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ABSTRACT

RNA-guided nucleotide modification complexes direct the post-transcriptional nucleotide modification of both archaeal and
eukaryotic RNAs. We have previously demonstrated that efficient 2�-O-methylation activity guided by an in vitro reconstituted
archaeal box C/D sRNP requires juxtaposed box C/D and C�/D� RNP complexes. In these experiments, we investigate the
importance of spatially positioning the box C/D and C�/D� RNPs within the sRNP complex for nucleotide modification. Initial
sequence analysis of 245 archaeal box C/D sRNAs from both Eukyarchaeota and Crenarchaeota kingdoms revealed highly
conserved spacing between the box C/D and C�/D� RNA motifs. Distances between boxes C to D� and C� to D (D� and D spacers,
respectively) exhibit highly constrained lengths of 12 nucleotides (nt). Methanocaldococcus jannaschii sR8 sRNA, a model box
C/D sRNA with D and D� spacers of 12 nt, was mutated to alter the distance between the two RNA motifs. sRNAs with longer
or shorter spacer regions could still form sRNPs by associating with box C/D core proteins, L7, Nop56/58, and fibrillarin,
comparable to wild-type sR8. However, these reconstituted box C/D sRNP complexes were severely deficient in methylation
activity. Alteration of the D and D� spacer lengths disrupted the guided methylation activity of both the box C/D and C�/D� RNP
complexes. When only one spacer region was altered, methylation activity of the corresponding RNP was lost. Collectively,
these results demonstrate the importance of box C/D and C�/D� RNP positioning for preservation of critical inter-RNP inter-
actions required for efficient box C/D sRNP-guided nucleotide methylation.
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INTRODUCTION

The RNA-guided nucleotide modification complexes utilize
guide RNAs possessing complementary sequences, which
base pair with target RNA(s) to direct the modification of
specific nucleotides (Kiss 2001; Bachellerie et al. 2002; Terns
and Terns 2002; Decatur and Fournier 2003; Omer et al.
2003). Based upon conserved sequence elements or “boxes”,
the guide RNAs have been divided into two major families
and designated the box C/D and the box H/ACA RNAs
(Balakin et al. 1996). The primary function of the box C/D
RNAs is to direct the 2�-O-methylation of target nucleo-
tides, whereas the box H/ACA RNAs guide the conversion
of specific uridine residues to pseudouridine. The presence

of box C/D and H/ACA guides RNAs in both Eukarya and
Archaea has indicated that these nucleotide modification
RNPs are evolutionarily ancient RNA:protein enzymes
(Omer et al. 2000; Dennis et al. 2001; Terns and Terns
2002).

Guide RNAs directing nucleotide modification were first
described and characterized in eukaryotes (Kiss-Laszlo et al.
1996; Ganot et al. 1997; Ni et al. 1997). Scores of small
nucleolar RNAs (snoRNAs) have now been identified and
their important roles in ribosome biogenesis have been re-
vealed. In addition to guiding the site-specific modification
of ∼200 ribosomal RNA (rRNA) nucleotides, a select few
also play roles in pre-rRNA folding and the processing of
the rRNA precursor transcript (Tycowski et al. 1994; Liang
and Fournier 1995; Peculis 1997; Borovjagin and Gerbi
1999). For each of these roles, the snoRNA guides sequence
base pairs with the pre-rRNA to select the site of snoRNA
function. Box C/D and H/ACA guide RNAs are also found
in Archaea. These “snoRNA-like” or sRNAs also use guide
sequences for target RNA recognition and nucleotide modi-
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fication. The strong conservation of box sequence elements
and RNA folded structures between the eukaryotic and ar-
chaeal guide RNAs suggests a common evolutionary origin
(Tran et al. 2004). This suggests that the RNA-guided
nucleotide modification complexes arose before the diver-
gence of the Eukarya and Archaea >2 billion yr ago. Recent
investigations of both eukaryotic and archaeal guide RNAs
have also extended the target RNAs beyond the rRNAs.
These targets include the eukaryotic splicing snRNAs,
archaeal pre-tRNAs, and even some eukaryotic mRNAs
(Tycowski et al. 1998; Cavaille et al. 2000; Gaspin et al.
2000; d’Orval et al. 2001; Darzacq et al. 2002; Tang et al.
2002).

