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ABSTRACT

Box C/D small (nucleolar) ribonucleoproteins [s(no)RNPs] catalyze RNA-guided 29-O-ribose methylation in two of the three
domains of life. Recent structural studies have led to a controversy over whether box C/D sRNPs functionally assemble as
monomeric or dimeric macromolecules. The archaeal box C/D sRNP from Methanococcus jannaschii (Mj) has been shown by
glycerol gradient sedimentation, gel filtration chromatography, native gel analysis, and single-particle electron microscopy (EM)
to adopt a di-sRNP architecture, containing four copies of each box C/D core protein and two copies of the Mj sR8 sRNA.
Subsequently, investigators used a two-stranded artificial guide sRNA, CD45, to assemble a box C/D sRNP from Sulfolobus
solfataricus with a short RNA methylation substrate, yielding a crystal structure of a mono-sRNP. To more closely examine box
C/D sRNP architecture, we investigate the role of the omnipresent sRNA loop as a structural determinant of sRNP assembly. We
show through sRNA mutagenesis, native gel electrophoresis, and single-particle EM that a di-sRNP is the near exclusive
architecture obtained when reconstituting box C/D sRNPs with natural or artificial sRNAs containing an internal loop. Our
results span three distantly related archaeal species—Sulfolobus solfataricus, Pyrococcus abyssi, and Archaeoglobus
fulgidus—indicating that the di-sRNP architecture is broadly conserved across the entire archaeal domain.
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INTRODUCTION

Ribosome biogenesis occurs in all three domains of life with
increasing degrees of complexity from Bacteria to Archaea to
Eukarya (Henras et al. 2008; Blombach et al. 2011; Shajani
et al. 2011). Fully functional ribosomes, which are essential
for protein synthesis, consist of a highly organized tertiary
structure of ribosomal RNA (rRNA) that is folded and
assembled with ribosomal proteins. Two-thirds of the mass
of the ribosome is made up of rRNA, which must be cleaved
and post-transcriptionally modified before assembly with
ribosomal proteins. The extent of post-transcriptional rRNA
modification increases with higher organismal complexity
(Decatur and Fournier 2002). rRNA modifications cluster in
functionally important and phylogenetically conserved re-
gions of the ribosome and are necessary for efficient and

accurate translation (Decatur and Fournier 2002; Liang et al.
2007).

29-O-Methylation of the ribose moiety comprises one
subset of post-transcriptional modifications to the rRNA. In
Eukarya and Archaea, this reaction is catalyzed by highly
conserved ribonucleoprotein (RNP) enzymes in which the
RNA component directs site-specific modification (Balakin
et al. 1996; Kiss-Laszlo et al. 1996). In eukaryotes these
enzymes are called snoRNPs (small nucleolar RNPs) and
in Archaea sRNPs, because Archaea have no nucleoli. The
particular class of s(no)RNPs that catalyzes 29-O-ribose
methylation, the box C/D s(no)RNPs, is named for con-
served s(no)RNA sequence motifs, boxes C and D (Maxwell
and Fournier 1995).

The box C/D s(no)RNA contains canonically conserved
box sequences as well as unique guide sequences that
base-pair with specific substrate RNAs. The conserved
boxes C (RUGAUGA, where R is a purine) and D (CUGA)
together form a kink-turn (k-turn) structure near the
terminal stem of the s(no)RNA (sR8) (Fig. 1A; Vidovic
et al. 2000; Watkins et al. 2000; Klein et al. 2001; Moore et al.
2004). In Archaea, related boxes C9 and D9 form a second
k-turn, also known as a k-loop (Nolivos et al. 2005), giving
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the s(no)RNA a bipartite architecture (Hardin and Batey
2006). Two guide sequences provide substrate specificity
through base-pairing interactions with target RNAs (Kiss-
Laszlo et al. 1996; Kiss-Laszlo et al. 1998; Gaspin et al.
2000; Omer et al. 2000) and act as a ‘‘molecular ruler’’
directing 29-O-methylation 5 nt upstream of the D and/or
D9 box (Kiss-Laszlo et al. 1996, 1998; Tran et al. 2005). A
short internal loop links boxes D9 and C9. Although the
length of the loop can be highly variable in eukaryotic
snoRNAs, the loop is present in both eukaryotic and
archaeal domains yielding box C/D s(no)RNAs that exist as
a single, unbroken ribonucleotide strand (Gaspin et al. 2000).

The core protein components of box C/D s(no)RNPs
are also highly conserved from Eukaryotes to Archaea. In
Archaea, box C/D sRNPs are composed of three core
proteins: L7Ae, Nop5 (also called Nop56/58), and fibril-
larin (Omer et al. 2000; Reichow et al. 2007). L7Ae is the
primary sRNA binding protein and recognizes the k-turn
and k-loop motifs of the sRNA (Kuhn et al. 2002; Moore
et al. 2004). Nop5 forms a homodimer through its con-
served coiled-coil domains and structurally links the
sRNA:L7Ae complex to the methyltransferase fibrillarin
(Aittaleb et al. 2003). Nop5 and fibrillarin can form a
stable heterotetramer complex independent of L7Ae and
sRNA (Aittaleb et al. 2003; Zhang et al. 2006; Oruganti
et al. 2007). Conventional models of the box C/D sRNP
consist of one sRNA bound by two copies of each core
protein (a mono-sRNP), with the Nop5 coiled-coil domain
running parallel to the sRNA guide sequences (Fig. 1B).

An electron microscopy (EM) structure of a box C/D
sRNP from the archaeon Methanococcus jannaschii (Mj)
was the first structure determined by in vitro reconstitution
with a complete set of core constituents, including a natu-
rally occurring full-length sRNA, sR8 (Fig. 1B; Bleichert
et al. 2009). In contrast to the conventional model, this
three-dimensional (3D) reconstruction showed that the
archaeal box C/D sRNP is a di-sRNP, with four copies
of each core protein and therefore two copies of the sRNA
(Fig. 1B). Extensive biochemical analyses of the sRNP
particle by multiple laboratories (sedimentation on glycerol
gradients, native gel electrophoresis, and size-exclusion
chromatography) also supported formation of a box C/D
sRNP dimer (Bleichert et al. 2009; Bleichert and Baserga
2010a; Ghalei et al. 2010). By fitting atomic models of
protein components into the EM density map, the di-
sRNP model predicted that the Nop5 coiled-coil domains
run perpendicular to the sRNAs. Corroborating this con-
clusion, RNase digestion dramatically reduced sRNP di-
mensions along one side (Bleichert et al. 2009). The presence
of the mono-sRNP was not detected, and no catalytic ac-
tivity was associated with fractions where a mono-sRNP
would sediment in glycerol gradients. A crystal structure
of a box C/D sRNP from Pyrococcus furiosus with a half-
mer sRNA and short substrate was also found to be con-
sistent with the di-sRNP model (Xue et al. 2010).

