disease have aberrant telomerase activity and
ribosome biogenesis (28).

Nop10 is a unique protein of ~7 kDa that has been shown
to play a central role in the assembly and activity of the
H/ACA sno(s)RNPs. It binds directly to the W-synthase in
eukaryotes (29, 30) and archaea (/0, 3I), where this
interaction is required for basal in vitro activity of the enzyme
(10). Our structural studies of the archaeal Cbf5—Nopl0
complex suggested that archaeal Nop10 might regulate the
activity of Cbf5 by stabilizing residues at the catalytic site
(11). In that same study, we showed by NMR perturbation
analysis that NoplO from archaea (aNopl0O) and yeast
(yNop10) are both able to bind the archaeal Cbf5 protein.
The recent X-ray crystallographic structure of an assembled
archaecal H/ACA sRNP contains the four core proteins
assembled onto a guide SRNA (32), and revealed additional
inter-RNP interactions involving Nop10 that support a central
functional role of Nopl0 in particle assembly.
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NMR Study of the H/ACA snoRNP core protein Nop10

To better understand the conserved structural and dynamic
properties of Nop10 and to gain insight into the mechanism
by which Nopl0 facilitates sno(s)RNP assembly, we have
conducted a side-by-side structural analysis of the archaeal
and eukaryotic Nop10 proteins. We have also characterized
by NMR the backbone dynamics of both proteins using
relaxation studies. Although NoplO from archaea and eu-
karyotes perform a conserved functional role in the recogni-
tion of Cbf5, the proteins from these two species contain
divergent structural and dynamic features. While archaea
Nop10 proteins contain a compact Zn**-binding domain that
is involved in the recognition of archaeal Cbf5, eukaryotic
Nop10 proteins have instead a smaller metastable S-hairpin
motif. Sequence analysis identified several residues with clear
structural and functional roles within the archaeca Nop10 Zn?*
motif that are conserved in eukaryotic proteins, yet remain
completely disordered in the free yNop10 protein. From the
insights gained from our structural and dynamics studies and
from the recently reported X-ray crystallographic structure
of the fully assembled archaca H/ACA sRNP, we propose
that the conserved features of Nopl0 allow this protein to
serve as a molecular adaptor for the Cbf5 W-synthase that
facilitates sno(s)RNP assembly in a highly similar fashion
in both archaeal and eukaryotic organisms.

EXPERIMENTAL PROCEDURES

Procedures for the expression, purification and NMR
structure determination of Nop10 from the archaea Metha-
nococcus jannaschii (aNopl0) and yeast Saccharomyces
cerevisiae (yNop10) have been described in detail previously
(11). Freshly purified samples of unlabeled or uniformly 'SN-
labeled aNopl10 and yNopl0 (~1 mM) were prepared as
described for NMR dynamics measurements in (8% v/v) D,O
containing 50 mM (*D) NaOAc (pH-5.0) and 100 mM KCI.
Archaea Nop10 samples were supplemented with either 100
UM excess ZnCl, or 25 mM EDTA and 2 mM (D) DTT.

Standard triple resonance experiments (HNCO, HNCA,
HN(CO)CACB, HN(CO)CA, HBHA(CO)HN and HCCH-
TOCSY) (33) were used to obtain nearly complete assign-
ments for both aNopl0 and yNopl0. Structural restraints
were obtained through heteronuclear *C- and '"N-edited 3D
experiments and homonuclear NOESY experiments collected
with mixing times of 120 ms (aNoplO) and 100 ms
(yNop10). NOE assignments and structure calculations were
performed using combined automated and manual methods
in CYANA (34). Torsion angle restraints were included for
¢/@ angles according to TALOS (35). Hydrogen bonding
constraints were derived from amide D,O protection data.
Initial structure refinement of aNoplO used only these
experimental restraints and clearly defined the four conserved
cysteine side chain conformations, which were clustered
together in a tetrahedral arrangement that unmistakably
identified a single Zn?>" binding site. Therefore, during the
final stage of refinement of aNop10, a Zn** ion was added
and constrained to each zinc-chelating Sy atoms (Sy-Zn?*,
2.6A), and tetrahedral geometry between the four Sy atoms
was enforced (Sy—Sy, 4 A). Final refinement for both
aNop10 and yNopl0 yielded no distant restraint violation
>0.2 A and >99% of residues in allowed regions of the
Ramachandran plot for both polypeptides.

