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Summary

In eukaryotes, many Box C/D small nucleolar RNAs
base pair with ribosomal RNA through short comple-
mentary guide sequences, thereby marking up to 100
individual nucleotides of ribosomal RNA for 2'-O-
methylation [1-3]. Function of the eukaryotic Box C/D
RNAs depends upon interaction with at least six known
proteins [4-10]. Box C/D RNAs are not known to exist
in Bacteria but were recently identified in Archaea by
biochemical analysis and computational genomic
screens [11, 12] and have likely evolved independently
in Archaea and Eukarya for more than 2000 million
years [13-15]. We have microinjected Box C/D RNAs
from Pyrococcus furiosus, a hyperthermophilic arch-
aeon, into the nuclei of oocytes from the aquatic frog
Xenopus laevis. Our results show that Box C/D RNAs
derived from this prokaryote are retained in the nu-
cleus, localize to nucleoli, and interact with the X.
laevis Box C/D RNA binding proteins fibrillarin, Nop56,
and Nop58. Furthermore, we have demonstrated the
ability of archaeal Box C/D RNAs to direct site-specific
2'-O-methylation of ribosomal RNA. Our studies have
revealed the remarkable ability of archaeal Box C/D
RNAs to assemble into functional RNA-protein com-
plexes in the eukaryotic nucleus.

Results and Discussion

The numerous Box C/D RNAs that guide modification
of rRNA in eukaryotic cells are characterized by two
very short conserved sequence elements, Box C
(UGAUGA) and Box D (CUGA), found near the 5’ and 3’
termini of the RNAs, respectively. Two additional ele-
ments, Box C’' (UGAUGA) and Box D’ (CUGA), are also
present within Box C/D guide RNAs but are usually less
highly conserved [16]. Box C/D RNAs base pair with
rBNA via complementary guide sequences (10 to 21
nucleotides in length) found immediately upstream of
Box D (or Box D’). Interaction of a Box C/D RNA with
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rRNA results in 2'-O-methylation of the rRNA at the
base-paired position five nucleotides upstream of Box
D (or D’) [2, 17]. The eukaryotic Box C/D RNAs function
as ribonucleoprotein (RNP) complexes. At least four pro-
teins are core components of the RNPs: fibrillarin (the
likely methyltransferase [18, 19]), Nop56, Nop58, and
p15.5 kDa [4-6, 8, 9]. Two additional proteins, p50 and
p55, also interact with the RNAs and are required for
the stability and/or function of the RNAs [7, 10]. Box C
and Box D are required for interaction of the RNAs with
proteins and for the biogenesis, transport, and function
of the eukaryotic Box C/D RNAs [1, 17, 20, 21].

The discovery of homologous RNAs containing Box
C and Box D elements in at least six archaeal species
[11, 12] suggested the remarkable possibility that the
essential elements of the Box C/D RNAs had not di-
verged in Archaea and Eukarya over a vast period of
independent evolution. However, the minimal features
required for assembly of a functional Box C/D RNP in
eukaryotes have not yet been defined. The archaeal
Box C/D RNAs do not possess significant sequence
homology with eukaryotic Box C/D RNAs outside of
the Box C, C’, D, and D’ sequence elements [11, 12].
Moreover, the identified archaeal Box C/D RNAs are
more compact than eukaryotic Box C/D RNAs (e.g., on
average 56 nucleotides in P. furiosus versus 104 in Sac-
charomyces cerevisiae) [11, 22].