The di-sRNP model was challenged by a subsequent
crystal structure of a monomeric box C/D sRNP from the
archaeon Sulfolobus solfataricus (Ss) in complex with a short
RNA substrate, creating a controversy over which model
best represents the native sRNP architecture (Lin et al.
2011). The mono-sRNP was assembled with an artificial,
two-stranded, completely symmetrical RNA, CD45, resem-
bling a bipartite box C/D sRNA (Fig. 1A; Lin et al. 2011).
This RNA was unlike naturally occurring sRNAs because it
consisted of two separate oligoribonucleotides instead of a
continuous, asymmetric sRNA.

FIGURE 1. (Legend on next page)
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To investigate the underlying causes for these two con-
flicting models of box C/D sRNP architecture, we have
tested box C/D sRNPs from distantly related archaeal
species for assembly with a natural sRNA from Mj, sR8.
We have chosen to compare the Mj di-sRNP (Bleichert
et al. 2009) to sRNPs assembled from S. solfataricus (Ss), P.
abyssi (Pa), and A. fulgidus (Af). These species represent
archaeal kingdoms from Crenarchaeota (Ss) to Euryarch-
aeota (Mj, Pa, Af); the evolutionary distance between the
two kingdoms is approximately twice that separating
Saccharomyces cerevisiae and humans (Cox et al. 2008).
Using native gel electrophoresis analysis, previously shown
to report sRNP assembly accurately (Bleichert and Baserga
2010a), we have determined that all archaeal sRNPs tested
assemble into di-sRNPs. Mutagenesis experiments link the
conserved presence of the sRNA internal loop, which is
observed in all computationally predicted and experimen-
tally verified archaeal sRNAs, to di-sRNP assembly. Nega-
tive stain EM single-particle reconstructions of catalytically
active box C/D sRNPs from Ss, Pa, and Af reveal that they
are all di-sRNPs. Our results demonstrate that the dimeric
3D architecture of box C/D sRNPs is broadly conserved
across the archaeal domain.

RESULTS

One of the major differences between the reconstitutions that
yielded the divergent di- and mono-sRNP models (Fig. 1B)
was in the architecture of the sRNA component used to
assemble the sRNPs (Fig. 1A). In the EM reconstruction
that yielded the di-sRNP model, the sRNP was assembled

with a full-length, naturally occurring box C/D sRNA,
sR8, from the species M. jannaschii (Mj) and using the
core protein components from Mj (Bleichert et al. 2009).
In the X-ray crystallographic structure that yielded the
mono-sRNP model, the sRNP was assembled with CD45,
a two-stranded, artificially symmetric pair of oligonucle-
otides resembling a box C/D sRNA that lacks the loop
between boxes C9 and D9 (Lin et al. 2011), and with the core
protein components from S. solfataricus (Ss). Because the
three core proteins—Nop5, fibrillarin, and L7Ae from
four archaeal species (Mj, Ss, Pa, and Af)—commonly
used in box C/D sRNP structural and functional studies
are highly conserved (Fig. 1C), we hypothesized that ar-
chitectural differences in the sRNAs used for sRNP assembly
led to conflicting sRNP models derived from previous struc-
tural studies.

sRNPs from diverse archaeal species exhibit di-sRNP
mobility on native gels

We first tested whether the purified protein components
could be reconstituted with the sR8 sRNA, assaying sRNP
assembly using native gel electrophoresis followed by silver
staining as previously described (Fig. 1D; Bleichert et al.
2009). When the three box C/D core proteins from each
species tested—Ss, Pa, and Af—were assembled with the
sR8 RNA, a predominant RNP complex was formed (Fig.
1D, lanes 6,12,18). The Nop5/fibrillarin heterotetramer
and L7Ae did not associate with each other in the absence
of the sRNA, but L7Ae bound to sR8 in the absence of the
Nop5/fibrillarin heterotetramer (Fig. 1D, lanes 4,10,16).
These results are consistent with previous studies of box
C/D core proteins (Omer et al. 2000; Kuhn et al. 2002;
Aittaleb et al. 2003; Reichow et al. 2007). However, for the
Pa species, Nop5/fibrillarin did associate with the sRNA in
the absence of L7Ae (Fig. 1D, lane 11, *). This band runs
at the same mobility as a faint band in the Pa sRNP com-
plete assembly (Fig. 1D, lane 12, *). Because of this anomaly
in assembly, we interpret this band in the complete as-
sembly of the Pa sRNP as an Nop5/fibrillarin-sR8 com-
plex, and not a mono-sRNP. Therefore, a single discrete
architecture exists for box C/D sRNPs assembled with
a native sRNA, sR8.

Because our initial reconstitution results indicated that
discrete sRNPs could be assembled, we compared the rel-
ative mobilities of sRNPs from Ss, Pa, and Af via native gel
electrophoresis. The Mj box C/D core proteins assembled
with sR8 were used as a marker for di-sRNP assembly,
because they had been shown previously to assemble solely
into a di-sRNP with sR8 (Bleichert and Baserga 2010a). As
a control, we also examined the Ss species assembled with
the CD45 sRNA, which had been previously shown to
form two differently migrating species on native gels, the
faster-migrating band representing a mono-sRNP (Lin et al.
2011). We found that core proteins from each species