NMR dynamics studies for both NoplO proteins were
carried out using standard pulse sequences to record "N
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heteronuclear NOEs (Het-NOE), T; and 7, measurements
(36) at 298 K on a Bruker Avance 500 MHz spectrometer
equipped with a z-axis pulsed-field gradient triple resonance
probe. Experiments were collected with spectral widths of
1822.490 and 6009.615 Hz in the "N and 'H dimensions,
respectively. For the heteronuclear NOE measurements, two
spectra were recorded with and without proton saturation,
which was achieved by application of "H 120° pulses every
5 ms. Spectra recorded with proton saturation utilized a two
second recycle delay followed by a three second period of
saturation, while spectra recorded in the absence of saturation
employed a recycle delay of five seconds. Heteronuclear
NOE values were calculated from the ratio of peak heights
with and without proton saturation. Uncertainties in these
measurements were estimated from the base plane noise in
SN-HSQC spectra recorded with and without proton satura-
tion. For both aNop10 and yNop10, delays of 0.010, 0.020
(x2), 0.40, 0.70, 0.140, 0.240, 0.350, 0.480 (x2) 0.600 s
were used for the 7 experiments. 7, values were measured
from spectra recorded with delays of 0.008, 0.016, 0.024
(x2), 0.040, 0.056, 0.080, 0.112, 0.144 (x2) and 0.192 s,
respectively. The relaxation delay was 1.9 s for each
experimental set. Peak heights were calculated for every
assigned peak in the 7; and 7, spectra and fit to an
exponential curve, I(f) = I(0) exp(—#T),) where I(0) is the
initial peak intensity and 7 is the delay time, using the Sparky
relaxation fit software. Rotational correlation times (7.) were
calculated from T7,/T5 ratios (37).

In order to study the structural effects of Zn>' on
aNop10, unlabeled or uniformly "N labeled aNopl0
samples were exchanged into buffers containing either
ZnCl, or a molar excess of EDTA by dialysis, and 'N-
heteronuclear single quantum coherence (HSQC) spectra
and 2D '"H—'H NOESY experiments were collected at 298
K on the Bruker 500 MHz spectrometer. NOESY experi-
ments were collected with mixing times (Tpmix) of 120 ms.
HSQC and NOESY spectra were analyzed for chemical
shift perturbations and global structural changes to aNop10
that occurred in response to the presence or absence of
Zn**. All NMR data were processed with NMRPipe/
NMRDraw (38) and analyzed using Sparky (T. D.
Goddard and D. G. Kneller, University of California, San
Francisco). Atomic coordinates for aNop10 (PDB acces-
sion number 2AQC), yNoplO (PDB accession number
2AQA), the aCbf5-aNoplO complex (PDB accession
number 2APO) (/1), and the H/ACA sRNP (PDB acces-
sion number 2HVY (32)) were visualized and prepared
for illustration using UCSF Chimera (39). A surface
electrostatic potential map of the aNopl10 Zn?* binding
domain was calculated and displayed using MolMol (40).

RESULTS

Comparative Analysis of Archaeal and Eukaryotic Nop10
NMR Structures. The structures of Nop10 from the archaea
Methanococcus jannaschii (aNopl0) and yeast Saccharo-
myces cerevisiae (yNoplO) were determined by NMR.
Structure calculation and refinement was done in CYANA
v2.0 (34) using atomic distance restraints derived from NOE
intensities, ¢/¢ restraints derived from chemical shift values
and TALOS (35) and hydrogen bond restraints for amides
protected from D,O exchange. The atomic coordinates of
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FIGURE 1: Structure of Nop10 from archaea and eukaryotes Nop10 from archaea (aNoplO) and yeast (yNoplO) contain both conserved and
divergent structural features that correspond to sequence differences between archaea and eukaryotes. (A and B) Ca trace of 15 low-energy
NMR structures of aNop10 and yNop10, respectively. Structures are colored according to the three structural domains: N-terminal -ribbon
(cyan), internal flexible linker (gray), and C-terminal helix (orange). The structural ensembles have been superimposed over the respective
p-ribbon domains; the N- and C-terminal domains do not interact. The aNop10 protein binds a single Zn?* ion (black) through four conserved
cysteine side chains (yellow). Eukaryotic Nopl0 proteins have replaced this N-terminal domain with a smaller S-ribbon. (C and D)
Representative ribbon structures of aNop10 and yNop10, respectively. (E and F) Primary sequence alignment vs secondary structure for
Nopl0 proteins from archaea (E) and eukaryotes (F). Conserved residues are indicated in blue, and archaeal Zn>* binding cysteines in
yellow. Symbols (bottom) represent conservation between both archaea and eukaryotes.

the Nop10 NMR structures have been previously reported
with the structure of the archaeal Cbf5-Nop10 complex (/7).
Here we conduct a side-by-side characterization of the NMR
structures of these two paralogous NoplO proteins in their
free form to gain functional insight into the evolution of this
protein between archaea and eukaryotes.