The box C/D RNAs of both eukaryotes and Archaea pos-
sess a highly conserved RNA structure located at the termi-
nus of the folded RNA designated the terminal box C/D
core motif (Caffarelli et al. 1996; Cavaille and Bachellerie
1996; Watkins et al. 1996; Xia et al. 1997). In eukaryotes, the
box C/D core motif has been shown to be essential for
snoRNA biosynthesis and nucleolar transport as well as for
directing nucleotide 2�-O-methylation (Caffarelli et al.
1996; Cavaille and Bachellerie 1996; Watkins et al. 1996;
Lange et al. 1998; Samarsky et al. 1998). Sequence analysis
has revealed a second box C/D-related element designated
the C�/D� motif, which is located internally within the RNA
molecule (Kiss-Laszlo et al. 1998; Gaspin et al. 2000; Omer
et al. 2000). Experiments have demonstrated that the C�/D�
motif with its respective guide sequence can also guide
methylation of targeted nucleotides. Both motifs direct
2�-O-methylation of the target nucleotide positioned within
the guide RNA:target RNA duplex and located 5 nucleotides
(nt) upstream from the D or D� box. Despite both motifs
possessing box C and D sequences, the phylogenetically
conserved nucleotides found in the terminal box C/D core
motif are frequently degenerate in the C� and D� boxes. This
is particularly true for the eukaryotic snoRNAs where many
snoRNA species do not appear to possess an internal C�/D�
motif. For some eukaryotic snoRNAs such as U14, the
C�/D� motif does not guide nucleotide methylation but al-
ternatively functions in pre-rRNA processing and 18S rRNA
production (Liang and Fournier 1995).

Investigations have defined both snoRNP and sRNP core
proteins for the box C/D RNAs. In eukaryotes, biochemical
and genetic experiments have defined four box C/D
snoRNP core proteins; the 15.5kD protein (Snu13p in
yeast), nucleolar proteins Nop56 and Nop58, and the meth-
ylase fibrillarin (Gauthier et al. 1997; Lafontaine and Tol-
lervey 1999, 2000; Newman et al. 2000; Watkins et al. 2000).
In vivo crosslinking of the core proteins has indicated a
differential distribution on the terminal box C/D core and
internal C�/D� motif (Cahill et al. 2002; Szewczak et al.
2002). The 15.5kD protein, which initiates snoRNP assem-
bly, binds only the terminal core motif, whereas the Nop56
and Nop58 proteins crosslink to the C�/D� and core C/D
motifs, respectively. Only the methylase fibrillarin is

bound to both motifs. Although Archaea contain homologs
to the eukaryotic snoRNA core proteins, analysis of the
archaeal sRNP complex has revealed a distinctly different
RNP structure (Omer et al. 2002; Tran et al. 2003). The
three archaeal sRNP core proteins include ribosomal pro-
tein L7 (the archaeal homolog of the 15.5kD protein), a
single Nop56/58 protein homolog, and an archaeal fibrilla-
rin homolog. In contrast to the eukaryotic snoRNP com-
plex, all three core proteins are bound to both the box C/D
core and C�/D� motifs, forming identical RNPs at both the
C/D and C�/D� motifs.

In vitro assembly systems for the archaeal box C/D sRNP
have recently been established (Omer et al. 2002; Tran et al.
2003). These complexes assembled with bacterially ex-
pressed recombinant core proteins are enzymatically active
and direct 2� O-methylation from both the terminal box
C/D and internal C�/D� RNPs. During our recent studies
characterizing the methylation activity of the reconstituted
Methanocaldococcus jannaschii sR8 box C/D sRNP, we dem-
onstrated that efficient methylation activity required juxta-
posed box C/D and C�/D� RNPs (Tran et al. 2003). These
observations indicated that inter-RNP interactions played
an important role in the RNP-guided methylation reactions.
We therefore decided to explore the nature of these
crosstalk interactions by determining the importance of
spacing between the two RNA motifs for methylation ac-
tivity. Here we demonstrate that the spacing between the
box C/D and C�/D� motifs is highly constrained in archaeal
box C/D sRNAs and that the spatial positioning of the two
constituent RNPs within the sRNP complex is critical for
nucleotide modification activity.

