
ABSTRACT 

 

TRAN, ELIZABETH JANE.  Structure and Function of the Archaeal Box C/D 

Ribonucleoprotein Complex.  (Under the direction of E. Stuart Maxwell.) 

   

Box C/D ribonucleoprotein complexes (RNPs) are evolutionarily ancient nucleotide modification 

machines found in both Eukarya and Archaea.  The box C/D RNAs are essential for ribosome 

biogenesis and primarily function by guiding 2’-O-methylation of ribosomal RNA (rRNA).  The 

site of modification is determined by base-pairing between the target RNA and the box C/D RNA 

through a region of complementarity.  The box C/D RNAs possess terminal box C/D and internal 

C'/D' motifs that fold to form K-turn RNA elements.  In eukaryotes, the box C/D RNAs associate 

with a common set of four core proteins to form an RNP.  The core proteins, 15.5kD, Nop56p, 

Nop58p and Fibrillarin, are differentially distributed on eukaryotic box C/D RNAs to form an 

asymmetric RNPs. 

 

We have characterized the structure and function of the archaeal box C/D RNP using 

Methanocaldococcus jannaschii sR8 RNP as a model box C/D complex.  Archaeal genomes 

contain genes for a Fibrillarin homolog and a single homolog for both Nop56p and Nop58p 

termed Nop56/58p.  Our initial investigations identified ribosomal protein L7 as the archaeal 

homolog of the eukaryotic 15.5kD protein.  Strikingly, L7 has a dual role as a component of both 

the ribosome and the box C/D RNP.  A methylation-competent sR8 RNP was assembled in vitro 

using the three recombinant M. jannaschii box C/D RNA core proteins.  This reconstituted 

complex is symmetric with respect to core protein binding and guides nucleotide modification 

from both the box C/D and C'/D' RNPs.  Additionally, efficient RNA 2'-O-methylation requires 

juxtaposed box C/D and C'/D' motifs on the same box C/D RNP complex.  Finally, the 

identification of box C/D RNPs in both Archaea and Eukarya led us to question the evolutionary 

origins of these ancient modification complexes.  Based on the demonstration of a common RNP 

element (L7: K-turn motif) in both the archaeal large ribosomal subunit and the box C/D RNP 



complex, we propose that the trans-acting nucleotide modification machines evolved elements in 

the primitive translational apparatus. 
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LITERATURE REVIEW 

 

Ribosomes are ubiquitous translational machines that are essential for cell growth and maintenance.  

Ribosome biogenesis is an active process involving the transcription of precursor RNA molecules, 

cleavage of the pre-ribosomal RNA (pre-rRNA), modification of nucleotides, and assembly with 

ribosomal proteins [1-3].  Active cell growth requires maintaining ribosome numbers at an operational 

level and thus requiring a large input of cellular resources for any given cell.  For example, an actively 

growing human cell may require up to 1 million ribosomes, synthesizing approximately 7500 subunits 

per minute [4].  Synthesis of such large numbers of ribosomes requires that the steps in ribosome 

biogenesis be highly orchestrated. 

 

I.  Eukaryotic Ribosome Biosynthesis 

  A.

 

  B. 

 

 

Figure 1.  Schematic representation of the rRNA primary transcript (adapted from [3]).  A)  
Mouse rRNA primary transcript contains the 18S, 5.8S and 28S precursor molecules.  Numbers 
indicate specific pre-rRNA cleavage sites.  B)  The yeast primary transcript contains the 18S, 5.8S, and 
25S precursor molecules.  Letters denote cleavage sites for the precursor rRNA.   
 



 2

Eukaryotic ribosome biogenesis begins with transcription by RNA Polymerase I (RNA Pol I) of the 

47S precursor in metazoa or 35S in yeast (see Figure 1A or B, respectively, see [3] for review).  The 

precursor transcript contains the 18S, 5.8S and 28S (25S in yeast) rRNAs as well as intergenic (ITS) 

and extragenic (ETS) transcribed spacer regions (see Figure I).  (5S rRNA is also included in the 

mature ribosome (60S subunit) but is transcribed by RNA polymerase III outside of nucleolus.)  The 

nascent precursor rRNA (pre-rRNA) must undergo a variety of post-transcriptional processing events 

including cleavage, folding, and nucleotide modification.  The vast majority of the nucleotide 

modifications are of two types, sugar methylation at the 2'-O-ribose position and pseudouridylation of 

uridine residues.  These modifications are numerous with upwards of 200 (100 of each type) present in 

mature, human rRNAs [5, 6]. 

 

A.  Nucleotide Modifications in rRNA 

Currently, the function of these rRNA nucleotide modifications is unknown.  It is commonly believed, 

however, that the cumulative effect of these modifications influences ribosome biogenesis and/or 

function.  The fact that these nucleotide modifications are important stems from several lines of 

evidence.  First, modifications do not occur in the ITS or ETS regions of the pre-rRNA [3], regions that 

are not retained in the mature ribosome RNA.  Second, recent positioning of modification sites on 

modeled yeast ribosomal subunits revealed that these modifications are clustered in functionally 

important regions, including the peptidyl transferase center and the ribosomal subunit interface [7].  

Additionally, rRNA regions involved in ribosomal protein binding are virtually devoid of 

modifications.   

Ribose methylation increases base stacking and pseudouridylation enhances base rotational freedom 

around the glycosyl bond, which can stabilize secondary and tertiary structures [8, 9].  Curiously, 

experiments have demonstrated that all but one modification site found in the peptidyl transferase  
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center are dispensable for function [10].  The collective effect of nucleotide modifications could 

contribute significantly to the overall structure of the folded rRNA particle.   

 

B.  Ribosome Biosynthesis 

Ribosome biogenesis in eukaryotes occurs in a dense, fibrillar region within the nucleus called the 

nucleolus.  The nucleolus was first reported in 1898 and was one of the first organelles identified by 

microscopists [11].  However, the function of the nucleolus remained elusive until the 1960's, when 

two different research groups identified 18S and 28S ribosomal DNA (rDNA) transcriptional units 

located within this subcellular compartment [12, 13].  It is now known that the nucleolus is the site of 

ribosome biogenesis and is often referred to as the "ribosome factory".  The nucleolus is organized 

around 50-1000 actively transcribed rDNA repeats of the primary transcript gene.  Since this organelle 

is not membrane-bound, it is this high level of transcription that is believed to give the nucleolus its 

dense appearance in the electron microscope.  It is also believed that the nucleolus is formed by a high 

concentration of rRNA processing factors transiently associated with multiple sites of activity [14]. 

 

II.  Small Nucleolar RNAs 

The small nucleolar RNAs comprise a large class of stable cellular RNAs that function in various 

aspects of ribosome biogenesis.  Approximately 100 species of snoRNAs have been identified to date, 

but estimates indicate that the full cellular complement numbers around 150 [15, 16].  SnoRNAs are 

typically between 75 and 200 nucleotides in length, although, yeast snoRNAs are often considerably 

longer due to a lack of 5' end processing (see section IIB).  One such example is yeast snR30, which is 

approximately 600 nucleotides [17].  Some snoRNAs function as pre-rRNA chaperones, base-pairing 

to the pre-rRNA and either preventing rRNA misfolding or facilitating proper folding of the rRNA 

molecule.  Some snoRNAs also act in pre-rRNA cleavage events and depletion of these specific  
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snoRNA species results in accumulation of rRNA precursors.  However, the vast majority of snoRNAs 

guide rRNA nucleotide modifications using rRNA-complementary regions within the snoRNA 

molecule. 

 

A.  A Brief History of SnoRNAs 

In 1966, Busch and coworkers published a study of small nuclear and nucleolar RNAs [18].  They 

observed a fraction of nucleolar RNA sedimenting between the 4 and 6S range in a sucrose density 

gradient that had not been previously identified.  Base composition analysis demonstrated that this low 

molecular weight RNA had a higher uridine content (U) with respect to the higher molecular weight 

RNA fraction (i.e. rRNA).  Two years later, this group published a report that further analyzed this 

small nucleolar RNA fraction and revealed that it did not exhibit amino acid acceptor activity (i.e. not 

transfer (t) RNA) and had low template activity (i.e. not messenger (m) RNA).  They concluded that 

this low molecular weight fraction contained unique small RNAs, which were later termed small 

nucleolar or snoRNAs [19].  Individual species of snoRNAs are currently named U3, U14, U22, etc. 

based on the original base composition analysis and the order in which they were discovered. 

 

B.  SnoRNA Processing in Eukaryotes 

SnoRNAs exhibit several genome organizations depending on the eukaryotic organism.  Most 

snoRNAs in yeast are monocistronic but some (and most in plants) are polycistronic.  In metazoa, a 

few snoRNAs are individually transcribed (U3, U8, U13), but the vast majority are encoded in introns 

of protein-coding genes ("intronic snoRNAs") and transcribed by RNA polymerase II (Pol II) [20].  

U14 was the first snoRNA discovered to be intron-encoded and, in mouse, resides within the coding 

region of the heat shock cognate 70 (hsc70) chaperone protein [21-23].   
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It is now evident that Pol II transcripts containing intronic snoRNAs ("snoRNA host transcripts") 

preferentially code for proteins involved in various aspects of ribosome biosynthesis and translation, 

including ribosomal proteins and translation factors [20].  This organization may reflect a regulatory 

mechanism important for maintenance of ribosome numbers at operational levels.  There are, however, 

examples of snoRNA host transcripts whose exonic sequences do not encode protein products and, 

instead, act only as snoRNA expression vehicles.  These include the gas5 gene, which encodes ten 

different snoRNAs in ten different introns [24].  Four such non-protein coding snoRNA host genes 

have been identified to date [24-27].  Interestingly, these genes are members of the 5'-terminal 

oligopyrimidine (5' TOP) gene family  [24, 27].  The 5'-TOP family is associated with gene products 

that are translationally regulated by changes in growth conditions [28].  Since this type of snoRNA 

host transcript is not translated, it is possible that expression of the 5'-TOP gene family is regulated at 

the level of transcription [20]. 

 

 

Figure 2.  Processing pathways (major and minor) for intronic snoRNAs.  

There are two biosynthetic pathways for the intronic snoRNAs (Figure 2).  The major pathway 
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involves exon-intron splicing, lariat debranching, and finally exonucleolytic trimming.  This pathway 

is utilized by the vast majority of intronic snoRNAs.  The minor pathway is used when snoRNAs are 

found in poorly spliced introns (e.g. U16 and U18) [29].  This pathway involves endonucleolytic 

excision of the intronic snoRNA followed by exonucleolytic trimming of the ends.    

 

Processing of snoRNAs via either pathway is believed to involve initial packaging of the intronic 

snoRNA into a ribonucleoprotein complex (see below).  Evidence for snoRNP assembly includes the 

finding that intronic snoRNA processing can be inhibited by addition of excess, unprocessed 

transcripts indicative of titration of an essential, trans-acting, processing factor(s) [30].  In addition, 

precursor snoRNAs can be immunoprecipitated with antibodies against snoRNP core proteins [30].  

Recent studies have provided evidence that splicing and snoRNA processing are tightly linked.  

SnoRNAs are preferentially positioned 70 to 80 nucleotides upstream of the 3' splice site in humans 

and alteration of this spacing is detrimental to snoRNA processing [31, 32].  This conservation of 

intronic snoRNA spacing may indicate binding of additional, unidentified snoRNA-processing 

factor(s). 

 

III.  Classes of SnoRNAs 

There are two major classes of snoRNAs based on conserved sequence elements: the box H/ACA 

snoRNAs and the box C/D snoRNAs.  Both snoRNA classes guide nucleotide modifications through 

an antisense base-pairing mechanism.  Both the box H/ACA and box C/D snoRNAs contain 

complementary sequences that pair with the target rRNA and designate the specific nucleotide for 

modification (see [16] for review). 
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A.  Box H/ACA SnoRNAs 

The box H/ACA snoRNAs characteristically fold into a bipartite hairpin-hinge-hairpin tail structure as 

seen in Figure 3 [33, 34]. 

 

Figure 3.  Secondary structure of the eukaryotic box H/ACA snoRNA (reproduced from [35]).  
Box elements are indicated in bold while the targeted rRNA molecule (green) is shown base-paired to 
the snoRNA within the pseudouridylation pocket.  The target pseudouridylation nucleotide (Ψ) is 
shown in red.   
 

This snoRNA family is named for conserved box H (sequence ANANNA) and ACA-triplet nucleotide 

sequences.  The majority of box H/ACA snoRNAs guide pseudouridylation and they do this through 

rRNA antisense regions located within an internal loop in one or both of the hairpin structures [36].  

These antisense regions base pair to ribosomal RNA, creating short helices (4-10 base pairs in length) 

within the loop (see [37] for review).  The target uridine lies in an unpaired region at the base of the 

proximal helix within the hairpin structure.  The internal loop region is called the pseudouridylation 

pocket and modification occurs approximately 15 nucleotides from the box H or ACA sequence within 

the snoRNA [34].  Only a few members of the box H/ACA family participate in rRNA processing .  

The best characterized is yeast snR30 (or U17 in humans) which functions in rRNA precursor cleavage 

events.  SnR30 is an essential snoRNA and its depletion results in loss of 18S rRNA accumulation and  
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impaired cell growth [37, 38].  Sequence comparison of snR30 homologs in various species has 

revealed conserved sequence elements m1 and m2, which are both unique to this species of snoRNA 

and necessary for rRNA processing [17].  However, the mechanism by which snR30 affects pre-rRNA 

processing remains unclear. 

 

B.  Box C/D SnoRNAs 

The second major class of snoRNAs is the box C/D snoRNAs.  Members of this family are defined by 

conserved box elements C (sequence RUGAUGA where R is any purine) and D (CUGA) (Figure 4). 

 

Figure 4.  Secondary structure of the box C/D snoRNA (reproduced from [35]).  Box C, D, C' and 
D' sequences are shown in bold.  The rRNA target (green) is shown base-paired upstream of boxes D 
and D'.  The 2'-O-methylated nucleotide (blue) is located 5 nucleotides upstream of boxes D and D'. 
 

Boxes C and D base pair to form a 5+2 asymmetric, nucleotide bulge flanked by external and internal 

stems [40].  Many box C/D snoRNAs also contain internal copies of the consensus elements called 

boxes C' and D' [41].  The vast majority of box C/D snoRNAs function in guiding 2'-O-ribose 

methylation of targeted rRNA nucleotides.  Like the box H/ACA class, the box C/D snoRNAs utilize 

antisense regions to base pair with ribosomal RNA.  These complementary regions are usually 10-21  
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nucleotides in length and are located immediately upstream of boxes D and D' [42, 25].  Nucleotide 

modification occurs at a fixed position within the target RNA paired five nucleotides upstream of box 

D and/or D' [43].  Unlike box H/ACA snoRNAs, there is no base-specificity for box C/D-guided 

modification: any ribonucleotide can be modified.   

 

A few box C/D snoRNAs function in pre-rRNA processing.  U3, U14, and U22 are required for 

cleavage events necessary for 18S rRNA production whereas U8 is required for 5.8S and 28S 

processing [3, 44, 37, 20].  Since no ribonucleases have been identified in association with these 

snoRNAs, it is anticipated that processing is facilitated by these snoRNAs acting as RNA chaperones 

to assist pre-rRNA folding.  Several lines of evidence support this hypothesis.  First, U3 acts by 

bridging two regions of rRNA that are not adjacent in the precursor transcript, establishing a pre-rRNA 

structure that is essential for ribosomal RNA processing [45, 46].  Second, U106 is a suspected 

chaperone because it contains two antisense rRNA elements, both of which are complementary to 

rRNA regions devoid of modifications [15].  Third, the guide sequence upstream of box D' in U14 

base-pairs to a region of 18S rRNA lacking ribose-methylated nucleotides.  Experiments have 

demonstrated that the U14: rRNA helix formed is required for pre-rRNA cleavage and subsequent 18S 

rRNA production [47]. 

 

C.  MRP 

MRP (mitochondrial RNA-processing) is a unique snoRNA species because it is not a member of 

either of the two major snoRNA classes.  MRP is required for cleavage of pre-rRNA at an ITS I site 

upstream of the 5.8S sequence [48].  Interestingly, the RNA component of the MRP snoRNP complex 

resembles that of the ribozyme RNase P, which cleaves the 5' end of tRNA [48].  This suggests that the 

MRP snoRNA is also a ribozyme, although that has not been demonstrated directly. 
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IV. SnoRNA-Protein Complexes 

The two major classes of snoRNAs (box H/ACA and box C/D) form ribonucleoprotein complexes 

(RNPs) by associating with a set of core proteins.  Whereas the antisense regions within the snoRNAs 

select the site for nucleotide modification, the associated proteins provide the necessary enzymatic 

activities. 

 

A.  Box H/ACA Core Proteins 

Box H/ACA snoRNAs associate with four core proteins that are common to all members of this 

snoRNA class.  These core proteins are Gar1p, Nhp2p, Nop10p, and Cbf5p [49, 51].  Cbf5p (Dyskerin 

in humans or Nap57p in rat) is the pseudouridine synthase.  Cbf5p shows significant homology to other 

known pseudouridine synthases and Cbf5p mutant strains in yeast abolish pseudouridylation of rRNA 

[6, 52].  The remaining three proteins are believed to perform structural roles in the H/ACA snoRNP. 

 Gar1p is an essential component of the box H/ACA snoRNAs and its depletion in yeast results in 

pre-rRNA processing defects [53].  Gar1p contains glycine and arginine rich N-terminal domain and 

has been found to bind the H/ACA snoRNA directly [54, 55].  In fact, all four core proteins may 

contact the RNA because each protein can be UV-crosslinked to a box H/ACA snoRNA in vivo [56]. 

  

 

B.  Box C/D Core Proteins 

Box C/D snoRNAs also form ribonucleoprotein complexes by assembling with a set of four core 

proteins.  These core proteins are Fibrillarin, 15.5kD, Nop56p, and Nop58p.  Fibrillarin is the 

methylase enzyme, utilizing S-adenosyl methionine (SAM) as the methyl donor [57-59].  Interestingly, 

like Gar1p, Fibrillarin is also a member of the RGG-motif family indicating that it may also bind the 

snoRNA directly [54].  Fibrillarin has been UV-crosslinked to a model box C/D snoRNA in vivo,  
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supporting RNA-binding activity for this core protein [60].  Experiments have demonstrated that the 

association of Fibrillarin with the box C/D snoRNA is dependent on binding of other core proteins to 

the snoRNA, indicating that Fibrillarin is only weakly associated with the RNA.  However, at least for 

one snoRNA species, Fibrillarin associates with the RNA in the absence of other core proteins [61].  

 

The snoRNA core protein, 15.5kD, binds directly to the box C/D motif and this binding is believed to 

function as the nucleation event for snoRNP assembly.  15.5kD was originally identified as a protein 

that associates with the U4 spliceosomal small nuclear RNA (snRNA) [62].  Subsequent experiments 

identified 15.5kD as a dual function protein because it also associates with the box C/D snoRNAs [40]. 

 The co-crystal structure of 15.5kD bound to its binding site in U4 snRNA revealed a unique RNA fold 

resulting from an asymmetric bulge flanked on either side by helices [63].  This secondary structure 

has been applied to the box C/D motif by analogy [40].  Strikingly, analysis of RNA-folding motifs in 

the H. marismortui 50S ribosomal subunit identified a new RNA motif, termed the kink-turn (K-turn) 

[64].  Both 15.5kD-binding sites in U4 snRNA and the box C/D snoRNAs exhibit classical features of 

this motif and are, therefore, members of this newly identified K-turn family (see section VIIB).  

Interestingly, the box H/ACA snoRNA core protein, Nhp2p, is similar to 15.5kD in sequence, 

exhibiting 31% identity or 61% similarity in yeast.  However, no kink-turn secondary structure has 

been identified in the eukaryotic box H/ACA snoRNAs. 

 

The Nop56p and Nop58p core proteins constitute a pair of related proteins, exhibiting 45% sequence 

identity in yeast [65].  Like the box H/ACA core proteins Nhp2p and Nop10p, Nop56p and Nop58p are 

predicted to be structural components of the box C/D snoRNP.  These proteins were originally 

identified in synthetic lethal screens using temperature-sensitive Fibrillarin mutants [65].  Interestingly, 

whereas Nop58p and Fibrillarin associate independently with box C/D snoRNAs, Nop56p is bound  
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only in the presence of Fibrillarin [66, 67].  Additionally, depletion of either Nop58p or Fibrillarin (but 

not Nop56p) leads to co-depletion of box C/D snoRNAs [67].  In 2002, Steitz and coworkers utilized 

in vivo crosslinking to reveal a differential distribution of Nop56p and Nop58p on a box C/D snoRNA 

[60].  This biochemical data supported prior genetic analyses indicating different roles for these two 

proteins.  More specifically, this study revealed that Nop56p binds to the internal box C'/D' motif 

whereas Nop58p binds the terminal box C/D core motif [60].  In another report from the same 

laboratory, nucleotide interference analog mapping demonstrated that 15.5kD binds only to the 

terminal C/D motif and not the internal C'/D' motif [68].  Thus, the methylase Fibrillarin is the only 

core protein bound to both RNA motifs.   

 

V.  Archaea: A Separate Domain of Life from Eukaryotes and Bacteria

In 2000, homologs of eukaryotic snoRNAs (termed  snoRNA-like or sRNAs) were discovered in 

Archaea [69, 70].  This finding indicated that RNA-guided nucleotide modification is an evolutionarily 

ancient mechanism.  Archaea are prokaryotic organisms, which constitute a domain of life distinct 

from both Eukarya and Bacteria [71].  Archaeal metabolism and gene organization resembles Bacteria, 

but archaeal replication, transcription and translation machinery more closely resembles eukaryotes 

[72].   

 

Many archaeal species live in extreme environments including low pH and high temperature.  In 1998, 

Noon and coworkers demonstrated that the level of rRNA 2'-O-methylation increases proportionally 

with increased growth temperature [73].  This suggests that nucleotide modification in the ribosome 

may help stabilize thermolabile RNA at high temperatures.  Therefore, rRNA modification in Archaea 

may be an inherent necessity for habitat adaptation of these unicellular organisms.   
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Archaeal sRNAs exhibit a genomic organization distinct from eukaryotes.  DNA sequences encoding 

sRNAs are found on both strands and are dispersed around the entire circular chromosome [74].  Most 

are found in intergenic regions between protein-coding genes whereas some overlap the adjacent open 

reading frame.  The mechanism for transcription and processing of sRNAs in Archaea remains 

unknown.  Currently, there is only one example of an sRNA encoded within an intron.  SR3 

(Archeoglobus fulgidus) or sR50 (Pyrococcus abyssi) is found in the intron of its target substrate, 

precursor-tRNATrp ( pre-tRNATrp) [75].  The mechanism by which this sRNA guides modification was 

predicted to occur in cis via an intramolecular modification reaction [75, 76].  In this model, 

intron-encoded sR3 guides two, tRNA nucleotide modifications before its removal from the pre-tRNA 

by splicing.  New results, however, now indicate that these modifications occur in trans via an 

intermolecular reaction (R. Gupta, personal comm.).  The details of this mechanism are still under 

investigation.  

  

VI.  Archaeal sRNAs and Core Proteins 

The nucleotide-modification guide RNAs of Archaea exhibit similar consensus box elements and 

secondary structures as their eukaryotic counterparts.  Not surprisingly, homologs to the eukaryotic 

snoRNA core proteins are also present in Archaea.  Currently, the only characterized function of Box 

C/D RNPs in Archaea is 2'-O-methylation.  Possible roles in pre-rRNA folding and/or cleavage remain 

to be demonstrated. 