Both aNop10 and yNop10 contained a low number of long
distance, structurally meaningful NOE distance information
compared to globular folded proteins of similar size, and
those NOEs were unevenly distributed along the polypeptide
chains. For both proteins, the highest NOE density localized
to residues in the N-terminal region and within a short stretch
of residues near the C-terminus. During structure refinement
of aNop10 four cysteine side chains were found to be clearly
arranged in a tetrahedral geometry defining a single Zn>*
binding site. Therefore, during the final refinement stages, a
Zn?" ion was added to the model and constraints between
the four conserved zinc-ligating Sy atoms and the Zn?>* ion
were applied to the aNopl0 structure.

The Ca traces for 15 lowest energy NMR models for
aNopl0 and yNoplO are shown in Figure 1A and B
respectively. These structures show that both aNop10 and
yNop10 adopt two independent structural domains, a highly
ordered N-terminal [-ribbon domain and a nascent C-
terminal helix. A conformationally flexible linker connects
these two motifs. Each of these three domains is colored in
the same way in each model; they are shown superimposed

over the N-terminal S-ribbon domains. For both aNop10 and
yNop10, the S-ribbon domains are the best-defined region
of the NMR structure ensembles, owing to the rich amount
of NOE data found within these structured regions of the
protein (backbone root mean squared deviation, rmsd;
aNop10 ~0.11 A, residues 6—31; yNop10 0.22 A, residues
5—195).

Representative low energy models of aNop10 and yNop10
are displayed as ribbon structures in Figure 1C and D. These
structures juxtapose regions of conserved and species-specific
structural motifs that correspond to regions of primary se-
quence conservation and variation, respectively. The major
structural difference between aNop10 and yNop10 is located
within their respective [-ribbon domains. The aNoplO
structure contains two orthogonally stacked 3-hairpin motifs
(81/2 and $3/4) with a single Zn>* ion (black) bound at the
center by four cysteine side chains (yellow). This motif is
very well-defined by a dense network of NOE restraints and
hydrogen bonding interactions. The S3/4 hairpin of the
aNopl0 N-terminal motif is slightly distorted between
residues Lys27 and Thr28 (Lys27 ¢ values = —50°) on the
B4 strand and is therefore not recognized as a 3-strand by
secondary structure recognition algorithms (47). The distor-
tion in 34 facilitates cross-strand hydrogen bonding with 31,
while maintaining the 5-hairpin hydrogen bond network with
p3. The four cysteine residues are displayed by each of the
[-ribbons and arranged with a tetrahedral geometry around
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FIGURE 2: Dynamics of Nopl10 as studied by NMR. Nop10 from archaea and yeast share conserved dynamic profiles. (A) >N heteronuclear
NOE (Het-NOE) values for aNopl0 (left) and yNopl0 (right) are plotted against amino acid sequence. Het-NOE values are arbitrarily
classified as 1.0—0.5 ordered, 0.5—0.0 partially ordered, <0.0 disordered. The Het-NOE values for aNop10 and yNop10 have been mapped
to the tube representation of aNop10 and yNop10, and are colored according to these classes (B). In both proteins, the -ribbon domain is
the most stable. The low Het-NOE values over the C-terminal helical domains indicate significant pico- to nanosecond dynamics. A highly
dynamic linker connects the two terminal domains of Nop10. The position of the conserved YTLK tetrapeptide motif described in the text
is labeled. (C) T, and T, values plotted against aNop10 and yNopl0 amino acid sequence correlate with the overall trends in Het-NOEs.
Error bars indicate uncertainty of the primary data (see Experimental Procedures). (D) Rotational correlation coefficients (z.) values determined
by the 7/T, method for aNop10 and yNop10 plotted against amino acid sequence indicate the N- and C- terminal Nop10 domains tumble

independently.

the Zn>* ion. These Zn>" chelating residues are conserved
among archaea Nopl0 proteins (see alignment Figure 1E).
Eukaryotic Nop10 proteins have replaced these Zn*>" chelat-
ing residues (see alignment Figure 1F) and therefore do no
have the ability to bind Zn?*. In spite of this divergence,
yNopl0 has maintained structural homology with the N-
terminal S-hairpin (81/2). However, the yNop10 1/2 hairpin
is more loosely defined by NOE constraints than the 5-ribbon
domain of aNop10. The NMR data suggest that this is due
to the lack of conformational stability of this small motif.
For example, although the expected cross-strand Ho-Ha
NOE signatures of antiparallel 3-sheet were clearly identified,
the intensities were weaker then expected. In addition, the
expected cross-strand amide protection from D,O exchange
could not be observed. The residues directly following the
S-hairpin motif are unstructured and contribute to the central
linker domain in the free yNopl0 protein.