RESULTS

Archaeal box C/D sRNAs exhibit conserved spacing
between the box C/D and C�/D� motifs

Illustrated in Figure 1 is the folded structure of M. jan-
naschii sR8 sRNA, a model box C/D RNA. The terminal
box C/D core motif includes boxes C and D, whereas
internally located C� and D� sequences fold to form the
C�/D� motif. Both motifs form a unique RNA structure
called the kink-turn (K-turn) motif, which is typified by
two tandem-sheared G:A pairs hydrogen-bonding across
the asymmetric bulge (Watkins et al. 2000; Klein et al.
2001; Kuhn et al. 2002; Goody et al. 2004). Guide regions,
which base pair through complementarity to the selected
target sequence and designate a nucleotide for modifica-
tion, are found immediately upstream of boxes D and D�.
In vitro reconstitution of the sR8 sRNP has demon-
strated that each RNA motif binds ribosomal protein L7,
Nop56/58, and fibrillarin to assemble identical RNPs within
the sRNP complex. Both complexes are functional in guid-
ing the 2�-O-methylation of target RNAs that base pair to
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the respective D and D� guide sequences (Tran et al. 2003).
For our analyses, we have designated the M. jannaschii
sR8 spacing distances between the folded box C/D and
C�/D� motifs as the D and D� spacers. These two spacers
include the D and D� guide regions, respectively (see Fig. 1).
For sR8 sRNA, the D and D� guide sequences are 12 nt in
length and constitute the entire spacer regions. However,
for other archaeal box C/D sRNAs, these spacer regions
include additional nucleotides that do not base pair to the
target RNAs and are, therefore, not part of the guide se-
quence.

Previous analysis from the Bachellerie laboratory has
noted a constrained or conserved spacing between the box
C/D core motif and the internal C�/D� motif of the archaeal
box C/D sRNAs (Gaspin et al. 2000). This conservation was
attributed to the idea that Archaea are simple organisms
and therefore possess “minimalist” box C/D sRNAs. Con-
sistent with this observation, inspection of M. jannaschii
box C/D sRNAs revealed that most RNA species possess
D and D� spacers 12 nt in length (Fig. 2A). Analysis of
Sulfolobus acidocaldarius box C/D sRNAs also revealed simi-
lar box C/D and C�/D� spacing distances. Interestingly, spe-
cific box C/D sRNAs deviating from the 12-nt average fre-
quently possess one spacer region that exhibits the typical
inter-motif distance of 12 nt (i.e., S. acidocaldarius sR7
sRNA). Finally, a more complete examination of available
box C/D sRNAs from both Euryarchaeota and Crenar-
chaeota organisms revealed that the spatial constraints
between the two RNA motifs is widespread in Archaea
(Table 1). Of the 245 box C/D sRNAs analyzed, ∼40% had
both D and D� spacer distances of 12 nt and >80% had at
least one 12-nt spacer region.

Alteration of D and D� spacer distances does not
affect box C/D and C�/D� RNP assembly

To assess the importance of box C/D and C�/D� motif spac-
ing for sRNP assembly, various M. jannaschii sR8 mutants
were constructed with altered D and/or D� spacer lengths.
sR8 RNA was selected as a model archaeal box C/D RNA
because it possesses 12-nt D and D� spacer regions, the most
commonly observed spacer lengths in Archaea. Nucleotide
deletions and insertions were made at the 3� end of each
spacer (see Fig. 1) so as to not alter the guide region im-
mediately downstream of the D and D� box sequences and
thus affect guide sequence:target RNA base pairing. Corre-
sponding deletions/insertions were made in both spacer re-
gions to construct “symmetric” mutants, while nucleotide
deletion/insertion in only one spacer created “asymmetric”
mutants. Constructed mutants included deletion mutants
with final spacer lengths of 10 nt as well as insertion mu-
tants increasing spacer distances by increments of 2 nt (uri-
dine insertions) up to 22 nt in length.

sRNP assembly was first assessed by binding of L7, the
core protein that first binds both motifs and initiates box
C/D and C�/D� RNP assembly (Tran et al. 2003). The ap-
pearance of two RNPs when the sRNAs were incubated with
only L7 demonstrated that this core protein was binding
both the box C/D and C�/D� motifs (Fig. 3A). For all sR8
mutants, L7 bound to both box C/D and C�/D� RNA mo-
tifs. Note that for the 10/10 sRNP mutant, two L7 RNPs are
not readily visible. This is most likely due to a higher L7
binding affinity for the box C/D and C�/D� motifs for this
particular sRNA. Subsequent incubation of Nop56/58 and
fibrillarin with the L7 RNP formed with wild-type sR8 re-
sulted in the formation of a fully assembled sRNP complex.

