Structural features of the guide:target RNA duplex
required for archaeal box C/D sRNA-guided
nucleotide 2'-O-methylation

C. DENISE APPEL and E. STUART MAXWELL
Department of Molecular and Structural Biochemistry, North Carolina State University, Raleigh, North Carolina 27695, USA

ABSTRACT

Archaeal box C/D sRNAs guide the 2'-O-methylation of target nucleotides using both terminal box C/D and internal C'/D’ RNP
complexes. In vitro assembly of a catalytically active Methanocaldococcus jannaschii sR8 box C/D RNP provides a model
complex to determine those structural features of the guide:target RNA duplex important for sRNA-guided nucleotide
methylation. Watson—Crick pairing of guide and target nucleotides was found to be essential for methylation, and mismatched
bases within the guide:target RNA duplex also disrupted nucleotide modification. However, dependence upon Watson—Crick
base-paired guide:target nucleotides for methylation was compromised in elevated Mg?* concentrations where mismatched
target nucleotides were modified. Nucleotide methylation required that the guide:target duplex consist of an RNA:RNA duplex
as a target ribonucleotide within a guide RNA:target DNA duplex that was not methylated. Interestingly, D and D’ target RNAs
exhibited different levels of methylation when deoxynucleotides were inserted into the target RNA or when target methylation
was carried out in elevated Mg”* concentrations. These observations suggested that unique structural features of the box C/D
and C'/D’ RNPs differentially affect their respective methylation capabilities. The ability of the sR8 box C/D sRNP to methylate
target nucleotides positioned within highly structured RNA hairpins suggested that the sSRNP can facilitate unwinding of double-
stranded target RNAs. Finally, increasing target RNA length to extend beyond those nucleotides that base pair with the SRNA
guide sequence significantly increased sRNP turnover and thus nucleotide methylation. This suggests that target RNA
interaction with the sRNP core proteins is also important for box C/D sRNP-guided nucleotide methylation.
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INTRODUCTION

Box C/D RNAs are abundant in both eukaryotic and archaeal
organisms, functioning to direct the 2’-O-methylation of
numerous nucleotides found in ribosomal RNAs, tRNAs,
snRNAs, and even some mRNAs (Tycowski et al. 1998;
Cavaille et al. 2000; Clouet d’Orval et al. 2001; Jady and
Kiss 2001; Kiss 2001; Bachellerie et al. 2002; Terns and
Terns 2002; Decatur and Fournier 2003). Guide sequences
within the box C/D RNA base pair to complementary
sequences in the target RNA while associated core proteins
carry out ribose methylation of the designated nucleotide.
The conservation of box C/D guide RNAs in both Eukarya
and Archaea strongly suggests that RNA-guided nucleotide
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modification is an ancient and evolutionarily conserved
process (Tran et al. 2004).

All box C/D guide RNAs are defined by conserved boxes
C (RUGAUGA) and D (CUGA) located at the 5" and 3’
termini of the guide RNA, respectively (Tyc and Steitz
1989; Watkins et al. 1996; Xia et al. 1997; Caffarelli et al.
1998). The terminal box elements fold into a unique stem
I-bulge-stem II structure where stem II is established by
partial base-pairing of boxes C and D. This RNA element is
stabilized by tandem-sheared G:A base pairs that hydrogen
bond across the asymmetric bulge. This distinct secondary
structure is known as a kink-turn, or K-turn, and serves as
a platform for core protein binding and RNP assembly
(Watkins et al. 2000; Klein et al. 2001).

Internal boxes C' and D’ are found in many box C/D
RNAs and are most typical in the archaeal sSRNAs (Kiss-Laszlo
et al. 1998; Gaspin et al. 2000; Omer et al. 2000). Archaeal
boxes C' and D’ are highly conserved with respect to
the terminal C and D sequences and they also fold into a
K-turn structure. The typical C'/D’ K-turn lacks the canonical
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stem I structure, which is replaced by a small loop, and the
C'/D’ K-turn is often designated the “K-loop.” The K-loop
also serves as a core protein binding platform (Tran et al.
2003; Nolivos et al. 2005). Thus, terminal box C/D and
internal C'/D" RNPs both direct site-specific nucleotide
modification via base-pairing of target sequences to the
guide regions located adjacent to the D and D’ boxes
(Kiss-Laszlo et al. 1998; Tran et al. 2003).

Archaeal box C/D and C'/D’ RNPs are assembled with
three core proteins (Omer et al. 2002; Rashid et al. 2003;
Tran et al. 2003). Ribosomal protein L7 specifically recog-
nizes the box C/D K-turn and C'/D’ K-loop motifs and
serves to initiate RNP assembly (Kuhn et al. 2002; Nolivos
et al. 2005). Box C/D and C'/D" RNP assembly is completed
by the binding of Nop56/58 and then fibrillarin, the methyl-
transferase enzyme. The ability of Nop56/58 and fibrillarin
to dimerize suggests that these two core proteins may bind
as a heterodimer (Aittaleb et al. 2003; Tran et al. 2003;
Zhang et al. 2006). Nucleotide methylation depends on
complete RNP assembly and the presence of all three core
proteins. Assembly of both box C/D and C’/D’ RNPs allows
the fully assembled sRNP to function as a dual guide RNA,
directing 2'-O-methylation of targeted nucleotides from
both RNP complexes (Rashid et al. 2003; Tran et al. 2003).

The ability to assemble in vitro archaeal box C/D sRNP
complexes has greatly facilitated our understanding of box
C/D RNP structure and function (Omer et al. 2002; Rashid
et al. 2003; Tran et al. 2003). Recombinant box C/D sRNP
core proteins bind the box C/D and C'/D’ motifs in a
stepwise fashion and the fully assembled complexes direct
nucleotide-specific methylation of target RNAs from both
RNP complexes. Investigations have demonstrated that
efficient box C/D and C’/D’ RNP-guided nucleotide
modification requires that both complexes be juxtaposed
in the assembled sRNP (Tran et al. 2003). Also, the highly
conserved spacing between RNPs required for nucleotide
methylation indicates inter-RNP interactions are important
for the nucleotide methylation reaction (Tran et al. 2005).