The central and C-terminal regions of Nop10 proteins are
the most highly conserved in sequence across all species,
yet these regions of aNoplO and yNoplO are largely
unstructured in the free proteins. The internal linkers of
aNopl0 and yNoplO did not contain any structurally
meaningful NOE or structurally useful chemical shift infor-
mation. In addition, the amide resonances in this region of
the protein were marked by strong sequential N NOEs,
indicative of an extended conformation. The Nopl0O C-
terminal o-helices are only loosely defined in the NMR
structures. This was due to a low level of NOE and chemical
shift information and the complete absence of hydrogen bond
restraints that could be derived from the D,O protection
studies. Therefore, in the final structural ensembles only 18/

20 and 16/20 structures yielded consistent helical conforma-
tions for aNopl0 and yNopl0, respectively. Satisfactorily,
residues containing consistent helical character in the struc-
tural ensemble map to homologous positions of the aNop10
and yNop10 sequences (Figure 1E and F). The Nop10 helical
residues displayed a combination of weak medium-range
(i, i32-4) Ho—HN NOE signatures of o-helical conformation,
as well as strong sequential (i, i+;) Ha—HN NOE signatures
of extended conformations. Taken together, these observa-
tions suggest the presence of conformational exchange
between helical and extended states within the C-terminal
domain of Nop10 that occurs on the NMR time-scale when
these proteins are free in solution.

Backbone Dynamics of Archaeal and Eukaryotic Nop10.
The NMR structures of the archaeal aNop10 and eukaryotic
yNop10 proteins contain conserved regions that are intrinsi-
cally unstructured or loosely defined, and indicate that the
two terminal domains of Nop10 are structurally independent.
To better understand how these features may play a
functional role in binding to the W-synthase and in sno-
(s)RNP assembly, we characterized the NMR backbone
dynamics by collecting '’N heteronuclear NOE, 7 and T,
measurements for both Nopl0 proteins. "N heteronuclear
NOE (Het-NOE) values for aNop10 and yNop10 are plotted
against their primary sequence in Figure 2A. Since the Het-
NOE is sensitive to internal motions on the pico- to
nanosecond time scale, these values can be used to judge
relative conformational stability.

We arbitrarily define Het-NOE values as >0.5 ordered,
0.5—0.0 partially ordered, <0.0 disordered. The Het-NOE
values for aNopl0 and yNoplO categorized that way and
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colored according to this definition are shown in Figure 2B.
The most striking feature is the similarity in the overall
profile of Het-NOE values between the two proteins. As also
indicated by the NMR structural data, the most stable regions
of both proteins correspond to their respective N-terminal
S-ribbon domains. Het-NOE values for the yNop10 S-hairpin
motif (~0.2) are notably low and smaller than the values
for the aNop10 S-ribbon domain (~0.5), which is consistent
with the disparity in structurally meaningful NOEs and amide
protection from D,O exchange. Within the C-terminal
domains, the highest Het-NOE values (~0.1—0.2) belong
to the nascent o-helical regions: Arg41—Leu49 of aNopl0
and Tyr41—Ser42 of yNop10, respectively. These low values
indicate significant fast motion and explain the weak a-heli-
cal NOE intensities for these residues. Het-NOE values of
residues in the internal linkers of both proteins are all
negative, consistent with the lack of any structurally mean-
ingful NOE:s for these residues. In general, the trends in Het-
NOE values for both aNoplO and yNoplO match the
conformational dynamics indicated by the NOE data used
for structure calculation.