FIGURE 2. The spacing between the box C/D and C�/D� motifs in
archaeal box C/D sRNAs is conserved. The length (nucleotides) of the
D (black) and D� (gray) spacer regions is plotted versus specific sRNA
species of M. jannaschii (A) and S. acidocaldarius (B) box C/D sRNAs.
The average spacer length of 12 nt is indicated by the dashed lines. Box
C/D sRNA sequences were obtained from the Eddy snoRNA database
(http://rna.wustl.edu/snoRNAdb/).

FIGURE 1. Folded secondary structure of M. jannaschii sR8 box C/D
RNA, a model archaeal box C/D sRNA. The spacing between the box
C/D and C�/D� motifs in archaeal box C/D sRNAs is conserved. Con-
sensus sequence elements (boxes C and D of the terminal core motif
and internal boxes C� and D�) are indicated in bold lettering. The
spacer regions between boxes C and D� (D� spacer) and boxes C� and
D (D spacer) are designated. These spacer regions include, but are not
limited to, the sRNA guide sequence that base pairs with the respective
target RNAs. Bold arrows indicate the sites of nucleotide insertions
and deletions for the constructed sR8 sRNA mutants.
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Similarly, the addition of all three core proteins to both
deletion and insertion symmetric as well as asymmetric
RNA mutants mimicked wild-type sR8 sRNP assembly, thus
demonstrating complete sRNP reconstitution (Fig. 3A,B).
For simplicity, a subset of mutant RNP assemblies is shown,
but all deletion and insertion mutants, both symmetric and
asymmetric, assembled full sRNP complexes (data not
shown). Finally, sRNP assembly was independent of the
identity of the nucleotides inserted into the spacer regions.
Symmetric spacing mutant 14/14 AG (14-nt spacer length
for both the D and D� spacers), which inserted the di-

nucleotide AG in place of the typical UU dinucleotide, was
also able to bind all three core proteins and assemble the
complete sRNP complex (Fig. 3A).

Altered D and D� spacer distances severely affect box
C/D and C�/D� RNP-guided methylation of
target RNAs

Alteration of the conserved spacing between the box C/D
and C�/D� motifs clearly did not affect sRNP assembly. We
then reasoned that the observed constraint in motif spacing
might be required for box C/D and C�/D� RNP-guided
methylation activity. To assess this possibility, the methyl-
ation capabilities of the box C/D and C�/D� RNPs as-
sembled on the mutant sR8 sRNAs were determined and
compared with wild-type sR8 sRNP activity. Strikingly, de-
letion or insertion of nucleotides in both D and D� spacer
regions (symmetric mutants) resulted in the loss of guided
methylation from both box C/D and C�/D� RNP complexes
as compared with wild-type sR8 (Fig. 4A). Insertion of an
AG dinucleotide in place of the typically inserted uridines
also resulted in the loss of methylation activity (mutant
14/14 AG). The possibility that the sum of the spacer dis-
tances was critical for methylation activity was assessed with
two mutants that deleted one spacer while extending the
other. sR8 mutants 14/10 and 10/14 maintained a spacer
length sum of 24 nt. Both of these mutant sRNAs were
incapable of guiding methylation from either RNP. In con-
trast to the symmetric sR8 mutants, alteration of the length
of only one spacer region (asymmetric mutants) had severe
effects upon guided methylation only for the RNP complex
corresponding to the shortened or lengthened spacer

TABLE 1. Euryarchaeota and Crenarchaeota box C/D sRNA spac-
ing between the box C/D and C�/D� RNA motifs

Archaeal species
Box C/D
sRNAs

Average
D spacer
length (nt)

Average
D� spacer
length (nt)

Euryarchaeota
P. horikoshii 54 12.6 ± 1.4 12.3 ± 0.7
P. furiosis 55 12.7 ± 1.3 12.3 ± 0.9
P. abyssi 59 12.7 ± 1.7 12.3 ± 0.9
A. fulgidus 4 11.5 ± 1.0 11.5 ± 1.0
M. jannaschii 8 12.6 ± 1.2 12.0 ± 0.5