In vitro assembled archaeal box C/D sRNPs provide
model complexes to investigate structure—function rela-
tionships of this RNA:protein enzyme. We have utilized the
Methanocaldococcus jannaschii sR8 sRNP to examine the
interaction of the target RNA substrate with the guide
sequences of this RNA:protein enzyme. The ability to mutate
target RNAs as well as sSRNA guide sequences permitted
the determination of those structural features of the
guide:target RNA duplex that are important for nucleotide
methylation. Initial experiments demonstrated that Watson—
Crick base-pairing between the guide and target nucleotide
is essential for nucleotide methylation. Establishment of an
RNA:RNA duplex between guide sequence and target RNA
was also required and the specificity of nucleotide methyl-
ation was compromised by elevated magnesium concen-
trations. Methylation of target nucleotides positioned in
highly structured target RNAs suggested an ability of the
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sRNP complex to facilitate target RNA unfolding for nucleo-
tide modification. Finally, experiments also indicated
that target RNA interaction with core proteins contributed
significantly to the efficiency of the nucleotide methylation
reaction by increasing SRNP turnover.

RESULTS

Watson—Crick pairing of guide and target nucleotides
is essential for nucleotide methylation

The folded secondary structure of M. jannaschii sR8, a
model archaeal box C/D sRNA, is illustrated in Figure 1.
We have established an in vitro archaeal box C/D sRNP
assembly system using in vitro transcribed sR8 sRNA and
recombinant M. jannaschii core proteins L7, Nop56/58, and
fibrillarin (Tran et al. 2003). This reconstituted sRNP is
catalytically active and 2'-O-methylates target nucleotides
in synthetic target RNAs complementary to both D and D’
guide regions. S-Adenosylmethionine (SAM) is the methyl
donor and H-CHj; incorporation into the target RNAs
measures box C/D and C'/D’ RNP methylation activities.

Previous in vivo and in vitro systems have assessed the
importance of Watson—Crick pairing between guide and
target nucleotides for 2’-O-methylation with some data
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FIGURE 1. Secondary structure of the M. jannaschii sR8 box C/D
sRNA base paired with D and D’ target RNAs. M. jannaschii sR8 box
C/D sRNA folded into its secondary structure to form the box C/D and
C’/D' motifs. Boxes C, C', D, and D’ are indicated in bold. The box
C/D and C'/D’ motifs form K-turn structures critical for the binding
of archaeal box C/D sRNP core proteins with base-pairing of tandem-
sheared G:A pairs indicated by dashed lines. D and D’ sRNA guide
regions are base paired with the respective WT D and WT D’ target
RNAs used in these studies. The boxed target nucleotide will be 2'-O-
methylated during the sSRNP-guided nucleotide modification reaction.



Box C/D sRNA guide:target RNA interaction

suggesting that methylation of non-Watson—Crick pairs
depends upon the specific experimental system used for
analysis (Cavaille and Bachellerie 1998; Singh et al. 2004).
In light of these conflicting results, analysis of sSRNA guide
sequence:target RNA interaction began by assessing the
importance of Watson—Crick paired guide and target
nucleotides for methylation in this system. Synthetic target
RNAs of 14 and 16 nucleotides (nt) in length used in these
studies were complementary to the sR8 D and D' guide
regions, respectively (Fig. 1). Target RNAs possessing 2'-O-
methylated target nucleotides served as negative controls.
Mutant D and D’ target RNAs were synthesized to alter
guide:target nucleotide base pairing. For A:U Watson—
Crick pairs between guide and target nucleotides, point
mutations were also made in the sR8 D and D’ guide
sequences. Each sR8 sRNP complex tested contained only
an altered D or D’ guide:target nucleotide pair, and the
nonmutated guide:target nucleotide pair served as an
internal control for comparison.

Table 1 summarizes the methylation capabilities of the
various guide:target nucleotide base pairs for both D and
D’ guide:target RNA duplexes. Watson—Crick G:C base
pairs for both D and D’ guide regions exhibited robust
target nucleotide methylation. This was also the case for
Watson—Crick U:A base pairs although the level of A
residue methylation was significantly reduced for the D
target U:A pair. This lower level of methylation may be a
result of overall guide:target RNA duplex structure. In con-
trast, a non-Watson—Crick G:U pair (D’ target) or nucle-
otide mismatches (both D and D’ targets) were severely
deficient. Interestingly, the non-Watson—Crick G:U base
pair was not significantly methylated despite the hydrogen
bonding between guide and target nucleotides. Compensa-
tory mutations of the D and D’ sRNA guide sequences that
restored Watson—Crick pairing also restored target nucle-
otide methylation (data not shown). Collectively, these
results clearly demonstrated that, for this in vitro assembled

TABLE 1. Archaeal box C/D sRNA-guided nucleotide 2’-O-methylation

sRNP, Watson—Crick pairing between guide and target
nucleotide is critical for nucleotide methylation.

Target nucleotide methylation requires a continuous,
Watson—Crick paired, guide:target RNA duplex

The importance of Watson—Crick base-pairing between the
sRNA guide sequence and the target RNA was examined
next. Target RNAs were mutated to disrupt Watson—Crick
pairing of selected RNA duplex nucleotide pairs (Fig. 2A)
and the effect of these mismatches upon D target nucleo-
tide methylation assessed (Fig. 2B). Results clearly demon-
strated that Watson—Crick pairing of the guide:target RNA
duplex was critical for nucleotide modification. Disruption
of three base pairs on either side of the guide:target
nucleotide pair abolished methylation of the target nucle-
otide. Target nucleotide methylation was disrupted even
when single nucleotide pairs around the target nucleotide
were mismatched. The requirement for base-pairing
extended along the entire guide:target RNA duplex. The
single exception was the guide:target nucleotide pair im-
mediately adjacent to box D where single mismatches at
this position have been reported for some wild-type box C/
D RNAs (Kiss-Laszlo et al. 1996; Cavaille and Bachellerie
1998; Gaspin et al. 2000). This may suggest that the
guide:target RNA duplex between box D and the target
nucleotide is less critical for substrate:enzyme interaction
and more important for the correct spatial positioning of
the target nucleotide with respect to box D and the
assembled sRNP (see Discussion).