Plots of 7} and T, values versus the primary sequences of
aNop10 and yNop10 reveal profiles that correspond with the
overall profile of Het-NOE values as well; regions of low
Het-NOE were matched by large 7; and 75 values (Figure
2C). For aNop10, T and T, values were about 445 and 170
ms over the S-ribbon domain, and 545 and 280 ms over the
C-terminal a-helical residues, respectively. For yNopl0, T
and T, values were 490 and 290 ms over the S-hairpin motif
and 535 and 305 ms over the nascent helix, respectively.
Despite the large amount of motions, the data for both
proteins were surprisingly good, with average errors for T
and 7> values over the regions of secondary structure of only
~1.5—2% and ~3—5%, respectively. Large T and 75 values
were obtained from residues within the internal linker domain
and termini of both NoplO proteins, as expected for
unstructured regions with fast-motions. Relaxation rates for
the C-terminal helical residues are distinctively shorter than
the residues flanking them, indicating that fast-motions are
quenched by the nascent secondary structural interactions
that were indicated by the described NOE patterns and
intensities.

The NMR structural studies suggest the N- and C-terminal
domains of Nopl10 are structurally independent in solution.
To support this model, 7,/T, ratios were used to estimate
rotational correlation times for aNop10 and yNop10 (Figure
2D). The rotational correlation time (7.) is a measure of the
overall tumbling rate of a molecule, and is therefore sensi-
tive to molecular size and shape. For a globular protein the
size of Nop10 (~7 kDa), 7. is expected to be ~5.5 ns (42).
For aNopl0, average 7. values of the N- and C-terminal
motifs were 4.9 and 3.5 ns, respectively. That these values
differ significantly and are lower than expected is in
agreement with the two domains tumbling independently.
For yNop10, 7. values are even smaller, 2.9 and 3.0 ns over
the N- and C-terminal domains, respectively. The similar 7.
values over these two domains of yNop10 are consistent with
their similar sizes. Together, these data support our structural
models, and are consistent with the lack of any long-range
NOEs that could be identified between the Nop10 S-ribbon
and o-helical domains.

Reichow and Varani

Characterization of the Nopl0 [3-Ribbon Domains. The
major differences in both structure and dynamics between
aNop10 and yNop10 are found in their respective N-terminal
pB-ribbon domains. However, several residues within these
domains are highly conserved between archaea and eukary-
otes. The SB-ribbon domain of aNopl0 proteins adopts a
minimalist version of the consensus zinc ribbon motif
(CXLCX () CX,C topology, where X is any amino acid), one
the most common class of zinc-binding motifs (43). With
the exception of the paired cysteines, there is very little
sequence homology between different families of proteins
harboring this motif. The number of residues between the
two pairs of cysteines can vary significantly, both in length
and sequence and may include a complete domain insertion.
In the compact aNoplO zinc ribbon motif, the fold is
stabilized by the two f-turns in the aNop10, which adopt
classical zinc “knuckle” structures. This type of turn is
typified by a positive ¢ angle at the glycine residue directly
following the second cytsteine and by characteristic backbone
hydrogen bond interactions with the cysteine thiols (Figure
3A). In aNop10 proteins, the two cysteine pairs are separated
by only 8 residues; this is the minimal number required to
form a S-strand and a highly ordered turn (Turn II) while
facilitating the orthogonal placement of the two f3-hairpins.
The core of the compact aNop10 zinc ribbon domain consists
primarily of the four cysteine side chains and the Zn>" ion.
In addition, the side chain y-methyls from two highly
conserved threonine residues, Thr16 on 2 and Thr28 on
P4, insert directly behind the zinc binding site and contribut-
ing to core packing interactions (Figure 3B). Packing of the
side chain of Thr28 is facilitated by the backbone distortion
in 34 that was described previously. Thr16 contributes to
the stability of the highly ordered Turn II as well through a
side chain hydrogen bond with Lys18 (Figure 3B).

When bound to Zn>*, the aNop10 S-ribbon motif adopts
a stable conformation with the majority of residues exposed
to solvent and involved in the recognition of the archaeal
H/ACA W-synthase, aCbf5. The surface electrostatic poten-
tial map of the aNopl0 zinc ribbon domain reveals two
distinctively different faces, a polar face (B4/1) and a
hydrophobic face (82/3) (Figure 3C and D, respectively).
Among archaeal species, residues contributing to the polar
face are not well conserved in identity, but share conserved
charges. The hydrophobic surface is composed of residues
from a highly conserved YTLK tetrapeptide motif, which is
involved in the recognition of the archaeal W-synthase,
aCbf5. A thiomethyl side chain from Met6 on 1 contributes
to this hydrophobic surface patch as well. This residue is
conserved as methionine among Nop10 proteins or replaced
by a similar hydrophobic side chain. In the crystallographic
structure of the aCbf5—aNop10 complex, the hydrophobic
face of the aNop10 zinc ribbon motif forms van der Waals
interactions with the W-synthase, while the polar face of this
domain remains solvent exposed (11, 44). A superposition
of the free and aCbf5-bound aNoplO zinc ribbon domain
(11, 44) shows that, with the exception of some minor side
chain reorientations, this motif undergoes minimal structural
changes upon binding the W-synthase (Ca root-mean-square
deviation = 0.813 A, Figure 3E), consistent with the stability
of this domain that was indicated by the higher Het-NOE
values.
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A. B.