Crenarchaeota
S. solfactaricus 13 13.3 ± 2.0 11.5 ± 0.7
S. acidocaldarius 29 13.2 ± 2.3 12.3 ± 1.3
A. pernix 23 13.1 ± 2.2 13.0 ± 3.0

Total 245 12.8 ± 1.6 12.3 ± 1.1

Box C/D sRNA sequences were obtained from the Eddy snoRNA
database (http://rna.wustl.edu/snoRNAdb/). Spacer lengths are re-
ported as the average plus or minus the standard deviation for the
D or D� spacer of each archael species analyzed.

FIGURE 3. Alteration of the spacing distance between the sR8 box C/D and C�/D� motifs does not affect sRNP assembly. sR8 sRNA D and D�
spacer regions were shortened or lengthened in 2-nt increments by deleting or inserting nucleotides upstream and downstream of boxes C� and
C, respectively, as indicated in Figure 1. Spacing mutants lengthening the D and D� spacers were typically created by inserting two uridine
nucleotides unless otherwise indicated (spacing mutant 14/14 AG inserted the dinucleotide AG in place of UU). sR8 spacing mutants were either
symmetric (A), where both the D and D� spacers were shortened/lengthened, or asymmetric (B), where only one spacer region was altered. Altered
spacing distances are indicated at the top (D spacer/D� spacer). sR8 sRNPs were assembled in vitro and analyzed by electrophoretic mobility-shift
analysis. The sequential addition of the box C/D sRNP core proteins to radiolabeled wild-type and mutant spacer sR8 RNAs is indicated at the
top and the migration positions of the resulting RNP complexes are designated at the side. The slightly altered migration of the 14/14 (AG) RNPs
is a result of slightly different electrophoretic conditions.
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(Fig. 4B). Guided methylation activity from the RNP com-
plex corresponding to the nonmutated or wild-type spacer
of 12 nt was either unaffected or even enhanced. Indeed, for
asymmetric sR8 mutant 12/10, methylation activity was in-
creased to ∼250% of wild-type activity. Collectively, these
results demonstrated the importance of conserved spacing
between the box C/D and C�/D� motifs for efficient 2�-O-
methylation activity of the corresponding RNP complexes.

DISCUSSION

Previous investigation of the M. jannaschii sR8 sRNP as-
sembled in vitro demonstrated that juxtaposed box C/D
and C�/D� RNPs are required for efficient sRNP-guided
nucleotide methylation (Tran et al. 2003). In the present
studies, we have examined the importance of the spatial
positioning of the two RNPs within the complete sRNP
complex for enzyme activity. The coordinate shortening or
lengthening of both D and D� spacers by as few as 2 nt had
a detrimental impact upon the methylation capabilities of
this RNA:protein enzyme. Alteration of a single spacer re-
gion specifically affected the catalytic activity of its corre-
sponding RNP complex while most often leaving the other
RNP’s methylation capabilities largely functional. Collec-
tively, these results demonstrate the importance of spatial
positioning of the box C/D and C�/D� RNPs within the
sRNP complex for efficient nucleotide modification.

Sequence analysis of 245 archaeal box C/D sRNAs re-
vealed the highly constrained spatial positioning of the box
C/D and C�/D motifs. However, a few sRNA species clearly
exhibit spacer regions that deviate significantly from the 12-
to 13-nt average, thus calling into question the general re-

quirement of constricted inter-motif spacing for nucleotide
methylation. From these exceptions, it may be tempting to
speculate that motif spacing is not important for all archaeal
double-guide box C/D sRNAs. However, at present, it is not
known how many archaeal box C/D species actually func-
tion as double-guide sRNAs. Like some eukaryotic box C/D
snoRNAs, select archaeal sRNAs may carry out nonnucleo-
tide modification functions such as chaperoning pre-rRNA
folding or facilitating cleavage of the pre-rRNA (Tycowski
et al. 1994; Liang and Fournier 1995; Peculis 1997; Borov-
jagin and Gerbi 1999). Thus, constrained inter-motif spac-
ing for these particular sRNAs may not be critical. The sR7
sRNA of S. acidocaldarius may be such a candidate for al-
ternative sRNA function. This sRNA species deviates mark-
edly from the typical box C/D sRNA with a D spacer of >20
nt (Fig. 2). sR7 does possess two strong guide sequences of
9 and 10 nt that are perfectly complementary to target se-
quences in 23S rRNA. However, when 23S rRNA methyl-
ation was assayed via standard primer extension analysis,
only the target nucleotide for the D� guide sequence was
methylated. The lack of target nucleotide methylation for
the D guide sequence suggests a nonnucleotide modifica-
tion function for the box C/D motif, thus potentially ex-
plaining sR7’s lack of conserved inter-motif spacing.