Elevated Mg** concentrations promote
2’-O-methylation of mismatched guide:target
nucleotide pairs

Wild-type D and D’ target RNAs possessing Watson—Crick
as well as mismatched guide:target nucleotide pairs were

requires Watson—Crick paired guide and target nucleotides

Box C/D-guided methylation

Box C'/D’-guided methylation

D’ (control)?
guide:target (nt)

D (mutants)

sRNA/mutation guide:target (nt)

D (control)®
guide:target (nt)

D’ (mutants)

sRNA/mutation guide:target (nt)

sR8/WT *H G:C14.6 = 29 C:G16.6 = 2.1
incorporated” pmol (88%) pmol
(% of control)
sR8/G51U° U:A 3.0 = 0.4 (22.2%) CG13.5 = 1.8
sR8/G51A A:C 0.23 = 0.4 (1.4%) C:G16.1 = 4.2
sR8/G51U U:C 0.04 = 0.07 (0.2%) CG164 = 39
sR8/G51C C:C 0.02 = 0.03 (0.1%) C:G159 = 1.9

sR8/WT *H G:C14.6 = 29 C:G16.6 = 2.1
incorporated® pmol pmol (113%)
(% of control)
sR8/C24U° G:C10.6 = 0.3 U:A11.1 £ 2.2 (104.7%)
sR8/C24A G:C15.1 = 4.4 A:G 0.04 £ 0.04 (0.3%)
sR8/C24U G:C9.6 = 3.1 U:G 0.22 = 0.01 (2.3%)
sR8/C24G G:C129 = 2.2 G:G 0.03 = 0.07 (0.2%)

“For each sRNA, the methylation capabilities of both mutated and nonmutated guide:target nucleotide pairs were assessed. The nonmutated
guide:target nucleotide pair served as the control against which the percent (%) methylation of the altered nucleotide pair was compared.
bsRNA-guided nucleotide methylation during 1 h of incubation is reported in picomoles of *H-CHj incorporated into D and D’ target RNAs.
“For Watson-Crick A:U pairs, both guide and target nucleotides were mutated.
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FIGURE 2. Target nucleotide methylation requires a continuous,
Watson—Crick paired guide:target RNA duplex. D target RNAs
possessing mismatched nucleotides were incubated with in vitro
assembled sR8 box C/D sRNP and 2'-O-methylation of the target
nucleotide assessed. (A) Schematic presentation of sR8 D guide region
with associated box D base paired to wild-type D target RNA (WT
D target). Mutated WT D target RNAs are indicated below with
mismatched nucleotides designated in capital letters and their distance
from box D indicated in parentheses. The target nucleotide is enclosed
in squares with dots indicating conserved WT D target RNA ribo-
nucleotides. (B) Incorporation of >H-CHj into D target RNAs. The
level of target nucleotide methylation for each mismatched target
RNA is indicated as the percent of WT D target RNA methylation.

assessed for nucleotide methylation under increasing con-
centrations of NaCl and MgCl,. A standard NaCl concen-
tration of 150 mM is used for both sRNP assembly and
methylation. NaCl concentrations were incrementally in-
creased up to 1 M and the modification activity of both box
C/D and C'/D' RNPs determined (Fig. 3A,B, top panels).
Previous work in our laboratory has shown that the sR8—
sRNP complex is stable in 1 M NaCl (E. Tran and E.S.
Maxwell unpubl.). For wild-type Watson—Crick base pairs,
increasing NaCl concentrations had no significant effect
upon the methylation levels of the D target nucleotide.
Interestingly however, target nucleotide methylation levels
increased almost twofold for the D’ target nucleotide at
1 M NacCl concentrations. Methylation for both D and D’
target RNAs was site specific, as control target RNAs
possessing a 2'-O-CHj at the target nucleotide were not
methylated (data not shown). For mismatched guide:target
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nucleotide pairs, there was no methylation of target
nucleotides except perhaps for some very low levels of the
D’ target at suboptimal NaCl concentrations.

The effect of increasing Mg*" concentrations upon box
C/D and C'/D" RNP methylation was also examined, as
previous work has demonstrated the importance of MgCl,
for sSRNP assembly and nucleotide methylation (Galardi
et al. 2002; Goody et al. 2004; Hardin and Batey 2006).
Increasing MgCl, concentrations from the standard assay
condition from 1.5 to 50 mM had little effect upon
methyltransferase activity of Watson—Crick guide:target
nucleotide pairs for both the box C/D and C'/D’ RNPs
(Fig. 3A,B, bottom panels). However, a substantial level of
methylation for mismatched guide:target nucleotide pairs
was observed. The methylation of non-Watson—Crick
paired target nucleotides was particularly significant for
the C'/D’ RNP and approached 40% that of wild-type
target RNA at 50 mM MgCl,. These non-Watson—Crick
pairs included the hydrogen bonded G:U pair as well as
several mismatches. Notably, increased methylation was a
general phenomenon for all non-Watson—Crick pairs tested.
Also important was the fact that methylation was specific
for the fifth or target nucleotide, as mismatched target
nucleotides possessing a 2'-O-CH; exhibited little modifi-
cation. Preferential methylation of mismatched D' target
nucleotides was confirmed with polyacrylamide gel elec-
trophoresis of selected D and D’ target RNAs possessing
target nucleotide mismatches (Fig. 3C). Collectively, these
analyses demonstrated a differential response for box C/D
versus C'/D’ RNP-guided nucleotide methylation under non-
standard assay conditions, suggesting that distinct struc-
tural features of the two different RNPs can affect their
catalytic activities.

Target nucleotide methylation requires an RNA:RNA
duplex formed between the sRNA guide sequence
and the target RNA

Utilization of an in vitro assembled box C/D sRNP
methylation system allowed us to examine the importance
of forming an RNA:RNA duplex between the guide
sequence and target RNA. Initial experiments replaced
single ribonucleotides with deoxynucleotides at position
3, 4, 5, 6, or 7 (Fig. 4A). Methylation was disrupted only
when the fifth target nucleotide lacked a 2’-OH for methyl
addition. These results demonstrated not only site-specific
nucleotide methylation but also that insertion of a single
deoxynucleotide into the guide:target RNA duplex has no
effect upon methylation.