Analysis of the sequences of archaeal homologs of the
eukaryotic Box C/D RNA-associated proteins suggests
that the archaeal Box C/D RNAs interact with a simpler
set of proteins. For example, archaeal fibrillarin homo-
logs lack the glycine arginine-rich (GAR) domain that
is characteristic of fibrillarin in eukaryotes [18, 23, 24].
Moreover, five of the eukaryotic proteins, Nop56, Nop58,
p50, p55, and p15.5 kDa, appear to be products of gene
duplications that have occurred since the divergence of
Archaea and Eukarya [7, 20, 23]. For example, Nop56,
Nop58, and the spliceosomal protein Prp31 are related
eukaryotic proteins all represented by a single archaeal
homolog [23]. Thus, the six eukaryotic Box C/D RNA-
associated proteins are represented by just four homol-
ogous proteins in archaea [20]. All six of the eukaryotic
Box C/D RNA-associated proteins are essential [6, 10,
25, 26], indicating that the duplicated genes (paralogs)
have evolved to encode proteins with distinct and criti-
cal functions in eukaryotes. We were interested to know
whether the eukaryotic proteins would recognize arch-
aeal Box C/D RNAs.

In this work, we have tested the consequences of the
evolutionary distance and extant differences between
the Box C/D RNAs and associated proteins in Archaea
and Eukarya. We cloned the coding sequence of four
(of 52) Box C/D RNAs predicted to exist in P. furiosus:
sR2, sR3, sR29, and sR42 ([11] and equivalent to sR10,
25, 35, and 30, respectively, in [12]). We also confirmed
by RT-PCR analysis that the computationally predicted
P. furiosus sR2, sR3, sR29, and sR42 are expressed
RNAs (data not shown). In eukaryotes, Box C/D RNAs
are actively retained in the nucleus and function within
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Figure 1. Archaeal Box C/D RNAs Are Stable and Retained in the
Nucleus of Xenopus laevis Oocytes

In vitro transcribed, **P-labeled P. furiosus sR29 (A) and sR2 (B) and
coinjected X. laevis U3 Box C/D snoRNA and U1sm- snRNA present
in the nucleus (N) and cytoplasm (C) 1, 4, 8, and 24 hr after microin-
jection into X. laevis oocyte nuclei. Antisense (as) sR29 (A) and sR2
(B) RNA panels are from separate experiments. Marker lanes (M)
show RNAs prior to microinjection.

the nucleolus [21, 27] —structures that are not known to
exist in archaea. To test the fate of archaeal Box C/D
RNAs in a eukaryotic cell, radiolabeled RNAs were pro-
duced by in vitro transcription and microinjected into
nuclei of Xenopus laevis oocytes. The nuclei were dis-
sected from the oocytes at various times after microin-
jection, and the nucleocytoplasmic distribution of the
RNAs was determined (Figure 1). Remarkably, the four
archaeal RNAs were stable and retained in the nucleus
for up to 24 hr after microinjection (Figure 1, sR3 and
sR42 not shown). In contrast, antisense transcripts of
the archaeal RNAs were exported to the cytoplasm simi-
lar to spliceosomal U1Sm-snRNA (Figure 1). To deter-
mine whether the P. furiosus Box C/D RNAs localized
to nucleoli, we analyzed nuclear spreads prepared 1 hr
after microinjection of fluorescently labeled RNAs. The
archaeal RNAs were targeted specifically to the central,
dense fibrillar region of nucleoli in a pattern indistin-
guishable from eukaryotic snoRNAs (Figure 2, sR3 and
sR42 not shown, and [28]). Thus, the archaeal RNAs
were retained in the nucleus and targeted to nucleoli in
X. laevis oocytes.

In eukaryotes, Box C/D RNAs interact with fibrillarin,
Nop56, and Nop58 [4, 8, 9]. Fibrillarin shares structural
features with methyltransferases and is thought to cata-
lyze the 2'-O-ribose methylation of rRNA, guided by
the individual associated snoRNAs [5, 19]. Nop56 and
Nop58 are both required for rRNA modification, but the
precise roles of the proteins are not known [8, 9, 26].
We tested whether the archaeal RNAs interacted with
eukaryotic Nop56, Nop58, and fibrillarin by immunopre-
cipitation of the endogenous X. laevis proteins 24 hr after
microinjection of archaeal and control RNAs. Coinjected
eukaryotic Box C/D RNAs (U8 and/or U14) but not

Figure 2. Targeting of Pyrococcus furiosus Box C/D RNAs to Xeno-
pus laevis Oocyte Nucleoli