It is clear that crosstalk interactions between the box C/D
and C�/D� RNPs play an important role in their methylation
capabilities, but it is unclear at the present time the nature
of the inter-RNP interactions. Box C/D and C�/D� RNP
crosstalk could result from the physical interactions such as
protein:protein contacts between core proteins of the two
complexes. Alternatively, optimization of methylation ac-
tivities could result from induced structural changes in ei-

FIGURE 4. Alteration of the distance between the sR8 box C/D and C�/D� motifs disrupts 2�-O-methylation guided by the box C/D and C�/D
RNP complexes. sR8 sRNAs possessing either shortened or lengthened D and D� spacer regions were assembled in vitro with the three sRNP core
proteins and incubated in the presence of 3H-S-adenosyl-methionine and target RNA oligonucleotides complementary to the D or D� guide
regions. 2�-O-methylation guided by the box C/D and C�/D� RNPs was determined by measuring 3H-methyl incorporation into the respective
D and D� target RNAs as detailed in Materials and Methods. Target RNA oligonucleotides synthetically methylated at the target nucleotide prior
to incubation served as controls to establish background levels of TCA-precipitable 3H counts as well as demonstrate site-specific nucleotide
modification. Box C/D and C�/D� RNP-guided methylation activities of symmetric (A) and asymmetric (B) mutant sR8 sRNAs are presented as
the percentage of wild-type sR8 sRNP (12/12)-guided methylation activity minus the background of the synthetically methylated target RNA
controls. The reported activities are the averages of three determinations. 14/14 (AG) is the sR8 mutant where the dinucleotide AG was inserted
in place of UU.
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ther the RNA motifs or the assembled RNPs caused by
juxtaposed complexes. L7 core protein binding to the box
C/D and C�/D� motifs is co-operative, but neither physical
interaction of the two proteins nor induced structural
changes has yet been demonstrated (Tran et al. 2003). From
analysis of the crystal structure of the Nop56/58-fibrillarin
dimer, Aittaleb and coworkers have suggested that the
Nop56/58 proteins of each RNP could interact via an ex-
tended coiled-coil region of this core protein (Aittaleb et al.
2003). This model suggests that crosstalk interactions be-
tween the box C/D and C�/D� RNPs could be due to pro-
tein:protein contact of the two Nop56/58p proteins bound
to each motif mediated by the extended coiled-coil arm.
However, molecular modeling of the self-dimerized Nop56/
58 proteins positioned upon the box C/D and C�/D� RNA
motifs has revealed that the spatial distances required for
their coiled-coil interaction precludes the correct position-
ing of the Nop56/58-fibrillarin dimers upon the two RNA
motifs that is needed to carry out the corresponding methyl-
ation reactions (B. Brown, E. Tran, and S. Maxwell, unpubl.).

The conserved inter-RNP spacing of archaeal box C/D
sRNPs leads to the question of whether a similar, con-
strained spacing of the box C/D and C�/D� motifs is ob-
served for the eukaryotic box C/D snoRNAs. We have car-
ried out a preliminary examination of motif spacing for a
limited number of box C/D snoRNAs from human and
yeast (Fig. 5). While the analyzed snoRNAs do not represent
the full complement of box C/D species for these two or-

ganisms, it is clear from a cursory examination that the
spacing between the two motifs is not highly constrained.
For the human box C/D snoRNAs presented in Figure 5A,
D and D� spacer lengths vary from as little as 3 (U41) to
as many as 75 nt (U15). Similarly, those yeast box C/D
snoRNAs with identified C� and D� boxes vary from <20 to
∼130 nt (Fig. 5B). Variation in spacer lengths is consistent
with the fact that eukaryotic snoRNAs are typically larger
than the archaeal sRNAs. From these preliminary analyses,
one can conclude that the eukaryotic snoRNA box C/D and
C�/D� motifs are not spatially constrained.