Chimeric DNA-RNA oligonucleotides complementary
to D and D’ guide sequences were then incubated with in
vitro assembled sR8 sRNP complexes and methylation of
the target nucleotide assessed. Each of these chimeric oligo-
nucleotides possessed a ribonucleotide at the fifth target
nucleotide, thus providing a 2’-OH for methyl addition.
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FIGURE 3. Elevated Mg"* concentrations promote 2'-O-methylation of mismatched guide
and target nucleotides. WT D and WT D’ target RNAs with wild-type or mismatched
guide:target nucleotide pairs were incubated with in vitro assembled sR8 sRNP and increasing
concentrations of NaCl or MgCl,, and the 2’-O-methylation of target nucleotides was assessed.
Specific mismatched guide:target ribonucleotides are indicated at the side with NaCl or MgCl,
concentrations indicated below. Methylation is reported as percent (%) of wild-type, Watson—
Crick guide:target nucleotide base pairs. (A) WT D target nucleotide methylation of Watson—
Crick and mismatched guide:target nucleotide base pairs in increasing concentrations of NaCl
(top panel) and MgCl, (bottom panel). (B) WT D’ target nucleotide methylation of Watson—
Crick and mismatched guide:target nucleotide base pairs in increasing concentrations of NaCl
(top panel) and MgCl, (bottom panel). (C) WT D and WT D’ target RNAs possessing wild-
type Watson—Crick or mismatched guide:target nucleotide base pairs were incubated in low
(1.5 mM) or high (25 mM) MgCl, concentrations and nucleotide methylation assessed by
polyacrylamide gel electrophoresis of *H-methylated target RNAs visualized by autoradiogra-
phy. Electrophoretic migration positions of D’ and D target RNAs are indicated at the side.
WT target RNAs, target RNAs possessing a methylated target nucleotide, and target RNAs
possessing mutated guide:target nucleotide base pairs (asterisks) are indicated for the D’ target
and D target RNAs above and below the individual gel lanes, respectively.

the deoxynucleotides with ribonucleo-
tides (Fig. 4B,C, lower panels). These
results indicated that formation of an
RNA:RNA helix is critical for target
nucleotide methylation.

Progressive symmetric replacement
of deoxynucleotides with ribonucleoti-
des gradually restored methylation acti-
vity for both RNP complexes, although
the methylation activity of the two
RNPs recovered at different rates
(Fig. 4B). Only slight methyltransferase
activity was observed for the box C/D
RNP when nine ribonucleotides replaced
the corresponding deoxynucleotides
and full recovery of wild-type (WT)
methyltransferase activity required the
base-pairing of all 12 guide sRNA
nucleotides with target ribonucleotides.
Significant D’ target nucleotide meth-
ylation was observed when 7 nt were
substituted for the corresponding
deoxynucleotides (~20% activity) and
full activity was restored with the
replacement of nine ribonucleotides.
Interestingly, target RNAs replacing all
12 deoxynucleotides pairing with the
guide sequence with ribonucleotides
exhibited somewhat higher methylation
levels than the WT D and WT D’ target
RNAs. However, the WT D and R(1-
12) target RNAs differ in the 5’ and
3’ nucleotides that extend beyond the
target RNA sequence complementary to
the guide sequence. The WT D and D’
target RNAs possessed ribonucleotides,
whereas the D and D’ R(1-12) target
RNAs possessed deoxynucleotides. At
present, it is not apparent why these
different extended nucleotides result in
altered methylation levels.

Asymmetric replacement of either
upstream or downstream target deoxy-
nucleotides with ribonucleotides was
examined next. Complete restoration of
the upstream guide RNA:target RNA
duplex between the target nucleotide
and the D or D’ box did not result in any

Chimeric D and D’ target DNA deoxynucleotides were
gradually replaced with ribonucleotides in either symmetric
or asymmetric fashion progressing outward from the target
nucleotide (Fig. 4A,B, upper panels). In striking contrast to
single ribonucleotide replacement, chimeric D and D’
targets were not methylated, and recovery of target nucle-
otide methylation required the substantial replacement of

target nucleotide methylation (Fig. 4C). In contrast, target
nucleotide methylation was partially recovered as the down-
stream RNA:RNA helix of the guide:target duplex was
restored. Approximately 20% of wild-type methylation levels
were observed for the D target nucleotide when the entire
downstream guide:target duplex was converted to an RNA:RNA
duplex. The D’ target nucleotide was methylated to
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FIGURE 4. Target nucleotide methylation requires an RNA:RNA duplex formed between the guide sequence and target RNA. WT D and WT D’
target RNAs substituted with deoxynucleotides were incubated with in vitro assembled sR8 box C/D sRNP and 2'-O-methylation of the target
nucleotide assessed. Schematic presentation of sR8 D and D’ guide regions base paired with wild-type target RNA (WT D) and chimeric RNA—
DNA targets are shown in each panel. Wild-type ribonucleotides are indicated by dots and target nucleotides are enclosed in squares. Substituted
deoxynucleotides are indicated by D and their position from box D or D’ is indicated in parentheses. All D and D’ targets excepting D(5*)
possessed a ribonucleotide with 2'-OH at the fifth or target nucleotide. Methylation of D and D’ targets is indicated as percent of *H-CH;
incorporation into WT D or WT D’ target RNAs. (A) Single ribonucleotides of the WT target RNA replaced with deoxynucleotides and target
RNA nucleotide methylation assessed. (B) Deoxynucleotide D and D’ target RNAs symmetrically replaced outward from the target nucleotide
with increasing numbers of ribonucleotides. (C) Deoxynucleotide D and D’ target RNAs asymmetrically replaced upstream of or downstream

from the target nucleotide with increasing numbers of ribonucleotides.

~70% of wild-type levels when the downstream guide:target
duplex was entirely ribonucleotide base pairs. This sug-
gested that establishment of an RNA:RNA helix was more
important downstream from the target nucleotide than
upstream (see Discussion). The fact that box C/D and C'/D’
RNP nucleotide methylation activities were differentially
affected by either symmetric or asymmetric replacement
of deoxynucleotides with ribonucleotides again suggested
that distinct RNP structural differences might account
for the observed differences.