 

A.  Archaeal Box H/ACA sRNPs 

Although both major classes of modification-guide RNAs are present in Archaea, the H/ACA sRNAs 

have only recently been discovered and this sRNA class is the least characterized [77].  The presence 

of H/ACA RNAs in Archaea was contested before their identification because the level of rRNA  
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pseudouridylation in Archaea is low.  Pseudouridylation levels in Archaea more closely resemble 

those in Escherichia coli, where this type of nucleotide modification is catalyzed by protein-only 

enzymes [74]; [9].  However, homologs of the core proteins Cbf5p, Gar1p, and Nop10p, had been 

detected in archaeal genomes  [78, 79].  In 2002, this debate ended with the discovery of four H/ACA 

sRNAs in Archeoglobus fulgidus [77].  The box H/ACA sRNAs of Archaea exhibit slightly different 

structures and sequence elements than those of eukaryotes.  Archaeal H/ACA sRNAs have either one 

or three hairpin structures and the box H sequence is sometimes absent.  Notably, this is also the case 

for the box H/ACA snoRNAs of two early branching eukaryotes, Trypanosoma brucei and Euglena 

gracialis [80, 81].  This suggests that the single hairpin H/ACA RNA represents an early evolutionary 

form of the box H/ACA snoRNAs found in vertebrates and yeast. 

 

B.  Archaeal Box C/D sRNPs 

The box C/D sRNAs were the first class of guide RNAs discovered in Archaea [69]; [70].  Unlike the 

H/ACA sRNAs, the presence of box C/D snoRNA homologs was anticipated due, in part, to the high 

level of 2'-O-methylation in archaeal rRNA sequences.  Additionally, homologs to core proteins 

Fibrillarin and Nop56p/Nop58p had been detected [82, 83].  Interestingly, Archaea contain a single 

homolog to both eukaryotic Nop56p and Nop58p (termed Nop56/58p or Nop5p).  This is consistent 

with the prediction that the two related proteins in eukaryotes arose from a gene duplication event [74]. 

 With knowledge of these core protein homologs, Omer and coworkers identified the first archaeal box 

C/D sRNAs from Sulfolobus solfactaricus by co-immunoprecipitating these RNAs from cell extracts 

using antibodies against archaeal Fibrillarin and Nop56/58p [59].  Subsequent development of a 

computer algorithm to detect additional archaeal box C/D sRNAs has resulted in the detection of many 

species.  Interestingly, box C/D sRNAs are found in at least two branches of the archaeal domain, 

Euryarcheota and Crenarcheota, supporting the hypothesis that the nucleotide modification complexes 

arose before the evolutionary split between eukaryotes and Archaea (see section X). 
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The box C/D sRNAs exhibit similar sequences and structures as their eukaryotic snoRNA counterparts 

with a few exceptions.  First, archaeal box C/D sRNAs are slightly smaller with an average size of 75 

nucleotides (as compared to 150 nucleotides in eukaryotes).  Additionally, the internal C'/D' motif is 

typically a perfect match to the consensus box C and D sequences; Eukaryotic C'/D' sequences are 

frequently degenerate.  Finally, most box C/D sRNAs in Archaea exhibit "dual guide" function: both 

the D and D' guide regions contain sequences antisense to targeted RNA molecules [74].  In contrast, 

only 20% of box C/D snoRNAs have been identified as "dual guides". 

 

VII.  Identification of the Archaeal Homolog of Eukaryotic 15.5kD 

To characterize the assembly and function of the archaeal box C/D sRNPs, it was necessary to identify 

the full complement of core proteins.  Whereas homologs to both Fibrillarin and Nop56p and Nop58p 

were evident, no clear homolog to 15.5kD had been identified.  Because 15.5kD is the first protein to 

bind and recognize the C/D core motif, it was unlikely that archaeal box C/D sRNP assembly did not 

require a comparable core protein homolog.   

 

A.  Identification of Archaeal Ribosomal Protein L7 

In 2002, we began our investigation of the archaeal box C/D sRNP by identifying ribosomal protein 

L7 as a putative homolog to 15.5kD ([84]; see Chapter I).  Sequence comparison of 

Methanocaldooccus jannaschii (M. jannaschii) L7 with human 15.5kD revealed that these protein 

sequences are 33% identical and 60% similar (Figure 5). 
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Figure 5.  Alignment of Methanocaldococcus jannaschii ribosomal protein L7 with human 
Nhp2p and 15.5kD (adapted from [84]).  Amino acid residues outlined in black indicate identity 
whereas gray shading indicates similarity.  Genbank accession numbers are B64450, CAC08452.1, 
and NP_004999.1 for L7, 15.5kD, and Nhp2p, respectively. 
 

Identification of a putative archaeal box C/D core protein homolog that is also a ribosomal protein 

indicated that L7 might also be a dual function protein, reminiscent of 15.5kD, which binds both the 

box C/D snoRNAs and U4 snRNA.  Utilizing purified, recombinant L7 protein from M. jannaschii and 

a minimal box C/D core motif RNA, we demonstrated that L7 binds the terminal box C/D core motif 

with high affinity.  This association is dependent on consensus box C and D sequences and formation 

of a kink-turn secondary structure (see below).  This high affinity and specificity correlated well with 

15.5kD's association to eukaryotic box C/D snoRNAs and U4 snRNA [62, 40].  Parallel, 

electrophoretic mobility-shift analyzes showed that both eukaryotic 15.5kD and archaeal L7 proteins 

specifically recognized the minimal box C/D core motif RNA, thus demonstrating that archaeal 

ribosomal protein L7 is a functional homolog of eukaryotic 15.5kD core protein (see Chapter I). 

 

B.  Identification of the Kink-Turn Motif 

Following careful analysis of the ribosomal 50S subunit crystal structure from archaeal species 

Haloarcula marismortui, Steitz and colleagues identified six new RNA structures and grouped them 
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into a family termed the kink-turn (or K-turn) motif [64].  This motif is characterized by a 

helix-bulge-helix structure with a sharp bend between the two helical axes (Figure 6). 

 

 

 

Figure 6.  Secondary structure of the K-turn consensus sequence (left; [64]) and the tertiary 
structure of the 15.5kD-binding site in U4 (right; [63]).  Stem structures I and II are coordinately 
colored in green and blue, respectively.  Tandem, sheared G•A base pairs appear in red, and the 
protruded nucleotide of the asymmetric bulge is shown in yellow. 
 

This bend is facilitated by two adjacent, sheared G•A base pairs, which reside at the base of the 

terminal bulge.  This structure was first identified in the L30-binding site of the L30 pre-mRNA [85]. 

 Ribosomal protein L30 in eukaryotes regulates its own expression at the level of splicing by 

associating with its pre-mRNA.  The K-turn structure is also evident in the 15.5kD-binding site in U4 

snRNA [63].  In the U4 kink-turn, the RNA is bent at approximately 120 degrees and this bend results 

in protrusion of a uridine nucleotide that lies in the RNA-binding pocket of 15.5kD.  Logic predicted 

that the 15.5kD-binding site in the box C/D terminal core motif should also be K-turn, although this 

had not yet been demonstrated directly by detailed structural analysis [40].  Consistently, L7, the 

archaeal homolog of eukaryotic 15.5kD, binds a K-turn (see below). 
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C.  Characterization of L7 Association with the Box C/D Core Motif 

The archaeal box C/D RNP core protein, L7, is a ribosomal protein that binds a K-turn (KT-15) in the 

archaeal large ribosomal subunit (Figure 7B and C; [86, 64]).   

 

 

 

Figure 7.  Comparison of the box C/D core motif with the ribosomal binding site of L7 in the 
archaeal 23S rRNA illustrates that L7 recognizes variants of the K-turn structure.  The box C/D 
consensus secondary structure (A) and the secondary (B) and tertiary (C) structure of the L7-binding 
site in the 23S rRNA of the 50S subunit, KT-15 [64]. 
 

KT-15 is a unique structural variant of the K-turn because it incorporates a base-triple in place of one 

of the G•A pairs.  This indicated that structure may play a larger role in L7 binding than sequence.  

 

To further characterize L7 binding to the box C/D core motif, point mutations in the minimal motif 

were utilized in a series of binding studies (see Chapter I).  Our results confirmed the hypothesis that 

structure was a critical factor for high affinity binding [84].  Mutations predicted to disrupt the 

helix-bulge-helix secondary structure, e.g. mutation of the critical GA nucleotides, either reduced or 

abolished L7 binding.  Conversely, mutations that maintained secondary structure had minimal affect 

on L7 binding.  The exception is the protruded uridine whose identity should have no bearing on 

structure since this residue makes no interactions with other portions of the RNA.  Mutation of this 

nucleotide to a purine greatly impaired L7 association with the box C/D core motif, whereas a guanine 

nucleotide at this position was  
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tolerated.  Coincidently, Klein and coworkers noted that the protruded uridine in KT-15 is found deep 

within the binding pocket of L7 and a purine base ring might be too large to be accommodated in the 

RNA binding site of this protein [64].   

 

Comparison of the crystal structures of archaeal ribosomal protein L7 and eukaryotic 15.5kD has 

revealed that the tertiary structures of these two proteins are virtually superimposible [84]. This 

conservation of structure is striking given that the L7 and 15.5kD proteins share only 30% sequence 

identity (see Figure 5).  Our results are consistent with the identification of L7 and 15.5kD as 

functional homologs ([84]; see Chapter I).    

 

The co-crystal structure of L7 bound to the C/D motif has confirmed that this RNA motif is indeed a 

K-turn ([87]; Appendix II).  In fact, the L7:C/D RNA complex exhibits high structural similarity to that 

of the U4:15.5kD co-crystal structure [63].  This finding was anticipated due to the structural 

similarities of the two proteins.  Interestingly, our UV-melting profiles revealed conformational 

changes in the RNA following L7 binding, indicative of an "induced-fit" mechanism.  Interestingly, an 

"induced-fit" binding mechanism was also predicted for ribosomal protein L30 binding to its 

pre-mRNA and may be the common mode of protein association with K-turn motifs [88].  Consistent 

with the idea that the K-turn is not a rigid, preformed structure, Lilley and colleagues demonstrated that 

the K-turn motif is highly dynamic and requires other factors, such as proteins, to "lock" the K-turn 

motif into its characteristically "bent" conformation [89]. 

 

VIII.  Archaeal Box C/D sRNP Assembly 

In 2002, Omer and colleagues established an in vitro assembly system to study archaeal box C/D 

sRNP-guided methylation [59].  They demonstrated that addition of the three core proteins from 
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Sulfolobus acidocaldarius, L7, Fibrillarin, and Nop56/58p (Nop56a), to a box C/D RNA from S. 

solfactaricus resulted in stable formation of a box C/D RNP in vitro.   

 

A.  Analysis of Ribosomal Protein L7 Binding to a Full-length Archaeal Box C/D RNA  

Following the work Omer and coworkers, we developed an in vitro assembly system using 

Methanocaldococcus jannaschii core proteins and a box C/D RNA to analyze the structure and 

function of the archaeal box C/D sRNP.  Although Omer and coworkers demonstrated that ribosomal 

protein L7 is assembled in the box C/D RNP, it was not clear which motifs this protein bound.  Using 

full-length, archaeal sR8 box C/D sRNA as well as minimal box C/D or C'/D' RNAs, we determined 

that L7 associates with both motifs ([90]; see Chapter II).  Additionally, we demonstrated that L7 binds 

with positive cooperativity to the two binding sites in the full-length sRNA.  RNA footprinting 

analysis has now revealed that L7 initially binds to either the box C/D or the C'/D' motif, indicating that 

the binding is not sequential (Tran et al., unpublished results).  These results were surprising in light 

of recent work reporting  that the eukaryotic homolog, 15.5kD, binds the eukaryotic terminal box C/D 

core but not the internal C'/D' motif [68].  Our comparison of L7 and 15.5kD binding to both a 

full-length eukaryotic and archaeal box C/D RNA revealed that the difference in distribution of the two 

core protein homologs on the box C/D and C'/D' motifs is due to divergence in the RNA-recognition 

capabilities of L7 and 15.5kD ([90]; see Chapter II). 

 

B.  Identification of Protein: Protein Interactions Between Nop56/58p and Fibrillarin 

To characterize further assembly of the sRNP complex, we utilized a series of "pull-down" assays to 

study protein: protein interactions between the archaeal box C/D core proteins.  These experiments 

revealed that Nop56/58p and Fibrillarin associate through protein: protein interactions ([90]; see 

Chapter II), indicating that these two proteins may associate with the RNA as a protein complex.  This  
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suggestion is consistent with our observation that Nop56/58p binding to an L7: RNA complex is 

greatly enhanced with the addition of Fibrillarin.  Additionally, the Nop56/58p-Fibrillarin protein 

complex can associate specifically with the C'/D' motif in the absence of L7, albeit inefficiently.  This 

result indicated that the Nop56/58p-Fibrillarin "dimer" contacts the RNA directly and that the C/D and 

C'/D' motifs are structurally distinct.    

 

C.  Demonstration of Archaeal Box C/D sRNP Symmetry 

Both electrophoretic mobility-shift and co-purification analyses revealed that all three core proteins 

(L7, Nop56/58p, and Fibrillarin) bind both the terminal box C/D and internal C'/D' motifs.  This work, 

therefore, established the archaeal box C/D sRNP as a "symmetric" particle with respect to core protein 

distribution ([90]; see Chapter II).  This sharply contrasts with the eukaryotic box C/D snoRNP, where 

differential binding of the core proteins to the box C/D and C’/D’ motifs is "asymmetric".  Eukaryotic 

15.5kD protein is uniquely bound to the terminal box C/D core motif [68].  Nop58p and Nop56p bind 

to the terminal C/D and internal C'/D' motifs, respectively [60].  Only Fibrillarin is found associated 

with both motifs in the eukaryotic snoRNP.  From these contrasting RNP structures, we have proposed 

a pathway for the evolution of the box C/D RNP complexes ([90]; see section X). 

  

IX.  RNP-guided Methylation Activity of the In Vitro Reconstituted Archaeal Box C/D sRNP 

 Our reconstituted box C/D sRNP guides site-specific methylation from both the box C/D and C'/D' 

motif, using both antisense regions to select their respective target RNAs for modification ([90]; see 

Chapter II).  Surprisingly, although both the C/D and C'/D' motifs bind all three of the core proteins, 

both "RNPs" must be juxtaposed in the same sRNP complex for efficient guided-methylation activity. 

 This requirement was revealed using two different experimental approaches.  First, methylation 

activity of the box C/D "halfmer" RNP was only 30% of the wild-type, full-length sR8 RNP activity,  
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whereas, the box C'/D' "halfmer" RNP was inactive.  This requirement for juxtaposed RNPs in the 

same sRNP particle was confirmed using full-length sR8 molecules mutated in either the box C/D or 

C'/D' motifs.  Strikingly, mutations in either motif affected methylation not only of the mutated motif, 

but of the non-mutated motif as well.  These results clearly demonstrated that efficient guided 

methylation requires box C/D and C'/D' RNPs juxtaposed on the same box C/D sRNP particle.  From 

these observations, we have concluded that "crosstalk" interactions between the box C/D and C'/D' 

motifs are important for guided-nucleotide modification activity ([90]; see Chapter II). 

 

Although the nature of this "crosstalk" is presently unknown, the recent Nop56/58p-Fibrillarin crystal 

structure from Archeoglobus fulgidus has suggested an interesting possibility [91].   

 

 

 

Figure 8.  Crystal structure of Nop56/58p-Fibrillarin heterodimer [91].  Nop56/58p molecules are 
shown in blue or red whereas Fibrillarin molecules are shown in yellow or orange.   
 

This crystal structure confirms the previously reported interaction between Nop56/58p-Fibrillarin [90], 

but also reveals that this heterodimer potentially homodimerizes through the coiled-coil domain of  

Nop56/58p (see Figure 8).  Aittleb and coworkers proposed that Nop56/58p may dimerize across the  
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box C/D RNA between the C/D and C'/D' motifs [91].  The importance of this putative protein: protein 

interaction for "crosstalk" between the box C/D and C'/D' motif in guided methylation remains to be 

demonstrated. 

 

X.  Evolutionary Origins of the RNA-guided Nucleotide Modification Complexes

The archaeal and eukaryal domains are estimated to have diverged approximately 2 billion years ago 

[92], making the nucleotide modification complexes evolutionarily ancient ribonucleoprotein 

machines.  Recently, ribosomal protein L7 was shown to be the archaeal homolog of eukaryotic box 

H/ACA core protein, Nhp2p ([93]; see Figure 5).  Additionally, L7 binds a K-turn motif within the 

archaeal box H/ACA sRNA and is a core component of the pseudouridylation guide complexes in 

Archaea.  Therefore, archaeal L7 bound to a K-turn motif represents an RNP that is common to both 

classes of modification guide complexes as well as the ribosome.  These observations led us to propose 

that these modification complexes may have their origins in the primitive translational apparatus. 

 

A.  Origins of the Trans-acting Nucleotide Modification Machines 

Currently, there is no evidence for RNA-guided nucleotide modification in Bacteria.  There are no 

bacterial proteins with significant sequence similarity to archaeal ribosomal protein L7, although there 

are reported K-turn motifs in Bacteria [94].  While we cannot rule out the presence of undiscovered 

box C/D and/or H/ACA RNA homologs in Bacteria, it is likely that the modification guide RNAs 

originated after the branching of Bacteria and Archaea/Eukarya.   

 

Modern day, nucleotide modification-guide RNPs probably originated as K-turn RNP components of 

the primitive translational apparatus before the division of Archaea and Eukarya domains (Figure 9).  
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Figure 9.  Model for evolution of the modification guide RNAs from cis-acting elements in the 
primitive translation apparatus (Adapted from [35]) . 
 

K-turn RNPs present within the primordial apparatus may have been retained as necessary folding 

elements.  This is supported by the presence of K-turn RNPs in the modern ribosome.  Additionally, 

some of these cis-acting elements may have evolved to guide rRNA nucleotide modification in the 

ribosome.  Evolution of the trans-acting modification guide-RNPs probably occurred through a 

progenitor RNP (common to both the box C/D and H/ACA RNP class) that guided modification as a 

cis or trans complex.  The box C/D and H/ACA RNPs then evolved from this progenitor complex.  It 

is has been suggested that the expansion of the number of guide RNPs and the multitude of RNA 

targets may have occurred from duplication events (or retrotransposition events) of the box C/D and 

H/ACA RNA genes  followed by variation of the antisense elements [6, 15].  Continued variation of 

the guide regions has enabled additional guide RNPs to now recognize a variety of non-rRNA targets 

including tRNAs, mRNAs, and snRNAs. 
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B.  Model for Evolution of the Asymmetric, Eukaryotic Box C/D SnoRNP from a Symmetric, 

Ancestral Box C/D RNP 

The demonstration that the archaeal box C/D RNP is symmetric with respect to protein binding 

contrasts sharply the asymmetric eukaryotic complex [90, 60, 68].  It is likely that the archaeal box C/D 

RNP more closely resembles that of the last ancestor common to both Archaea and eukaryotes.  We 

have suggested that the evolution of the asymmetric, eukaryotic box C/D RNP is a result of gene 

duplication and altered RNA-binding capabilities of the core proteins (Figure 10; [90]). 

 

 

 
Figure 10.  Model for the evolution of the symmetric, archaeal box C/D RNP (left) versus the 
asymmetric, eukaryotic box C/D RNP (adapted from [90]). 
 

Gene duplication of Nop56/58p has resulted two highly similar core proteins in eukaryotes, Nop56p 

and Nop58p [83, 74].  Nop56p associates with the internal box C'/D' motif, whereas Nop58p binds the  
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terminal box C/D motif due to differential RNA-binding capabilities [60].  It is possible that Nop56p, 

 in the presence of Fibrillarin, no longer requires an L7-like protein at the C'/D' motif for binding, 

therefore, eukaryotic 15.5kD protein is found only at the box C/D motif.  It will be interesting to 

determine the core protein distribution on the box C/D RNPs in early branching eukaryotes such as 

Trypanosomes and Euglena [80, 81].  These box C/D RNPs may represent evolutionary intermediates, 

more closely resembling the symmetric, archaeal RNP complex.  Characterization of snoRNPs from 

these two species may provide additional information necessary to support this model. 

 

XI.  Summary of Dissertation Work 

This thesis examines the structure and function of the box C/D sRNP in Archaea.  Chapter 1 describes 

the identification of ribosomal protein L7 as the archaeal homolog of eukaryotic 15.5kD.  L7 serves a 

dual role in Archaea as both a ribosomal protein and a box C/D core protein.  In both the ribosome and 

the box C/D sRNP complex, L7 binds a K-turn motif.  Chapter 2 reports development of an in vitro 

assembly and methylation assay for the archaeal box C/D sRNP.  The archaeal box C/D sRNP is 

symmetric with respect to core protein binding which contrasts the asymmetric eukaryotic box C/D 

snoRNP.  Additionally, we reported that efficient methyation requires that both the box C/D and C'/D' 

motifs be juxtaposed in the full-length box C/D sRNP.  Finally, the demonstration of L7 as a 

component of the ribosome as well as the RNA-modification guide complexes suggested that the 

modern day sRNPs and snoRNPs may have had their origins as cis-acting elements in the primitive 

translational apparatus.  Chapter 3 details a proposed pathway for evolution of the trans-acting 

nucleotide modification machines. 
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ABSTRACT 

 

Recent investigations have identified homologs of eukaryotic box C/D small nucleolar RNAs 

(snoRNAs) in Archaea termed sRNAs.  Archaeal homologs of the box C/D snoRNP core proteins 

fibrillarin and Nop56/58 have also been identified but a homolog for the eukaryotic 15.5kD snoRNP 

protein has not been described.  Our sequence analysis of archaeal genomes reveals that the highly 

conserved ribosomal protein L7 exhibits extensive homology with the eukaryotic 15.5kD protein.  

Protein binding studies demonstrate that recombinant M. jannaschii L7 protein binds the box C/D 

snoRNA core motif with the same specificity and affinity as the eukaryotic 15.5kD protein.  Identical 

to the eukaryotic 15.5kD core protein, archaeal L7 requires a correctly folded box C/D core motif and 

intact boxes C and D.  Mutational analysis demonstrates that critical features of the box C/D core motif 

essential for 15.5kD binding are also required for L7 interaction.  These include stem I which 

juxtaposes boxes C and D as well as the sheared G:A pairs and protruded pyrimidine nucleotide of the 

asymmetric bulge region.  The demonstrated presence of L7Ae in the H. marismortui 50S ribosomal 

subunit, taken with our demonstration of the ability of L7 to bind to the box C/D snoRNA core motif, 

indicates that this protein serves a dual role in Archaea.  L7 functioning as both an sRNP core protein 

and a ribosomal protein could potentially regulate and coordinate sRNP assembly with ribosome 

biogenesis.   

 

 

 

 

Keywords:  ribosomal protein L7; archaeal sRNA; sRNP; box C/D snoRNP 
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INTRODUCTION 

 

The small nucleolar RNAs (snoRNAs) are essential for ribosome biogenesis, facilitating the folding 

and cleavage of the pre-ribosomal RNA transcript and guiding the modification of targeted rRNA 

nucleotides [1-3].  The snoRNAs are classified into two major families based on conserved sequence 

elements.  All box C/D snoRNAs possess conserved nucleotide boxes C and D located at the 5' and 3' 

termini, respectively, whereas the box H/ACA snoRNAs contain a box H in the hinge region and an 

ACA triplet nucleotide sequence positioned near the 3' end [4-6].  The primary function of both box 

C/D and H/ACA snoRNAs is to guide nucleotide modification reactions by base-pairing with the 

rRNA precursor and targeting specific bases for modification.  The box C/D snoRNAs direct 

2'-O-methylation of specific ribose sugars whereas the box H/ACA snoRNAs guide the conversion of 

designated uridine residues to pseudouridine [3, 7, 8].  