Additionally, our limited survey of eukaryotic box C/D
snoRNAs has revealed that analysis of motif spacing is not
straightforward. In contrast to Archaea where the C� and D�
boxes closely reflect the box C and D consensus sequences,
the eukaryotic C� and D� sequences are often quite variable.
Identification of C� sequences is particularly demanding as
this box element seems less conserved than the D� box. D�
sequences have often been predicted as they are located
immediately downstream of a second snoRNA guide se-
quence. However, even for numerous yeast snoRNAs pos-
sessing designated D� boxes delineated by associated guide
sequences, identification of the corresponding C� sequences
has been problematic and they are often left undesignated.
The inherent difficulty in defining such variable sequences
elements calls into question many of the C� and D� boxes de-
signated in the absence of functional analysis and/or iden-
tification of target RNAs for their putative guide sequences.

A first glance, it is tempting to con-
clude that since the spatial distancing of
the box C/D and C�/D� motifs within
eukaryotic snoRNAs is not conserved,
inter-RNP crosstalk between the box
C/D and C�/D� complexes plays no role
in guided methylation. However, such a
conclusion may be premature. Many
box C/D snoRNAs with identified C�
and D� boxes do not utilize both box
C/D and C�/D� motifs for nucleotide
modification. Thus, the spatial position-
ing of juxtaposed RNA motifs may or
may not be critical for their alternative
functions. For those snoRNAs that do
guide 2�-O-methylation from both the
box C/D and C�/D� RNPs (snoRNAs of
Fig. 5, A and B designated by asterisks),
these species still appear to lack con-
strained and conserved D and D� spacer
lengths. However, it is possible that
these double-guide snoRNAs possess
box C/D and C�/D� motifs that are spa-
tially and functionally linked using al-
ternative schemes. It is reasonable to
suggest that within the fully assembled
snoRNP, the folding of spacer regions

FIGURE 5. D and D� spacer lengths of human and yeast box C/D snoRNAs. The length
(nucleotides) of the D (black) and D� (gray) spacer regions of selected box C/D snoRNAs of
human and the yeast Saccharomyces cerevisiae is presented in A and B, respectively. These
selected species from Kiss-Laszlo et al. (1998) possess known or putative C� and D� sequences.
Asterisks indicate those box C/D snoRNAs known to guide 2�-O-methylation from both the
terminal box C/D and internal C�/D� RNPs.
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possessing extra sequence into novel secondary structures
could spatially link the box C/D and C�/D� RNPs. Such may
be the case for the double-guide snoRNA U15, where extra
sequence in the D spacer region (∼65 nt) has been proposed
to fold and juxtapose box C/D and C�/D� motifs (Tycowski
et al. 1993; Pellizzoni et al. 1994). Alternatively, species-
specific snoRNP proteins could function to spatially posi-
tion the box C/D and C�/D� RNPs by binding novel se-
quences in the expanded spacer regions. These species-spe-
cific proteins could alter motif positioning by folding
expanded spacer regions or even bridge the two RNP com-
plexes via protein:protein interactions.

The functional importance of RNP subcomplex spatial
positioning within the overall architecture of the RNA-
guided nucleotide modification complexes requires further
investigation. The observation that the pseudouridylation of
nucleotides targeted by the eukaryotic H/ACA snoRNAs is
affected by the second hairpin of their characteristic bipar-
tite snoRNA structure implies inter-RNP interactions for
this guide RNA family as well (Bortolin et al. 1999). It is
interesting to consider that the spatial positioning of the
RNP subcomplexes may ultimately be required for the pre-
cise positioning of each RNP at their respective sites of
action on the target RNA(s). For example, dual guide
snoRNAs might direct the activities of both constituent
RNPs simultaneously upon a single pre-rRNA transcript
being assembled into ribosomal subunits within the nucleo-
lus. In this context, the dual actions of a given box C/D or
H/ACA RNP may also be temporally controlled. Such is the
case for archaeal pre-tRNAtrp methylation, where the two
nucleotide methylation events guided by the pre-tRNA’s
two intron-encoded box C/D RNPs are accomplished se-
quentially (Singh et al. 2004). Ultimately, such temporal
and/or spatial constraints may be critical for coordinating
specific, post-transcriptional processing steps in the biosyn-
thetic pathway of the target RNA.