Nuclear spreads prepared 1 hr after microinjection of in vitro tran-
scribed, fluorescein-labeled RNAs (P. furiosus sR29 and sR2 and
X. laevis U3 Box C/D RNA) into oocyte nuclei were analyzed by
differential interference contrast (DIC) and fluorescence (FL) micros-
copy. An uninjected control (uninj) is also shown. A representative
nucleolus is indicated in each DIC panel (arrowhead). Other intra-
nuclear structures visible in the DIC panels include snurposomes
and Cajal (coiled) bodies. Localization of eukaryotic Box C/D RNAs
but not other cellular RNAs to the dense fibrillar region of nucleoli
was described previously [28].

spliceosomal snRNAs (U1 and U6) are associated with
each of the proteins (Figure 3). Interestingly, U3 RNA, a
Box C/D snoRNA involved in rRNA processing rather
than modification, was associated with fibrillarin and
Nop56 but not extensively with Nop58 (Figure 3). All four
of the P. furiosus Box C/D RNAs were coimmunoprecipi-
tated with endogenous X. laevis fibrillarin and both
Nop56 and Nop58 (Figure 3, sR3 and sR42 not shown).
Our results demonstrate that the endogenous eukaryo-
tic proteins, including both the Nop56 and Nop58 para-
logs, interact with the archaeal Box C/D RNAs.
Evidence suggests that the Box C/D RNAs also direct
2'-O-methylation of rRNA in archaea. Each archaeal
RNA is predicted to guide modification of 1 or 2 rRNA
sites that can be deduced from the internal complemen-
tary sequences using the “Box D + 5 nucleotide” rule
derived from studies in eukaryotes [2, 3, 11, 12]. The
total number of modifications, as well as the positions of
some specific sites that have been mapped in archaeal
species, are consistent with predictions based on the
identified archaeal Box C/D RNAs [11, 12]. In addition,
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Figure 3. Archaeal Box C/D RNAs Interact with Eukaryotic Proteins
Fibrillarin, Nop56, and Nop58

P. furiosus sR29 and sR2 were coinjected with Xenopus laevis Box
C/D RNAs U3, U8, and/or U14 and with spliceosomal snRNAs U1
and U6. The RNAs present in the nuclear extract prior to immunopre-
cipitation (20% of total, T), immunoprecipitated (P) with antibodies
against fibrillarin (A), Nop56 (B), or Nop58 (C) and remaining in the
supernatant (20% of supernatant, S) are shown.

the RNAs interact with the presumptive methyltransfer-
ase, fibrillarin, in archaea [11]. However, the lack of prac-
tical gene disruption and transformation systems in the
organisms in which the RNAs have been identified has
impeded demonstration of the function of the Box C/D
RNAs in archaea. We have tested the ability of the arch-
aeal RNAs to direct modification of rRNA in the X. laevis
oocyte. The guide sequences in the archaeal RNAs are
not complementary to X. laevis rRNA due to rRNA se-
quence divergence and the lack of conservation of sites
of rRNA 2'-O-methylation between Archaea and Eu-
karya. Therefore, we replaced the endogenous 10 and
11 nucleotide guide sequences of sR29 and sR2 with
sequences complementary to Xenopus laevis 28S rRNA
designed to direct 2’'-O-methylation of C3021 and
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Figure 4. Archaeal Box C/D RNAs Guide 2'-O-Ribose Methylation
of Xenopus laevis rRNA

The guide sequences upstream of Box D in sR29 and sR2 were
replaced with sequences complementary to X. laevis 28S rRNA to
generate sR29ng3021 (A) and sR2ng3018 (B), respectively. The pre-
dicted sites of Xenopus rRNA modification (paired with the base
five nucleotides upstream of Box D) are indicated (G3021 and A3018,
circled). Reverse transcriptase primer extension pause assays [22,
35] performed on nuclear RNA from oocytes following injection of
sR29ng3021, sR2ng3018, or no RNA (uninjected) are shown. Arrow-
heads indicate dNTP concentration-dependent pauses observed
(typically one nucleotide 3’ of the modified base [35]) specifically in
the presence of the archaeal RNAs. An endogenous rRNA modifica-
tion (asterisk) is detected in the absence and presence of the arch-
aeal RNAs. Adjacent lanes show reference sequence ladders pro-
duced with the primer utilized in the pause assays.