 

The snoRNAs are found in the nucleolus as ribonucleoprotein (RNP) complexes and the common core 

proteins of each snoRNA family are highly conserved in eukaryotes.  Investigations have identified 

four box H/ACA snoRNP core proteins including the putative pseudouridine synthase Cbf5p [9, 10].  

Core proteins have also been identified for the box C/D snoRNAs.  The nucleolar protein fibrillarin 

(Nop1p in yeast) has long been known to be associated with box C/D snoRNAs [11] and structural 

analysis has suggested that it is the methylase enzyme [12].  Genetic and biochemical experiments 

have shown that a pair of highly related nucleolar proteins Nop58p (Nop5p) and Nop56p are also box 

C/D snoRNP core proteins [13-17].   

 

Most recently, a fourth core protein designated the 15.5kD protein (Snu13p in yeast) has been 

identified [18].  Eukaryotic 15.5kD snoRNP protein binds directly to the box C/D core motif and is a  
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structural protein, initiating formation of the box C/D snoRNP core complex.  Interestingly, 15.5kD 

protein also recognizes spliceosomal U4 snRNA and the crystal structure of the U4 snRNA:15.5kD 

protein complex has been solved [19, 20].  The 5 + 2 nucleotide asymmetric bulge formed between 

flanking stems I and II is stabilized by tandem sheared G:A pairs and a protruded pyrimidine 

nucleotide is important for 15.5kD recognition.  This RNA motif adopts a highly ordered tertiary 

structure including a sharp bend of approximately 65º between the helical axes. 

 

Analysis of archaeal genomes has revealed the presence of box C/D RNAs (termed sRNAs) in both 

Crenarcheota and Euryarcheota [21-23].  The archaeal box C/D sRNAs possess regions of 

complementarity with rRNA and correspond to sites of nucleotide 2'-O-methylation in rRNA.  Not 

surprisingly, box C/D core protein coding sequences have been identified in archaeal genomes and 

include homologs of both fibrillarin and Nop56/58 [24, 25].  Notably absent has been a defined 

homolog of the 15.5kD core protein.  However, our database searches reveal a high degree of sequence 

similarity between eukaryotic 15.5kD protein and the archaeal ribosomal protein L7.  We have cloned 

the M. jannaschii L7 gene, expressed recombinant protein in E. coli, and tested the ability of this 

ribosomal protein to function as an archaeal homolog of the eukaryotic 15.5kD protein.  

Electrophoretic mobility-shift analysis demonstrates that L7 binds the snoRNA box C/D core motif 

with the same affinity and specificity as 15.5kD protein.  L7 requires a highly folded RNA as well as 

those structural features of the asymmetric bulge critical for 15.5kD binding.  The demonstrated 

presence of L7 in the H. marismortui 50S ribosomal subunit [26] suggests that this protein may serve 

a dual role as both archaeal ribosomal and sRNP core protein.  
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MATERIALS & METHODS 

 

In Vitro Transcription and Labeling of RNA 

The U14 box C/D core motif and mutant RNAs were transcribed from linearized plasmid templates 

pSP64T7U14∆AV and pSP64T7U14∆AV∆CD, respectively [27].  RNA transcription was carried out 

using the RiboMAX system (Promega) according to the manufacturers protocol, at template 

concentrations of 0.1 g/L.  RNA transcripts were purified by polyacrylamide gel electrophoresis.  Wild 

type and mutant box C/D core motif RNAs were also transcribed from short DNA templates generated 

from PCR-amplification of the plasmid pSP64T7U14∆AV using the DNA oligo pairs listed below.  

Primer pairs containing the desired mutations were used to produce DNA templates positioned 

downstream of a T7 promoter site.  RNA synthesis from these DNA templates was carried out using 

the RiboMAX system at template concentrations of 0.2-0.4ug/L and RNA transcripts were purified by 

polyacrylamide gel electrophoresis.  Internally radiolabeled RNAs were transcribed from linearized 

plasmids pSP64T7U14∆AV and pSP64T7U14∆AV∆CD in the presence of α 32P-CTP using T7 RNA 

polymerase [28].  Gel-purified RNA transcripts were radiolabeled at the 5' end and purified from free 

nucleotides by Sephadex G-25 spin column chromatography. 

 

Primer Pairs for PCR-Amplification of DNA Templates 

Wild-type U14 AV snoRNA (A+F);  U7c (M+F); U7g (L+F); G8c (C+F);  A9c (D+F); U10a (N+F); 

U10c (U+F); G11c (S+F);  C41g (A+T); G11c/C41g (S+T); G43c (A+H); A44c (A+I); stem 

I-disruption (stem I mut: E+F); stem I - restoration (stem I comp: E+P); stem II - disruption (stem II 

mut: K+F); stem II - restoration (stem II comp: K+J);  bulge -two nucleotide deletion (R+F). 
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DNA Oligonucleotide Sequences 

A. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGATGATGGATTCC-3' 

B. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTCATGATGGATTCC-3' 

C. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGCTGATGGATTCC-3' 

D. 5'-CTAATACGACTCACTATAGGCCATTCCGTGTGATGATGGATTCC-3' 

E. 5'-ATTCGCTCAGACATCCAAGGAAGGAATTTTGG-3'

F. 5'-ATTCGCTGAGACATCCAAGGAAGGAATTTTGG-3' 

G.    5'-ATTCGCGCAGACATCCAAGGAAGGAATTTTGG-3' 

H. 5'-ATTCGCTCAGTACTCCAAGGAAGGAATTTTGG-3' 

I. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGATGTGTGATTCC-3' 

J. 5'-CTAATACGACTCACTATAGGCCATTCGCTGGGATGATGGATTCC-3' 

K. 5'-CTAATACGACTCACTATAGGCCATTCGCTGCGATGATGGATTCC-3' 

L. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGAAGATGGATTCC-3' 

M. 5'-ATTCCGTCAGACATCCAAGGAAGGAATTTTGG-3'

N. 5'-CTAATACGACTCACTATAGGCCATTCGCTGATGATGGATTCC-3' 

O. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGATCATGGATTCC-3' 

P. 5'-ATTCGCTCACACATCCAAGGAAGGAATTTTGG-3' 

Q. 5'-CTAATACGACTCACTATAGGCCATTCGCTGTGACGATGGATTCC-3' 

 

Cloning of M. jannaschii L7 & Mouse 15.5kD Protein Genes: Expression and Purification of 

Recombinant Proteins 

The mouse 15.5kD protein coding sequence was PCR-amplified from I.M.A.G.E. Consortium clone 

#809008 using gene-specific primers.  The M. jannaschii L7 protein coding sequence was amplified 

from genomic DNA.  Primers possessed terminal BamHI restriction sites and amplified DNA 

fragments were digested with BamHI restriction endonuclease and inserted into the BamHI restriction 
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site of the pGEX-4T-1 plasmid (Amersham Pharmacia Biotech).  E. coli DH5  cells were transformed 

with plasmid constructs and selected clones sequenced to confirm that the correct coding sequences 

were in frame with the N-terminal glutathione-S-transferase (GST) tag.  Protein expression was 

accomplished using standard techniques.  At three hours post-induction, harvested cells were disrupted 

by sonication in buffer D (20 mM HEPES pH 7.0, 100 mM KCl, 3 mM MgCl2, 0.2 mM EDTA, 0.5 

mM DTT, 20% w/v glycerol) and insoluble protein removed from the sonicate by ultracentrifugation 

at 39,000 x g for 25 minutes at 4C.  Soluble sonicate was then applied to glutathione Sepharose 4B 

resin (Amersham Pharmacia Biotech) equilibrated in buffer D and bound GST-tagged protein was 

eluted in buffer D supplemented with 20 mM glutathione.  Protein concentrations were determined by 

the Bradford Assay.  N-terminal GST tags were removed by thrombin (Sigma) cleavage overnight.  

GST cleavage reactions for the 15.5kD recombinant protein were carried out at 4 degrees C at a 

thrombin concentration of 1 U/50ug protein. GST cleavage reactions for the L7 recombinant protein 

were carried out at 25C at a thrombin concentration of 2 U/50ug protein. 

 

Thermal Denaturation Analysis 

Thermal denaturation of the U14 box C/D core motif RNA transcripts was carried out using a CARY 

Varian model 3 UV-Vis spectrophotometer.  Briefly, 5-10 µg of RNA suspended in 400 L phosphate 

buffer (100 mM NaCl/10 mM phosphate buffer, pH 7.2) was denatured and reannealed for six cycles 

at a ramp rate of 1C/min from 5C to 90C per cycle.  UV absorbance profiles were collected at 260 nm 

wavelength using a quartz cuvette with a standard 1 cm path length.  A260 values were normalized and 

plotted vs. temperature.  
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Protein:RNA Interaction Analysis 

Recombinant 15.5kD and L7 protein binding to the U14 core motif RNA was assessed by 

electrophoretic mobility-shift analysis as detailed previously [27] with the following modifications: 

binding reactions contained 0.1 nM 32P labeled RNA, 2.0 M recombinant protein (GST-15.5kD, 

GST-L7, or L7), and assembly was carried out for 1 h at 4C.  For competition studies, non-radiolabeled 

competitor RNA was added at 4000-fold molar excess of radiolabeled RNA.  RNP complexes were 

resolved on a 4% non-denaturing polyacrylamide gel in TBE buffer containing 8% glycerol and 

visualized by autoradiography.  Equilibrium RNA:protein binding was assessed using a nitrocellulose 

filter binding assay to measure affinities of recombinant L7 protein for the U14 box C/D core motif 

RNAs.  Binding reactions were carried out as previously described [27] with the following 

modifications: 100 uL reactions were assembled at 4C using 5'-labeled RNAs at a concentration of 2.5 

nM with the recombinant L7 protein being titrated from 15 pM to 750 nM.  Binding reactions were 

carried out for 1h at 4　C and then the reaction mix was applied to a nitrocellulose membrane.  Prior to 

loading, membranes were equilibrated in binding buffer (30 mM HEPES pH 7.0, 250 mM KCl, 4.5 

mM MgCl2, 1.0 mM DTT, 0.1 mM EDTA, 10% w/v glycerol) and were washed twice after sample 

application with binding buffer.  Membranes were then dried and bound radioactivity was visualized 

using a Molecular Dynamics Model 425F PhosphorImager and quantified using the ImageQuant 

software v3.3. 
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RESULTS 

 

Archaeal Ribosomal Protein L7 is a Functional Homolog of Eukaryotic 15.5kD snoRNP Protein 

and Binds the Box C/D snoRNA Core Motif 

Genes for box C/D sRNAs and homologs for the core proteins fibrillarin and Nop56/58 have been 

identified in numerous archaeal genomes [21, 24, 25].  These findings suggest that a gene(s) encoding 

a homolog of the eukaryotic 15.5kD snoRNP core protein is also present.  However, genome sequence 

analysis of archaeal organisms has not revealed an obvious 15.5kD homolog.  The lone archaeal 

coding sequence that exhibits significant sequence homology with this eukaryotic snoRNP core 

protein is the well conserved ribosomal protein L7 [29] (Figure 1A).  Indeed, the M. jannaschii L7 

sequence is 33% identical / 60% similar to human 15.5kD protein and 36% identical / 58% similar to 

yeast Snu13p (Figure 1B). 

 

Based upon the sequence similarity of the eukaryotic 15.5kD and archaeal L7 proteins, we reasoned 

that L7 could function as a homolog of the 15.5kD protein and bind the box C/D sRNAs.  To test this 

hypothesis, we assessed the ability of recombinant M. jannaschii L7 protein to recognize the box C/D 

core motif and form an RNP complex.  The RNA used for these electrophoretic mobility-shift analyses 

was the box C/D core motif derived from mouse U14 snoRNA consisting of base paired 5' and 3' 

termini with flanking boxes C and D, respectively.  This RNA substrate also possesses the 

rRNA-complementary sequence immediately upstream of box D but lacks the internal box C/D motif 

with associated rRNA-complementary sequence as well as the adjacent U14 variable region.  

Recombinant mouse 15.5kD protein (+/- GST tag) binds this box C/D RNA, and mutagenesis of boxes 

C and D demonstrates the essentiality of these conserved nucleotide sequences for protein recognition 

(Figure 2A).  Similarly, the M. jannaschii L7 protein (+/- GST tag) binds the U14 box C/D core motif  
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with the same specificity (Figure 2B).  Competition experiments with non-radiolabeled U14 snoRNA 

also demonstrate the requirement of boxes C and D for L7 binding.  Addition of excess 

non-radiolabeled wild type box C/D RNA disrupts RNP formation while added RNA possessing point 

mutations in boxes C and D is not an effective competitor.  

 

Archaeal L7 Protein Binds the Box C/D Core Motif with the Same Affinity as Eukaryotic 

15.5kD Protein 

The snoRNA box C/D core motif can be folded into a secondary structure consisting of helical stems 

I and II flanking an asymmetric 5 + 2 nucleotide bulge (Figure 3A).  This structure is based upon the 

crystal structure of the 15.5kD protein-binding site observed in the U4 snRNA:15.5kD RNP complex 

[20] which has an essentially identical box C/D-like motif [18].  Eukaryotic 15.5kD protein binds the 

snoRNA box C/D core motif with high affinity and a Kd of 8 nM has been estimated from 

electrophoretic mobility-shift analysis of the 15.5kD:box C/D core motif complex.   To compare the 

binding affinity of ribosomal protein L7 with the 15.5kD protein, the Kd of the L7:box C/D core motif 

was determined in equilibrium binding analysis using a filter-binding assay.  L7 protein binds the box 

C/D core motif with the same affinity as the 15.5kD protein with a Kd of 5 nM (Table 1).  The mouse 

15.5kD protein exhibits a similar Kd value of 19 nM when its binding to the box C/D core motif is 

assessed using the filter binding assay (data not shown).  However, we believe the determined Kd 

values for both 15.5kD and L7 binding are underestimates of their affinity for the box C/D core motif. 

 Both the electrophoretic mobility-shift and filter-binding assays are limited in determining an actual 

binding constant when analyzing RNA-binding proteins that exhibit such high affinity for the RNA 

substrate.  The concentrations of radiolabeled RNA in our equilibrium RNA:protein binding assay are 

nearly equivalent to the L7 protein concentrations at the determined Kd value of 5 nM.  Therefore, the 

filter-binding assay is being carried out under stoichiometric conditions rather than under conditions  
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of limiting RNA concentrations.  Consistent with stoichiometric conditions, the binding curve for RNP 

formation exhibits a steep shape (data not shown). Unfortunately, the exceptionally high affinity of L7 

for the box C/D core motif precludes the possibility of measuring radioactively-labeled RNP formation 

at sufficiently low RNA concentrations where small amounts of RNA are bound to protein.  With 

sufficiently dilute RNA concentrations, it is impossible to detect RNP formation since the L7:box C/D 

core motif complex contains too little radioactive RNA to detect.  Therefore, the nM Kd values 

determined for both 15.5kD (electrophoretic mobility-shift) and L7 (filter-binding assay) binding are 

most likely upper limits of binding affinity and the actual Kd values are probably an order of magnitude 

or more lower.   

 

L7 also exhibits low affinity, non-specific binding with ribosomal RNA (Table 1).  This is typical of 

many RNA-binding proteins that interact with RNA in a sequence-independent manner via 

charge-charge interactions.  An estimated Kd value of <400 nM therefore establishes a relative baseline 

of non-specific interaction to which L7 binding to the box C/D core motif mutant RNAs is compared 

(see below). 

 

L7 Requires the Same Box C/D Sequence and Structural Elements for Binding As Does the 

15.5kD Protein 

X-ray crystallographic analysis of the 15.5kD:U4 snRNP complex has revealed that the 15.5kD 

protein requires specific sequence and structural elements of the folded RNA for protein binding [20]. 

 In particular, the juxtaposition of box C and D-like sequences by flanking stems I and/or II to form the 

asymmetric bulge is critical.  This 5 + 2 nucleotide asymmetric bulge establishes the bulk of the protein 

binding site where tandem, sheared G:A pairs and a protruded pyrimidine nucleotide contact the bound 

protein (Figure 3B).  These same structural features are presumed to be present in the snoRNA box  
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C/D core motif and the observed requirements for box C/D snoRNP assembly in vivo are consistent 

with this RNA folded structure [4].  We therefore assessed the importance of specific RNA elements 

of the box C/D core motif for L7 protein binding to determine if this archaeal ribosomal protein 

interacts with the RNA in the same manner as the eukaryotic 15.5kD protein.   

 

The folded structure of box C/D core motif RNA and various mutants was monitored in thermal 

denaturation/renaturation analysis (Figure 4) while RNP assembly (Figure 5) and L7 affinity (Table 1) 

were determined in electrophoretic mobility-shift and equilibrium binding analyses, respectively.  

Mutations were created in stem I, stem II, and the asymmetric bulge (Figure 3C) to assess the 

contribution of each region for both RNA folding and L7 binding.  In contrast to the box C/D core 

motif RNA, the mutant RNAs exhibited lower binding affinities for L7 allowing radiolabeled RNP 

formation to be measured over a range of protein concentrations sufficient to determine equilibrium 

binding constants.  Calculated Kd values provide relative L7 binding strengths with respect to the upper 

limit of 5 nm estimated for the box C/D core motif RNA and the baseline, non-specific protein binding 

to ribosomal RNA at 400 nM. 

 

Stem I or External Stem.  Thermal denaturation of the folded box C/D snoRNA core motif results in 

a sharp melting profile (Figure 4) that is typical of a highly structured RNA.  The large increase and 

decrease in hyperchromicity over a narrow temperature range around the Tm is characteristic of an 

RNA that folds in a highly cooperative manner.  Such a melting profile is consistent with the proposed 

folded structure of the box C/D motif as illustrated for U4 snoRNA in Figure 3B.  Mutating the 5' 

terminal sequence of U14 to disrupt stem I base pairing (stem I mut) significantly alters the folded 

structure of the box C/D core motif as evidenced by the reduction in cooperativity during thermal 

denaturation (Figure 4).  As a consequence, L7 binding is disrupted (Figure 5) and affinity for the core  
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motif is reduced to a level equivalent to non-specific association (Table 1).  Compensatory changes in 

the 3'-terminal sequence that reestablish stem I base pairing (stem I comp) restore the wild type RNA 

melting profile and protein binding, albeit at a lower affinity.  Thus, folding of the box C/D core motif 

for L7 binding is dependent on the formation of this RNA helix.   

 

Stem II or Internal Stem.  Two types of mutants were constructed to examine the importance of base 

pairing in stem II for RNA folding and L7 binding.  Mutations included disruption of the base pairing 

between conserved nucleotides of boxes C and D as well as disruption of hydrogen-bonding of bases 

in the extended stem II structure.  Elimination of base pairing between nucleotides extending the stem 

II helix (stem II mut) has only slight effects upon the RNA motif melting profile and L7 affinity.  

Restoration of hydrogen bonding through compensatory mutations did not completely restore the 

original melting profile or L7 affinity.  The fact that both RNA mutants substitute the highly conserved 

A12 nucleotide of box C suggests the potential importance of an adenosine residue at this position in 

box C for core motif structure.  

 

More pronounced effects on both the melting profile and L7 affinity are observed when nucleotides of 

boxes C and D that establish stem II structure are altered.  Mutation of either G11 in box C or C41 in 

box D alters the structure of the folded core motif as evidenced by changes in the RNA melting profiles. 

 L7 binding to the core motif is also reduced.  Restoration of base pairing via compensatory mutations 

restores the melting profile and L7 affinity indicating that base pairing of these two bases is important 

for L7 interaction.  Thus, hydrogen-bonding of this nucleotide pair within the core motif contributes to 

the stability of the protein:RNA interaction, but specific nucleotides at these particular positions 

appear less important for L7 binding.  Interestingly, nucleotides G11 and C41 are conserved in boxes 

C and D, respectively, at greater than 97% of all box C/D RNAs in eukaryotes and Archaea [21, 23].   
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Covariation of this G:C base pair is not evident suggesting that these nucleotides positioned 

specifically within boxes C and D may be important for the binding of other proteins.  Recent work has 

indeed indicated that this region of the snoRNA core motif is important for fibrillarin binding [30].   

 

Equally interesting is the U10:U42 base pair of stem II that is adjacent to the asymmetric bulge.  

Mutant U10a replaces uridine with adenosine and preserves base pairing.  This nucleotide substitution 

has no effect upon the melting profile nor L7 affinity for the core motif RNA (Figure 5 and Table 1). 

 In contrast, substitution of the uridine with a cytidine alters core motif folded structure as evidenced 

by changes in the melting profile and L7 binds with reduced affinity.  These results suggest that 

hydrogen-bonding between these two nucleotide positions is important.  U10 is greater than 90% 

conserved in eukaryotic snoRNAs but is less than 80% conserved in archaeal sRNAs [4, 21].  

Covariation analysis of archaeal sRNAs indicates that hydrogen-bonding between this nucleotide pair 

is most often maintained with alternative nucleotide pairs (data not shown).  

 

Asymmetric bulge.  Formation of the 5 + 2 asymmetric bulge with tandem, sheared G:A pairs and 

protruded pyrimidine nucleotide (Figure 3B) is critical for 15.5kD binding to U4 snRNA [20] and 

presumably the snoRNA box C/D core motif.  If L7 is a functional homolog of 15.5kD, then the 

sheared G:A pairs and protruded nucleotide should also be critical for L7 recognition.  Indeed, 

mutations within the asymmetric bulge of the core motif have a profound impact on L7 binding.  Point 

mutations in each of the 4 G/A residues that constitute the two sheared base pairs (mutants G8, A9, 

G43 and A44) substantially alter RNA folded structure as seen in the melting profiles with alteration 

of G43 and A44 in box D having a particularly severe effect.  All four nucleotides are critical for 

protein binding as each mutation completely disrupts L7 binding.  Analysis of the G8c point mutation 

demonstrates that the L7 binding affinity is reduced to non-specific levels.   
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The protruded nucleotide which makes important base-specific contacts with the 15.5kD protein is 

also critical.  Mutations made at this critical nucleotide include substitution of both pyrimidine (mutant 

U7c) and purine (mutant U7g) nucleotides. These substitutions affect the melting profile of the folded 

RNA similarly but have significantly different effects upon L7 binding.  Replacement of uridine with 

another pyrimidine affects RNP formation and L7 affinity only slightly.  In contrast, replacement of 

the wild type pyrimidine nucleotide with the purine guanosine eliminates L7 binding and reduces L7 

affinity to non-specific levels.  These observations are consistent with the central role of U7 in 

sequence-specific protein recognition (see Discussion).    