FIGURE 3: Characterization of the Nop10 -ribbon domains. (A and
B) The aNopl0 zinc binding S-ribbon domain; core side chains
are shown and labeled (colored by heteroatom). Numerous hydrogen
bonds (dashed blue lines) stabilize this compact motif. (C and D)
Electrostatic surface representation of the protein’s structure (posi-
tive, blue; negative, red; neutral, white); residues on 31 and (4
contribute to the variable hydrophilic surface (C). On the opposite
face of the motif (D), the strictly conserved Nop10 YTLK sequence
(labeled, see Figure 1) connecting 2 and 3 contribute to a
hydrophobic patch; Met6 is located on 1 and is largely conserved.
These residues are involved in recognition of the archaeal W-syn-
thase, Cbf5. (E) Superposition of free (blue) and Cbf5-bound
aNop10 zinc ribbon domains (white, PDB accession number 2APO)
shows that only minor structural changes occur upon binding of
Cbf5 (Ca rmsd, 0.813 A). Side chains are represented by heavy
atoms and colored as in A and B. In contrast to the rigid archaeal
motif, the yNop10 S-ribbon motif is stabilized only by weak cross-
strand side chain interactions (F). The same residues involved in
the archaeal Cbf5 interaction are unstructured in yNop10 (unstruc-
tured residues colored transparently).

Unlike the rigid archaeal S-ribbon motif, the eukaryotic
Nopl0 N-terminal S-ribbon motif is only metastable, as
shown by the low Het-NOE values. The small yNopl0
hairpin motif appears to be maintained by cross-strand
side chain-side chain van der Waals interactions (Figure
3F). Notably, however, yNop10 shares many residues with
aNop10 that have important structural and functional roles,
including the two S-turn glycines, the two core threonines,
as well as the conserved YTLK tetrapeptide motif
described above (see alignments in Figure 1). In stark
contrast, however, these residues are primarily unstruc-
tured in the eukaryotic protein. The N-terminal YTLK
sequence motif is conserved among all Nopl0O proteins
and is critical for both the structure and function of
aNopl0. However, with the exception of Tyrl5, the
corresponding residues in yNopl0 remain conformation-
ally undefined in the eukaryotic protein (labeled in Figure
3F). Presumably, these conserved residues have retained
a functional role in eukaryotic Cbf5 recognition without
the requirement for conformational stability.
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aNop10 HSQC vs. Zn2*
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FIGURE 4: Zn>* dependence of the folding of archaea Nop10. '>N-
HSQC spectra of aNop10 in the presence of Zn>* (blue) and upon
treatment with molar excess of EDTA (black). All resonances
showing significant changes are from the zinc ribbon domain
(labeled).

Folding of the Archaea Nop10 B-Ribbon Domain Requires
Zn**. The observation that eukaryotic Nop10 proteins share
many of the residues that play an important structural role
in aNopl0, yet these same residues are largely unstruc-
tured in yNop10, suggested that Zn>* binding plays a primary
role in the conformational stability of the aNop10 motif. In
fact, under reducing conditions, the "N HSQC of aNop10
displays a mixture of well-dispersed and random-coil amide
resonance values, as expected from the mixed folded/
unfolded state of the aNop10 structure (Figure 4, blue). The
most dispersed resonances in the "N-HSQC correspond to
residues within the zinc ribbon domain of aNopl10. When
aNopl0 is exchanged to buffer containing an excess of
EDTA, the '"’N-HSQC spectrum shows a drastic collapse in
'H dispersion to near random coil values (Figure 4, black).
The aNop10 amide resonances showing significant changes
in chemical shift in response to Zn?>* binding could all be
assigned to residues within the zinc ribbon motif of Nop10,
including the four cysteines responsible for chelating Zn>*
(labeled in Figure 4). The zinc-bound aNop10 "N-HSQC
spectra could be recovered by returning the protein to buffer
containing Zn*>" but no EDTA, demonstrating reversibility
of the aNop10 zinc dependent fold. The zinc dependence of
the "H—""N HSQC chemical shift dispersion for aNop10 is
most likely a consequence of the 3-ribbon domain unfolding
upon removal of Zn?* ions. Analysis of aNopl0 'H—'H
NOESY spectra collected under these conditions (data not
shown) supports this assessment and is consistent with the
minimal core packing interactions of this small domain. It
is clear from these results that the free aNoplO protein
requires Zn>" binding to maintain the conformational rigidity
of its B-ribbon motif.