FIGURE 1. Box C/D sRNPs from four archaeal species migrate as di-
sRNPs on native gels. (A) Structural characteristics of a naturally
occurring box C/D sRNA, sR8, and a two-stranded box C/D sRNA
mimic, CD45. (Gray) Conserved C, C9, and D, D9 boxes. Naturally
occurring sRNAs such as sR8 exist as a single, continuous nucleotide
strand. The CD45 RNA resembles a box C/D sRNA, but exists as two
separate oligonucleotide strands instead of one continuous RNA
molecule and therefore lacks an internal loop. (B) Two conflicting
models for box C/D sRNP assembly. The core proteins are as follows:
fibrillarin (cyan), Nop5 (green), L7Ae (dark blue). The box C/D sRNA
is indicated by red dashed lines representing the two guide sequences
of each sRNA; sRNA orientation is left intentionally ambiguous. (C)
Sequence percent identity (and percent similarity) of box C/D core
proteins from three archaeal species as compared to the homologous
proteins from the Mj species. (D) Native gel electrophoresis of in
vitro–assembled RNP complexes from Ss, Pa, and Af. In the absence of
L7Ae, both Ss and Pa proteins Nop5 and fibrillarin bind to sR8,
creating several RNP species, one of which (*, lane 11) is present in
the assembly of the Pa sRNP (*, lane 12) and has the same mobility as
the mono-sRNP from Ss assembled with CD45 sRNA (E, lane 5). (E)
All tested archaeal box C/D sRNPs assembled with a naturally oc-
curring box C/D sRNA migrate as di-sRNPs as assayed by native gel
electrophoresis. (*) Pa Nop5-fibrillarin heterotetramer associating
with the sRNA in the absence of L7Ae (see D). Quantitations of the
relative intensity of di- and mono-sRNP sized bands are indicated.
(F) Methylation activity assays of assembled box C/D sRNPs show
that all tested archaeal sRNPs are catalytically active for site-specific
methylation.
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assembled with sR8 migrated similarly to the Mj di-sRNP
in native gels (Fig. 1E, lanes 1–4), with no band migrating
at the size of the mono-sRNP. Although the asterisked band
in the Pa assembly might be mistaken for a mono-sRNP
(Fig. 1E, lane 3, *), control experiments show that this band
instead represents the Pa Nop5-fibrillarin heterotetramer
interacting with sR8 in the absence of L7Ae (Fig. 1D, lane
11, *). Therefore, sRNPs from all archaeal species tested
predominantly formed di-sRNPs when assembled with
a naturally occurring sRNA, sR8. Conversely, when the Ss
box C/D core proteins were assembled with the CD45
sRNA, two distinct bands were observed (Fig. 1E, lane 5),
identical to the two species previously described in native
gels, where the faster-migrating band corresponds to the
mono-sRNP (Lin et al. 2011). The architecture of the
slower-migrating band in the CD45 assembly was not
previously elucidated (Lin et al. 2011), although it runs
with the mobility of a di-sRNP (Fig. 1E), suggesting that
complexes containing the CD45 sRNA can assemble into
both mono- and di-sRNPs. Importantly, we found that
the mono-sRNP species crystallized in the Lin et al. (2011)
study was not solely due to the presence of substrate RNA,
because no substrate was included in this reconstitution
reaction, yet the CD45 sRNA assembly yields a band that
migrates as a mono-sRNP (Fig. 1E, lane 5). Quantitation
and calculation of the ratio of the intensities of the di- and
mono-sRNP bands yielded exclusive di-sRNP formation
in the presence of the natural sR8 RNA.

The reconstituted box C/D sRNPs from each species
were enzymatically active for site-specific methylation in
vitro when assembled with the naturally occurring Mj sR8
RNA or the CD45 sRNA (Fig. 1F). A substrate RNA oligo-
nucleotide premethylated at the target nucleotide was used
as a negative control. Box C/D sRNPs from all four archaeal
species have been shown previously to have site-specific in
vitro methylation activity (Omer et al. 2002; Bortolin et al.
2003; Tran et al. 2003; Aittaleb et al. 2004).

The sRNA loop directs sRNP architecture

We tested whether the structural difference between the sR8
and CD45 sRNAs directly affected box C/D sRNP archi-
tecture. Using Mj sR8 as a control for di-sRNP formation
and CD45 as a control for the di- and mono- sRNP mixture,
we designed sRNA mutants to examine the importance of
the loop between boxes C9 and D9 (Fig. 2A). The ‘‘sR8 faux’’
sRNA mutant is identical to the sR8 sRNA, except the in-
ternal loop between boxes C9 and D9 was replaced with a
second terminal stem identical to the second terminal stem
of CD45. The ‘‘CD45 loop’’ mutant is identical in sequence
to the CD45 RNA, but instead of a second terminal stem, it
contains the 5-nt loop sequence found in sR8 and links the
sRNA into a single RNA strand.

Assaying sRNP reconstitution via native gel electropho-
resis followed by silver staining, we tested assembly of the

Ss and Mj proteins with all four sRNAs (Fig. 2B). Again,
assembly of core proteins from all archaeal species with sR8
yielded a predominant band migrating at the expected size
of a di-sRNP (Fig. 2B, lanes 1,5). In contrast, removing the
loop from sR8 resulted in two differently migrating species
corresponding to the mono- and di-sRNPs assembled with
the control CD45 RNA (Fig. 2B, cf. lanes 2,3 and 6,7).
However, mutating the second terminal stem of CD45 to
the 5-nt loop from sR8 resulted in a single migrating spe-
cies corresponding in size to the di-sRNP (Fig. 2B, lanes
4,8). Similar results were obtained with the proteins from
the Pa and Af archaeal species (data not shown). Although
a smear present in lanes 1 and 5 of Figure 2B affected the
quantitated ratios of di-sRNP to mono-sRNP, the level of
mono-sRNP present in any experiment using an sRNA
containing a loop was negligible compared with the clear
mono- and di-sRNP mixed population seen with sR8 faux

FIGURE 2. The box C/D sRNA internal loop affects sRNP architec-
ture. (A) The naturally occurring Mj sR8 was mutagenized to contain
a stem instead of an internal loop (sR8 faux) but retains all other
sequences from the natural sR8 sRNA. The CD45 sRNA (Lin et al.
2011) was mutagenized to contain the internal loop from the Mj sR8
sRNA (CD45 loop). Sequences originating from sR8 (red); sequences
originating from CD45 (blue). (B) Native gel electrophoresis showing
sRNPs assembled as indicated using core proteins from Ss and Mj
with sRNAs from A. Quantitations of the relative intensity of di- and
mono-sRNP sized bands are indicated. (C) Activity assays show that
all assemblies from B are catalytically active for site-specific 29-
O-ribose methylation.
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and CD45 in lanes 2,3 and 6,7 of Figure 2B. This difference
in assembly efficiency of naturally occurring sRNAs has been
observed previously (Bleichert and Baserga 2010a). The clear
difference in the predominant archaeal sRNP architecture
when assembled with sRNAs with and without an internal
loop underscores the importance of the sRNA loop in
directing sRNP assembly architecture. Thus, the loop found
in naturally occurring sRNAs directs predominant, if not
exclusive, di-sRNP formation, because there is a one-to-
one correlation between the presence of an sRNA loop and
concomitant assembly into a di-sRNP.

The reconstituted sRNPs were assayed for enzymatic
activity without prior purification and were found to be
active in site-specific methyltransferase activity using the
substrate complementary to the D guide of each sRNA
(Fig. 2C).

The effect of sRNA loop size and sequence
on sRNP architecture

To further test the role of the sRNA loop in dictating di-
sRNP assembly, we investigated the consequences of varying
loop length. The secondary structure of a pre-microRNA
(pre-miRNA) is reminiscent of the structure of an sRNA;
the pre-miRNA exists as a hairpin containing a loop of
variable length (Fig. 3A). Because of these RNA structural
similarities, a recent study on Dcr-1, a Drosophila homo-
log of the pre-miRNA processing protein Dicer, presented
a putative mode of RNA binding discrimination by box
C/D proteins. Dcr-1 has been shown to recognize its sub-
strate pre-miRNA based on its RNA secondary structure
features (Tsutsumi et al. 2011). Tsutsumi et al. found that
Dcr-1 recognizes the single-stranded region created by the
variable-length loop of the pre-miRNA.