 

 Finally, the two bases immediately upstream of box C on the 5' nucleotide side of the bulge 

region were removed and L7 binding was assessed.  This two nucleotide deletion completely disrupts 

intronic snoRNA processing in eukaryotes, suggesting that the loss of processing reflects a disruption 

in RNP complex formation [4].  Surprisingly, deletion of these nucleotides has no effect upon the RNA 

melting profile, but does impact RNP formation and L7 binding affinity.  The essentiality of these two 

nucleotides for snoRNP formation in Xenopus oocyte nuclei suggests that while the 15.5kD protein 

may bind at reduced efficiency, the binding of additional snoRNP core proteins may be disrupted and 

snoRNP assembly is incomplete. 
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DISCUSSION 

 

While genes for box C/D sRNAs and homologs for the sRNP core proteins fibrillarin and Nop56/58 

have been identified in archaeal genomes, a defined homolog for the 15.5kD protein has been notably 

absent.  Database analysis of available archaeal sequences reveals the strong sequence similarity of 

ribosomal protein L7 with mouse and human 15.5kD protein as well as yeast Snu13p.  Other 

eukaryotic proteins exhibiting homology to archaeal L7 include eukaryotic ribosomal proteins L7, L30, 

S12, and the H/ACA snoRNP protein NHP2p [19].  Our studies now demonstrate that L7 binds the 

snoRNA box C/D core motif with the same specificity and affinity as the eukaryotic 15.5kD snoRNP 

core protein.  Because of the high affinity of this RNA-binding protein for the box C/D core motif, it 

is difficult to determine an accurate Kd value.  Our estimate in the nM range is consistent with that 

made for eukaryotic 15.5kD protein and both values most likely represent lower estimates of the true 

strength of these RNA:protein interactions. 

 

The highly conserved L7 gene was first identified from the sequencing of various archaeal genomes 

and designated L7 because of its relatedness to ribosomal proteins [29].  Recent crystallization of the 

H. marismortui ribosome has demonstrated the presence of this protein (L7Ae) in the 50S large subunit, 

thus verifying its function as an archaeal ribosomal protein [26].  An experimental demonstration of 

ribosomal protein L7's presence in the archaeal sRNP complex awaits further characterization of the 

sRNP core proteins.  However, the ability of L7 to bind the box C/D core motif indicates that L7 serves 

a dual role in Archaea as both ribosomal and sRNP core proteins.   The binding of L7 to both 23S 

rRNA and the sRNAs could potentially play important regulatory roles, coordinating ribosome 

assembly with sRNP assembly and sRNA stabilization.  Strikingly, 15.5kD protein also serves a dual 

role in eukaryotes, binding to two different RNA substrates to function as both an snoRNP core protein  
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and a U4-specific snRNP protein [18, 19].  Again, a regulatory role to coordinate snoRNP biogenesis 

with pre-mRNA processing has been suggested [18].  The fact that this protein homolog binds both 

identical (snoRNA/sRNA) and unique (rRNA vs. U4 snRNA) substrates in Archaea versus Eukaryotes 

is noteworthy, suggesting a possible evolution of protein function (see below).    

 

L7 binds to an RNA structural motif recently defined as a kink-turn or K-turn [31].  This RNA motif 

is widespread in evolution and found in Eubacteria as well as Archaea and Eukaryotes [32].  The 

consensus structure of the K-turn possesses two RNA helices (canonical and non-canonical stems 

corresponding to stems I and II, respectively) which flank an asymmetric bulge containing tandem, 

sheared G:A pairs.  The G:A pairs play a central role in establishing the folded structure of this motif 

and bending the RNA at a sharp angle with a single nucleotide protruding from the asymmetric bulge. 

 RNAs which possess demonstrated or presumed k-turn motifs include ribosomal RNAs, box C/D 

snoRNAs, U4 snRNA, human RNase P, and L30 mRNA.  Six K-turns have been described in the H. 

marismortui large ribosomal subunit, including KT-15 which binds the L7Ae protein [31].  A K-turn 

motif has been revealed with the crystal structure of the U4:15.5kD complex and it is presumed that the 

box C/D motif exhibits the same RNA folded structure [20].  The close packing of the canonical (stem 

I) and non-canonical (stem II) stems observed in all K-turns is important for stabilizing this motif's 

folded structure and is consistent with the highly cooperative melting profile observed for the box C/D 

core motif in our studies.  

 

Individual K-turn motifs often exhibit unique structural features including variations in asymmetric 

loop size and protruded nucleotide identity while still exhibiting the overall features of the motif.  The 

L7Ae binding site in 23S rRNA (KT-15) and the U4 (presumably box C/D core motif) share 

similarities in folded structure (Figures 6A and 6B).  Both exhibit helical regions flanking an  
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asymmetric bulge and the protruded pyrimidine nucleotide is critical for L7 binding.  In particular, 

Klein and coworkers noted that the bulged pyrimidine nucleotide of KT-15 fit the hydrophobic binding 

pocket of L7 and a uridine nucleotide afforded better interactions with critical amino acids than a 

cytidine residue.  In contrast, a purine ring was too large for insertion into this hydrophobic pocket.  

Our mutational studies of base substitution at this protruded nucleotide within the box C/D core motif 

are consistent with their structural predictions of L7 binding at this nucleotide position in the KT-15 

turn.   

 

While similar in overall structure, the folded K-turns of U4 snRNA and KT-15 exhibit distinct 

differences when compared.  Most notably, the U4 and box C/D core motif present two tandem, 

sheared G:A pairs characteristic of most K-turns (Figure 6A).  In contrast, the KT-15 k-turn 

determined from the H. marismortui 50S ribosome subunit crystal structure reveals a distinctly 

different nucleotide configuration in this region (Figure 6B).  Specifically, a single sheared G:A pair is 

followed by a G:U:A base triple where the adenine residue or third nucleotide is derived from the short 

side of the asymmetric loop.  This nucleotide arrangement causes a more pronounced bend in the 

K-turn motif and results in a sharp kink in the phosphate backbone of both RNA strands.  These 

differences exhibited by individual K-turn motifs typically account for the recognition of the 

structurally similar K-turns by different proteins.  For example, the 6 K-turns of the H. marismortui 

50S ribosome subunit bind nine different ribosomal proteins.  However, despite these structural 

differences between the KT-15 and the U4 (box C/D core motif) K-turns, each is recognized by L7.  

Strikingly, L7 binds both motifs utilizing identical regions of the K-turn, including the NC or stem II 

region which exhibits differences in sheared G:A pair configuration.   

 

Examination of the L7 crystal structure reveals that this ribosomal protein folds into the same folded  
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conformation as eukaryotic 15.5kD protein and utilizes the same structural elements to bind their RNA 

substrates.  The crystal structures of both eukaryotic 15.5kD (human) and archaeal L7 (H. marismortui) 

bound to their respective RNA substrates demonstrate essentially identical folded protein structures 

(Figure 7).  Overlay of the two proteins reveal that those residues critical for binding to U4 snRNA and 

23S rRNA are found in corresponding positions within each folded protein.  Highly conserved amino 

acid residues within α helix 2 of both proteins contact the region of sheared G:A pairs while amino acid 

residues of the α helix 4- sheet 4 loops form a hydrophobic pocket and contact the RNAs in a 

base-specific manner.  Two amino acids (E61/K86 in 15.5kD and Q55/Q80 in L7Ae) interact with the 

nucleotide of the asymmetric bulge that is rotated away from the motif.  Not surprisingly, modeling of 

the M. jannaschii L7 protein reveals an identical folding pattern with these same residues critical for 

RNA-binding similarly positioned in the folded protein structure (data not shown). 

 

Particularly striking is the homology exhibited between snoRNP and ribosomal proteins and the 

similar ribonucleoprotein structures formed between these proteins and their cognate RNAs.  Archaeal 

protein L7 and eukaryotic 15.5kD protein share sequence similarity with ribosomal protein L30, 

H/ACA snoRNP core protein Nhp2p, and ribosomal protein S12 [19].  All are members of a family of 

RNA-binding proteins originally identified by Koonin and coworkers [33].  The homology exhibited 

by these ribosomal proteins and snoRNP core proteins indicate a common ancestral coding sequence. 

 The 15.5kD:box C/D snoRNA and L7Ae:rRNA complexes are also strikingly similar in RNP 

structure, perhaps indicating a common ancestral ribonucleoprotein structure.  The similarity in RNP 

organization suggests to us that the snoRNPs and sRNPs could well have their evolutionary origins in 

primordial ribosomes.  Such a progenitor ribosomal RNP structure could have evolved to acquire 

cis-acting sequences complementary to rRNA that are important for RNA folding.  Additional proteins 

bound to the RNP motif might assist in rRNA precursor folding and/or bring new function to the  
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complex such as nucleotide modification activities. With time, these RNP motifs would have become 

independent from the ribosome itself, yet still retained their critical functions in ribosome biogenesis. 

 The occurrence of two box C/D motifs within the intron of the A. fulgidus Trp-tRNA that apparently 

function in cis to guide 2'-O-methylation of specific nucleotides in the unspliced tRNA is consistent 

with such a scenario [22].  A similar model for the evolution of the snRNP splicing complexes has been 

previously suggested where folded elements of group II introns evolved to become independent 

snRNP complexes while maintaining their functional roles in pre-mRNA splicing [34].  Thus, present 

day RNP complexes critical for post transcriptional RNA processing and modification may have their 

origins in cis-acting ribonucleoprotein elements of the ancient RNA world. 
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FIGURES 
 

 

 
 

  
 
Figure 1.  Archaeal ribosomal protein L7 is a homolog of the eukaryotic 15.5kD snoRNP 
protein. 
Amino acid sequence alignments of (A) archaeal L7 proteins and (B) the M. jannaschii L7 protein with 
eukaryotic 15.5kD/snu13p box C/D snoRNP core proteins.  Primary sequence alignments were 
accomplished using ClustalW [35].  Identical residues are indicated by white letters highlighted in 
black and similar residues are indicated by gray shading.  Dashes indicate inserted gaps to aid in the 
alignment. 
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Figure 2.  Archaeal ribosomal protein L7 binds the box C/D snoRNA core motif. 
(A)  Radiolabeled, wild type, mouse U14 box C/D core motif (AV construct) and mutant U14 box C/D 
RNA  (mut C/D with altered box C and D sequences) were incubated with purified mouse 15.5kD 
protein (+/-GST tag) and RNP formation assessed by electrophoretic mobility-shift analysis (lanes 
1-5).  The relative positions of free RNA and assembled RNP complex are indicated at the side.  
(B) Radiolabeled, wild type, mouse U14 box C/D core motif and mutant U14 box C/D RNA were 
incubated with purified M. jannaschii L7 protein (+/-GST tag) in the presence or absence of excess, 
non-radiolabeled competitor RNA as designated (lanes 6-14).  The relative positions of free RNA and 
assembled RNP complex are indicated at the side.  Note: Wild type U14 RNA used for 15.5kD binding 
possesses a 12 nucleotide extension of its 3' terminus and thus migrates more slowly on the gel that 
wild type U14 RNA used for L7 binding.  Also, free mut C/D RNA migrates on the polyacrylamide gel 
in two different RNA conformations due to altered box C and D sequences.  
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Figure 3.  Folded structure of the box C/D snoRNA core motif. 
(A)  Secondary structure of the box C/D snoRNA core motif.  Folding of the box C/D core motif is 
based upon the structure of the 15.5kD protein binding site [18].  Conserved boxes C and D are 
indicated by white letters on black backgrounds.   (B)  Folded tertiary structure of the 15.5kD 
protein-binding site on U4 snRNA as determined in the crystal structure of the 15.5kD:U4 snRNP 
complex [20].  (C)  Specific box C/D core motif mutations created to study M. jannaschii L7 binding.  
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Figure 4.  The box C/D core motif exhibits a highly ordered RNA structure. 
Wild type and mutant box C/D core motif snoRNAs were subjected to thermal denaturation and 
renaturation and UV absorbance values at 260 nm were collected over a temperature range of 50 to 
90ºC as described in Materials and Methods.  Absorbance values were normalized and plotted vs. 
temperature.  Specific nucleotide alterations for the individual box C/D core motif mutants indicated 
in each panel are detailed in Figure 3C.  All RNAs were diluted and subjected to additional thermal 
denaturation (data not shown) to insure that a unimolecular event was being measured. 
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Figure 5.  L7 requires specific sequence and structural elements of the box C/D core motif 
for RNA:protein interaction. 
Radiolabeled wild type and mutant box C/D core motif RNAs were incubated with purified M. 
jannaschii L7 protein.   L7 binding to the various RNAs was then assessed by electrophoretic 
mobility-shift analysis.  The positions of free radiolabeled RNA and assembled RNP complex are 
indicated at the side.  Specific box C/D snoRNA core motif mutants are indicated above each lane and 
detailed in Figure 3C. 
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Figure 6.  Comparison of the U4 snRNA 5' stem loop and the KT-15 K-turn of 23S rRNA. 
(A)  Structure of the U4 snRNA 5' stem loop.  The tertiary structure was determined from the crystal 
structure of the U4:15.5kD complex [20].  The sheared G:A pairs and protruded nucleotide are 
indicated.  Shown below is the folded secondary structure.  (B)  Structure of the KT-15 K-turn of H. 
marismortui 23S rRNA. The tertiary structure was determined from the crystal structure of the H. 
marismortui 50S ribosome subunit [26].  The sheared G:A pair and base triple are indicated.  Shown 
below is the folded secondary structure of KT-15.  Dashed lines indicate those nucleotides involved in 
the base triple. 
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Figure 7.  Comparison of human 15.5kD, H. marismortui L7Ae and M. jannaschii L7 protein
(A) Amino acid sequence alignment of the M. jannaschii L7 protein with the human 15.5kD box C/D 
snoRNP protein and the H. marismortui L7Ae ribosomal protein.  Alignments were accomplished 
using ClustalW [35].  Identical residues are indicated by white letters on a black background and 
similar residues are shaded in gray.  Shown below the sequence alignment is a schematic 
representation of the 15.5kD/L7Ae secondary structure.  Alpha helices are indicated by red bars and 
beta sheets are indicated by blue arrows with the short 3-10 helix shown in green.  Secondary structure 
elements were assigned according to the Protein Data Bank (PDB) file entry.  Asterisks denote the 
position of residues making sequence specific contacts with nucleotide bases in the bound RNA 
according to the U4:15.5kD crystal structure.  Black asterisks indicate residues making hydrophobic 
contacts, red asterisks indicates residues contacting the conserved G:A pairs in the kink-turn motif, 
with green asterisks indicating residues contacting the protruding nucleotide.  (B)  Overlay of the 
15.5kD protein (gold) and H. marismortui L7Ae protein (blue) tertiary structures.  Coordinates for the 
15.5kD and L7Ae proteins were obtained from the PDB (entries 1E7K and 1JJF, respectively) and the 
overlay was accomplished using the SWISS-model program [36].  The side chains of amino acid 
residues denoted by asterisks in Panel A are shown.  (C)  Closeup view of the RNA binding pocket 
from the overlayed proteins shown in Panel B.  Amino acids are numbered according to their 
respective sequences and colors correspond to Panel B.  (The presented graphic images were generated 
using the InsightII software module of Molecular Simulations, Inc. release 2000.) 
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Table 1.  Relative binding affinity of L7 protein for selected box C/D snoRNA mutants. 
The relative affinities of L7 protein for various box C/D snoRNA mutants were determined by 
RNA:protein equilibrium binding as described in Materials and Methods.  RNP complex formation 
was measured and plotted vs. protein concentration to obtain a binding curve from which a Kd was 
determined for each RNA. 
 
 

RNA Kd Value (nM) 

Wild-Type ≈5 

Non-specific rRNA ≈400 

Stem I Region  

Stem I mutant ≈400 

Stem I compensatory 53 

Stem II region  

Stem II mutant 51 

Stem II compensatory 67 

C41g 137 

G11c 122 

G11c/C41g ≈5 

U10a ≈5 

U10c 115 

Asymmetric Bulge Region  

U7c 73 

U7g ≈400 

G8c ≈400 

∆Bulge 118 
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ABSTRACT 

 

Box C/D RNP complexes direct the nucleotide-specific, 2'-O-methylation of ribonucleotide 

sugars in target RNAs.  In vitro assembly of an archaeal box C/D sRNP using recombinant core 

proteins L7, Nop56/58, and fibrillarin has yielded an RNA:protein enzyme that guides methylation 

from both the terminal box C/D core and internal C'/D' RNP complexes.  Reconstitution of sRNP 

complexes containing only box C/D or C'/D' motifs has demonstrated that the terminal box C/D RNP 

is the minimal methylation-competent particle. However, efficient ribonucleotide 2'-O-methylation 

requires that both the box C/D and C'/D' RNPs function within the full-length sRNA molecule.  In 

contrast to the eukaryotic snoRNP complex where the core proteins are distributed asymmetrically on 

the box C/D and C'/D' motifs, all three archaeal core proteins bind both motifs symmetrically.  This 

difference in core protein distribution is a result of altered RNA-binding capabilities of the archaeal 

and eukaryotic core protein homologs.  Thus, evolution of the box C/D nucleotide modification 

complex has resulted in structurally distinct archaeal and eukaryotic ribonucleoprotein particles. 

 

 

 

 

 

Keywords: Archaea / box C/D RNP / snoRNA / sRNA / ribonucleotide methylation 
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INTRODUCTION 

 

The small nucleolar RNAs (snoRNAs) play critical roles in ribosome biogenesis, functioning in the 

processing and modification of pre-ribosomal RNA (Smith and Steitz, 1997; Kiss, 2001; Bachellerie 

et al., 2002; Kiss, 2002; Terns and Terns, 2002).  The primary role of the vast majority of snoRNAs is 

to guide the site-specific modification of rRNA nucleotides.  Guide regions within the snoRNA base 

pair with complementary sequences in the rRNA and direct snoRNA-associated enzymes to the 

designate nucleotide for ribose or base modification.  Recent work has also revealed guide RNAs in 

Archaea (Gaspin et al., 2000; Omer et al., 2000; Dennis et al., 2001; Speckman et al., 2002).  While 

archaeal organisms do not possess a nucleus, they nevertheless utilize snoRNA-like RNAs (sRNAs) 

for site-specific modification of rRNA nucleotides.  The occurrence of guide RNAs in both Eukarya 

and Archaea indicates that the process of RNA-guided nucleotide modification is an ancient 

mechanism predating the divergence of Eukarya and Archaea more than 2 billion years ago (Runnegar, 

1994). 

 

The box C/D RNAs are one of two major snoRNA families.  Box C/D RNAs direct the site-specific, 

2'-O-ribose methylation of targeted nucleotides with rRNA and other RNA substrates (Tollervey, 1996; 

Smith and Steitz, 1997; Tycowski et al., 1998; Jady and Kiss, 2001).  Members of this family are 

defined by the conserved boxes C and D located at the 5' and 3' termini, respectively (Tyc and Steitz, 

1989; Caffarelli et al., 1996; Cavaille and Bachellerie, 1996; Watkins et al., 1996; Darzacq and Kiss, 

2000; Watkins et al., 2000).  These conserved sequences fold into a stem-loop-stem structure which is 

essential for the binding of box C/D RNP proteins as well as the nucleotide modification reaction itself. 

 Additional internal sequences designated C' and D' boxes can be identified in eukaryotic snoRNAs 

and archaeal sRNAs (Kiss-Laszlo et al., 1998).  Although the C' and D' boxes have been defined based  
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upon the terminal box C and D sequences, they are not as strictly conserved and are not easily 

identified in all eukaryotic snoRNAs.  Both the terminal box C/D core and internal C'/D' motifs direct 

2'-O-methylation of targeted ribonucleotides using rRNA-complementary regions located 

immediately upstream of boxes D and D'.  Antisense sequences of 10-21 nucleotides in length base 

pair with the target region and direct methylation to the designate nucleotide positioned 5 nucleotides 

upstream of box D/D' within the snoRNA:rRNA duplex (Kiss-Laszlo et al., 1996; Cavaille and 

Bachellerie, 1998).   

 

Eukaryotic box C/D snoRNAs associate with four core proteins: 15.5kD protein, nucleolar protein 56 

(Nop56p), nucleolar protein 58 (Nop58p), and fibrillarin.  Assembly of the terminal box C/D snoRNP 

complex is required for snoRNA processing and stable accumulation of the box C/D snoRNAs 

(Caffarelli et al., 1996; Cavaille and Bachellerie, 1996; Watkins et al., 1996; Darzacq and Kiss, 2000). 

 The 15.5kD protein binds the terminal box C/D core motif in the absence of the other core proteins and 

initiates snoRNP assembly (Watkins et al., 2000).  Nop56p and Nop58p (alternatively Nop5p) are 

highly related snoRNP core proteins also required for ribosome biogenesis (Wu et al., 1998; 

Lafontaine and Tollervey, 1999; Lafontaine and Tollervey, 2000; Newman et al., 2000).  However, 

only Nop58p is essential for snoRNA biosynthesis and does not require fibrillarin for RNA binding.  

In contrast, Nop56p is not necessary for box C/D snoRNA accumulation and its binding to the 

snoRNA does require fibrillarin.  Fibrillarin is the fourth core protein and all available biochemical and 

genetic evidence indicates that it is the methylase enzyme (Tollervey et al., 1993; Wang et al., 2000; 

Galardi et al., 2002; Omer et al., 2002).  Recent work has revealed the asymmetric distribution of the 

box C/D snoRNP core proteins upon the terminal box C/D core and internal C'/D' motifs (Cahill et al., 

2002; Szewczak et al., 2002).  Based upon nucleotide modification experiments, the 15.5kD core 

protein binds exclusively to the terminal box C/D core motif.  In vivo crosslinking revealed that core  
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proteins Nop58 and Nop56 are differentially bound to the box C/D and C'/D' motifs, respectively.  

Only fibrillarin, the putative methylase, is a component of both RNP complexes.   

The archaeal box C/D sRNP complexes exhibit a distinctly different protein composition from that of 

eukaryotic box C/D snoRNPs.  Only three core proteins are required for sRNP assembly.  Ribosomal 

protein L7 functions as the archaeal homolog of 15.5kD protein and a single archaeal Nop56/58 

protein takes the place of the eukaryotic Nop56p/Nop58p protein pair (Kuhn et al., 2002; Omer et al., 

2002; Tang et al., 2002),.  An archaeal homolog of fibrillarin which exhibits high homology with its 

eukaryotic counterpart is the third archaeal sRNP core protein (Amiri, 1994).  The crystal structure of 

archaeal fibrillarin has revealed an S-adenosyl methionine-binding site, consistent with its role as the 

methylase enzyme (Wang et al., 2000).   Recently, a Sulfolobus acidocaldarius box C/D sRNP 

complex has been assembled in vitro using recombinant core proteins (Omer et al., 2002).  This 

complex was shown to direct 2'-O-methylation from the terminal box C/D core motif. 

 

In the work reported here, we have reconstituted a methylation-competent Methanococcus jannaschii 

box C/D sRNP complex which guides methylation from both the terminal box C/D core and internal 

C'/D' RNA motifs.  We demonstrate that the terminal box C/D RNP is the minimal complex still 

capable of methylation.  Unexpectedly, efficient methylation guided by both the terminal box C/D and 

internal C'/D' RNP complexes requires that they function within the full length sRNA molecule.  

RNA:protein binding studies demonstrated that a Nop56/58-fibrillarin complex can uniquely bind the 

internal C'/D' motif indicating a folded RNA structure distinct from that of the terminal box C/D core 

motif.  In contrast to the eukaryotic snoRNP complex, RNP assembly studies demonstrated that the 

archaeal terminal box C/D core and internal C'/D' RNP complexes are symmetric with respect to 

protein distribution, requiring all three core proteins for RNP assembly on both RNA motifs.  