Target nucleotides positioned within highly folded
target RNAs are efficiently methylated

Nucleotides targeted by box C/D RNPs for methylation are
often positioned within highly folded or structured regions
of the target RNA. As the sequence surrounding the target
nucleotide must be single stranded to base pair with the
guide region, unfolding this structured target RNA for
nucleotide methylation is necessary. To assess the possible
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ability of the SRNP complex to facilitate unfolding, target
RNAs were constructed that positioned the target nucleo-
tide in highly structured regions (Fig. 5A). The first class of
target RNAs positioned the target nucleotide in the center
of a double-stranded RNA hairpin (stem targets) whereas
the second class positioned the target nucleotide in the loop
region of a hairpin—loop structure (loop targets). In addi-
tion to simple stem and loop target RNAs, some targets
possessed extended stem structures or an expanded loop
region. The Tm of each target RNA target was determined
by UV melting analysis and is indicated in Figure 5A. Control
stem and loop target RNAs were also synthesized where the
double-stranded stem was disrupted by altering one strand
of the complementary sequence. The control RNA for the
loop target possessed an altered sequence for base-pairing
to the SRNA guide sequence and thus required a new sRNA
guide sequence (sR8 GRDtl) to maintain RNA:RNA pairing
between the guide sequence and target RNA.

For simple stem and loop target RNAs, both were highly
methylated at 70°C and at comparable levels to their
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FIGURE 5. Target nucleotides positioned within highly folded target RNAs are methylated.
D target RNAs possessing target nucleotides within highly folded RNA secondary structures
were incubated with in vitro assembled sR8 box C/D sRNP and the methylation of target
nucleotides assessed. (A) D target RNAs folded into hairpin-loop structures with the target
nucleotide positioned within the RNA hairpin (stem targets) or RNA loop region (loop
targets). Target RNA sequences base-pairing with the sR8 D guide region are boxed and target
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control stem and loop target RNAs. Target RNA melting temperatures (Tm) are indicated at
the side. (B) Incorporation of >H-CH; into D target RNAs. Levels of D target nucleotide
methylation (various folded hairpin-loop structures indicated by assorted bar coloration) are
presented in parentheses as the percent of nonfolded, control D target RNAs (black bars) with
methylation incubation temperatures indicated below.

the hairpin structures should be signifi-
cantly increased. While reduction in
temperature reduced the overall levels
of nucleotide methylation from optimal
levels observed at 70°C, both target RNAs
were effectively methylated (~50%) in
comparison to their unstructured RNA
controls (Fig. 5B). These results sug-
gested that the archaeal sSRNP complex
can facilitate unfolding of RNA hairpin
structures so as to promote guide:target
base-pairing and nucleotide methylation.

Extending the stem  structure
(extended stem and loop with extended
stem) or increasing the loop size
(extended loop) had expected as well as
unexpected consequences upon methyl-
ation levels. At 70°C, the extended stem
target was reduced in methlylation as
anticipated and methylation was further
reduced when the reaction temperature
was lowered to 50°C. Nevertheless, even
at 50°C, the extended stem RNA was
substantially methylated to ~20% of the
control target RNA. On the other hand,
extending the stem of the loop target
RNA (loop with extended stem) unex-
pectedly enhanced methylation with
respect to the simple loop target at both
70°C and 50°C. Surprisingly, target RNA
methylation was dramatically increased
with respect to the control target RNA
when the loop was enlarged from 5
(loop) to 17 (extended loop) nt. These
results are difficult to rationalize when
only considering the target RNA’s folded
structure. Notably, determination of some
target RNA Tm values (extended stem
and loop with extended stem) suggested
alternative folded structures as evidenced
by biphasic melting curves (data not
shown). These alternative structures
as well as the extended target RNA
sequence (see below) may help to explain
the enhanced methylation levels observed
for some of these target RNAs.

unstructured control target RNAs (Fig. 5B). To address the ~ Extending target RNAs beyond the guide:target RNA
possibility that the standard assay condition of 70°C was  duplex significantly enhances methylation activity
sufficiently close to the target RNA melting temperatures to by increasing enzyme turnover

promote transient target RNA hairpin melting, a second  Our studies primarily focused upon those structural fea-
assay was conducted at a lower reaction temperature of  tures of the guide:target RNA duplex itself that are
50°C. This lower temperature was ~25°C-35°C below  important for nucleotide methylation. However, conclud-
these target RNA’s hairpin Tm. Therefore, the stability of  ing experiments investigated the required length of the
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RNA target for nucleotide methylation and, more specifi-
cally, the effect of extending the target RNA beyond those
nucleotides that base pair with the sSRNA guide sequence
(Fig. 6). Initial experiments determined that a minimal D
target RNA length of 9 nt was required to obtain low levels
of nucleotide methylation. Extension of the target RNA to
11 nt essentially restored nucleotide modification compa-
rable to that of a target RNA pairing with the entire SRNA
guide sequence. Strikingly, however, increasing the target
RNA to extend beyond the sSRNA guide sequence dramat-
ically increased the level of D target RNA methylation.
Extension of the RNA 3 nt beyond the 5" (3 + T + 1) or
3" (1 + T + 3) end of the target sequence pairing with
the sSRNA guide sequence increased nucleotide methylation
between two- and threefold. Extending either end 5 nt (5 +
T+ 1or1+ T+ 5) increased methylation five- to sixfold.
The effect of addition at each terminus was not additive, as

A.
D Guidi
e 2T e
WT D Target UG CU[C|A U ACGGU
L(5) ]- -
L(7) [-]
L(9) []
L(11) (-
WTD N ] v v v v s N
L(3+T+1) NNN- ‘_’ ....... N
L(14T+3) N o '_' ....... N NN
L(B+T+H) N NN N N « z ....... N
L(1+T+5) N o Bl 6 6 » 5 & & N NNNN
L(4+T+5) NN N N « []e o 00 v e s NNNNN
B.
700
D Target
600
500
2
E 400
k]
<
E 300
=
8
200
100
0