To test whether a similar loop recognition mechanism
affects box C/D sRNA assembly architecture, we mutated
the internal loop of the CD45 loop sRNA. In using the
CD45 loop sRNA as a template for mutagenesis, we sought
to avoid any sRNP architectural bias due to the robust di-
sRNP formation directed by sR8. Because archaeal sRNAs
from the four species in this study contain internal loops
ranging in length up to 12 nt, we designed seven CD45 loop
mutants, inserting an additional 1–6 nt of randomized se-
quence into the internal loop of the CD45 loop sRNA (Fig.
3B). These sRNAs were transcribed and assembled in vitro
with Ss proteins to assay for sRNP formation using native
gel electrophoresis followed by silver staining. We found
that sRNAs containing internal loops of sizes ranging from
5 nt (CD45 loop + 0) to 11 nt (CD45 loop + 6) yielded a
predominant RNP species that migrated similarly to the
sR8 di-sRNP control (Fig. 3C, cf. lanes 1–8 and 9), in clear
contrast to the CD45 sRNA-induced mono-sRNP complex
(Fig. 3C, lane 10). These results suggest that the internal loop
of the box C/D sRNA plays a critical role in the obligatory
formation of the di-sRNP structure.

Structural analysis of the Ss di-sRNP

The native gel analysis in Figure 1E strongly indicated that
the di-sRNP architecture is conserved to archaeal species
other than Mj (Bleichert et al. 2009). To directly verify
whether the box C/D di-sRNP 3D structure is conserved
across Archaea, we subjected the Ss sRNP to negative stain
single-particle EM analysis. To obtain a homogeneous sam-
ple suitable for single-particle analysis, the Ss core pro-
teins were assembled with Mj sR8 sRNA and the reaction

FIGURE 3. sRNAs with a wide variety of internal loops confer di-
sRNP assembly. (A) Hairpin stem–loops are a prevalent secondary
structure in at least two classes of small noncoding RNAs: pre-
microRNAs (pre-miRNAs) and box C/D s(no)RNAs. The exact number
and location of base pairs vary within each class of RNAs—these
diagrams are not to scale. (B) Secondary structures of CD45 loop
mutants. The internal loop from the CD45 loop sRNA was mutated
to include additional nucleotides of the randomized sequence. Box
C/D and C9/D9 sequences (gray); sequences originating from CD45
(blue); sequences originating from sR8 (red); randomized sequences
inserted in the internal loop (orange). The size of each loop in
relation to the 5-nt loop of CD45 is indicated (+1, +2, etc.). (C)
Assembly of Ss sRNPs with sRNAs bearing a wide variety of internal
loops. Each sRNA mutant was in vitro–transcribed and assembled
with Ss box C/D core proteins and assayed for di-sRNP formation by
native gel electrophoresis. sRNPs assembled with sR8 and CD45
sRNAs are included as markers for di- and mono-sRNP formation.
Quantitations of the relative intensity of di- and mono-sRNP sized
bands are indicated.
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mixture was purified over a glycerol gradient. Peak frac-
tions with fully assembled Ss sRNPs containing all three
core proteins as well as the sRNA comigrated in the same
peak fractions as previously described Mj di-sRNPs
(Bleichert et al. 2009; Bleichert and Baserga 2010a; data
not shown), confirming the initial analysis of particle size
obtained by native gel electrophoresis in Figure 1E.

Glycerol gradient purified peak fractions 9–11 of the Ss
sRNP were negatively stained and analyzed by single-
particle EM (Fig. 4A). Particles were of similar size and
shape as the Mj raw particles (Bleichert et al. 2009), con-
sistent with our biochemical classification of the Ss box C/D
sRNP as a di-sRNP. Ss sRNP particles were subjected to
reference-free two-dimensional (2D) classification (Fig. 4B,
experimental class averages) using the IMAGIC-5 image
processing package (van Heel et al. 1996). Additionally, the
particles were subjected to projection matching refinement
using a low-pass filtered Mj sRNP volume as the initial
model in the SPIDER image processing package (Penczek
et al. 1994; Frank et al. 1996). The Ss sRNP was refined to
a resolution of 26Å (0.5 Fourier Shell Correlation [FSC]
criterion) (Fig. 4C), and the reconstruction represented
a wide distribution of Euler angles, despite a slight pref-

erential orientation of the Ss sRNP on the EM support
grid (Fig. 4D). Surface rendered views and 2D reprojections
of the 3D reconstruction at different views were generated
and matched to the reference-free 2D class averages (Fig.
4B). The remarkable similarity between the reference-free 2D
class averages and calculated 2D reprojections indicates that
the reconstruction is in good agreement with the experi-
mental data.

The refined Ss box C/D sRNP has dimensions of 13.8 3

15.5 3 12.8 nm (Fig. 4E). Similar to the Mj sRNP re-
construction (Bleichert et al. 2009), the Ss sRNP volume
could accommodate four copies of each core protein,
consistent with our biochemical classification of the sRNP
as a dimeric enzyme (Fig. 4E). Atomic models of the Ss
core proteins (Ye et al. 2009) were fit manually into the
EM density map based on the Mj di-sRNP and compu-
tationally adjusted as rigid bodies using the program
Situs (Wriggers and Birmanns 2001). The resulting cross-
correlation value of 0.92 indicates a high confidence of the
crystal structure docking into our 3D model (Table 1).

Although the resolution of the Ss negative stain EM
structure was not sufficient for the sRNA molecules to be
localized, our results are consistent with the di-sRNP model

FIGURE 4. 3D single-particle EM reconstruction of the Ss box C/D di-sRNP. (A) Electron micrograph of negatively stained Ss box C/D sRNPs
from glycerol gradient peak fractions. (c) Examples of particles chosen for analysis. (B) Comparison of experimentally determined class averages
(Exp. C.A.) to 2D reprojections of the reconstructed 3D volume (2D Reproj.) and to surface renderings (Surf. Rend.) of the 3D volume. Scale bar,
10 nm. (C) Fourier shell correlation (FSC) curve of the reconstructed Ss box C/D sRNP EM volume. The resolution at 0.5 FSC is indicated. (D)
Distribution of the Euler angles assigned to particle images included in the 3D EM reconstruction of the Ss box C/D sRNP. Circle radii are
proportional to the number of images assigned to the particular Euler angles. (E) Isodensity of the 3D volume and docking of the crystal
structures of the Ss core proteins, L7Ae (dark blue), Nop5 (green), and fibrillarin (cyan), (PDB 3ID5) (Ye et al. 2009) into the isodensity map at
the 3s threshold. Scale bar, 10 nm.
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proposed in Bleichert et al. (2009). Previously, we hypoth-
esized that the sRNAs are oriented perpendicular to the
Nop5 coiled-coil domain interactions in the Mj di-sRNP
structure (Bleichert et al. 2009). This hypothesis was sup-
ported by RNase digestion experiments performed in the
same study. The architecture of the Ss box C/D sRNP,
based on docking of atomic structures, is similar to that
obtained with the Mj box C/D sRNP. We therefore hy-
pothesize that the sRNAs adopt an orientation perpen-
dicular to the Nop5 coiled-coil domains in the Ss di-sRNP
as well. Altogether, our results are consistent with a di-
meric architecture for the Ss box C/D sRNP, containing
four copies of each core protein and two copies of the
sRNA.