Strikingly, comparative protein binding revealed that while archaeal core protein L7 can bind both the  
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box C/D and C'/D' motifs of both archaeal and eukaryotic box C/D RNAs, the eukaryotic 15.5kD 

homolog is limited to binding only the terminal box C/D motif.  Thus, the unique core protein 

distribution of the archaeal and eukaryotic methylation guide ribonucleoprotein particles is a 

consequence of the evolution in RNA-binding capabilities of the box C/D RNP core proteins.   
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RESULTS 

 

SRNP Core Proteins L7, Nop56/58, and Fibrillarin Bind Both the Terminal Box C/D Core and 

Internal C'/D' Motifs to Assemble Symmetric RNP Complexes  

To study the structure and enzymology of the box C/D RNP complex, we have reconstituted in vitro 

an archaeal box C/D sRNP using in vitro transcribed or synthetic RNAs and recombinant sRNP core 

proteins.  For these studies, Methanococcus jannaschii sR8 was selected as the model sRNA for RNP 

assembly.  sR8 sRNA guides the methylation of both rRNA and tRNA substrates in vivo.  Figure 1A 

(upper panel) shows the predicted secondary structure of sR8 with its terminal box C/D core motif and 

internal box C'/D' motif.  This RNA contains each of the conserved elements characteristic of box C/D 

small nucleolar RNAs: a 5',3' base-paired terminal stem, terminal conserved boxes C (AUGAUGA) 

and D (CUGA), internal boxes C' (UGAUGA) and D' (CUGA), and sRNA guide sequences positioned 

immediately upstream of boxes D and D'.  

 

The sR8 sRNP complex was assembled in vitro by incubating radiolabeled sR8 sRNA with 

recombinant M. jannaschii sRNP core proteins L7, Nop56/58, and fibrillarin.  sRNP complex 

formation exhibited an ordered assembly of core proteins with L7 binding first followed by Nop56/58 

and then fibrillarin (Figure 1A - lower panel).  Interestingly, L7 binding occurred over a wide range of 

temperatures whereas Nop56/58 and fibrillarin binding required elevated temperatures around 70°C 

(data not shown).  This is not surprising since M. jannaschii is a thermophile that lives in high 

temperature environments around 80°C.  Both the observed order of core protein binding and the 

requirement of elevated temperature for assembly are consistent with recent observations for in vitro 

assembly of a Sulfolobus acidocaldarius box C/D sRNP complex (Omer et al., 2002).  The elevated 

temperature required for Nop56/58 and fibrillarin binding suggests that these two core proteins, or  
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perhaps the sRNA, undergo conformational changes at higher temperatures which are necessary for 

protein binding. 

 

Addition of all three core proteins resulted in several large complexes (designated RNP III, lane 8).  

At present, we do not know the distinct composition of each of these larger RNPs but believe that 

incomplete RNP assembly upon one or both RNA motifs or alternative conformations of the 

assembled sR8 RNP generate the multiple complexes observed.  Addition of Nop56/58 to the L7:sR8 

RNP complex resulted in the formation of only modest amounts of higher order RNP II (lane 5).  In 

contrast, addition of both Nop56/58 and fibrillarin in combination results in assembly of RNP III 

complexes in greater amounts.  We believe that Nop56/58 and fibrillarin bind the L7:sR8 RNP as a 

dimer despite the fact that Nop56/58 alone exhibits some binding activity (see below).  The highly 

charged nature of Nop56/58 protein when this protein is not complexed with fibrillarin results in 

aggregation with the L7:sR8 RNP.  Thus, a significant loss of soluble RNP complex(es) is observed 

when only Nop56/58 is added to the L7:sR8 RNP (lane 5). 

 

To study the structure and function of the two RNP complexes independent of each other, sR8 

"halfmers" were constructed possessing either the terminal box C/D core motif or internal C'/D' motif 

(Figures 1B and C -  upper panels).  The C/D RNA contains the 5'/3' terminal stem, boxes C and D, and 

the guide sequence upstream of box D contained in a loop.  The C'/D' RNA possesses internal boxes 

C' and D' as well as both guide sequences.  The second, box D-associated guide sequence and terminal 

stem were added to the C'/D' halfmer to facilitate RNP assembly.  Smaller RNAs lacking these 

elements assembled little RNP complex suggesting a perturbed C'/D' structure (data not shown). 

 

Assembly of the box C/D and C'/D' RNPs was assessed in reconstitution experiments utilizing these  
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halfmers and various combinations of core proteins.  RNP assembly for each RNA motif exhibited the 

same order of protein binding as the complete sR8 sRNA and the fully assembled RNP III complex 

contained all three sRNP core proteins (Figures 1B and 1C - lower panels).  Analysis of L7 binding to 

sR8, C/D, and C'/D' RNAs to form RNP I complexes revealed a predominantly slower migrating 

complex for full-length sR8 when compared with the faster migrating complexes for the C/D and C'/D' 

halfmers (compare lanes 2 of lower panels 1A, 1B, and 1C).  This is consistent with L7 binding both 

C/D and C'/D' motifs on the full-length sR8 whereas a single L7 protein binds each halfmer.  Nuclease 

mapping of L7 binding upon sR8 has demonstrated L7 binding to both motifs (data not shown).  

Interestingly, subsequent binding of the Nop56/58 and fibrillarin proteins to the C/D and C'/D' 

halfmers to assemble RNP complexes II and III is less efficient than that observed for the full-length 

sR8 RNA, particularly for the terminal box C/D core motif.  We suspect the smaller size of the box C/D 

RNA with a constrained loop structure likely affects the interaction of Nop56/58 and fibrillarin with 

the RNA, thus assembling less RNP II and III complexes.  Collectively, these results demonstrated that 

both archaeal RNP complexes are symmetric with respect to core protein composition and require all 

three core proteins for RNP assembly.  

 

Nop56/58 and Fibrillarin Associate Through Protein:Protein Interactions and Can Bind the 

C'/D' Motif in the Absence of L7 

The binding, albeit limited, of Nop56/58 and fibrillarin to sR8 in the absence of L7 (Figure 1A, lane 

7) suggested that these two core proteins may work as a complex capable of independently binding box 

C/D sRNAs.  To explore this possibility further, Nop56/58 and fibrillarin were incubated with the sR8 

half-molecules and RNP formation assessed by native gel electrophoresis (Figure 2A).  

 

Despite limited protein binding, these two core proteins interacted with the internal C'/D' motif but not  
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the terminal box C/D core motif.  Competition studies using non-radiolabeled C/D and C'/D' 

competitor RNAs demonstrated the specificity of this interaction, indicating a distinct structural 

difference presented by the two folded RNA motifs for protein binding.  Although considerably 

weaker in binding affinity than when assembled in the complete RNP complex, these results clearly 

demonstrated the ability of Nop56/58 complexed with fibrillarin to bind the C'/D' motif independent 

of L7.  This observation has implications for the evolution of RNA-binding capabilities of these core 

proteins and the resultant contrasting structures of archaeal and eukaryotic box C/D RNPs (see 

Discussion). 

 

Protein:protein interactions between the sRNP core proteins were explored using in vitro "pull-down" 

experiments.  sRNP core proteins were incubated in pairs with one of the proteins possessing a His-tag 

and coprecipitation of the untagged core protein with its His-tagged partner assessed by 

SDS-polyacrylamide gel electrophoresis (Figure 2B).    No interaction between L7 and Nop56/58 or 

L7 and fibrillarin was noted.  However, interaction between fibrillarin and Nop56/58 was observed, 

consistent with our belief that these two proteins likely bind the sRNA as a complex.  The possibility 

that Nop56/58 and fibrillarin were interacting via contaminating RNA in the recombinant protein 

preparations was ruled out by demonstrating identical results using proteins pre-treated with RNase 

(data not shown).  Recently, the crystal structure of the Archeoglobus fulgidus Nop56/58-fibrillarin 

complex has been reported (Aittaleb et al., 2003).  This co-crystal structure of these two proteins is 

consistent with our pull-down experiments and supports the idea that these proteins function in vivo 

as a dimer.  The lack of observed interaction between L7 and Nop56/58 or fibrillarin does not rule out 

protein:protein interactions between these core proteins within the sRNP complex, but indicates that 

these interactions are not sufficiently strong to be observed in pulldown experiments in the absence of 

bound sRNA.     



 76

The ability of the Nop56/58-fibrillarin complex to bind the C'/D' motif in the absence of L7 raised the 

question as to whether L7 is ultimately displaced upon Nop56/58-fibrillarin binding.  The small 

amount of Nop56/68-fibrillarin:sRNA complex formed and the weak binding of these proteins 

suggested that this is not the case.  However, to assess this possibility, RNP “pull-down” experiments 

were carried out using His-tagged fibrillarin and the RNA halfmers (Figures 2C & 2D).  Identical 

results were obtained for both box C/D and C'/D' RNP assembly.  Each complex required all three core 

proteins for efficient RNP assembly and co-selection of bound C/D or C'/D' RNAs with tagged 

fibrillarin (Figure 2C).  The absence of L7 or Nop56/58 resulted in loss of C/D and C'D' RNA 

co-selection with tagged fibrillarin (Figure 2D).  Interestingly, incubation of tagged fibrillarin with 

Nop56/58 resulted in only slight affinity selection of fibrillarin and no Nop56/58 for both RNAs 

(Figure 2D, lanes 6 & 8).  This reflects the loss of soluble Nop56-fibrillarin complex and RNP when 

incubated in the presence of RNA.  These results are consistent with the EMSA analysis of Figure 1A 

where formation of the Nop56/58-fibrillarin:C'/D' RNP complex can only be observed using 

radiolabeled RNA.  Collectively, these results demonstrate the importance of L7 for efficient and 

symmetric box C/D and C'/D' RNP assembly (see Discussion). 

 

The Terminal Box C/D RNP Is the Minimal Methylation Complex But Efficient Methylation 

Requires That the Box C/D and C'/D' RNPs Are Juxtaposed in the Full-Length RNA  

The ability of the in vitro assembled sR8 sRNP to guide the methylation of RNA substrates was 

assessed by monitoring the incorporation of 3H-CH3 donated from S-adenosyl-L-methionine (SAM) 

into substrate RNAs.  Target substrates of 21 and 16 nucleotides in length contained sequences 

complementary to the terminal box C/D RNP guide sequence (D target) and the internal C'/D' guide 

sequence (D' target), respectively (Figure 3A).  Determination of TCA-precipitable counts into the 

target RNAs revealed that both the terminal box C/D core and internal C'/D' motifs of the assembled  
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sR8 RNP guided methylation of their target RNAs during the 60 minute incubation period (Figure 3B). 

 sR8 sRNP catalyzed the incorporation of between 25 and 30 pmoles of 3H-CH3 into each target RNA. 

 The fact that 10 pmoles of L7 were used in the sRNP assembly reaction indicates that multiple rounds 

of methylation were catalyzed by the sRNP complexes.  Similar to in vitro-guided methylation by the 

Sulfolobus acidocaldarius box C/D sRNP core complex (Omer et al., 2002), an elevated incubation 

temperature of 68°C was required for 2'-O-methylation activity (data not shown).  Target RNAs 

possessing a methyl group at the 2'-O-ribose position of the designated nucleotide prior to incubation 

with the assembled sRNP (D-CH3 and D'-CH3; Figure 3A) showed no incorporation of 3H-CH3. 

Incubation of both target RNAs in the same methylation reaction correspondingly increased the 

incorporation of 3H-CH3 into RNA and electrophoretic analysis of these substrates demonstrated 

3H-CH3 incorporation into each RNA was blocked when either substrate was previously methylated at 

the designate nucleotide (Figure 3C).  At present, we do not know if both RNAs can be methylated 

simultaneously or if binding of one substrate precludes binding of the second.  

 

The ability of the terminal box C/D core and internal C'/D' RNP complexes to independently guide 

methylation of their respective target RNAs was subsequently examined.  Strikingly, guided 

methylation from each assembled half molecule RNP was adversely affected (Figure 3C).  The level 

of 2'-O-methylation for the terminal box C/D RNP complex was reduced to approximately one third 

of that observed for this complex in full-length sR8.  The assembled C'/D' RNP was completely 

inactive in guiding methylation.  Incubation of the two RNP complexes together in trans as separate 

RNPs did not restore the methylation activity of either RNP (see Figure 4B).  These results revealed 

two important catalytic features of the archaeal box C/D sRNP complex.  First, the minimal RNP 

structure capable of directing nucleotide-specific 2'-O-methylation, albeit at reduced levels, is the 

terminal box C/D RNP.  Second, maximal methylation efficiency of both the box C/D and C'/D' RNP  
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complexes requires that they be juxtapositioned within the full-length sRNA molecule. 

Mutations in Conserved Box Elements Impair Methylation from Both Guide Regions 

The importance of positioning the two RNP complexes within the full-length sRNA for optimal 

methylation activity was further examined in sR8 mutagenesis experiments.  Mutations were made in 

the critical GA dinucleotides of each box element (Figure 4A).  These nucleotides are important for 

K-turn formation and L7 binding to the box C/D core motif (Klein et al., 2001; Kuhn et al., 2002).  

Each mutant sRNA assembled with sRNP core proteins was assayed for methylation activity guided 

from each motif (Figure 4B).  Mutation of box C reduced methylation guided from the terminal box 

C/D motif as expected, but also severely disrupted methylation guided by the C'/D' motif.  Similar 

results were seen also for the box C' mutation.  Mutations in box D and D' sequences also affected 

methylation of both target RNAs, but resulted in greater inhibition of methylation guided by the 

mutated C/D or C'/D' motifs.  These results confirmed the critical nature of positioning the box C/D 

and C'/D' RNPs within the full-length sRNA for obtaining efficient methylation activity.  

 

The effects of the box C/D and C'/D' mutations upon sRNP assembly were examined to determine if 

the lack of methylation activity in the non-mutated motif was due to lack of RNP formation (Figure 

4C).  Mutant C, D, C', and D' sR8 sRNAs were incubated with the sRNP core proteins and assembled 

RNP complexes resolved on native polyacrylamide gels.  All four mutant sRNAs bound all three sRNP 

core proteins and assembled higher order RNP III complexes.  Interestingly, closer inspection of RNP 

assembly indicated differences in complex formation when the terminal box C/D core motif was 

mutated as opposed to the internal C'/D' motif.  Binding of L7 to the box C or D mutants resulted in a 

faster migrating RNP I complex as compared to the C' and D' mutants (Figure 4C).  The different 

migration of these RNP I complexes indicated that L7 is primarily binding the C'/D' motif.  However, 

reduced methylation is still guided from the box C/D core RNP, particularly with the box C mutant,  
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suggesting some RNP assembly on the C/D motif.  In contrast, the C' and D' mutant sRNAs bind two 

L7 proteins as evidenced by slower migrating RNP complexes.  Indeed, this has been confirmed with 

L7 titration experiments (data not shown).  Despite L7 binding at both RNA motifs and subsequent 

RNP assembly which mirrors formation of the wild type RNP complex (Figure 1), methylation is 

adversely affected at both the mutated C'/D' and non-mutated C/D motifs.  Therefore, loss of 

methylation activity at the non-mutated motifs is not a consequence of failure to assemble the RNP 

complex at the non-mutated motif but due to probable alterations in sRNA and/or sRNP structure 

resulting from crosstalk between the two RNP complexes.   

 

Archaeal L7 Binds Cooperatively to the Box C/D and C'/D' Motifs. 

The importance of juxtaposed RNPs in guided methylation prompted us to examine the possible 

cooperative nature of box C/D and C'/D' RNP assembly.  Since L7 binding initiates sRNP assembly, 

the nature of its binding to the two RNA motifs was examined.  Titration of sR8 with increasing 

concentrations of L7 revealed the formation of two RNP complexes (Figure 5A).  Subsequent 

footprinting analysis of the sR8 titration demonstrated that both the C/D and C'/D' motifs are bound by 

L7 (data not shown).  The slowest migrating or third apparent RNP in lane 2 is seen with excess 

concentrations of L7 protein and results from non-specific binding of L7 to RNA.  The strength and 

cooperative nature of L7 binding to sR8 was also assessed using a filter binding assay.  L7 association 

with sR8 revealed a sigmoidal binding curve, indicative of cooperative binding (Figure 5B).  From this 

data, dissociation constants (Kd) of 9 and 19 nM were calculated.  At this time, we are not able to 

determine which Kd value corresponds to L7 recognition of a specific RNA motif.  Hill plot analysis 

confirmed the cooperative nature of L7 binding with a determined slope of 1.8 (slopes greater than 1 

indicate positive cooperativity).  
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L7 binding to the individual box C/D and C'/D' motifs was then assessed (Figures 5C and D).  L7 

bound both sR8 half molecules, with higher affinity noted for the box C/D core motif.  Calculation of 

binding affinities yielded Kd values of 10 and 54 nM for the box C/D and C'/D' motifs, respectively.  

Interestingly, the L7 binding affinities to the two motifs relative to each other were affected when the 

motifs were no longer positioned in the full-length sRNA.  A significant increase in one Kd was noted 

(9 and 19 nM versus 10 and 54 nM) when the two motifs bound L7 independently.  This alteration in 

relative binding affinities is consistent with the positive cooperativity of L7 association seen with 

full-length sR8 sRNA.    

 

Archaeal L7 and Eukaryotic 15.5kD Core Protein Homologs Exhibit Different 

RNA-Recognition Specificities for Box C/D and C'/D' RNA Binding.   

The archaeal box C/D sRNP complex exhibits a symmetric core protein distribution on the box C/D 

and C'/D' motifs.  This is in contrast to that reported for the eukaryotic snoRNP where the eukaryotic 

core proteins are differentially distributed between the two RNA elements (Cahill et al., 2002; 

Szewczak et al., 2002).  Specifically, the eukaryotic 15.5kD core protein binds only the terminal box 

C/D core motif of the snoRNAs.  To compare RNA-recognition specificities of the archaeal and 

eukaryotic homologs of this core protein, the binding of archaeal L7 to eukaryotic U15 snoRNA was 

examined first.  Strikingly, like its interaction with archaeal sR8 sRNA, archaeal L7 protein bound 

both the box C/D and C'/D' motifs of U15 snoRNA (Figure 6A).  Binding analysis revealed a sigmoidal 

curve with calculated Kd values of 5 and 8 nM and Hill plot analysis was consistent with the 

cooperative nature of L7 binding yielding a slope of 2 (Figure 6B).  

 

The binding of 15.5kD, the eukaryotic homolog of archaeal L7, was assessed next for its interactions 

with eukaryotic and archaeal box C/D RNAs.  As previously reported (Szewczak et al., 2002), 15.5 kD  
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protein bound only once to U15 snoRNA (Figure 6C) at the box C/D motif.  Consistent with single-site 

binding, the 15.5kD binding curve was not sigmoidal (Figure 6D).  15.5kD protein was then bound to 

archaeal sR8 sRNA.  This eukaryotic core protein also bound the full-length archaeal RNA only once 

at the terminal box C/D core motif (Figure 6E-G).  Collectively, these binding studies demonstrate the 

different RNA-recognition specificities of the L7 and 15.5kD core protein homologs.  These 

differences in RNA-binding capabilities provide a biochemical rationale for the different distribution 

of this protein observed in the archaeal versus eukaryotic box C/D RNPs (see Discussion).  
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DISCUSSION 

 

Development of an in vitro RNP assembly system provides the opportunity to biochemically dissect 

the structure and function of this RNA:protein enzyme.  The reconstituted archaeal sR8 box C/D sRNP 

complex guides site-specific nucleotide modification from both the terminal box C/D and internal 

C'/D' RNP complexes.  The terminal box C/D complex is the minimal RNP capable of methylation.  

However, efficient enzyme activity of the terminal core complex as well as the internal C'/D' RNP 

requires that both complexes function within the full-length sRNA molecule.  Archaeal sRNAs bind 

all three core proteins at both the terminal box C/D and internal C'/D' motifs, thus establishing a 

symmetric sRNP.  This is in contrast to the eukaryotic snoRNP where four core proteins bind 

differentially to the two RNA motifs and create an asymmetric snoRNP.  Our protein binding studies 

have demonstrated the different binding capabilities of the eukaryotic 15.5kD and archaeal L7 core 

protein homologs.  Thus, the structural distinctness of the archaeal and eukaryotic box C/D RNP is a 

consequence of the evolved RNA-recognition specificities of the core proteins. 

 

Assembly of the terminal box C/D core and internal C'/D' RNP complexes requires the ordered 

addition of the sRNP core proteins as previously observed for a Sulfolobus acidocaldarius box C/D 

sRNP complex (Omer et al., 2002).  Omer and coworkers reported the formation of multiple RNPs 

when L7 was bound to the sRNA.  These differently migrating RNPs on native polyacrylamide gels 

were attributed to conformational isomers of the L7:RNA complex.  We now demonstrate that L7 

binds to both the box C/D and C'/D' motifs in a cooperative manner, thus providing an explanation for 

the multiple bands previously observed.  The exact nature of this cooperativity is not known but may 

reflect induced changes in sR8 structure following initial L7 binding, and/or protein:protein 

interactions between the two L7 molecules.  



 83

Strikingly, the differential binding of Nop56/58 and fibrillarin to the C/D and C’/D’ halfmers 

demonstrates the structural distinctness of the two RNA motifs.  While the canonical box C and D 

sequences are well conserved in the C’/D’ motifs of Archaea, considerable variation is observed in the 

C’/D’ sequences of eukaryotic snoRNAs (Kiss-Laszlo et al., 1998; Omer et al., 2000).  Of particular 

note is the lack of strict conservation of the G:A nucleotides of the C’/D’ motif.  These bases and their 

hydrogen-bonding interactions are crucial for establishing the K-turn structure of the box C/D motif 

and L7 binding (Klein et al., 2001; Kuhn et al., 2002).  The lack of G:A nucleotides in some C' and D' 

sequences suggests that the C'/D' motif does not adopt a canonical kink-turn structure.  Observations 

made by Cahill and coworkers (2002) have also suggested that G:A nucleotides in box D' are not 

required, indicating that hydrogen bonding across the asymmetric loop may not be critical for 

establishing C'/D' motif structure.  At the least, available evidence suggests that the C’/D’ motif is a 

variation of the classical K-turn fold. 

 

Order of assembly experiments indicate that Nop56/58 associates with the sRNA following L7 

association and is then joined by fibrillarin (Omer et al., 2002; this study).  However, it is clear that 

Nop56/58 binding is enhanced in the presence of fibrillarin and Nop56/58 can bind the C’/D’ motif in 

the absence of L7 when fibrillarin is present.  We believe that these two core proteins likely associate 

prior to binding the RNA.  Our pull-down experiments demonstrate interaction between these two core 

proteins which is consistent with this idea.  In addition, the co-crystal structure of this protein complex 

has recently been solved and clearly shows that Nop56/58 and fibrillarin form a heterodimer in the 

absence of the sRNA substrate (Aittaleb et al., 2003).  These proteins forming a complex for RNA 

binding is consistent with the core protein composition of the eukaryotic C'/D' RNP (see below).     

 

Establishment of an in vitro assembly system for the archaeal box C/D sRNP complex facilitates a  



 84

biochemical dissection of the structure and function of the RNA:protein enzyme, overcoming the 

inability to genetically manipulate the components of this archaeal complex in vivo.  The in vitro 

assembly system also offers other distinct advantages.  It is a simple system allowing the use of the 

minimal components required for enzyme activity and it also permits quantitative assessment of the 

methylation reaction.  Equally important is the ability to uncouple sRNP biosynthesis events from 

catalytic functions.  In vivo, the sRNA/snoRNA requires a terminal box C/D RNP complex to protect 

and stabilize the RNA termini from trimming exonucleases (Cavaille and Bachellerie, 1996; Watkins 

et al., 1996).  The opportunity for mutagenesis of the box C/D motif in vivo is therefore restricted.  For 

in vitro analyses, stabilization of the RNA is not a concern.  