A3018, respectively. Injection of each new guide RNA
resulted in the appearance of a novel modification at
the targeted site of Xenopus 28S rRNA (Figure 4). The
results support the hypothesis that the Box C/D RNAs
guide 2'-O-methylation of RNA in archaea. Moreover,
our findings demonstrate that the archaeal Box C/D
RNAs can guide rRNA modification in the Xenopus
oocyte.

The results described here are a unique demonstra-
tion of the ability of a class of RNAs to be recognized, be
transported, and function in an organism from another
domain of life. The accurate nuclear retention and sub-
nuclear localization of RNAs from a prokaryote in a eu-
karyotic cell suggest that these processes are mediated
by elements that existed in common ancestral RNAs
prior to the divergence of Archaea and Eukarya and
development of the eukaryotic nucleus. Our findings
demonstrate that the RNA-protein interactions essential
for the transport and function of Box C/D RNAs have
not changed significantly since the divergence of Arch-
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aea and Eukarya. We propose that the remarkable rec-
ognition of archaeal RNAs by eukaryotic proteins re-
flects a limitation on divergence imposed by the
requirement for coevolution of the Box C/D proteins with
each of multiple individual RNAs.

Experimental Procedures

Synthesis of RNAs

Sequences of putative Box C/D RNAs were obtained from a compu-
tational search of the P. furiosus genome [11] and are available
at http://rna.wustl.edu/snoRNAdb/. Primers complementary to sR2,
sR3, sR29 and sR42 were used for RT-PCR from purified P. furiosus
total RNA (kindly provided by Gerti Schut, Dr. Amy Grunden, and
Dr. Michael Adams, University of Georgia). Primers were designed
to include sequences proposed to contribute to terminal stem struc-
tures [11] and exogenous T7 promoter sequences for in vitro tran-
scription (underlined): sR2-5' oligo, TAATACGACTCACTATAGGGG
GATGATGAGTTTTTCCC; sR2-3' oligo, GAGGTCAGTGCATCGGC
TCC; sR3-5' oligo, TAATACGACTCACTATAGGCGATGATGAATAG
CAAGCC; sR3-3' oligo, GGCTCAGGGGGTGTTCACCTC; sR29-5’'
oligo, TAATACGACTCACTATAGGGATTAGCGGATGATGTGCCTTGC;
sR29-3’ oligo, GAAAAGCGTCAGCTAATACCGAC; sR42-5' oligo,
TAATACGACTCACTATAGGGATAGCTTGATGATGAACTTCACGG;
sR42-3’ oligo, GAAAAAGGTAATCAGACGAGAGGG. RT-PCR prod-
ucts were subcloned into pCR2.1-TOPO (Invitrogen) and verified by
sequencing. The following primers were used to generate templates
for transcription of antisense RNAs (SP6 promoter sequences
underlined): as-sR2-5' oligo, ATTTAGGTGACACTATAGAGGTCAG
TGCATCGGCTCC; as-sR2-3’ oligo, GGGGGATGATGAGTTTTTCCC;
as-sR29-5' oligo, ATTTAGGTGACACTATAGAAAAGCGTCAGCTAA
TACCGAC; as-sR29-3' oligo, GGATTAGCGGATGATGTGCCTTGC.
In sR2ng3018 and sR29ng3021, the endogenous guide sequence
immediately 5’ of Box D in P. furiosus sR2 and sR29, respectively,
was replaced with sequence complementary to X. laevis 28S rRNA
by PCR using the 5§’ primers listed above with the following 3’
primers: sR2ng3018-3’, GGGGTCAGTTCTAGCGAAACTCATCAC
TAATCAGAGTG; sR29ng3021-3', GAAAAGCGTCAGTAGCGAAAC
CAATCATCACCTTTCAGGCTGG. PCR products were utilized as
templates for in vitro transcription. Templates for transcription of
other RNAs were generated as described previously [28, 29]. SP6 or
T7 RNA polymerase was used to produce m’ G-capped (or MepppG-
capped, U6 only) RNAs, which were either 32P labeled or fluorescein
labeled, as described previously [28, 29].