To investigate whether the di-sRNP volume could
accommodate the mono-sRNP crystal structure, we docked
unaltered coordinates from PDB 3PLA (Lin et al. 2011) and
PDB 3ID5 (Ye et al. 2009) into the Ss di-sRNP reconstruc-
tion, first manually aligning L7Ae to its corresponding
position from Figure 4E, and refining the docking using the
‘‘Fit in Map’’ Chimera command (Pettersen et al. 2004).
The 3ID5 docking displays a poor fit of the fibrillarin pro-
tein as well as the N terminus of Nop5. To obtain the high
correlation reported above for the docking of 3ID5, the
N terminus of Nop5 with fibrillarin was treated as a rigid
body separate from the remainder of the Nop5 protein,
similarly to what was performed for the Mj di-sRNP struc-
ture (Bleichert et al. 2009). Despite aligning the Ss mono-
sRNP, 3PLA (Lin et al. 2011), into the di-sRNP volume
using L7Ae as an anchor, the crystal coordinates showed
a poor fit into the EM density. Although it is possible the
poor fit of the mono-sRNP into the di-sRNP volume is due
to the conformational changes that occur upon substrate
binding, the location of the sRNAs through the center of
the EM volume is highly unlikely due to electrostatic re-
pulsion between the sRNA molecules. Movie files that dis-
play the docking based on Figure 4E, 3ID5 unaltered, and
3PLA unaltered can be found in Supplemental Movies 1–3.

Distant evolutionary conservation of the di-sRNP

Biochemical evidence that the dimeric box C/D sRNP ar-
chitecture was conserved across Archaea (Ghalei et al. 2010;

Xue et al. 2010) led us to test whether the 3D struc-
tural characteristics of the di-sRNP were also retained in
evolutionarily distant archaeal species (Ss is a crenarchaeote,
and Mj, Pa, and Af are euryarchaeotes). We subjected box
C/D sRNPs assembled from Pa and Af core proteins with
sR8 to glycerol gradient purification, followed by single-
particle negative stain EM analysis (Figs. 5, 6). Refined
reconstructions of the Pa and Af sRNPs reached final
resolutions of 25 and 26 Å, respectively (0.5 FSC criterion)
and displayed a wide distribution of Euler angles (Figs. 5C,D,
6C,D). Previously solved atomic models of core proteins
from each species were docked into the sRNP 3D volumes,
reaching cross-correlation values of 0.88 and 0.92 for Pa and
Af, respectively (Table 1). Pa and Af sRNP reconstructions
were both able to accommodate four copies of each core
protein, confirming the biochemical characterization of
these archaeal box C/D sRNPs as di-sRNPs (Figs. 5E, 6E).
Similar to the Ss sRNP reconstruction, docking the core
proteins into the Pa and Af sRNP volumes is consistent with
the di-sRNP model where the sRNAs run perpendicular to
the Nop5 coiled-coil axis. Conservation of the overall di-
sRNP 3D structure across distantly related archaeal species
argues that the dimeric structure of this enzyme has func-
tional and mechanistic implications.

Structural conservation of the di-sRNP suggests
functional importance

Because the overall architecture of the dimeric box C/D
sRNP was confirmed through our single-particle negative
stain EM analysis, we compared all four archaeal sRNP
reconstructions to determine how structurally related they
are to one another (Fig. 7). Rendering the threshold of each
reconstruction at 3s, we found that the Ss sRNP had the
largest volume and the Mj sRNP had the smallest volume
(Table 1). Taking into account the relative masses of the
core proteins from each species, we were surprised that
the sRNP with the smallest volume was not Af, because the
Af proteins have the smallest molecular weights of all spe-
cies tested. We attribute the differences in the 3s volume
to differences in staining techniques used in this study
compared with the Mj study (Bleichert et al. 2009). This
study used a deep-staining technique (Brenner and Horne

TABLE 1. Comparison of di-sRNPs from four archaeal species

Species

Predicted
M.W. of

di-sRNP (kDa)

Reconstructed
volume at

3s (Å3)

Cross-correlation
of protein
pdb fitting

Cross
correlation

with Ss

Cross
correlation

with Pa

Cross
correlation

with Af
Cross correlation

with Mj a

Sulfolobus solfataricus 370.8 7.61 3 105 0.92 1.000 — — —
Pyrococcus abyssi 368.4 6.55 3 105 0.88 0.949 1.000 — —
Archaeoglobus fulgidus 308.4 6.38 3 105 0.92 0.933 0.920 1.000 —
Methanococcus jannaschii 360.0 5.13 3 105 0.86 0.893 0.864 0.867 1.000

aBleichert et al. (2009).
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1959; Ohi et al. 2004), and the former Mj structural study
used the carbon-sandwiching method (Valentine et al.
1968; Leschziner et al. 2007), which likely caused minor
flattening of the Mj di-sRNP. This slight flattening is a
known consequence of the carbon-sandwiching method
(Kellenberger et al. 1982; Boisset et al. 1993; Frank 2006).
The flattening can be clearly seen when comparing the
side views of the reconstructed volumes from all four
archaeal species (Fig. 7B), where the Mj species has the
smallest thickness in the third dimension (9.2 nm compared
with 10.8 nm for Af, 12.8 nm for Ss, and 13.0 nm for Pa).

To assess the correlation among structures from each
species, we aligned each archaeal di-sRNP in the same
orientation using the Fit-Map-In-Map feature in Chimera
(Pettersen et al. 2004) with the Ss sRNP as an initial model.
The cross-correlation between structures was highest among
the three archaeal structures reconstructed in this study, but
high correlation among all four distantly related archaeal
box C/D sRNPs indicates that the 3D dimeric architecture is
broadly conserved across the archaeal domain (Table 1).
This high degree of similarity can be easily visualized when
comparing all species in aligned orientations (Fig. 7). The

overall conservation of the architecture of the di-sRNP
implies that the dimeric nature of the box C/D sRNP may
be important for enzymatic function in vivo, because phys-
iological sRNAs form predominantly the di-sRNP.