 

Unexpectedly, methylation activity of the sR8 half molecules was severely reduced or completely 

abolished when the two RNP complexes are no longer juxtaposed within the full-length sRNA.  It is 

not yet clear how each RNP complex affects the methylation activity of the other.  It is possible that 

binding of core proteins at one motif affects the folded RNA structure at the second motif and/or 

involves protein:protein interactions between the two RNP complexes.  However, the ability of both 

motifs to assemble complete RNP complexes with halfmer RNAs demonstrates that complete RNP 

assembly on each can proceed in the absence of the other.  Therefore, it would appear that crosstalk 

interactions between the two RNPs ultimately affect the overall conformation of each complex, thus 

maximizing their respective methylation activities.  

 

Interestingly, mutations in boxes C and C' of full-length sR8 affected the activity of the non-mutated 

motif more significantly that the mutated motif.  In contrast, the box D and D' mutants had the most 

severe effect upon the methylation activity of the mutated motif.  These observations suggest that the 

two nucleotide sequence elements contribute differently to methylation activity, possibly through core  
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protein binding.  This is consistent with the protein:RNA crosslinking results of Cahill and coworkers 

(2002) which revealed that different core proteins associate with each box sequence element.  Our 

results demonstrating that juxtapositioning of the two RNP complexes for efficient methylation 

contrasts the in vivo analysis of C'/D'-directed methylation activity reported by Kiss-Laszlo and 

coworkers (1998).  Their investigation of guided methylation from a C’/D’ RNP complex functioning 

in the absence of a box C/D core motif indicates that the terminal RNP complex is not required for 

methylation activity.  However, it is difficult to assess methylation efficiency directed from a given 

RNP complex in vivo since reduced enzymatic activity over time could yield measurable methylation 

at a designate nucleotide.  Thus, their observed methylation activity may reflect very low levels of 

guided methylation from the C’/D’ RNP complex.  Alternatively, these contrasting observations may 

reflect a difference between archaeal and eukaryotic box C/D RNA-guided methylation activity.   

 

At present, it is not known if juxtapositioning the terminal box C/D and internal C’/D’ motifs in 

eukaryotic snoRNAs is important for efficient methylation activities.  However, two lines of evidence 

suggest that protein:protein interactions may occur between the asymmetrically distributed core 

proteins of the eukaryotic box C/D and C’/D’ RNPs.  First, in characterizing U14 snoRNP proteins, 

we isolated Nop56 as well as Nop58 using a minimal terminal box C/D core motif for affinity 

purification of box C/D-binding proteins (Newman et al., 2000).  Since the core proteins of the 

eukaryotic snoRNP complex are asymmetrically distributed with Nop56 bound only to the internal 

C’/D’ motif, this suggests that the co-isolation of Nop56 with Nop58 may be the result of 

protein:protein interactions among the snoRNP core proteins. Second, Watkins and coworkers (2002) 

have shown that mutations within stem II of the terminal box C/D affect the binding of both Nop56 and 

Nop58.  The loss of both proteins upon alteration of only one motif again suggests crosstalk between 

the two RNPs. 
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Comparison of the archaeal and eukaryotic box C/D RNPs reveals structurally distinct complexes for 

this RNA:protein enzyme (Figure 8).  The eukaryotic snoRNP complex is  distinguished by the 

utilization of four core proteins as compared with three for the archaeal sRNP.  A duplication event has 

resulted in the two Nop56/58 genes found in eukaryotes with each coding sequence evolving to 

produce proteins with different snoRNA-binding capacities (Dennis et al., 2001).  Interestingly, the 

primary sequence of archaeal Nop56/58 shows similar homology with both eukaryotic Nop56 and 

Nop58 (data not shown).  The ability of archaeal Nop56/58 and fibrillarin to recognize the C'/D' motif 

in the absence of L7 is strikingly similar to that observed in eukaryotes.  In Archaea, L7 contributes to 

the binding strength of the Nop56/58-fibrillarin and this third core protein has been retained in the 

C'/D' RNP complex.  In contrast, eukaryotic Nop56 has apparently evolved after the gene duplication 

event such that 15.5kD core protein is no longer necessary for Nop56-fibrillarin stability on the C'/D' 

motif.  The inability of 15.5kD to bind either the eukaryotic or archaeal C'/D' motif indicates that this 

core protein is distinctly different from its archaeal homolog in RNA recognition specificity.  This is 

in spite of the fact that the crystal structures of 15.5kD and L7 proteins are virtually superimposable 

(Kuhn et al., 2002).  Since the 15.5kD protein is not present at the eukaryotic C'/D' motif, this core 

protein has apparently adapted its binding site to the terminal box C/D core motif.  The structural basis 

for the different binding capabilities of these core protein homologs await a fine structure analysis of 

their interaction with the box C/D RNA.  In the absence of 15.5kD, the structure of the C'/D' motif may 

have drifted from the canonical K-turn motif to accommodate the Nop56-fibrillarin complex.  This 

could explain the stricter conservation of C'/D' sequences in Archaea. 

 

Archaeal and eukaryotic box C/D RNAs assemble distinctly different RNPs despite using homologous 

proteins for RNP construction.  The more simple and symmetric archaeal complex has evolved in 

eukaryotes to a more complex and asymmetric particle.  Strikingly, this progression from simple and  
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symmetric to complex and asymmetric may reflect a general evolutionary progression of RNA 

processing/modification systems that are shared by both Archaea and Eukarya (Li et al., 1998; Trotta 

et al., 1997; Kleman-Leyer, et al., 1997).  The tRNA splicing machinery of M. jannaschii is a tetramer 

composed of four identical subunits that recognize the two splice sites and carry out both endonuclease 

and ligase functions.  This same processing complex in eukaryotes is again a tetramer but composed 

of four different proteins.  Despite their homology with the archaeal proteins, the eukaryotic subunits 

have evolved specialized functions and even exhibit a different mechanism for splice site recognition. 

 Analysis of eukaryotic box C/D snoRNAs suggests that at least some species, in addition to their 

asymmetric RNP organization, have also undergone a similar specialization of RNP function.  Such an 

example is U14 snoRNA.  Characteristic of box C/D snoRNAs, U14 guides rRNA methylation from 

its terminal box C/D RNP.  However, the internal C'/D' element functions as an RNA chaperone to 

direct critical cleavage events in pre-rRNA processing.  The recent observation in Drosophila 

melanogaster that the methylation activity and chaperone function of U14 are contained on two 

different snoRNA species suggests that RNP specialization may have progressed even further in 

Diptera (Yuan et al., 2003).  Determination of possible differences in RNP organization reflecting the 

observed increased in complexity of snoRNA function awaits further investigation.  
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MATERIALS AND METHODS 

 

DNA template construction and RNA synthesis. 

Target RNA substrates and the box C/D sR8 half-molecule were purchased from Dharmacon Research, 

Inc..  Sequences are reported in the 5' to 3' direction and the 2'-O-methylated nucleotide is designated 

with an 'm' preceding the modified nucleotide.  

Box C/D RNA halfmer:  AAAUCGCCAAUGAUGAAACGUAUGAGCACUGAGGCGAUUU 

D target: CUGAUGCUCAUACGGUCUGCU 

D' target: GCUCAAAGCCAAUCGC 

D-CH3: CUGAUGCUmCAUACGGUCUGCU 

D'-CH3: GCUCAAAmGCCAAUCGC 

Longer RNAs were synthesized by in vitro transcription using DNA templates.  Full-length sR8 DNA 

was amplified from Methanococcus jannaschii genomic DNA and mutant sR8 templates were 

generated by PCR amplification from this full-length DNA tempate.  Human U15A snoRNA template 

was amplified from plasmid pBS-U15 (Watkins et al., 1996).  RNA transcripts were synthesized using 

the RiboMAX Large Scale RNA Production System- T7 (Promega) according to manufacturer's 

protocol.  RNAs were gel-purified and 5' labeled with T4 polynucleotide kinase and γ 32P-ATP. 

 

PCR Primer Pairs for amplification of DNA templates. 

Wild-type sR8 DNA template (1+2); C mut (2+3); C' mut (1+4); D mut (1+5); D' mut (1+6); C'/D' 

RNA halfmer (7+8); U15 (9+10).   

(1.)  CTAATACGACTCACTATAGGCCAAATCGCCAATGATGACGATTG 

(2.) AAATCGCCTCAGTGCTCATACGG   

(3.) CTAATACGACTCACTATAGGCCAAATCGCCAATCCTGACGATTG 
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(4.) AAATCGCCTCAGTGCTCATACGGTTCAGGACAGAC 

(5.) AAATCGCCAGAGTGCTCATACGG 

(6.) AAATCGCCTCAGTGCTCATACGGTTCATCACAGACAGAGC 

(7.) CTAATACGACTCACTATAGGCCTCTGGCGATTGGCTTTGCTGAGTC 

(8.) TCTGGAGTGCTCATACGGTTCATC 

(9.) CTAATACGACTCACTATAGGCCCTTCGATGAAGAGATGATGACG 

(10.) CCTTCTCAGACAAATGCCTCTAAG 

 

Cloning, expression, and purification of proteins. 

Recombinant, GST-tagged, mouse 15.5kD protein was expressed and purified as previously described 

(Kuhn et al., 2002).  Genes encoding L7, Nop56/58, and fibrillarin proteins were amplified from M. 

jannaschii genomic DNA using primer pairs which placed restriction sites on the 5' and 3' sides of the 

template (NdeI/BamHI for L7 and fibrillarin and NcoI/BamHI for Nop56/58) for subsequent cloning. 

Following restriction digestion, protein-coding templates were ligated into a pET28a vector (Novagen) 

resulting in N-terminally His-tagged L7 and fibrillarin and untagged Nop56/58.  Proteins were 

expressed in Rosetta (DE3) cells (Novagen) at 37°C for 3 hours (L7 and Fibrillarin) or 15°C overnight 

(Nop56/58).  His-tagged proteins were purified by nickel-affinity chromatography using “His-bind” 

Resin (Novagen) according to the manufacturer's protocol.  Affinity tags were removed with thrombin 

cleavage overnight at 4°C.  Nop56/58 was purified (to approximately 80% homogeneity) by 

cation-exchange chromatography using SP-Sepharose Fast-Flow Resin (Sigma) and bound protein 

eluted with a NaCl gradient.  Isolated archaeal proteins were dialyzed against buffer D (20 mM Hepes 

pH 7, 100 mM NaCl, 3 mM MgCl2, 0.2 mM EDTA, 20% glycerol) at 4°C overnight. 
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Protein-RNA interactions analyzed by EMSA and filter-binding. 

RNP complexes were assembled under the following conditions.  Radiolabeled RNA (0.2 pmoles) was 

incubated with increasing concentrations of L7 or GST-tagged 15.5kD for binding analysis.  L7 RNP 

complex formation was assessed by titrating L7 (8 to 600nM) in 20 µl reactions supplemented with 10 

µg tRNA in binding reaction buffer (20mM HEPES pH 7, 150mM NaCl, 0.75mM DTT, 1.5mM 

MgCl2, 0.1mM EDTA, 10% glycerol).  Complexes were assembled by incubation at 70°C for 10 min. 

 GST-15.5kD complexes were assembled at 30°C for 30 min under the same binding conditions with 

increasing protein concentrations from 0.6 to 24µM.  Formation of higher order archaeal RNP 

complexes included 10 pmoles L7, 32 pmoles Nop56/58 and 33 pmoles fibrillarin added either 

individually or in different combinations.  Complexes were resolved by electrophoretic mobility-shift 

analysis (EMSA) on 4 or 6% phosphate-buffered polyacrylamide gels (pH 7) containing 2% glycerol 

and RNPs  visualized by autoradiography.  RNP complexes for competition analysis were assembled 

under the same conditions as above but with 64 pmoles of Nop56/58 and no L7.  Unlabeled competitor 

RNAs (C/D or C'/D' RNA halfmers) were added at 1000-fold molar excess and RNP complexes 

resolved by native gel electrophoresis.   L7 and 15.5kD binding affinity with sR8 and U15 was 

assessed using a nitrocellulose filter-binding assay.  Binding conditions were the same as 

electrophoretic mobility-shift analyses with the following modifications: 50 µl reactions were 

assembled with 0.1nM radiolabeled RNA and L7 (2.5 to 58nM) or 15.5kD (0 to 4 µM).  Samples were 

applied to a nylon membrane using a dot blot apparatus, washed, and dried.  Bound radioactivity was 

visualized using a Molecular Dynamics Model 425F PhosphorImager and quantified using the 

ImageQuant v3.3 software package.  Calculations of dissociation constants and cooperativity 

measurements were performed using the Prism v3.00 software package (GraphPad). 
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Protein:protein interactions analyzed by in vitro co-selection. 

Box C/D sRNP core proteins were incubated at equimolar concentrations in buffer A (20mM HEPES, 

100mM NaCl, 1mM MgCl2) for 30 minutes at 23°C.  20% of the protein mixture was removed and 

designated applied sample while the remainder was incubated with 15 µl of "His-bind" resin 

(Novagen).  Protein-bound resin was washed six times with buffer A supplemented with 60 mM 

imidazole, 0.1% Triton X-100, and 0.025% SDS.  Bound proteins were eluted with buffer A 

containing 1M imidazole.  Applied and eluted protein samples were resolved on 14% 

SDS-polyacrylamide gels and visualized by Coomassie Blue staining.  Selected protein samples were 

treated for 1 hr at 23°C with .064 and 32 units of RNases A and T1, respectively, prior to affinity 

selection on His-bind resin.  RNP pulldown experiments were accomplished by assembling C/D and 

C'/D' RNP complexes in binding buffer minus EDTA and at RNA concentrations of 90ng/ul.  RNP 

complex selection was accomplished using His-tagged fibrillarin and His-bind resin as detailed above. 

 Portions of the RNP eluates were phenol extracted, ethanol precipitated, and RNA analyzed on 10% 

polyacrylamide-7M urea gels.   

 

In Vitro Methylation. 

sRNP complexes were assembled as described for EMSA analysis but in 80 µl reaction volumes 

containing 52 pmoles of RNA.  Assembled RNP complexes were mixed with 720 pmoles anti-sense 

target RNA, 360 pmoles SAM (S-adenolsyl-L-methionine, dihydrogen sulfate, Calbiochem), and 1.6 

µCi 3H-SAM (55 Ci/mmol, ICN Biomedicals) in a final reaction volume of 120 µl in binding reaction 

buffer.  Reactions were incubated at 68°C and 20 µl aliquots removed at 0, 10, 20, 40 and 60 minutes 

for TCA precipitation.  Aliquots were spotted onto Whatman 3MM filters, dried, precipitated onto 

filters with 10% TCA for 15 minutes at 4°C, and then washed (x3) with 5% TCA at 23°C for 1 hr.  

Filters were dried and 3H-CH3 incorporation determined by scintillation counting.  Assays performed  
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in triplicate consistently revealed small mean deviations of determined counts.  Methylated RNA 

targets were also phenol-extracted, ethanol precipitated, resolved on 12% polyacrylamide-7M urea 

gels, and visualized by radiography using BioMax intensifying screens and film (Kodak). 
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FIGURES 

 

 
 

 
Figure 1.  Archaeal sR8 sRNP assembly requires a defined order of core protein addition 
and forms symmetric RNP complexes on the terminal box C/D core and internal 
C'/D' motifs. 
A.)  The folded structure of M. jannaschii sR8 sRNA with terminal box C/D core and internal C'/D' 
motifs is based upon the consensus structure of the snoRNA box C/D motif implied from the crystal 
structure of the15.5kD-binding site on the U4 snRNA (Vidovic et al., 2000; Watkins et al., 2000).  
Base pairs are indicated by lines while wobble pairs are shown with dots.  Sequences of boxes C, D, 
C', and D' are indicated in large, bold type.  Guide regions for nucleotide methylation are indicated 
with a curved line and designated with reference to the upstream box D or D' sequences.  (lower panel). 
 sR8 sRNP complexes were assembled by incubating L7, Nop56/58, and fibrillarin core proteins, 
either individually or in different combinations, with 5'-radiolabeled sR8 sRNA.  Assembled 
complexes were resolved on 4% native polyacrylamide gels and RNPs visualized by autoradiography. 
  Migration positions of the partially assembled (RNP I and RNP II) and complete (RNP III) RNP 
complexes are indicated.  B. & C.)  The terminal box C/D core and internal C'/D' RNA half molecules 
are derived from the wild type sR8 full-length sRNA.  The box C/D halfmer possesses the sR8 terminal 
stem, boxes C and D, and the D guide region.  The C'/D' halfmer possesses boxes C' and D', the D' 
guide region, and the flanking sequence downstream of the C' sequence.  (lower panels).  Terminal 
box C/D core and internal C'/D' RNPs were assembled by incubating 5'-radiolabeled RNA with the 
indicated sRNP core proteins.  Migration positions of the partial (RNP I and RNP II) and fully 
assembled RNPs (RNP III) are indicated.  The asterisk denotes non-specific L7 binding to the RNA at 
elevated L7 concentrations (also see Figure 5A). 



 98

 

 
 
 
Figure 2.  Nop56/58 and fibrillarin interact via protein:protein interactions and can bind the 
internal C'/D' motif in the absence of core protein L7. 
A.)  Nop56/58 and fibrillarin core proteins bind specifically to the C'/D' motif in the absence of bound 
L7 core protein.  Nop56/58 and fibrillarin were incubated with radiolabeled box C/D or C'/D' RNA.  
Assembled RNP complexes were resolved on a native polyacrylamide gel and visualized by 
autoradiography.  For competition experiments, a 1000-fold molar excess of non-radiolabeled box C/D 
or C'/D' RNA was added to the RNP assembly mixture.  B.)  In vitro co-purification demonstrates that 
Nop56/58 interacts with fibrillarin.  sRNP core proteins were incubated in equimolar concentrations 
for 30 minutes at room temperature.  20% of the protein mixture was removed as the applied sample (A) 
and the remainder was applied to affinity resin.  Bound proteins were eluted (E), resolved on 14% SDS 
polyacrylamide gels and visualized by Coomassie Blue staining.  Incubated protein combinations are 
indicated above each gel with protein migration positions and molecular weight markers indicated to 
the side.  C. & D.)  Pull-down analysis demonstrates the presence of L7 in the C'/D' RNP complex.  
His-tagged fibrillarin, Nop56/58, and L7 were incubated with the C/D and C'/D' RNAs in various 
combinations as indicated and fibrillarin affinity-selected via its His-tag.  Co-isolated sRNP core 
proteins (upper panels C and D) and RNAs (lower panels C and D) were resolved on polyacrylamide 
gels and visualized by Coomassie blue and EtBr staining, respectively.  
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Figure 3.  In vitro assembled sR8 sRNP guides site-specific 2'-O-methylation from both 
terminal box C/D and internal C'/D' RNPs:  Efficient methylation requires juxtapositioning of 
both RNP complexes in the full-length sRNA. 
A.)  Schematic presentation of M. jannaschii sR8 base paired with target RNAs.  Boxes C, D, C', and 
D' are designated by black boxes.  Target RNAs complementary to the guide regions for the terminal 
box C/D RNP (D target) and internal C'/D' RNP (D' target) are shown base paired with their guide 
sequences.  D-CH3 and D'-CH3 target RNAs possessing a previously 2'-O-methylated sugar at the 
designate nucleotide are illustrated above.  B.) The assembled sR8 sRNP complex guides site-specific 
methylation of both the D and D' target RNAs.  Assembled sR8 sRNP was incubated at 70°C with the 
indicated RNAs (in parentheses) and 3H-S-adenosyl-L-methionine.  At various times, aliquots of the 
reaction were collected, TCA-precipitated, and  3H-methyl incorporation measured by scintillation 
counting.  D-CH3 and D'-CH3 target RNAs served as control RNA substrates for site-specific 
methylation.  C.) Methylation of D and D' RNA substrates demonstrates site-specific, 
2'-O-methylation at designate nucleotides of the target RNAs.  Target RNAs in various combinations 
indicated above the gel were resolved by electrophoresis and 2'-O-methylated RNAs revealed by 
radiography. Migration positions of the D and D' targets are indicated at the side.  D.) Efficient 
methylation requires juxtapositioned RNPs.  RNP complexes assembled upon the box C/D and C'/D' 
halfmer RNAs were incubated with their respective target RNAs and 3H-S-adenosyl-L-methionine and 
assayed for methylation activity.  sR8 (D) target RNA (solid square) is the control methylation level 
of the box C/D core RNP determined when positioned in full-length sR8 sRNP. 
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Figure 4.  Mutation of either the terminal box C/D core or internal C'/D' motifs in 
full-length sR8 affects guided 2'-O-methylation of both RNP complexes.  
A.)  Schematic presentation of sR8 sRNA with various mutations in the box C, D, C', and D' sequences. 
 The complete terminal helix is not shown for simplicity of illustration but is present in all mutant 
sRNAs.  B.)  Box C/D or C'/D' mutations affect methylation from both RNP complexes.  Methylation 
efficiencies of wild type sR8, halfmer RNAs, and the full-length mutants are reported as total pmoles 
of 3H-methyl incorporation into the target RNAs in one hour.  Methylation of the control methylated 
D and D' target RNAs (D-CH3 and D'-CH3) is subtracted as background.  Numbers in parentheses 
indicate percent of methylation with respect to activity of the respective complexes in the full-length 
sR8 sRNA.  C.) RNP complexes are assembled on sR8 box C/D and C'/D' RNA mutants.  sR8 RNAs 
containing the individual mutants illustrated in panel A were radiolabeled and incubated with the 
sRNP core proteins as indicated above the gel.  Assembled complexes were resolved on native 
polyacrylamide gels and visualized by autoradiography.  
 



 102

 
 
 
Figure 5.  Core protein L7 exhibits cooperative binding to archaeal sR8 sRNA. 
A.)  L7 protein binds the box C/D and C'/D' motifs of sR8 sRNA.  Increasing concentrations of L7 
(indicated above the gel) were incubated with radiolabeled sR8.  Assembled RNP complexes were 
resolved on native polyacrylamide gels and visualized by autoradiography.  The slowest migrating L7 
RNP (lane 2) is observed only at excess L7 concentrations and represents non-specific L7 binding.  B.) 
L7 association with the sR8 box C/D and C'/D' motifs is cooperative.  Increasing concentrations of L7 
(indicated above the gel) were incubated with radiolabeled sR8, assembled RNP complex blotted to 
nitrocellulose membranes and bound RNP quantitated using a phosphorimager.  The fraction of RNA 
bound in an RNP complex is plotted as a function of L7 concentration.  The L7 binding data is also 
presented as a Hill plot (inset).  C + D.)  L7 binds to both the terminal box C/D core and internal C'/D' 
halfmer RNAs.  Increasing concentrations of L7 were incubated with radiolabeled terminal box C/D 
(C) or internal C'/D' halfmers (D).  Assembled RNP complexes were resolved on native 
polyacrylamide gels and visualized by autoradiography. 
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Figure 6.  Archaeal L7 binds both the C/D and C'/D' Motifs: Eukaryotic 15.5 kD protein 
binds only the terminal box C/D core motif. 
A.)  Increasing amounts of M. jannaschii sRNP core protein L7 were incubated with radiolabeled 
human U15 snoRNA.  Assembled RNP complexes were resolved on a native polyacrylamide gel and 
visualized by autoradiography.  B.)  Archaeal sRNP core protein L7 exhibits cooperativity in binding 
to U15 snoRNA.  Binding analyses were performed as detailed in Figure 5.  C.) Eukaryotic snoRNP 
core protein 15.5kD binds only the box C/D motif of U15 snoRNA.  Increasing amounts of mouse 
15.5kD protein were incubated with radiolabeled human U15 snoRNA.  Assembled RNP complexes 
were resolved on a native polyacrylamide gel and visualized by radiography.  D.)  The fraction of U15 
snoRNA bound in an RNP complex is plotted as a function of 15.5kD concentration.  Increasing 
amounts of mouse 15.5kD core protein were incubated with radiolabeled, full-length archaeal sR8 
sRNA (E) and halfmer RNAs possessing either the terminal box C/D (F) or internal C'/D' (G) motifs. 
 Assembled RNP complexes were resolved on native polyacrylamide gels and visualized by 
radiography. 
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Figure 7.  Evolution of the box C/D RNP core proteins:  Archaeal and eukaryotic box C/D 
RNP complexes exhibit symmetric vs. asymmetric distribution of the RNP core proteins bound 
to sRNAs and snoRNAs, respectively. 
Evolution of the box C/D RNP core protein's RNA-binding capabilities result in the differential 
distribution of core protein homologs for the archaeal and eukaryotic box C/D RNP complexes. The 
illustrated structure of the eukaryotic snoRNP is based upon the work of Cahill et al., (2002) and 
Szewczak et al., (2002). 
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ABSTRACT 
 

Eukarya and Archaea possess scores of RNA-guided nucleotide modification complexes which target 

specific ribonucleotides for 2'-O-methylation or pseudouridylation.  Recent characterization of these 

RNA modification machines has yielded striking results with implications for their evolutionary 

origins.  Demonstration that the two major classes of nucleotide modification complexes in Archaea 

share a common ribonucleoprotein (RNP) core element indicates that both have evolved from a 

progenitor RNP.  The fact that this common RNP element is also found in ribosomes suggests that the 

origin of the progenitor RNP lies in the primitive translation apparatus.  Thus, the trans-acting, 

RNA-guided nucleotide modification complexes of the modern RNP world appear to have evolved 

from cis-acting RNA/RNP elements contained in the primitive translation apparatus during transition 

from the ancient RNA world to the modern RNP world.  
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Although the first small nucleolar RNA (snoRNA) was reported more than 35 years ago [1, 2], it has 

only been in the last decade that the diversity of this small RNA population and their importance in 

ribosome biogenesis have been fully appreciated (for reviews, see [3-6]).  The eukaryotic nucleolus 

possesses numerous snoRNAs with predictions of their full complement numbering several hundred.  