QRO N N \% NS N ST\
NN » \/Q é\ éx

g W @ W W
WO W W

FIGURE 6. Target RNA methylation increases when the target RNAs
extend beyond the guide:target duplex. D target RNAs of increasing
length were incubated with in vitro assembled sR8 box C/D sRNP and
the methylation of target nucleotides assessed. (A) Schematic pre-
sentation of sR8 D guide region base paired with target RNAs of
increasing length. Target nucleotides base paired with the guide
sequence are indicated by dots with target RNA nucleotides extending
beyond the guide:target RNA duplex indicated by N. Target nucleo-
tides are enclosed in squares. Target RNAs are designated at the side
with 5’ and 3’ nucleotides extended beyond the guide:target RNA
indicated in the parentheses with respect to the 12 target nucleotides
(T) base paired to the guide sequence. (B) Incorporation of *H-CHj
into D target RNAs of increasing length. Levels of target nucleotide
methylation are indicated as the percent of the 14 nt control WT D
target RNA.
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extending both termini by 5 nt (5 + T + 5) gave the same
increase in methylation as did extension on either end.
These results suggested that the target RNA binding to the
sRNP utilizes nucleotides beyond that RNA sequence
hydrogen bonded to the sSRNA guide sequence, and this
binding most likely involves interactions with sSRNP core
proteins.

The effect of target RNA length upon the kinetics of
nucleotide methylation was then examined using both
short and extended D target RNAs at three different D
target RNA to sRNP molar ratios. As the ratio of target
RNA to assembled sRNP was increased, the picomoles of
target RNA methylated were also increased (Fig. 7A). This
is consistent with elevated concentrations of the substrate
target RNA driving the reaction toward nucleotide meth-
ylation. As anticipated, the extended D target RNA of 21 nt
(Fig. 6, target RNA L[4 + T + 5]) was methylated at
significantly higher levels with respect to the shorter 14 nt
WT D target RNA (Fig. 6, WT D target) at all three target
RNA-to-sRNP ratios. Enzyme or sRNP turnover number
was then calculated from these data (Fig. 7B). For the
shorter D target RNA at all three target RNA:sRNP ratios,
the turnover number was calculated to be less than one
turnover per 30 min. These low values indicated relatively
inefficient sSRNP-guided nucleotide methylation activity.
However, increasing the D target RNA length increased the
turnover number at all three target RNA:sRNP ratios. At a
target RNA:sRNP ratio of 10:1, a molar ratio comparable
to the standard reaction conditions used in this study, a
turnover of ~2.5 catalytic events per sSRNP per 30 min was
observed. This turnover number is similar to that estimated
by Omer et al. (2002) for an in vitro assembled Sulfolobus
solfataricus box C/D sRNP complex methylating an
extended target RNA. Enhanced turnover for the extended
target RNA suggested either more efficient binding of the
target RNA to the sRNP (target RNA interaction with the
sRNP core proteins?) or more efficient target RNA disso-
ciation from the sSRNP complex upon nucleotide modifi-
cation (see Discussion).

DISCUSSION

The in vitro assembled archaeal box C/D sRNP provides a
model complex for the investigation of box C/D RNA-
guided nucleotide modification. The experiments presented
here defined those structural features of the guide:target
RNA duplex important for sSRNA-guided nucleotide 2'-O-
methylation. Results demonstrated the importance of a
continuously Watson—Crick paired, RNA:RNA duplex for
guide sequence:target RNA interaction and nucleotide
methylation. A minimal guide:target RNA duplex was also
required and increased nucleotide methylation resulted
upon extending the target RNA beyond the sRNA guide
sequence. These extended target RNAs likely interact with
the sRNP core proteins to enhance catalytic turnover of the
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FIGURE 7. Extended target RNAs significantly enhance nucleotide
methylation activity by increasing catalytic turnover. Short WT D (14 nt)
and extended D target RNAs (21 nt) were incubated with in vitro
assembled sR8 box C/D sRNP and nucleotide methylation assessed at
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D target RNAs calculated from the average picomoles of product
produced per 30-min incubation period. Molar ratios of target RNA
to sRNP are indicated at the top.

complex. The ability to methylate target nucleotides within
highly folded target RNAs suggested an ability of this RNP
complex to facilitate RNA unfolding. A summary of
guide:target RNA interactions and structural (features
important for box C/D sRNA-guided nucleotide modifica-
tion is presented in Figure 8.

Efficient methylation required Watson—Crick pairing of
the guide and target nucleotides. Notably, methylation of
the D target A:U pair was considerably reduced compared
to all other Watson—Crick pairs surveyed. Previous work
has suggested that G:C content affects the strength of
guide:target RNA interaction and hence methylation effi-
ciency (Cavaille and Bachellerie 1998). However, it is
unlikely in this case that reduced methylation is related
to base-pairing strength, but rather to an alteration in guide
RNA structure. For this A:U pair, the sSRNA guide sequence
was mutated to establish the A:U pair. Recent work in our
laboratory has demonstrated that individual guide region
sequences can have significant impact on the overall folding
of an sRNA (Gagnon et al. 2006). Thus, we suspect that this
sequence change affected the guide region structure and,
in turn, interaction with the target RNA and methylation
efficiency of this particular target nucleotide. Also notable

was the lack of methylation of the non-Watson—Crick G:U
pair despite hydrogen bonding between the guide and
target nucleotides. Previous in vivo analysis has indicated
very low levels of target nucleotide methylation for a
G:U pair when positioned within an elongated, G:C-rich,
guide:target RNA duplex (Cavaille and Bachellerie 1998).
The very slight elevation of methlylation for the G:U pair
over that of mismatched guidemnucleotide pairs in our
analysis could reflect this minor amount of nucleotide
methylation. However, a G:U pair has never been identified
at the guide:target nucleotide position for either eukaryotic
or archaeal box C/D RNAs, suggesting that the hydrogen
bonding of this non-Watson—Crick pair is not sufficient
to guide nucleotide methylation in vivo (Cavaille and
Bachellerie 1998).

Most striking is the recent demonstration of mismatched
target nucleotide methylation for the in vitro assembled
box C/D RNP of Haloferax volcanii pre-tRNA'™ (Singh
et al. 2004). This RNP substantially methylates a variety
of mismatched guide:target nucleotide pairs as well as the
non-Watson—Crick G:U pair. However, this complex is
unique in character in that this intron-encoded box C/D
sRNA is positioned in cis with respect to its pre-tRNA™™P
target nucleotides (Clouet d’Orval et al. 2001; Singh et al.
2004). However, methylation occurs in trans guided by
intron-encoded box C/D and C'/D’ RNPs of either the
unspliced pre-tRNA™™ precursor or the excised circular
intron (Singh et al. 2004). The structural constraints
imposed by positioning this box C/D sRNP within the
pre-tRNA"™ intron or excised circular intron coupled with
shorter guide region lengths may help explain the unusual
methylation characteristics of this in vitro assembled box
C/D sRNP.