A structural feature that is perhaps more clear when
all species are aligned to one another is the apparent c2
(twofold, 180° rotational) pseudosymmetry within the
box C/D di-sRNP. In the original Mj di-sRNP random
conical tilt reconstruction, pseudosymmetry was observed
although no symmetry was imposed during refinement
(Bleichert et al. 2009). Likewise, no symmetry was im-
posed in the reconstructions of the 3D volumes in this
work. However, c2 pseudosymmetry was evident in each
of the archaeal species box C/D sRNP 3D reconstructions
when examined by eye. This axis lies directly through the
center of each sRNP when viewed from the front as in
Figure 7A.

To determine the robustness of this symmetry, we re-
constructed all three volumes de novo assuming c2 sym-
metry in EMAN2 (Ludtke et al. 1999). Briefly, reference-
free class averages were used as the basis for initial model
generation in EMAN2. The initial model with the best match

FIGURE 5. 3D single-particle EM reconstruction of the Pa box C/D di-sRNP. (A) Electron micrograph of negatively stained Pa box C/D sRNPs
from glycerol gradient peak fractions. (c) Examples of particles chosen for analysis. (B) Comparison of experimentally determined class averages
(Exp. C.A.) to 2D reprojections of the reconstructed 3D volume (2D Reproj.) and to surface renderings (Surf. Rend.) of the 3D volume. Scale bar,
10 nm. (C) FSC curve of the reconstructed Pa box C/D sRNP EM volume. The resolution at 0.5 FSC is indicated. (D) Distribution of the Euler
angles assigned to particle images included in the 3D EM reconstruction of the Pa box C/D sRNP. Circle radii are proportional to the number of
images assigned to the particular Euler angles. (E) Isodensity of the 3D volume and docking of the crystal structures of the Pa core proteins (PDB
3NMU) (Xue et al. 2010) into the isodensity map at the 3s threshold. Colors are as in Figure 4. Scale bar, 10 nm.
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between the reprojections and class averages was used as the
starting model for several rounds of projection-matching
refinement while enforcing c2 symmetry. The volumes re-
sulting from this reconstruction and refinement procedure
were nearly identical to the volumes obtained from the
asymmetric projection-matching reconstruction (data not
shown). It is important to note that these reconstructions
with symmetry imposed were performed using only the
raw particle images as input into the EMAN2 pipeline;
therefore, the resulting densities were reconstructed
completely independently from the Mj di-sRNP initial
model and the three asymmetric reconstructions reported
above.

DISCUSSION

In this study, we determined that the archaeal box C/D
sRNP relies on the conserved structural features of the sRNA
for assembly into a dimeric architecture. All box C/D sRNPs
tested from a broad range of distantly related archaeal species
assemble into catalytically active di-sRNPs when reconsti-
tuted with a naturally occurring sRNA, sR8 from Mj. The
internal loop that is omnipresent in archaeal box C/D

sRNAs directs formation of the di-sRNP as the predom-
inant species. Single-particle negative stain EM reconstruc-
tions of box C/D sRNPs from three evolutionarily distant
archaeal species demonstrate that the di-sRNP model based
on the Mj box C/D sRNP (Bleichert et al. 2009) represents

FIGURE 6. 3D single particle EM reconstruction of the Af box C/D di-sRNP. (A) Electron micrograph of negatively stained Af box C/D sRNPs
from glycerol gradient peak fractions. (c) Examples of particles chosen for analysis. (B) Comparison of experimentally determined class averages
(Exp. C.A.) to 2D reprojections of the reconstructed 3D volume (2D Reproj.) and to surface renderings (Surf. Rend.) of the 3D volume. Scale bar,
10 nm. (C) FSC curve of the reconstructed Af box C/D sRNP EM volume. The resolution at 0.5 FSC is indicated. (D) Distribution of the Euler
angles assigned to particle images included in the 3D EM reconstruction of the Af box C/D sRNP. Circle radii are proportional to the number of
images assigned to the particular Euler angles. (E) Isodensity of the 3D volume and docking of the crystal structures of the Af core proteins (PDB
1NT2) (Aittaleb et al. 2003), (1RLG) (Moore et al. 2004) into the isodensity map at the 3s threshold. Colors are as in Figure 4. Scale bar, 10 nm.

FIGURE 7. Distantly related archaeal box C/D sRNPs retain di-sRNP
3D architecture. Front (A) and side (B) views of aligned 3D EM
negative stain reconstructions from four species: (Ss) gray; (Pa)
yellow; (Af) blue; (Mj) purple. Ss, Pa, and Af are the three re-
constructions from this study; Mj is from Bleichert et al. (2009). All
reconstructions were set to 3s thresholds. A c2 pseudosymmetry axis
lies directly through the center of the front view (A) of each volume.
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a 3D sRNP architecture that is conserved across the ar-
chaeal domain in both Crenarchaeota (Ss) and Euryarch-
aeota (Mj, Pa, and Af) kingdoms.

Di-sRNPs are the primary architecture obtained when
a naturally occurring, loop-containing sRNA is used for
reconstitution. Although the quantitation in Figures 1–3
indicates variability in the ratio of di- versus mono-sRNPs
from experiment to experiment and species to species, we
cannot be sure that the band intensity detected in the
mono-sRNP-migrating area is due to assembly of an actual
mono-sRNP. Indeed, no ribose methylation activity was
found associated with mono-sRNP sedimenting fractions
of glycerol gradients, implying that little mono-sRNP, if
any, is formed (Bleichert et al. 2009).

Limitations of single-particle negative stain
electron microscopy

While single-particle negative stain electron microscopy has
made possible the analysis of macromolecular structures
that may not be amenable to crystallography, the technique
has limitations as well. One of these limitations is resolu-
tion. At 23–27 Å, the resolution of the box C/D sRNP
reconstructions from four archaeal species is not sufficient
to localize the sR8 RNA. While we cannot visualize the
sRNAs, the sensitivity of the di-sRNP structure to RNase
implies that the sRNA is a primary structural determinant
(Bleichert et al. 2009). This result, together with the infor-
mation obtained through docking of the atomic models of
the core sRNP protein components, is consistent with the
previously proposed hypothesis that the sRNAs run perpen-
dicular to the Nop5–fibrillarin heterotetramer (Bleichert
et al. 2009). Innovations in automation (Lander et al. 2009;
Voss et al. 2009; Wiedenheft et al. 2011) and in camera
resolution (Bammes et al. 2012) in cryo-electron micros-
copy are both designed to permit resolution sufficient to
visualize the sR8 RNA. Localizing the sR8 RNA in future
studies will reveal how the core proteins discriminate between
di- and mono-sRNP conformations through the conserved
presence of the internal sRNA loop.

Internal sRNA loops are conserved and critical
for di-sRNP formation

A significant finding in this study is that the internal loop
of the box C/D sRNA is a primary determinant of box C/D
sRNP architecture. The conserved presence of the box C/D
sRNA internal loop throughout predicted archaeal sRNAs
suggests that the loop is important for assembly of functional
box C/D sRNPs in vivo. Indeed, the presence of these loops
is used as a computational parameter to detect the presence
of sRNAs in newly sequenced archaeal genomes (Lowe and
Eddy 1999; Omer et al. 2000).