The snoRNAs use complementary sequences to base pair with ribosomal RNA, the site of snoRNA 

function being determined by snoRNA:rRNA duplex formation. A select few snoRNAs facilitate 

pre-rRNA folding whereas several others have been shown to play critical roles in endonucleolytic 

cleavage of the ribosomal RNA precursor.  However, the primary role of the vast majority of snoRNAs 

is to guide the multitude of rRNA nucleotide modifications that occur during rRNA maturation and 

ribosome subunit assembly.  From sequence analysis, investigators have established two major 

snoRNA families based upon conserved nucleotide Aboxes@ (Box 1).  The box C/D snoRNAs guide the 

2'-O-methylation of targeted nucleotides while the box H/ACA snoRNAs guide the conversion of 

targeted uridine nucleotides to pseudouridine.  With the number of 2'-O-methylated and 

pseudouridylated nucleotides in mature vertebrate rRNAs each numbering approximately 100, it is 

easy to see how the snoRNAs have become one of the largest classes of small stable RNAs in the 

eukaryotic cell. 

 

Nucleotide Modification Guide-RNAs Are Not Limited to Eukarya 

Archaea also use AsnoRNA-like@ RNAs or sRNAs to guide 2'-O-methylation and pseudouridylation of 

targeted rRNA nucleotides [5, 7, 8].  The presence of box C/D and H/ACA RNAs in Archaea, a second 

domain of life distinct from Eukarya, strongly suggests that utilization of guide RNAs for nucleotide 

modification is an evolutionarily ancient mechanism.  Although modified archaeal rRNA nucleotides 

are typically fewer in number and differ in position from those in Eukarya, the common structural 

elements of the guide RNAs are well conserved between the two domains (Box 1).  Archaeal and 
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eukaryotic box C/D RNAs possess terminal box C/D core and internal C=/D= motifs, both of which can 

guide 2'-O-methylation using adjoining rRNA-complementary sequences [7, 9, 10].  The archaeal and 

eukaryotic H/ACA RNAs possess pseudouridylation pockets where an unpaired uridine within the 

H/ACA-rRNA duplex is converted to pseudouridine [11-13].  

 

The Guide RNAs Function as Ribonucleoprotein Complexes 

Eukaryotic snoRNAs and archaeal sRNAs function as ribonucleoprotein particles with enzymatic 

activities for nucleotide modification residing in the protein components of the RNP complex (Box 1). 

 The eukaryotic box C/D snoRNP includes the 4 core proteins 15.5kD or Snu13p, Nop56p, Nop58p, 

and the methylase Fibrillarin [14, 15].  Recent in vitro binding as well as in vivo crosslinking analyses 

have indicated an Aasymmetric@ distribution of core proteins between the terminal box C/D core and 

internal C=/D= RNA motifs [16, 17].  15.5kD and Nop58p are bound to the box C/D core motif whereas 

Nop56p binds the box C=/D= motif.  Only the methylase Fibrillarin associates with both RNA motifs.  

Analysis of the archaeal box C/D sRNP complex revealed a simpler protein composition and a 

Asymmetric@ core protein distribution.  Three core proteins, highly similar to the eukaryotic core 

proteins, bind both the box C/D core and C=/D= motifs: ribosomal protein L7 (the archaeal homolog of 

eukaryotic 15.5kD or Snu13p), a single Nop56/58p homolog, and Fibrillarin [18-20].   

 

Eukaryotic H/ACA snoRNPs also contain 4 core proteins: Nhp2p, Gar1p, Nop10p, and the 

pseudouridyl synthase Cbf5p or dyskerin [21, 22].  Little is presently known about the structure of this 

RNP complex or the distribution of core proteins on the conserved RNA sequences and structures 

characteristic of this snoRNA family.  Genome analysis has identified candidate archaeal homologs for 

Cbf5p, Gar1p and Nop10p [21, 23].  Sequence analysis has also noted high similarity between 

eukaryotic Nhp2p and archaeal ribosomal protein L7 (Figure 1.).  Most recently, it has been 
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demonstrated that L7 is indeed the functional archaeal homolog of eukaryotic H/ACA core protein 

Nhp2p [13].  Both these guide RNP core proteins belong to a larger family of L7 homologous proteins 

which include several ribosomal proteins (Figure 1).  

 

The Kink Turn or AK-Turn@ of the Box C/D RNAs is a Widespread and Evolutionarily 

Conserved RNA Motif 

Investigators have begun to dissect the structure of the guide RNAs and bound core proteins with the 

majority of progress coming from analysis of the box C/D RNAs and RNPs.   

Initial insight into box C/D RNP structure came indirectly from structural analysis of the 15.5kD core 

protein bound to U4 snRNA [24].  15.5kD protein binds both box C/D snoRNAs and spliceosomal U4 

snRNA, thus serving a dual function in eukaryotes.  The crystal structure of 15.5kD-U4 complex 

revealed an RNA motif consisting of two stems flanking an asymmetric bulge region (2 + 5 nucleotides) 

(Figure 2).  Critical for folding of this RNA structure are two tandem, sheared G-A base pairs 

hydrogen-bonding across the asymmetric loop.  These non-Watson Crick pairs are stacked upon the 

adjacent helix and the resulting structure exhibits a sharp bend or kink within the RNA, hence the 

designation kink-turn or AK-turn@ [25] (Figure 2).  With knowledge of the 15.5kD-U4 snRNP structure, 

it was reasoned that the 15.5kD core protein interacts with the terminal box C/D of snoRNAs in an 

analogous manner [15].  Analysis of core protein binding to both eukaryotic and archaeal box C/D 

RNAs has confirmed the importance of the K-turn motif for box C/D RNP assembly [26, 27].   

 

Kink-turns are widespread in nature and are found in all three domains of life.  In the elegant structural 

analysis of the archaeal Haloarcula marismortui ribosome, the K-turn was first defined with six 

examples being found in the 50S subunit [25].  These K-turns are structural variants of the consensus 

structure (Figure 2) but all depend upon the tandem, sheared G-A pairs for RNA folding.  As a result 
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of these variations, the K-turns of the archaeal 50S subunit interact with nine different ribosomal 

proteins, one of them being the sRNP core protein L7.  In eukaryotes, K-turn motifs have been found 

in not only the box C/D snoRNAs, U4 snRNA and ribosomal RNA, but also in the pre-messenger RNA 

encoding ribosomal protein L30 [25, 28].  In bacteria, K-turn motifs have been observed or predicted 

in 23S rRNA and the leader sequences of mRNAs regulated by the T box and S box antitermination 

mechanisms [29].   

 

Archaeal Box C/D and H/ACA sRNAs Share a Common RNP Core 

Although dissection of H/ACA RNP structure has lagged behind that of the box C/D complex, recently 

light has been shed upon the organization of this RNA:protein enzyme with rather striking implications 

for the evolution of the nucleotide modification complexes.  The first archaeal H/ACA sRNAs have 

been identified along with the demonstration that ribosomal protein L7 is also a core protein of this 

sRNA family [12, 13].   The finding of a common core protein shared by both the box C/D and H/ACA 

RNPs indicated their evolutionary origins in a common ancestral complex or progenitor RNP as 

previously suggested [11].      

 

The demonstration that L7 is a core protein of both archaeal sRNP families raised the question of the 

structure of the L7 binding site on the H/ACA sRNAs.  Logic dictated that L7 should also recognize 

a K-turn in the H/ACA sRNAs.  Mapping of L7's binding site in several archaeal H/ACA sRNAs has 

revealed that it does indeed bind a K-turn [13].   Several of the archaeal H/ACA K-turns are quite 

similar in folded structure to the internal C=/D= RNA motif of the archaeal box C/D sRNAs (Figure 2). 

 Identification of a K-turn in archaeal H/ACA sRNAs implies that eukaryotic Nhp2p should also bind 

a K-turn in the eukaryotic H/ACA snoRNAs.  A K-turn motif within these snoRNAs has not been 

identified.  However, it might be premature to rule out this possibility because the K-turn motif 
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exhibits great variation in folded structure.  For example, in the archaeal 50S ribosome subunit one 

variant utilizes a base triple for RNA folding whereas another requires three separate RNA strands [25]. 

 Therefore, a definitive answer to this question will probably require biophysical analysis of the folded 

H/ACA snoRNAs, both unbound and bound with core proteins.  

 

A Common Ancestral RNP Complex Derived From the Primitive Translation Apparatus? 

The fact that L7 serves a dual function in Archaea as both an sRNP core protein and a large subunit 

ribosomal protein has led several research groups to suggest that the common ancestral RNP of the 

RNA-guided nucleotide modification complexes had its evolutionary origins in the primitive 

translation apparatus (Figure 3) [3, 13, 27].  One would predict in this evolutionary pathway, that cis 

K-turns within the primitive translation apparatus first functioned as RNA folding elements.  Recent 

analysis revealing that bound protein greatly stabilizes this RNA motif would suggest the early 

participation of proteins and formation of an RNP [30].  These RNA elements or RNPs might have 

played additional roles at this early stage.  At some point, an RNA or RNP complex would have 

evolved that ultimately served as the progenitor complex of the box C/D and H/ACA RNPs.  It is 

reasonable to suggest that this progenitor complex was an RNP because the C/D and H/ACA RNPs 

now share identical (archaeal L7) and highly homologous (eukaryotic 15.5kD or Snu13p and Nhp2p) 

core proteins (Figure 1).  This progenitor RNP might have first functioned as a cis element within the 

primitive translation apparatus and evolved within this machinery into distinct C/D and H/ACA RNPs. 

 Alternatively, the progenitor RNP could have first become an independent trans complex before 

evolving into the two structurally and functionally distinct guide RNP families.  

 

The apparent absence of RNA-guided nucleotide modification complexes in Bacteria indicates that the 

progenitor RNP arose in the archaeal and eukaryal branch after divergence from Bacteria. However, 
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the finding of K-turns in bacterial RNAs, including rRNA, makes it plausible to now suggest that this 

fundamental RNA motif was likely present in the translation apparatus of organisms prior to the last 

common ancestor [31].  The utilization of specific protein enzymes for nucleotide modification in 

Bacteria has resulted in a limited number of modified rRNA nucleotides [32].  In contrast, archaeal and 

eukaryal ribosomal RNA possess greater numbers of 2'-O-methylated sugars and pseudouridine 

nucleotides.  It has been suggested that the many more numerous C/D and H/ACA RNPs of Archaea 

and Eukarya are likely to have arisen through variation of the guide sequence [32].  Those mutant C/D 

and H/ACA RNAs proving beneficial to ribosome synthesis and/or function would be retained by the 

organism.  Such a scenario would explain the lack of conservation of modified nucleotides shared 

between Archaea and Eukarya and even between organisms in the same domain of life.  The 

observation that thermophilic archaeal organisms appear to have higher numbers of modified 

nucleotides in response to these organism=s need to stabilize rRNA in extreme environments is 

consistent with this scenario [8].   

 

Although the C/D and H/ACA RNPs share common or homologous core proteins, each complex has 

developed a distinctive protein composition unique to each RNP.  The C/D- and H/ACA-specific RNP 

proteins are highly similar between Archaea and Eukarya indicating their presence in each complex 

before Archaea and Eukarya divergence.  As previously suggested, some of the C/D- and 

H/ACA-specific core proteins are likely to have evolved from ancestral coding sequences prior to the 

last common ancestor and so are now found in Bacteria, Archaea, and Eukarya [32].  For example, the 

pseudouridine synthase Cbf5p of the H/ACA RNPs is related to the bacterial tRNA pseudouridine 

synthase TruB.  Gene duplication in eukaryotes explains two modification enzymes, one for tRNA 

modification (Pus4p)  and the other for rRNA modification (Cbf5p).  One would anticipate that 

enzymatically-competent RNPs were established before variation in their respective guide sequences 
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produced the large array of modification complexes now observed. 

 

Continuing Evolution of the RNA-Guided Nucleotide Modification Complexes 

In the last several years it has become clear that RNA-guided RNP complexes have continued to 

evolve in both structure and function.  Eukaryotic box C/D snoRNP organization is more complex than 

that of Archaea.  Although the core proteins of the archaeal sRNP and eukaryotic snoRNP are 

homologous, the number of core proteins (three vs. four) and their symmetric vs. asymmetric 

distribution on the C/D core and C=/D= motifs is thus far characteristic of the sRNP and snoRNPs, 

respectively [16, 17, 20].  The differing number of core proteins and asymmetric structure of the 

eukaryal snoRNP is the result of gene duplication (archaeal Nop56/58p to eukaryotic Nop56p and 

Nop58p), specialization of the individual core proteins, and divergence of the symmetrical halves of 

the ancestral RNP.  Evolution of RNP structure is also seen with the additional, species-specific 

proteins of the U3 and U8 snoRNPs in eukaryotes [33, 34].  Less is known about evolution of H/ACA 

RNP structure.  The number of H/ACA core proteins for eukaryotic snoRNP and archaeal sRNP is the 

same (four), but the RNAs themselves exhibit apparently distinctive folded structures (bipartite vs. 

single hairpin structures).  Interestingly, the single RNA hairpin H/ACA snoRNAs of trypanosomes is 

strikingly similar to the archaeal H/ACA sRNAs [35].  It thus appears that establishment of the 

bipartite H/ACA snoRNA structure occurred after the divergence of this group of eukaryotes.  It will 

be interesting to see if and how the H/ACA RNP organization of trypanosomes and Archaea compares 

with those of plants, animals, and fungi.  

 

Eukaryotic snoRNP evolution is also seen in additional RNP functions in ribosome biogenesis.  

Several snoRNA species are essential for pre-rRNA processing and ribosome biogenesis [36-38].  

Others have apparent Achaperone@ activity in which intermolecular base pairing between snoRNA and 
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rRNA has been suggested to promote specific rRNA folding or prevent the formation of 

non-productive secondary/tertiary structures [36, 39].  It seems likely that similar or alternative 

functions will also be guided by the archaeal sRNAs.   

 

SnoRNA and sRNAs also guide modifications of additional target molecules other than rRNA.  These 

RNA targets include archaeal tRNAs, the eukaryotic splicing U snRNAs, and apparently  eukaryotic 

mRNAs [10, 12, 40-43].  The snoRNAs that modify the splicing snRNAs have been shown to possess 

both box C/D and H/ACA motifs in a single snoRNA species, thus guiding both 2'-O-methylation and 

pseudouridylation [41].  Signal sequences localize these species to Cajal bodies where they carry out 

their modification reactions; they have been designated small Cajal body RNAs or scaRNAs [44].  

Even more striking and thought provoking are the snoRNA species that are expressed in a 

tissue-specific manner within the brain [42].  One such species reveals complementarity to the 

serotonin receptor messenger RNA and has been proposed to potentially regulate mRNA maturation.  

 

Finally, evolution of guide RNP function is not limited to the guide RNPs themselves as certain core 

proteins have taken on new roles as Amoonlighting@ proteins [45].  The 15.5kD core protein of 

eukaryotic box C/D RNP functions as a structural protein of the U4 splicing RNP [15].  It is not clear 

if the origin of the U4 K-turn is the same as those of the ribosome and the snoRNPs.  Interestingly, the 

61K protein of the U4 snRNP exhibits significant sequence similarity with the box C/D core proteins 

Nop56p and Nop58p [46].  Another example of a moonlighting protein is the yeast ribosomal protein 

L30 that binds to K-turns both in the 26S rRNA and its own pre-messenger RNA, thus regulating 

pre-mRNA splicing to the mature mRNA [47]. 
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CONCLUDING REMARKS 

 

The proposal that cis-acting elements important in RNA modification reactions have evolved to 

become trans-acting RNPs while still maintaining their original functions is not unprecedented.  A 

similar evolutionary scenario has been proposed for the splicing RNP complexes in which present-day 

splicing snRNPs are derived from the folded RNA elements of self-splicing group II introns [48].  It 

was also suggested that the mechanism of trans-splicing may be an intermediate step in, or an offshoot 

of, the evolution of cis- to trans-acting RNPs.  A potentially analogous evolutionary intermediate has 

been found in Archaea where cis-positioned box C/D elements in the pre-tRNATrp intron guide the 

2'-O-methylation of two nucleotides in the tRNA molecule [40].   

 

Particularly intriguing is the diversity of gene organizations for the coding sequences of these 

trans-acting small RNAs.  Some snoRNAs are transcribed directly from monocistronic or polycistronic 

genes.  However, the vast majority of snoRNA genes, particularly in metazoan organisms, are encoded 

within the introns of protein coding genes and these intronic snoRNAs are processed from their 

pre-mRNA introns [3, 5].  The recent identification of a putative H/ACA pseudogene possessing a poly 

(A) tail suggests that intronic snoRNAs may be a consequence of retroposon events [49].  What 

insertion mechanism has resulted in the intronic snoRNAs becoming predominantly positioned within 

pre-mRNA introns of proteins that function in the ribosome or protein biosynthetic pathway?  Does 

this biased positioning play a role in coordinating mRNA synthesis with ribosome biogenesis?  What 

is the relationship between archaeal rRNA synthesis and intron splicing [50]?  

 

Clearly, many additional questions concerning the evolution of the RNA-guided nucleotide 

modification complexes are unanswered.  What is the total complement of guide RNAs in a given 
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organism? Why do the numbers of guide RNAs vary widely between Archaea and Eukarya, between 

different organisms within a domain, and between the different tissues of a given organism?  Are these 

varying population sizes indicative of additional target RNAs and/or alternative functions?  What 

role(s) do some guide RNAs play in regulating gene expression?  What other moonlighting roles have 

the RNP core proteins assumed?  Unexpected answers are sure to arise from future dissection of the 

structure and function of these RNA-guided nucleotide modification machines.   
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FIGURES 
 
BOX 1. Eukaryotic and Archaeal RNA-Guided Nucleotide Modification Complexes 

RNA-guided nucleotide modification complexes are composed of small RNAs bound with 
core proteins to form ribonucleoprotein (RNP) complexes.  The box C/D RNAs direct the methylation 
at the 2' OH position on the sugar of the targeted nucleotide whereas the H/ACA RNAs convert 
targeted uridines to pseudouridine.  The specificity for the nucleotide modification reaction lies in the 
RNA component of these RNP enzymes where complementary sequences within the guide RNA base 
pair with target RNAs to determine the nucleotide for modification.  The nucleotide modification 
reactions are carried out by the associated core proteins possessing methylase or pseudouridine 
synthase activities bound to the respective guide RNAs.  The box C/D RNAs follow the AN+5 rule@ for 
methylation where the 5th nucleotide of the target RNA upstream of box D and within the guide 
RNA-target RNA duplex is methylated.  Many box C/D RNAs contain two RNA motifs which guide 
2'-O-methylation.  Nucleotide boxes C and D located near the 5' and 3' termini of the RNA form the 
terminal box C/D core motif whereas similar sequences located internally form the C=/D= motif.  
Despite the sequence similarity of the C/D and C=/D= boxes, it is not yet clear that the folded structure 
of each RNA motif is identical.  Analysis of core protein binding to the box C/D core and C=/D= motifs 
has indicated symmetric versus asymmetric protein distributions on the archaeal and eukaryotic 
complexes, respectively.  The box H/ACA RNAs use discontinuous guide sequences to hydrogen bond 
with the target RNA.  The unpaired uridine within the guide RNA-target RNA duplex is converted to 
pseudouridine. Eukaryotic box H/ACA RNAs characteristically exhibit a bipartite RNA composed of 
two stem-loop structures, each possessing a bulged loop which contains the guide sequence and forms 
the pseudouridylation pocket.  Analysis of archaeal H/ACA RNAs has far revealed either one or three 
stem-loop structures with the signature H box sometimes absent. 
Figure 1. Folded RNA Structures and Core Proteins of the Box C/D and H/ACA RNPs. 
(a) Box C/D methylation guide RNAs and core proteins.  The folded secondary structures of the 
archaeal (i) and eukaryotic (ii) box C/D RNAs are shown.  Terminal box C and D and internal C= and 
D= sequences are in bold.  Target RNAs (green) are base paired to the box C/D guide sequences located 
upstream of boxes D and D=.  The designate nucleotide in the target RNA is methylated (purple).  Core 
proteins associated with the terminal box C/D core motif and internal C=/D= motif are listed.  
Homologous archaeal and eukaryotic proteins are indicated with arrows and presented in matching 
colors.   (b) Box H/ACA pseudouridylation guide RNAs and core proteins.  The folded secondary 
structures of archaeal (i) and eukaryotic (ii) box H/ACA RNAs are shown.  Box H, located in the hinge 
region, and the 3' terminal ACA triplet sequences are in bold.  Target RNAs (green) are based paired 
in a discontinuous RNA-RNA duplex to the H/ACA guide sequences.  Unpaired nucleotides N (any 
nucleotide) and the modified pseudouridine nucleotide (red) of the target RNA are indicated.  Core 
proteins are listed with homologous archaeal and eukaryotic proteins are indicated with arrows and 
presented in matching colors.    
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FIGURE 1.   The L7 Protein Family.   
(a) Alignment of the L7 protein family members.  The amino acid sequence of archaeal 
Methanococcus jannaschii ribosomal protein L7 (B64450) is compared with homologous yeast small 
nucleolar RNP (snoRNP) proteins Snu13p (NP_01088), Nhp2p (NP_010073) and yeast ribosomal 
proteins L30 (NP_011485), L4 (NP_011830), and S12 (NP_015014).  (GenBank accession numbers 
are indicated in parentheses following the individual proteins.)  L7 protein homologs from a single 
eukaryotic organism (Saccharomyces cerevisiae) have been compared to emphasize sequence 
similarities.  Identical amino acids are designated in white with black backgrounds while similar amino 
acids are shaded in gray.  This alignment displays the central regions of these proteins (indicated by 
amino acid numbering) which exhibit high sequence similarity.  (b) An evolutionary tree of the L7 
protein family members.  This tree is presented with the snoRNP proteins enclosed in yellow and 
ribosomal proteins enclosed in red.  Ribosomal protein L7 which is common to both groups is enclosed 
in orange.  The scale bar indicates 1.0 change per amino acid position. 
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FIGURE 2.   The Kink-Turn (K-Turn): An Evolutionarily Conserved RNA Motif. 
(a) The consensus secondary structure of the kink-turn [25] and (b) the consensus box C/D terminal 
core motif folded as a K-turn [15] are presented.  This motif consists of stem I or canonical stem (green) 
and stem II or non-canonical stem (purple) flanking the asymmetric (5 + 2) bulge region.  Hydrogen 
bonding between the tandem-sheared G:A base pairs (red) of the asymmetric bulge are characteristic 
of K-turns and essential for RNA folding.  Stems I and II, the tandem-sheared G:A base pairs, and the 
protruding nucleotide (yellow) characteristic of the asymmetric bulge are coordinately colored in all 
the folded RNAs presented.  (c) The three dimensional structure of the splicing U4 small nuclear RNA 
(snRNA) K-turn determined from the crystal structure of the U4 snRNA:15.5kD RNP complex [24] is 
presented.  Also illustrated are three additional K-turns from (d) archaeal box H/ACA sRNAs [13] and 
(e) archaeal box C=/D= RNA motifs [20] compared with (f) the L7-binding K-turn of archaeal 23S 
ribosomal RNA [25].  Note the variation in these K-turn motifs and the utilization of a base-triple 
(broken lines) in the KT-15 turn of 23S rRNA.  Each of these three K-turns (d-f) bind archaeal 
ribosomal protein L7.  
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FIGURE 3.   Evolution of the RNA-Guided Nucleotide Modification Complexes. 
Schematically presented is the proposed evolutionary pathway of the RNA-guided nucleotide 
modification ribonucleoprotein (RNP) complexes with origins in the primitive translation apparatus of 
the early RNP world.  Solid thick arrows (black) depict evolution of the cis-positioned K-turns in a 
primitive translational apparatus proceeding to independent, trans-acting box C/D and H/ACA RNP 
complexes.  This evolution is shown proceeding through a common progenitor RNP which could have 
been positioned in cis within the primitive translational apparatus or have already evolved as an 
independent, trans-acting complex.  Some cis-positioned K-turns in the primitive RNP translational 
apparatus have been retained in present day ribosomes of the modern RNP world.  Broken arrows 
(purple) depict functional activities of the trans-acting box C/D and H/ACA RNP upon both modern 
day ribosomes and other RNA targets such as tRNA, mRNA, and the splicing small nuclear RNAs 
(snRNAs).  Thin arrows (black) indicate K-turn binding proteins of the ribosome and the nucleotide 
modification RNPs functioning as Amoonlighting@ proteins, binding the K-turn motifs of other RNA 
molecules and serving alternative functions. 
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CONCLUDING REMARKS 