The stringent requirement for a Watson—Crick guide:target
nucleotide pair is compromised with increased concen-
trations of MgCl,. The effect of Mg** ions upon RNA
structure is well known (Misra et al. 2003) and suggests
that the interaction of the target RNA with the guide
sequence is sufficiently altered to allow modification of
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FIGURE 8. Summary of the structural features of the guide:target
RNA duplex important for nucleotide methylation.
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these mismatched target nucleotides. Recent work has
reported similar results for the in vitro assembled Pyrococ-
cus horikoshii box C/D sRNP (Hardin and Batey 2006).
Most notable was the methylation of mismatched target
nucleotides for the D’ target RNA. Alteration of C'/D’ RNP
capabilities for D' target methylation was also observed
with elevated NaCl. We suspect that that the box C/D and
C'/D’" complexes are sufficiently distinct in RNP structure
despite the fact that both RNP are assembled with the same
three core proteins binding a K-turn motif (Omer et al.
2002; Rashid et al. 2003; Tran et al. 2003). Differences in
the K-turn structure itself for the box C/D (K-turn) and
C'/D" (K-loop) motifs (Nolivos et al. 2005) may account
for the differential activities of the two complexes under
altered methylation conditions.

The requirement for Watson—Crick pairing along the
entire guide:target RNA duplex is also quite stringent.
Mismatches both adjacent to and removed from the
guide:target nucleotide pair effectively disrupted target nucleo-
tide methylation. The one exception was the guide:target
pair immediately adjacent to the D box sequence. These
observations are similar to those originally reported by
Cavaille and coworkers for eukaryotic box C/D snoRNA-
guided methylation in vivo (Cavaille et al. 1996; Cavaille
and Bachellerie 1998). This end of guide sequence:target
RNA duplex is adjacent to box D and the assembled
SRNP complex. Perhaps this terminal nucleotide interacts
with core proteins as do those 5’ nucleotides of the
extended target RNA. Non-Watson—Crick pairs and mis-
matches have also been described in native guide:target
RNA duplexes. However, almost all examples are for
eukaryotic snoRNAs and the large majority are non-
Watson—Crick G:U base pairs, but never at the guide:target
nucleotide pair. Only several examples of truly mis-
matched, nonhydrogen bonded pairs have been described
and none at the target nucleotide (Cavaille and Bachellerie
1998). The increased stringency of Watson—Crick pairing
observed for this in vitro assembled archaeal sSRNP may
reflect the minimal nature of the complex and the absence
of additional cellular proteins that could play ancillary roles
during in vivo methylation.

Utilization of an in vitro assembled sRNP complex
made it possible to examine box C/D sRNA-guided methyl-
ation of DNA targets. While replacement of single ribo-
nucleotides with deoxynucleotides around the target
nucleotide had no effect upon nucleotide methylation, utilization
of a DNA target resulted in complete disruption of methyl-
ation. This suggested that the overall conformation of the
guide:target duplex is likely important for methylation.
A DNA target hydrogen bonded to an sSRNA guide sequence
would not adopt an A-helix configuration like that of an
RNA:RNA duplex (Fedoroff et al. 1993). It is thus likely
that an RNA:DNA helix disturbs correct target nucleotide
positioning at the fibrillarin catalytic site or perhaps
interaction with fibrillarin and/or Nop56/58.
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Symmetric replacement of deoxynucleotides with ribo-
nucleotides resulted in differential effects for the recovery
of D and D’ target methylation. Whereas D target meth-
ylation required replacement of all deoxynucleotides, the
D’ target recovered with shorter ribonucleotide regions.
Asymmetric restoration of either upstream or downstream
restoration of ribonucleotides revealed that each region
affected methylation activity differently. Restoration of the
upstream RNA:RNA duplex did not result in methylation
of either D or D’ targets. In contrast, nucleotide methyl-
ation was gradually restored as downstream deoxynucleo-
tides were replaced with ribonucleotides. Taken together,
these results may suggest different roles for the upstream
and downstream regions of the guide:target RNA duplex.
We believe that the primary function of the upstream
guide:target RNA duplex between box D and the target
nucleotide is to simply measure, and thus specifically
position, the fifth target nucleotide of the target RNA with
respect to the fibrillarin catalytic site on the assembled box
C/D RNP. Consistent with this suggestion is the observa-
tion that base-pairing of the guide:target nucleotide pair
adjacent to the D box is not required although those
nucleotides are necessary for determining the fifth nucle-
otide for modification (Kiss-Laszlo et al. 1996; Cavaille and
Bachellerie 1998; Gaspin et al. 2000). The gradual restora-
tion of methylation activity with establishment of a
downstream RNA:RNA duplex may well indicate that this
region is particularly important for stabilizing target RNA
substrate binding to the SRNP enzyme. Finally, the different
methylation capabilities of the box C/D and C'/D’ RNPs
observed in both symmetric and asymmetric replacement
experiments are again consistent with the idea of distinct
structural features of the two complexes.

In vivo, box C/D RNA-guided methylation frequently
requires unfolding of the target RNA for base-pairing with
the guide sequence. The ability to methylate target nucleo-
tides within folded target RNAs suggests an ability of the
archaeal box C/D sRNP to facilitate RNA unfolding.
However, it appears that more is happening for the larger
structured targets than simply unfolding double-stranded
RNA hairpins. The loop target with extended stem struc-
ture was more effectively methylated at both higher and
lower reaction temperatures than the simple loop target
despite the fact that the extended stem structure raised the
Tm of this folded RNA ~15°C. As the size of a target RNA
increases, those nucleotides beyond the region base-pairing
to the sSRNA guide sequence could be enhancing interaction
of the target RNA with the sSRNP core proteins, and in turn
enhancing catalytic turnover. Also noteworthy is the
melting profile of some of the larger, folded target RNAs
used in these studies. While the extended stems stabilize the
target RNA as evidenced by the Tm of their most stable
structure, UV melting suggested alternative folded struc-
tures that could significantly affect guide sequence:target
RNA interactions (data not shown). Guide sequence:target
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RNA interactions could also be facilitated by initial
interaction of single-stranded regions of each RNA fol-
lowed by unzippering of the remaining target RNA hair-
pins. Such a phenomenon is observed when the “kissing
loops” of two hairpin-loop RNAs interact to ultimately
unfold each RNA and produce a stable, intermolecular
RNA duplex.