Internal loops of varying lengths are a prevalent RNA
motif found in nature (Batey et al. 1999; Moore 1999).

Tetraloops are highly represented in noncoding cellular
RNAs, accounting for z55% of all hairpin loops in bacterial
and archaeal 16S rRNAs (Woese et al. 1990). The next most
prevalent loop size in 16S rRNAs is 5 nt, comprising 13% of
all 16S hairpin loops (Woese et al. 1990). A similar pattern
exists for the large subunit rRNA, where 4-nt and 5-nt loops
occupy 38% and 24%, respectively, of the total hairpin
secondary structures (Gutell and Fox 1988). Interestingly,
predicted sRNAs from all four species examined in this
study (Mj, Ss, Pa, and Af) contain loops of up to 12 nt
(Omer et al. 2000). While the sequence of the box C/D
sRNA internal loop is quite variable, the absence of loops
with lengths >12 nt suggests that internal loop length is
constrained in archaeal box C/D sRNAs.

Loops are a general RNA secondary structure feature
important for tertiary interactions and RNP function. One
example, which provided the rationale for the experiments
in Figure 3, is how the two paralogs of the pre-miRNA
processing protein Dicer distinguish between their closely
related RNA substrates through the presence or absence of
a loop (Lee et al. 2004; Tsutsumi et al. 2011). Similarly,
the length and sequence of the GNRA tetraloop of the
yeast mitochondrial ai5g group II intron are critical for
forming tertiary sequence-specific interactions (Abramovitz
and Pyle 1997; Costa and Michel 1997). Likewise, the con-
served internal loop of archaeal box C/D sRNAs imposes,
through a mechanism not yet understood, a dimeric assem-
bly of the in vitro–assembled box C/D sRNP.

Controversies in box C/D sRNP architecture

Two models have been proposed for the architecture of
catalytically active archaeal box C/D sRNPs: a mono-sRNP
(Lin et al. 2011) and a di-sRNP (Bleichert et al. 2009;
Bleichert and Baserga 2010a; Xue et al. 2010; this study).
The mono-sRNP consists of two copies of each of the three
core proteins and one sRNA, while the di-sRNP consists of
four copies of each of the three proteins and two sRNAs.
Importantly, the two models differ in the directionality of
the sRNA with respect to the Nop5/fibrillarin heterotetramer
(Fig. 1B). The sRNA in the mono-sRNP runs roughly
parallel to the Nop5/fibrillarin heterotetramer, while the
sRNA in the di-sRNP is perpendicular. In the presence of
an sRNA with an internal loop, the di-sRNP is the pre-
dominant species assembled. If, instead, a two-stranded
sRNA is used (CD45), a mixture of mono- and di-sRNPs
is formed. Interestingly, a predominant species with the
mobility of the mono-sRNP is also observed in glycerol
gradients when an sR8 RNA that is mutated in any of the
conserved boxes (C, D, C9, D9) or when half-mer sRNAs
are used for assembly (Bleichert and Baserga 2010a).
However, archaeal sRNPs containing sRNAs with mutated
or absent conserved boxes have reduced in vitro methylation
activity (Tran et al. 2003). Although box C/D s(no)RNAs
tolerate weak or atypical C9 or D9 boxes, especially in
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eukaryotes (Knox et al. 2011; van Nues et al. 2011), it is
unknown how variant sRNAs function in vivo in Archaea.
Taken together, reconstitution of box C/D sRNPs with any
noncanonical sRNA (two-stranded, mutated in or lacking
conserved sequences) causes substantial mono-sRNP as-
sembly, revealing that the mono-sRNP is most often ob-
tained following reconstitution with an atypical box C/D
sRNA.

The mono-sRNP reconstitution that was crystallized
included the substrate RNA and demonstrated positioning
of the methylation enzyme, fibrillarin, to the targeted nucle-
otide (Lin et al. 2011). Surprisingly, no methyl group was
detectable on either the substrate RNA or on the cofactor,
suggesting that fibrillarin can be positioned in the absence
of chemistry. In other crystal structures, the methyl-group-
containing cofactor, S-adenosyl methionine (SAM), was
observed complexed with fibrillarin, even though it was not
added to the purification or crystallization buffers (Aittaleb
et al. 2003; Oruganti et al. 2007; Ye et al. 2009; Xue et al.
2010). Because tracer experiments with 3H SAM indicated
methyl group incorporation into the mono-sRNP, inter-
preted as fibrillarin enzymatic activity, the absence of the
methyl group on the substrate RNA in the crystal structure
was unexpected.

Large hinge motions of fibrillarin to position its active
site for catalysis have been anticipated since the first cocrystal
structures of Nop5–fibrillarin (Aittaleb et al. 2003; Oruganti
et al. 2007; Bleichert et al. 2009; Ye et al. 2009; Xue et al.
2010). As expected, such conformational changes were also
detected in the context of the mono-sRNP (Lin et al. 2011).
However, since the conformational change is dependent on
the position of the guide and substrate RNAs, it is likely that
the movement of fibrillarin will be different in the context of
the di-sRNP. Thus, the structural basis of site-specific ribose
methylation by box C/D dimeric sRNPs is liable to be distinct
from that of mono-sRNPs.

Why a di-sRNP?

Our results demonstrate that the di-sRNP model represents
the predominant architecture when box C/D sRNPs are
assembled with naturally occurring box C/D sRNAs. How-
ever, a remaining question is whether the di-sRNP architec-
ture is biologically important. The four archaeal species
tested so far are all hyperthermophilic organisms. At high
temperatures, the di-sRNP architecture may confer greater
structural stability. In addition, the presence of two sRNAs
in a di-sRNP creates the possibility of up to four guide se-
quences assembled in one sRNP. This scenario gives a po-
tential kinetic advantage in the process of ribosome bio-
genesis. A di-sRNP with two different sRNAs could bring
together distal regions of the rRNA, facilitating long-range
interactions in these long substrate RNAs. Although two
different sRNAs assembled into a single sRNP is a possibility,
this arrangement may also require a higher degree of cel-

lular regulation in order to direct correct incorporation of
different sRNAs into a single sRNP (Bleichert and Baserga
2010b).

Future structural studies at higher resolution are needed
to explore the nature of di-sRNP function in the context of
a natural, full-length sRNA. In addition, little is known
about box C/D sRNP composition in vivo in Archaea.
These avenues of investigation will give further insight into
the vital role of the box C/D sRNP in making fully func-
tional ribosomes.

MATERIALS AND METHODS

Protein expression and purification

Full-length L7Ae from S. solfataricus, P. abyssi, and A. fulgidus
were cloned into pET28a (Novagen), resulting in 6xHis-tagged
fusion proteins with a thrombin cleavage site at the N terminus.
L7Ae proteins were expressed and purified as in Bleichert et al.
(2009).