DISCUSSION

Nop10 Dynamics and Cbf5 Recognition. The side-by-side
analysis of the structure and dynamics of the H/ACA core
protein Nop10 from archaea and yeast has shown that these
proteins share a similar overall structural and dynamic profile.
The N-terminal domain of archaeal Nop10 proteins contains
a minimal zinc ribbon motif that requires Zn>* for its
structural integrity. Although eukaryotic Nop10 proteins have
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FIGURE 5: Nopl0 has a conserved functional role in sno(s)RNP
assembly. (A) The crystallographic structure of the archaeal Cbf5-
Nop10 complex (PDB accession number 2APO (/1)). The interac-
tion between aNopl0 (white) and aCbf5 (blue) is expansive and
involves highly conserved residues from both proteins (interacting
side chains and aCbf5 contacts are surface displayed). The aNop10
interactions are thought to buttress the aCbf5 active site (yellow).
(B) The crystallographic structure of an assembled archacal H/ACA
sRNP (PDB accession number 2HVY (32)). The core proteins are
colored as follows: Cbf5, blue; Garl, brown; L7Ae, orange; Nop10,
white; the H/ACA sRNA is in gray. (C) Contact surface representa-
tion of aNop10 colored as in (B). Nop10 makes extensive contacts
with Cbf5 that span all three domains. The C-terminal domain
additionally packs against L7Ae and the central linker domain
makes contacts with the upper-stem of the sSRNA. (D) Surface
representation of NoplO highlighting conserved amino acids.
Residues of NoplO conserved from archaea to eukaryotes are
colored (dark blue = most conserved). These residues almost
perfectly overlap with those involved in sRNP interaction in the
archaeal complex. The human Nop10 mutation (R34W) linked to
the genetic disorder dyskeratosis congentia maps to the RNA
binding site of aNop10 (x).

replaced this Zn*" binding domain with a less well-structured
domain, several amino acids that play important structural
and functional roles in the archaea Nopl0 fold have been
conserved to allow induced-fit recognition with the very well-
conserved H/ACA W-synthase Cbf5. We have previously
shown by NMR perturbation studies that both aNop10 and
yNop10 can bind directly to aCbf5 through an interaction
involving the entire molecule, suggesting a highly conserved
recognition mechanism.

Our NMR studies reported here show that, in the absence
of Cbf5, Nop10 proteins from both archaeal and yeast adopt
a highly dynamic conformation with multiple populated
states. In the crystal structures of the archaeal aCbf5-aNop10
complex (71, 44), the conformation of aNop10 is stabilized
beyond the conserved features seen in the free protein and
molded by numerous interactions with the catalytic domain
of the W-synthase that span nearly the entire length of Nop10
and involve highly conserved residues from both proteins
(Figure 5A). The N- and C-terminal domains of aNop10 are
separated by the ~20 A linker, which buttresses the back of
the Cbf5 active site (yellow in Figure SA) (/7). The highly
conserved tetrapeptide sequence (YTLK motif) plays a
critical role in the structure of aNoplO and provides a
hydrophobic surface for interaction with aCbf5. Surprisingly,
these same residues are unstructured in the yeast NoplO
protein. Our previous NMR perturbation analysis showed
that these same residues in yNop10 undergo drastic chemical
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shift changes upon binding the archaeal Cbf5 protein.
Therefore, we propose that the YTLK motif plays a similar
functional role in eukaryotic Nopl0O proteins by making
comparable hydrophobic interactions with the eukaryotic
W-synthase. We also suggest that binding to Cbf5 induces a
structure in the eukaryotic Nop10 N-terminal domain that is
structurally similar to the zinc-bound topology observed in
the aNop10 structure. This suggestion would rationalize the
conservation of residues that have a clear structural role in
aNop10, yet are unstructured in the free yNoplO. These
hypotheses are supported by biochemical studies that show
that an archaeal Nop10 mutant incapable of binding Zn>*
retains the ability to assemble into a H/ACA sRNP particle
with wild-type W-activity (44). It is therefore likely that
archaeal Nop10 proteins require the conformational stability
provided by Zn?>" binding to function under the extreme
physiological conditions in which these species thrive.
Without such stringent requirements for stability, the meta-
stable [-ribbon motif found in eukaryotic NoplO could
provide some functional advantage, perhaps by providing
the plasticity required to accommodate the catalytic mech-
anism of eukaryotic W-synthases. The structural and dynamic
differences between Nop10 from archaea and eukaryotes may
also reflect a difference in sno(s)RNP particle assembly. In
eukaryotes, the assembly of H/ACA snoRNPs occurs
cotranscriptionally (45, 46); therefore, eukaryotic Nopl0
proteins may be stabilized early on during particle biosyn-
thesis by protein—protein interactions. However, we note it
is currently not known if the archaea follow a similar
assembly pathway in vivo.