Analysis of RNA Stability, Nucleocytoplasmic Distribution,
Subnuclear Localization, and Protein Binding

in Xenopus laevis Oocytes

These analyses have been described in detail [28-31]. In brief, 1-3
fmol *2P- or fluorescein-labeled RNA was microinjected into nuclei
of Xenopus oocytes. At various time points, nuclei were manually
dissected from oocytes. Accuracy of microinjection and dissection
was monitored via coinjected blue dextran and control RNAs. For
stability and nucleocytoplasmic distribution analysis (Figure 1),
RNAs were extracted from nuclear and cytoplasmic fractions and
analyzed by gel electrophoresis and autoradiography as described
previously [29]. Intranuclear localization of RNAs (Figure 2) was
assessed in nuclear spreads prepared by manually removing the
nuclear membrane from a dissected nucleus and centrifuging the
nuclear contents onto a microscope slide [28, 32, 33]. Fluorescein-
labeled RNAs were visualized by fluorescence microscopy [28, 34].
Interaction of injected RNAs with endogenous Xenopus proteins
(Figure 3) was assayed by immunoprecipitation. Polyclonal antibod-
ies against X. laevis fibrillarin, Nop56, and Nop58 were generated
and verified in Western blots of oocyte cell extracts and recombinant
proteins and in immunoprecipitations of in vitro translated proteins
(data not shown) as well as by specific coimmunoprecipitation of
X. laevis Box C/D RNAs as shown in Figure 3. Immunoprecipitations
were performed with nuclear extract prepared from five nuclei 24
hr after injection and carried out in Ipp-100T for fibrillarin and in
Ipp-200T for Nop56 and Nop58, essentially as described previously
[28, 29, 31].

Primer Extension Pause Assays

Mapping of 2’'-O-methyl sites in X. laevis rRNA was based on pub-
lished protocols [22, 35]. In our experiments, RNA was recovered
from nine nuclei isolated 22 hr after microinjection of 3-5 fmol of
sR2ng3018 or sR29ng3021. The nuclear RNA was annealed with
32p 5’ end-labeled primer (0.15 pmol/pl) at 60°C for 4 min. Primer
extension was carried out at 42°C for 30 min at three dNTP concen-
trations (1.0, 0.1, and 0.004 mM). The oligo used for primer extension
and sequencing reactions was GCAGACTAGAGTCAAGCTCAA
CAGGG. All products were analyzed by electrophoresis on 8% poly-
acrylamide gels and autoradiography.

Acknowledgments

We are grateful to Michael Adams, Amy Grunden, and Gerti Schut
(University of Georgia) for discussions, guidance, and P. furiosus
RNA. We thank Michael Adams, John Avise, Claiborne V.C. Glover
lll, Richard Meagher (University of Georgia), Sean Carroll, James
Dahlberg, Elsebet Lund (University of Wisconsin), and John Logsdon
(Emory University) for critical reading of this manuscript. This work
was supported by grants from the National Institutes of Health and
the National Science Foundation to M.P.T. and R.M.T.

Received: November 12, 2001
Accepted: November 23, 2001
Published: February 5, 2002

References

1. Maxwell, E.S., and Fournier, M.J. (1995). The small nucleolar
RNAs. Annu. Rev. Biochem. 35, 897-933.

2. Kiss-Laszlo, Z., Henry, Y., Bachellerie, J.P., Caizergues-Ferrer,
M., and Kiss, T. (1996). Site-specific ribose methylation of preri-
bosomal RNA: a novel function for small nucleolar RNAs. Cell
85, 1077-1088.