Nop5 (Ss amino acid residues 1–380 [full-length 412 amino
acids], Pa amino acid residues 1–373 [full-length 404 amino acids],
and full-length Af) and full-length fibrillarin from Ss, Pa, and Af
were cloned into pET21a and pET28a (Novagen), respectively, after
adding appropriate restriction sites during PCR amplification. Both
proteins from each species were coexpressed and purified as in
Bleichert et al. (2009), with the addition of S200 size-exclusion
chromatography as a final purification step.

In vitro transcription and assembly of sRNPs

The CD45 and sR8 faux sRNA oligoribonucleotides were chem-
ically synthesized (Dharmacon). All of the other sRNA genes were
cloned into the pCR4-TOPO vector (Invitrogen), adding a 59 T7
polymerase promoter sequence, and were in vitro–transcribed as
in Bleichert et al. (2009). Oligonucleotide sequences used for
cloning and amplification can be found in Supplemental Table 1.
All sRNPs were assembled as in Bleichert et al. (2009).

Native gel analysis of sRNPs

Ten microliters of assembled box C/D sRNPs was loaded onto
native polyacrylamide gels (6% polyacrylamide, 375 mM Trizma-
base at pH 8.8, 1.5 mM MgCl2) and resolved by electrophoresis in
a buffer containing 25 mM Tris-glycine (pH 8.3) and 1.5 mM
MgCl2 for 3–4 h at 4°C. The gels were stained with ethidium
bromide to visualize the sRNA followed by silver staining to visu-
alize the proteins.

Glycerol gradient centrifugation

Assembled sRNPs were purified on 10%–25% glycerol gradients
and analyzed as in Bleichert et al. (2009).

In vitro methylation activity assays

Methylation activity assays were performed similarly to Tran et al.
(2003), Gagnon et al. (2006), and Bleichert et al. (2009). Sixty
microliters of unpurified sRNP assembly reaction was mixed with
15 mL of reaction mix to a final concentration of 20 mM HEPES
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(pH 7.5), 500 mM NaCl, 10% glycerol, 1.5 mM MgCl2, 9 mM
substrate RNA, 27 mM S-adenosyl-L-methionine (SAM), and
0.795 mCi/mL S-adenosyl-L-[methyl-3H]-methionine (3H-SAM)
(PerkinElmer). Reactions were incubated for 30 min at 70°C,
then 25-mL aliquots were spotted in triplicate onto a double layer
of Whatman 3MM and DE83 filters. Filters were washed once
with 5 mL of 10% TCA, three times with 5 mL of 5% TCA, and
three times with 5 mL of 100% ethanol. Filters were dried, and
the incorporation of tritiated methyl groups into substrate RNAs
was quantified by liquid scintillation counting. Sequences for
substrate RNAs as well as negative controls can be found in
Supplemental Table 1.

Electron microscopy and single-particle analysis

Preparation of EM grids and data collection

Archaeal sRNPs purified from peak fractions of glycerol gradients
were buffer-exchanged into buffer E (20 mM HEPES at pH 7.5,
500 mM NaCl, 1.5 mM MgCl2, 6% trehalose) to remove glycerol.
Four microliters of sample was applied to a glow-discharged C-flat
holey carbon grid (Electron Microscopy Sciences) with a layer of
thin film carbon for support. After adsorption for 1 min, samples
were negatively stained with 2% uranyl formate, gently blotted to
remove excess stain, and allowed to air-dry.

Specimens were examined using an FEI Tecnai T12 electron
microscope equipped with a LaB6 filament and operated at 120
kV. Images were recorded at a nominal magnification of 42,0003

using a GATAN Ultra4000 4k 3 4k CCD camera using low-dose
conditions with an exposure dose of 20–30 e� Å�2. The defocus
range for all species examined was �0.6 to �1.1 mm. The CCD-
recorded micrographs had a pixel size of 2.7Å and were used
directly for image processing.

Image processing and volume reconstruction

Particles of 128 3 128 square pixels were picked manually using
the boxer program in the EMAN suite (Ludtke et al. 1999),
normalized, band-pass filtered, and centered in preparation for
classification. The total number of particles used in each re-
construction varied: Ss had 6149, Pa had 9248, and Af had 6336.
The IMAGIC-5 (van Heel et al. 1996) image processing package
was used for reference-free two-dimensional alignment and
classification through several iterations of multivariate statistical
analysis and multireference alignment for each species to generate
100 classes (60–90 particles per class). The Mj box C/D sRNP
reconstruction (Bleichert et al. 2009) was low-pass filtered to 120
Å. This volume served as the initial model for projection matching
refinement (Penczek et al. 1994) using the program SPIDER
(Frank et al. 1996) to obtain the refined structure of the Ss box
C/D sRNP. The Ss volume was low-pass filtered to 50 Å and used
as an initial model for projection matching refinement of the Pa
and Af single-particle data. No symmetry was imposed at any stage
of the reconstruction.

Visual inspection of reference-free class averages and asym-
metric reconstructions suggested that all three species displayed
c2, or possibly even d2, symmetry. The EMAN2 (Ludtke et al.
1999) pipeline was used to create independent reference-free class
averages and generate initial models assuming either c2 or d2
symmetry from these class averages. Reprojections of the initial
models with c2 symmetry imposed matched more closely to the

experimental class averages than reprojections of those with d2
symmetry imposed (data not shown); consequently, c2 symmetry
was enforced during the subsequent projection matching refinement
procedure for all species using their respective c2 symmetrized
initial models. The final symmetrical reconstructions of Ss, Pa,
and Af sRNPs had estimated resolutions of 26, 23, and 27 Å,
respectively (0.5 FSC criterion) (data not shown).

Docking of atomic models into the 3D EM density map

The docking of corresponding species’ atomic models was first
done by visual inspection and manual docking of either individual
proteins or cocomplexes as rigid bodies using Chimera (Pettersen
et al. 2004). Crystal structures (3ID5 [Ye et al. 2009] into Ss,
3NMU [Xue et al. 2010] into Pa, 1RLG [Moore et al. 2004] and
1NT2 [Aittaleb et al. 2003] into Af) were placed in analogous
locations to the protein fitting of Bleichert et al. (2009) and guided
by the Fit-Model-In-Map function in Chimera. To minimize steric
interference and to maximize correlation, simultaneous multi-
fragment refinement of manual docking was performed with the
Collage program within Situs 2.6 (Wriggers and Birmanns 2001).
The 3D volumes were displayed using the UCSF-Chimera software
package (Pettersen et al. 2004).

DATA DEPOSITION

The 3D EM volumes from this study have been deposited into the
EMDataBank (http://www.emdatabank.org) and are available un-
der accession numbers EMD-5419, EMD-5420, and EMD-5421.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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