MATERIALS AND METHODS

DNA template construction and RNA synthesis

Target RNA substrates were purchased from Dharmacon Re-
search, Inc. Their sequences are reported here in the 5� to 3�
direction with methylated nucleotides preceded by an “m.”
D target (D): CUGAUGCUCAUACGGUCUGCU; methylated D
target (D-CH3): CUGAUGCUmCAUACGGUCUGCU; D� target
(D�): GCUCAAAGCCAAUCGC; methylated D� target (D�-CH3):
GCUCAAAmGCCAAUCGC. The DNA templates used for RNA
transcription of wild-type and mutant sR8 RNAs were produced
by PCR amplification of template M. jannaschii genomic DNA as
previously described (Tran et al. 2003). In vitro transcription of
the DNA templates was carried out using AmpliScribe T7-Flash
Transcription Kit (Epicentre Technologies) following the manu-
facturer’s protocol. RNA transcripts were purified from denatur-
ing polyacrylamide gels, treated with calf intestine phosphatase
(New England Biolaboratories), and then 5�-labeled with �-32P-
ATP using T4 polynucleotide kinase (New England Biolaborato-

ries) following the manufacturer’s protocol. DNA primer pairs (in
parentheses) used for DNA template synthesis are indicated below
followed by the primary sequences of the individual primers.
Wild-type sR8 DNA template (a + b); Symmetric mutants: 10/10
(c + d), 14/14 (e + f), 16/16 (g + h), 18/18 (i + j), 20/20 (k + l),
22/22 (m + n), 14/14 AG (o + p); Asymmetric mutants: 12/10
(a + d), 12/14 (a + f), 12/16 (a + h), 12/18 (a + j), 10/12 (c + b),
14/12 (e + b), 16/12 (g + b), 18/12 (i + b).

(a) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA
CGATTG

(b) AAATCGCCTCAGTGCTCATACGG
(c) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

ATTGG
(d) AAATCGCCTCAGTGCTCATACGTCATCACAGAC
(e) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

TTCGATTGGC
(f) AAATCGCCTCAGTGCTCATACGGTAATCATCACAG
(g) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

TTTTCGATTGGC
(h) AAATCGCCTCAGTGCTCATACGGTAAAATCATCACAG
(i) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

TTTTTTCGATTGGC
(j) AAATCGCCTCAGTGCTCATACGGTAAAAAATCATCACAG
(k) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

TTTTTTTTCGATTGGC
(l) AAATCGCCTCAGTGCTCATACGGTAAAAAAAATCATCA

CAG
(m)CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

TTTTTTTTTTCGATTGGC
(n) AAATCGCCTCAGTGCTCATACGGTAAAAAAAAAATCAT

CACAG
(o) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGA

AGCGATTGGC
(p) AAATCGCCTCAGTGCTCATACGGTCTTCATCACAG

RNP analysis and in vitro methylation of target RNAs

Wild-type and mutant sR8 sRNAs were incubated with purified,
recombinant M. jannaschii core proteins (L7, Nop56/58p, and
fibrillarin) and in vitro assembled sRNP complexes analyzed by
native gel electrophoresis as previously described (Tran et al.
2003). The in vitro methylation activities of assembled sRNP com-
plexes were determined as previously described (Tran et al. 2003).
Briefly, sRNP complexes were assembled at 70°C for 10 min in
40-µL volumes containing 0.65 µM guide RNA, 0.5 µM L7, 1.5 µM
Nop56/58p, and 1.5 µM fibrillarin. Assembled RNPs were then
mixed with 6.5 µM target RNA, 3.3 µM SAM (S-adenosyl-L-me-
thionine dihydrogen sulfate; Calbiochem) and 0.8 µCi of [3H]
SAM (55 Ci/mmol; MP Biomedicals) to a final volume of 55 µL.
After incubation at 68°C for 1 h, 20-µL aliquots were removed and
TCA precipitated onto filter paper. Methyl incorporation into the
target RNAs was measured by scintillation counting. Methylation
assays were performed in triplicate and are reported as the average
of three experiments.
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