3. Nicoloso, M., Qu, L.H., Michot, B., and Bachellerie, J.P. (1996).
Intron-encoded, antisense small nucleolar RNAs: the character-
ization of nine novel species points to their direct role as guides
for the 2’-O-ribose methylation of rRNAs. J. Mol. Biol. 260,
178-195.

4. Schimmang, T., Tollervey, D., Kern, H., Frank, R., and Hurt, E.
(1989). A yeast nucleolar protein related to mammalian fibrillarin
is associated with small nucleolar RNA and is essential for viabil-
ity. EMBO J. 8, 4015-4024.

5. Tollervey, D., Lehtonen, H., Jansen, R., Kern, H., and Hurt, E.C.
(1993). Temperature-sensitive mutations demonstrate roles for
yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation,
and ribosome assembly. Cell 72, 443-457.

6. Watkins, N.J., Segault, V., Charpentier, B., Nottrott, S., Fabrizio,
P., Bachi, A., Wilm, M., Roshbach, M., Branlant, C., and Luhr-
mann, R. (2000). Acommon core RNP structure shared between
the small nucleolar Box C/D RNPs and the spliceosomal U4
snRNP. Cell 103, 457-466.

7. Newman, D.R., Kuhn, J.F., Shanab, G.M., and Maxwell, E.S.
(2000). Box C/D snoRNA-associated proteins: two pairs of evo-
lutionarily ancient proteins and possible links to replication and
transcription. RNA 6, 861-879.

8. Lafontaine, D.L.J., and Tollervey, D. (1999). Nop58p is acommon
component of the box C+D snoRNPs that is required for
snoRNA stability. RNA 5, 455-467.

9. Lafontaine, D.L., and Tollervey, D. (2000). Synthesis and assem-
bly of the box C+D small nucleolar RNPs. Mol. Cell. Biol. 20,
2650-2659.

10. King, T.H., Decatur, W.A., Bertrand, E., Maxwell, E.S., and Four-
nier, M.J. (2001). A well-connected and conserved nucleoplas-
mic helicase is required for production of box C/D and H/ACA
snoRNAs and localization of snoRNP proteins. Mol. Cell. Biol.
21, 7731-7746.

11. Omer, A.D., Lowe, T.M., Russell, A.G., Ebhardt, H., Eddy, S.R.,
and Dennis, P.P. (2000). Homologs of small nucleolar RNAs in
Archaea. Science 288, 517-522.

12. Gaspin, C., Cavalille, J., Erauso, G., and Bachellerie, J.P. (2000).
Archaeal homologs of eukaryotic methylation guide small nucle-



Brief Communication

203

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

olar RNAs: lessons from the Pyrococcus genomes. J. Mol. Biol.
297, 895-906.

Fox, G.E., Stackebrandt, E., Hespell, R.B., Gibson, J., Maniloff,
J., Dyer, T.A., Wolfe, R.S., Balch, W.E., Tanner, R.S., Magrum,
L.J., et al. (1980). The phylogeny of prokaryotes. Science 209,
457-463.

Runnegar, B. (1994). Proterozoic eukaryotes: Evidence from
biology and geology. In Early Life on Earth, Volume Nobel Sym-
posium 84, S. Bengtson, ed. (New York: Columbia U.P.), pp.
287-297.

Schopf, J.W. (1998). Tracing the roots of the Universal Tree of
Life. In The molecular origins of life: assembling pieces of the
puzzle, Volume 8, A. Brack, ed. (Cambridge: Cambridge Univer-
sity Press), pp. 337-362.

Kiss-Laszlo, Z., Henry, Y., and Kiss, T. (1998). Sequence and
structural elements of methylation guide snoRNAs essential for
site-specific ribose methylation of pre-rRNA. EMBO J. 17,
797-807.

Bachellerie, J.-P., and Cavaille, J. (1998). Small nucleolar RNAs
guide the ribose methylations of eukaryotic rRNAs. In Modifica-
tion and Editing of RNA, H. Grosjean and B. Benne, eds. (Wash-
ington, D.C.: ASM Press), pp. 255-272.