We found no evidence at all that the N- and C-terminal
domains of Nop10 interact with each other. In fact, backbone
NMR dynamics measurements show conclusively that these
domains tumble independently of each other. This result is
in contrast to another NMR study of yNoplO, which
reportedly observed long-range NOE connectivity between
the N-terminal $-hairpin and C-terminal a-helix. This was
surprising, because the 7,/T, values reported over these two
domains were also consistent with independent tumbling
(47). We did not observe any interdomain NOEs in our
studies; most importantly, the NMR relaxation data are
unambiguous in negating the possible formation of stable
interdomain interactions. Perhaps the 10 °C temperature
differences between these two studies can be attributed to
these differences. However, it is highly unlikely that any
interdomain contact is relevant to the function of Nop10. In
the aCbf5-aNop10 complex, the two domains are separated
by ~20 A. Therefore, any transient interactions that may
occur between the yNop10 domains cannot be preserved in
the complex with Cbf5.

Structural Conservation of NoplO and sno(s)RNP As-
sembly. The H/ACA enzyme Cbf5 is unique among other
W-synthases in that it requires the assembly of accessory
proteins and a guide RNA for catalysis (48). A recent
crystallographic structure for a fully assembled H/ACA sRNP
from the archaea Pyrococcus furiosis (32) (Figure 5B)
contains each of the core proteins: aCbf5 (cyan), aGarl
(brown), L7Ae (orange) and aNop10 (white), assembled onto
a guide H/ACA sRNA (gray). The structure illustrates the
structural role of Nop10 in facilitating intermolecular interac-
tions between the W-synthase and the other core sRNP
components, and provides insight into the structural and
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functional roles of Nopl0 in eukaryotic snoRNP assembly.
Nearly the entire surface of aNop10 is utilized for intermo-
lecular interactions in the archaea H/ACA sRNP (Figure 5C).
In addition to the expansive interaction with Cbf5, the central
linker domain forms salt bridges with the upper stem of the
H/ACA sRNA, and the C-terminal helix mediates packing
interactions with L7Ae.

Strikingly, nearly every residue of aNop10 that is involved
in intra-sRNP contacts corresponds to the residues that have
been conserved in eukaryotic Nop10 proteins (Figure 5D).
This remarkable conservation strongly supports a conserved
functional and structural role of NoplO in the assembled
snoRNP as a molecular adaptor required for snoRNP
assembly and function. This central role in snoRNP assembly
and function is further supported by several biochemical
studies. The mammalian H/ACA W-synthase (NAP57) binds
Nhp2 (the eukaryotic L7Ae orthologue) in a Nop10 depend-
ent fashion to form a protein-only core complex (30). In
addition, early studies using assembled H/ACA snoRNP
particles showed that Nop10 can be efficiently cross-linked
to the snoRNA (49). Furthermore, a mutation in Nop10 was
recently identified in a family of patients with the autosomal
recessive form of dyskeratosis congenita (DC) (27), an
inherited genetic disorder linked to mutations in the H/ACA
W-synthase (dyskerin) and the H/ACA domain of telelom-
erase RNA (TR) characterized by impaired telomerase
activity and/or ribosome biogenesis (28). Several of the DC
mutations in dyskerin map to the RNA binding surface of
the aCbf5 structure, suggesting that the disease pheno-
type is a result of impaired RNA binding (/7). Similarly,
the Nopl0 DC mutant corresponds to a well-conserved
residue Arg34 in the P. furiosus aNop10 structure (asterisk
in Figure 4C) that interacts with the minor groove of the
SRNA upper stem, suggesting a similar biochemical defect
in RNA binding resulting from this mutation.
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