The box C/D core proteins could ultimately facilitate
such unfolding functions although L7, Nop56/58, and
fibrillarin do not possess Walker A and Walker B motifs
characteristic of RNA helicases (Wang et al. 2000; Aittaleb
et al. 2003; Suryadi et al. 2005; Turner et al. 2005; Cordin
et al. 2006). Consistent with the suggestion that the target
RNA interacts with the core proteins is the observation that
extending the target RNA sequence dramatically increases
the efficiency of nucleotide methylation via enhancing
catalytic turnover of the sRNP. It is likely that these extra
target nucleotides are interacting with fibrillarin and/or
Nop56/58 to strengthen and stabilize target RNA-sRNP
interactions. Indeed, preliminary experiments using target
RNAs with either 5’ or 3’ extensions containing 4-thio-
uridine have shown that the target RNA can be UV cross-
linked to the Nop56/58 core protein (K. Gagnon and E.S.
Maxwell, unpubl.). Ultimately, the molecular details of
target RNA interaction with the sSRNA guide sequence and
the associated sRNP core proteins most likely will be
revealed with future crystal structures of the fully assembled
box C/D sRNP and bound target RNA.

MATERIALS AND METHODS

Construction and synthesis of wild-type and mutant
sR8 RNAs

Wild-type and mutant sR8 DNA oligonucleotides were purchased
from Integrated DNA Technologies. The sequences for wild-type
sR8 and sR8 GR Dtl were as follows:

sR8 WT:

AAATCGCCAATGATGACGATTGGCTTTGCTGAGTCT
GTGATGAACCGTATGAGCACTGAGGCGATTT

sR8 GR Dtl:

AAATCGCCAATGATGACGATTGGCTTTGCTGAGT
CTGTGATGAGTATGATGAGCACTGAGGCGATTT

Point mutations in sR8 guide regions were introduced during
PCR amplification using the full-length, wild-type sR8 template
and primers containing the mutated nucleotide. T7 polymerase
promoter sequences were added to sR8 and sR8 guide mutants
during PCR amplification. RNA was transcribed in vitro using the
AmpliScribe T7-Flash transcription kit (EPICENTRE) according
to the manufacturer’s protocols. Following transcription and
DNase I treatment, all RNAs were gel purified.

Primer pairs for wild-type sR8 and sR8 guide mutants

Wild-type sR8 (primers 1 + 2), and sR8 guide mismatch primers
sR8 C24G (primers 2 + 3), sR8 C24A (primers 2 + 4), sR8 C24U

(primers 2 + 5), sR8 G51C (primers 1 + 6), sR8 G51A (primers
1 + 7), sR8 G51U (primers 1 + 8) are indicated below.

(1) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGAC
GATTG

(2) AATCGCCTCAGTGCTCATACGG

(3) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGAC
GATTGGGTTTG

(4) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGAC
GATTGGATTTG

(5) CTAATACGACTCACTATAGGCCAAATCGCCAATGATGAC
GATTGGTTTTG

(6) AAATCGCCTCAGTGCTGATACGGTTC

(7) AAATCGCCTCAGTGCTTATACGGTTC

(8) AAATCGCCTCAGTGCTAATACGGTTC

sR8 targets

Wild-type, mutant, chimeric, and hairpin target RNAs were
purchased from Integrated DNA Technologies. Wild-type and
methylated control RNA targets are shown below. Additional
RNA oligonucleotides used as mutant, chimeric, and hairpin
target RNAs are described in the text and figures.

D target RNA: AUGCUCAUACGGUC
Methylated D target RNA: AUGCUmCAUACGGUC
D' target RNA: GCUCAAAGCCAAUCGC

Methylated D’ target RNA: GCUCAAAmMGCCAAUCGC

Cloning, expression, and purification of proteins

Cloning and expression of recombinant, archaeal, box C/D sRNP
core proteins L7, Nop56/58, and fibrillarin were accomplished as
previously described (Tran et al. 2003). His-tagged L7 and
fibrillarin were purified by nickel-affinity chromatography using
“His-bind” Resin (Novagen) according to the manufacturer’s
protocols. Untagged Nop56/58 was purified by ion exchange
chromatography.

RNP assembly and in vitro methylation

sRNP complexes were assembled by incubating 40 pmol of guide
sRNA with 20 pmol of L7, 32 pmol of Nop56/58, and 32 pmol of
fibrillarin in assembly buffer containing 20 mM HEPES (pH 7.0),
150 mM NaCl, 0.75 mM dithiothreitol, 1.5 mM MgCl2, 0.1 mM
EDTA, and 10% glycerol at 70°C for 10 min. Following sRNP
assembly, 360 pmol of target RNA(s) were added along with 360
pmol SAM (S-adenosyl-l1-methionine dihydrogen sulfate; Calbio-
chem) and 1.7 uCi of [°’H] SAM (63 Ci/mmol; Amersham) for a
final reaction volume of 55 p.L. These reactions were incubated at
68°C and 20 p.L aliquots were blotted on 3MM Whatman filters at
0 and 60 min. RNA deposited on dry filters was precipitated by
soaking in 10% TCA for 15 min at 4°C. Filters were then washed
three times in 5% TCA for 15 min at room temperature before air
drying. *H-SAM incorporation into RNA was determined by
scintillation counting. Assays were performed in triplicate, stan-
dard errors calculated, and results reported as percent activity of
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wild-type RNA. For electrophoretic analysis of methylated target
RNAs, modified RNAs were phenol-chloroform extracted and
precipitated with 2% lithium perchlorate in acetone. Isolated
RNAs were resolved on denaturing 14% polyacrylamide gels and
visualized by autoradiography using BioMax intensifying screens
on X-ray film (Kodak).
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