Wang, H., Boisvert, D., Kim, K.K., Kim, R., and Kim, S.H. (2000).
Crystal structure of a fibrillarin homologue from Methanococcus
jannaschii, a hyperthermophile, at 1.6 A resolution. EMBO J.
19, 317-323.

Niewmierzycka, A., and Clarke, S. (1999). S-Adenosylmethio-
nine-dependent methylation in Saccharomyces cerevisiae.
Identification of a novel protein arginine methyltransferase. J.
Biol. Chem. 274, 814-824.

Terns, M.P., and Terns, R.M. (2002). Small nucleolar RNAs: Ver-
satile trans-acting molecules of ancient evolutionary origin.
Gene Expr., in press.

Tollervey, D., and Kiss, T. (1997). Function and synthesis of
small nucleolar RNAs. Curr. Opin. Cell Biol. 9, 337-342.

Lowe, T.M., and Eddy, S.R. (1999). A computational screen for
methylation guide snoRNAs in yeast. Science 283, 1168-1171.
Hickey, A.J., Macario, A.J., and Conway de Macario, E. (2000).
Identification of genes in the genome of the archaeon Methano-
sarcina magzeii that code for homologs of nuclear eukaryotic
molecules involved in RNA processing. Gene 253, 77-85.
Amiri, K.A. (1994). Fibrillarin-like proteins occur in the domain
Archaea. J. Bacteriol. 176, 2124-2127.

Tollervey, D., Lehtonen, H., Carmo-Fonseca, M., and Hurt, E.C.
(1991). The small nucleolar RNP protein NOP1 (fibrillarin) is re-
quired for pre-rRNA processing in yeast. EMBO J. 710, 573-583.
Gautier, T., Berges, T., Tollervey, D., and Hurt, E. (1997). Nucleo-
lar KKE/D repeat proteins Nop56p and Nop58p interact with
Nop1p and are required for ribosome biogenesis. Mol. Cell. Biol.
17, 7088-7098.

Terns, M.P., and Dahlberg, J.E. (1994). Retention and 5’ cap
trimethylation of U3 snRNA in the nucleus. Science 264,
959-961.

Narayanan, A., Speckmann, W., Terns, R., and Terns, M. (1999).
Role of the box C/D motif in the localization of small nucleolar
RNAs to nucleoli and coiled bodies. Mol. Biol. Cell 70, 2131-
2147.

Speckmann, W., Narayanan, A., Terns, R., and Terns, M.P.
(1999). Nuclear retention elements of U3 small nucleolar RNA.
Mol. Cell. Biol. 19, 8412-8421.

Terns, M.P., and Goldfarb, D.S. (1998). Nuclear transport of
RNAs in microinjected Xenopus oocytes. Methods Cell Biol. 53,
559-589.

Lukowiak, A.A., Granneman, S., Mattox, S.A., Speckmann, W.A.,
Jones, K., Pluk, H., Venrooij, W.J., Terns, R.M., and Terns, M.P.
(2000). Interaction of the U3-55k protein with U3 snoRNA is
mediated by the box B/C motif of U3 and the WD repeats of
U3-55k. Nucleic Acids Res. 28, 3462-3471.

Gall, J.G., Murphy, C., Callan, H.G., and Wu, Z.A. (1991). Lamp-
brush chromosomes. Methods Cell Biol. 36, 149-166.

Wu, C.H., Murphy, C., and Gall, J.G. (1996). The Sm binding
site targets U7 snRNA to coiled bodies (spheres) of amphibian
oocytes. RNA 2, 811-823.

Narayanan, A., Lukowiak, A., Jady, B.E., Dragon, F., Kiss, T.,

35.

Terns, R.M., and Terns, M.P. (1999). Nucleolar localization sig-
nals of box H/ACA small nucleolar RNAs. EMBO J. 18, 5120-
5130.

Maden, B.E., Corbett, M.E., Heeney, P.A., Pugh, K., and Ajuh,
P.M. (1995). Classical and novel approaches to the detection
and localization of the numerous modified nucleotides in eukar-
yotic ribosomal RNA. Biochimie 77, 22-29.