 

Our investigations have contributed to a better understanding of archaeal box C/D RNP structure and 

function as well as its evolution as an RNA-guided nucleotide modification complex.  First, these 

studies have detailed the requirements for both box C/D RNP assembly and RNA-guided methylation 

activity.  This work serves as a platform for future characterization of both archaeal sRNPs and 

eukaryotic snoRNPs.  Secondly, our results demonstrated that both the box C/D and C'/D' motifs must 

be juxtaposed in the same sRNP for efficient guided-methylation activity.  This finding is in sharp 

contrast to our prior assumption that the box C/D and C'/D' motifs in the full-length sRNP complex are 

independently functioning motifs.  It is not clear if the eukaryotic box C/D snoRNP requires the same 

juxtaposed complexes for activity.  The identification of crosstalk between the C/D and C'/D' motifs in 

archaeal sRNPs is novel and future biochemical studies are necessary to determine the nature of the 

crosstalk interactions.  These interactions may include induced changes in RNA structure and/or 

inter-RNP protein: protein interactions. 

 

Characterization of the archaeal box C/D RNP as a symmetric particle with respect to protein binding 

has revealed the differences in RNP structure between Archaea and eukaryotes (see Chapter II).  

Contrasting symmetric versus asymmetric RNA-processing machinery in Archaea versus eukaryotes 

is not unprecedented; this has been noted previously in comparison of the archaeal and eukaryotic 

tRNA splicing endonuclease [1].  The tRNA splicing machinery of Methanocaldococcus jannaschii is 

a homotetramer of four, identical proteins.  In yeast, this complex consists of four different proteins 

that carry out the same spicing and ligation reactions as its archaeal counterpart.  For both the box C/D 

RNPs and the tRNA splicing endonuclease, evolution has resulted in a more complex enzymatic 

particle in eukaryotes as compared to Archaea.   
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Dissection of the archaeal sRNP structure revealed that a common RNP element (L7 bound to a K-turn 

motif) is present in both classes of modification guide RNPs as well as the ribosome.  This suggests 

that the modern day modification guide RNAs may have their origins in a primitive translational 

complex (see Chapter III).  We have proposed a model in which modification guide RNAs have 

evolved from cis-acting elements within the primitive translation apparatus to modern, trans-acting 

RNP complexes.   

 

Remaining Questions 

Fundamental questions in the box C/D snoRNP field remain unanswered.  First, what structural 

components are necessary for box C/D snoRNA function in eukaryotes?  It is possible that additional 

proteins, such as accessory proteins p50 and 55 [2], are required for guided methylation activity?  Do 

the box C/D and C'/D' RNPs guide methylation independently in the full-length snoRNP?  

Interestingly, Kiss-Laszlo and coworkers have shown that an independent C'/D' RNP guides 

2'-O-methylation in eukaryotes in vivo [3].  However, it is possible that the level of methylation was 

inefficient since the method employed did not assess relative efficiency of guided methylation activity 

compared to wild-type, full-length snoRNPs.  Our recent analysis of the distance between the box C/D 

and C'/D' motifs in archaeal box C/D sRNAs shows that this spacing is highly conserved with an 

average length of 12 nucleotides (Tran et al., unpublished results).  Shortening or lengthening of this 

conserved distance abolishes guided methylation.  This is consistent with crosstalk interactions 

between the box C/D and C'/D' motifs in archaeal box C/D RNPs.  However, this conservation of 

spacing between box elements is not evident in the eukaryotic snoRNAs analyzed.  This may indicate 

that box C/D snoRNP-guided methylation in eukaryotes does not require crosstalk between the box 

C/D and C'/D' motifs.  The establishment of an in vitro assembly and methylation system to study the 

eukaryotic box C/D snoRNPs will help address this question. 
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With our recent characterization of archaeal box C/D sRNP structure and function, it is now possible 

to address the mechanism of RNA-guided modification in more detail.  A current issue is the structure 

of the rRNA: snoRNA complementary region.  In eukaryotic box C/D snoRNAs, the complementary 

region can range from 10 to 21 nucleotides in length [4].  Does the entire complementary region within 

the snoRNA base pair with the target rRNA molecule?  It seems implausible that the full 

complementary region pairs with the RNA target since this would result in a pseudoknot structure.  

However, it is possible that different regions of the complementary element may be utilized at different 

stages of the methylation reaction.  The in vitro sRNP complex offers opportunities to analyze this 

aspect of substrate-enzyme interaction as well as examine the kinetics of methylation.  For example, 

what are the on and off rates of the RNA substrate and does the reaction require RNA helicases?   

 

The snoRNA field is rapidly expanding, and with this expansion comes new questions distinct from 

structure/function issues of the box C/D RNP.  First, how are archaeal sRNAs processed?  They are 

rarely found in introns, so any processing pathway will be distinct from that of the eukaryotic 

snoRNAs.  When did eukaryotic snoRNAs become intron-encoded during evolution?  How did 

snoRNAs become preferentially encoded in genes whose protein products are involved in various 

aspects of ribosome biosynthesis?  The recent identification of a putative box H/ACA snoRNA 

encoded in a pseudogene possessing a poly A+ tail indicates that they may have been incorporated by 

a retroposon mechanism.  Finally, what is the function of snoRNAs with regions complementary to 

mRNAs?  Do snoRNAs modulate gene expression and if so, is it species specific/ tissue specific?  

Unanticipated results are sure to follow with the future investigations characterizing snoRNA 

processing, function and evolution.  
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The Box C/D snoRNA proteins are of ancient origin and provide a possible link between 
ribosome biogenesis and replication/transcription.  Jeffrey F. Kuhn, Donna R. Newman, Joyce C. 
Liu, Elizabeth J. Tran and E. Stuart Maxwell   Department of Biochemistry, North Carolina State 
University, Raleigh, North Carolina, USA. 
 

Ribosome biogenesis requires a diverse population of small nucleolar RNAs (snoRNAs) for pre-rRNA 

processing and nucleotide modification.  The box C/D snoRNAs possess conserved nucleotide boxes 

C and D contained within a folded structural element defined as the box C/D core motif that is essential 

for snoRNA biogenesis and nucleolar transport, as well as indispensable for formation of the snoRNP 

core complex.  Using the box C/D core motif derived from mouse U14 snoRNA, we have affinity 

purified four proteins that consist of two pairs, each protein pair related in sequence.  The first pair 

corresponds to the yeast nucleolar proteins Nop56 and Nop58, both of which have been shown to be 

essential for snoRNA biogenesis.  The second pair of proteins, designated p50 and p55, have been 

previously identified as interacting with the TATA-binding protein (TBP) as well as replication 

protein A.  Depletion experiments in yeast (see Decatur et al. abstract) have shown that both p50 and 

p55 are essential for snoRNA biogenesis and pre-rRNA processing.  Evolutionary analysis has 

revealed that both are highly conserved in eukaryotes and homologs are found in Archaea.  Western 

blot analysis revealed that both p50 and p55 are localized to the nucleoplasm and immunoprecipitation 

experiments demonstrated that both p50 and p55 are transiently associated with the box C/D snoRNP 

complex in the nucleoplasm, consistent with a role in snoRNA biogenesis and/or snoRNA transport 

events.  The nucleoplasmic localization of p50/p55 and their reported association with TBP and rep 

A may suggest a regulatory role for these nucleoplasmic proteins, coordinating ribosome biogenesis 

with transcription and/or replication events. 
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Ordered assembly of the archaeal box C/D sRNP core complex involves both RNA:protein and 
protein:protein interactions.  Elizabeth Tran, Jeffrey Kuhn, and E. Stuart Maxwell   Department of 
Molecular and Structural Biochemistry, North Carolina State University, Raleigh, North Carolina, 
USA. 
 

Archaeal box C/D sRNAs are bound with archaeal proteins L7, Nop56/58 and fibrillarin to establish 

the sRNP core complex.  We have studied the assembly and strcutre of this ribonucleoprotein particle 

by cloning these three sRNP protein genes from Methanoccocus jannaschii, expressing recombinant 

proteins in E. coli, and investigating protein binding to the box C/D core motif RNA.  Ribosomal 

protein L7 binds the RNA in the absence of other core proteins and requires the folded 

stem-asymmetric bulge-stem structure of the box C/D core motif with tandem sheared G:A base pairs 

and protruding pyrimidine nucleotide of the asymmetric bulge.  Fe-EDTA mapping revealed that L7 

interact with box C of the folded core motif.  Binding studies have begun to dissect protein:protein 

interactions between the sRNP core proteins.  In vitro pull-down experiments demonstrated a strong 

interaction between Nop56/58 and fibrillarin.  In contrast, no such interaction was seen in vitro 

between L7 and fibrillarin or L7 and Nop56/58.  Co-immunoprecipitation of L7 and fibrillarin from a 

M. jannaschii cell lysate suggests that fibrillarin association with L7 requires sRNP complex assembly. 

 These observations coupled with electrophoretic mobility-shift analysis examining sRNP assembly 

has determined that the order of core protein binding with the box C/D core motif is L7, then Nop56/58, 

followed by fibrillarin.  Finally, ribosomal protein L7 is a component of both sRNP complexes and the 

50S ribosomal subunit, binding “k-turn” motifs in both the box C/D and 23S rRNA substrates.  The 

striking similarity in structure of both RNP complexes suggests to us that the archaeal sRNPs and 

eukaryotic snoRNPs could well have their evolutionary origins in primordial ribosomes of the ancient 

RNA world. 
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Structural and Functional Analysis of Archaeal sRNPs  Elizabeth Tran1, Xinxin Zhang1, and E. 
Stuart Maxwell1, and Bernard A. Brown II2,3  1Department of Molecular and Structural Biochemistry, 
North Carolina State University, Raleigh, NC 27695;  2Department of Chemistry and 3Center for 
Structural Biology, Wake Forest University, Winston-Salem, NC  27109  
 

Ribosomes are molecular machines that interpret the genetic message and synthesize proteins in all 

cells.  The small nucleolar RNAs (snoRNAs) play important roles in the synthesis of eukaryotic 

ribosomes by directing specific covalent modification on ribosomal RNAs.  The box C/D family of 

snoRNAs guides 2’-O-methylation of ribose.  These modifications are thought to be important for 

proper folding and structural stability of ribosomal RNA and affect the efficiency of protein synthesis. 

 Archaeal organisms have small RNAs (sRNAs), which are functionally analogous to the snoRNAs of 

eukaryotes.  At present, the archaeal box C/D small ribonucleoproteins (sRNPs) are the only 

biochemically-active system that can be reconstituted from purified components.  In collaboration with 

E. Stuart Maxwell’s research group (N. C. State Univ.), we have been investigating the biochemical, 

biophysical, and structural aspects of archaeal sRNP-guided 2’-O-methylation.  Recent experiments 

have demonstrated that the minimal functional archaeal sRNP complex consists of three proteins (L7, 

Nop56/58, fibrillarin) and a 35 nt sRNA containing box C.D/  The entire sRNP complex, consisting of 

a 70 nt RNA stoichiometry of the active complex is unclear, but thought to contain two copies of each 

protein.  Circular dichroism experiments have demonstrated that the L7 core protein interacts with the 

box C/D motif in a magnesium-dependent manner, and induces structural changes in the RNA upon 

binding.  The crystal structure of the M. jannaschii L7 protein has been solved to 1.6 Å, and has 

revealed significant structural homology to the eukaryotic 15.5kDa homolog, the Haloarcula 

marismortui L7Ae (HS6) protein, and the yeast ribosomal protein, L30.  We have recently obtained 

crystals of the M. jannaschii L7 protein complexed with box C/D and C’/D’ RNA motifs.  Crystal 

optimization and data collection are underway. 
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Evolution of the box C/D RNP complex:  Efficient ribonucleotide methylation requires 
juxtaposed and symmetrically assembled archaeal box C/D and C’/D’ RNPs.  Elizabeth Tran, 
Xinxin Zhang, and E. Stuart Maxwell   Department of Molecular and Structural Biochemistry, North 
Carolina State University, Raleigh, North Carolina, USA. 
 

Box C/D RNP complexes direct the nucleotide-specific, 2’-O-methylation of ribonucleotide sugars in 

target RNAs.  RNA guide sequences associated with the terminal box C/D core and internal C’/D’ 

motifs base pair with complementary sequences in the target RNAs while the box C/D RNA-bound 

core proteins carry out the nucleotide modification reaction.  We have assembled in vitro an archaeal 

box C/D sRNP complex using Methanococcus jannaschii sRNA sR8 and recombinant sRNP core 

proteins L7, Nop56/58, and fibrillarin.  The reconstituted sR8 sRNP guides methylation from both the 

terminal box C/D core and internal C’/D’ RNP complexes.  Reconstitution of sRNP complexes 

containing only the box C/D or C’/D’ motifs demonstrated that only the box C/D RNP exhibits 

methylation activity, albeit at reduced levels.  Efficient ribonucleotide 2’-O-methylation directed from 

both motifs requires that the box C/D and C’/D’ RNPs be juxtaposed in the full-length sRNA molecule. 

 In contrast to the eukaryotic snoRNP where core proteins are distributed asymmetrically on the box 

C/D and C’/D’ motifs, all three archaeal core proteins bind both motifs creating a symmetric sRNP 

particle.  Analysis of archaeal L7/eukaryotic 15.5kD core protein binding to box C/D RNAs revealed 

that these homologs exhibit different RNA-recognition capabilities for the box C/D and C’/D’ motifs. 

 L7 and 15.5kD protein’s unique binding characteristics contribute to the differential distribution of 

core proteins on the archaeal and eukaryotic box C/D and C’/D’ RNP complexes.  Thus, the 

asymmetric vs. symmetric distribution of proteins on the eukaryotic and archaeal box C/D RNP 

particles reflects an evolution in RNA-binding capabilities of the core proteins. 
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Evolution of the box C/D RNP complex:  Efficient methylation requires juxtaposed and 
symmetrically assembled archaeal box C/D and C’/D’ RNPs  E. Stuart Maxwell, Elizabeth 
Tran,and  Xinxin Zhang.  Department of Molecular and Structural Biochemistry, North Carolina State 
University, Raleigh, North Carolina, USA. 
 

Box C/D RNP complexes direct the nucleotide specific, 2’-O-methylation of ribonucleotide sugars in 

target RNAs.  RNA guide sequences associated with the terminal box C/D core and internal C’/D’ 

motifs base pair with complementary sequences in the target RNAs while the box C/D RNA-bound 

core proteins carry out the nucleotide modification reaction.  We have assembled in vitro an archaeal 

box C/D sRNP complex using Methanococcus jannaschii sRNA sR8 and recombinant sRNP core 

proteins L7, Nop56/58, and fibrillarin.  The reconstituted sR8 sRNP guides methylation from both the 

terminal box C/D core and internal C’/D’ RNP complexes.  Reconstitution of sRNP complexes 

containing only the box C/D or C’/D’ motifs demonstrated that only the box C/D RNP exhibits activity, 

albeit at reduced levels.  Efficient ribonucleotide 2’-O-methylation directed from both motifs requires 

that the box C/D and C’/D’ RNPs be juxtaposed in the full-length sRNA molecule.  In contrast to the 

eukaryotic snoRNP where core proteins are distributed asymmetrically on the box C/D and C’/D’ 

motifs, all three archaeal core proteins bind both motifs creating a symmetric sRNP particle.  Analysis 

of the Nop56/58-fibrillarin dimer binding to sR8 sRNA revealed that this protein complex can 

specifically bind the internal C’/D’ motif in the absence of L7, albeit at reduced affinity.  Interaction 

of the Nop56/58-fibrillarin complex with the internal C’/D’ motif but no the terminal C/D core motif 

suggests that each RNA element presents a uniquely folded structure for protein binding.  Analysis of 

archaeal L7/eukaryotic 15.5kD binding to archaeal sR8 sRNA and eukaryotic U15 snoRNA revealed 

that each homolog exhibits differential binding to the box C/D RNAs.  Despite essentially identical L7 

and 15.5kD folded structures, L7 binds both the C/D and C’/D’ motifs whereas 15.5kD recognizes 

only the terminal C/D core motif.  Thus, the differential distribution of proteins on the eukaryotic vs. 

archaeal box C/D RNP complexes reflects an evolution of RNA-binding capabilities of the core 
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proteins.  This evolution of RNA-binding capabilities ultimately results in the unique RNP structures 

for the sRNA-guided eukaryotic and archaeal box C/D nucleotide modification complexes. 
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Structural and Functional Analysis of Archaeal sRNPs  Bernard A. Brown II1,2, Elizabeth Tran3, 
Xinxin Zhang3, and E. Stuart Maxwell3  1Department of Chemistry and 2Center for Structural Biology, 
Wake Forest University, Winston-Salem, NC  27109;  3Department of Molecular and Structural 
Biochemistry, North Carolina State University, Raleigh, NC 27695 
 

Ribosomes are molecular machines that interpret the genetic message and synthesize proteins in all 

cells.  The small nucleolar RNAs (snoRNAs) play important roles in the synthesis of eukaryotic 

ribosomes by directing specific covalent modification on ribosomal RNAs.  The box C/D family of 

snoRNAs guides 2’-O-methylation of ribose.  These modifications are thought to be important for 

proper folding and structural stability of ribosomal RNA and affect the efficiency of protein synthesis. 

 Archaeal organisms have small RNAs (sRNAs), which are functionally analogous to the snoRNAs of 

eukaryotes.  At present, the archaeal box C/D small ribonucleoproteins (sRNPs) are the only 

biochemically-active system that can be reconstituted from purified components.  In collaboration with 

E. Stuart Maxwell’s research group (N. C. State Univ.), we have been investigating the biochemical, 

biophysical, and structural aspects of archaeal sRNP-guided 2’-O-methylation.  Recent experiments 

have demonstrated that the minimal functional archaeal sRNP complex consists of three proteins (L7, 

Nop56/58, fibrillarin) and a 35 nt sRNA containing box C.D/  The entire sRNP complex, consisting of 

a 70 nt RNA stoichiometry of the active complex is unclear, but thought to contain two copies of each 

protein.  Circular dichroism experiments have demonstrated that the L7 core protein interacts with the 

box C/D motif in a magnesium-dependent manner, and induces structural changes in the RNA upon 

binding.  The crystal structure of the M. jannaschii L7 protein has been solved to 1.6 Å, and has 

revealed significant structural homology to the eukaryotic 15.5kDa homolog, the Haloarcula 

marismortui L7Ae (HS6) protein, and the yeast ribosomal protein, L30.  We have recently obtained 

crystals of the M. jannaschii L7 protein complexed with box C/D and C’/D’ RNA motifs.  Crystal 

optimization and data collection are underway. 
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A Trans Mechanism for Archaeal tRNATrp Nucleotide 2’-O-Methylation Guided by the 
Pre-tRNATrp Intron-Encoded Box C/D RNPs  Sanjay K. Singh, Piryatansh Gurha, Elizabeth J. 
Tran1, E. Stuart Maxwell1 and Ramesh Gupta    Biochemistry and Molecular Biology, Mailcode 4413, 
Southern Illinois University, Carbondale, IL  62901-4413, USA and 1Department of Molecular and 
Structural Biochemistry, North Carolina State University, Raleigh, NC 27695-7622, USA 
 

RNA processing events to produce mature tRNATrp of Haloferax volcanii, an archaeon, include C/D 

box-mediated 2’-O-methylation of nucleotides C34 and U39 as well as excision of an introns.  

Modification of these two residues, located in the 5’ and 3’ exons, respectively is guided by two box 

C/D motifs positioned within the pre-tRNA introns.  Therefore, it is believed that the two C/D RNP 

complexes are positioned in cis within the introns when they guide the two ribose methylation 

reactions.  Folding of pre-tRNA required for the cis methylations and splicing are mutually exclusive 

and the two cis methylation reactions would require either formation of a pseudoknot or two different 

structures.  Here we show that recombinant archaeal box C/D core proteins form Methanocaldococcus 

jannaschii, L7Ae, aNop5p, and Fibrillarin, form functional C/D RNP complexes with the H. volcanii 

pre-tRNATrp transcript and methylate both C34 and U39 nucleotides in the pre-tRNA.  Nucleotide 

methylation requires complementarity between the guide and target nucleotides.  Single mutation of 

either guide or target residue in the pre-tRNA abolishes corresponding methylation.  However, trans 

methylations of both pre-tRNAs in the reaction are observed when one pre-tRNA has a mutated target 

residue and the second pre-tRNA contains the complementary guide residue.  In addition, we 

demonstrate that both circular and linear introns formed during the splicing reaction assemble C/D 

RNPs and can guide methylation of pre-tRNAs as trans complexes.  The observation that the circular 

and linear forms of the pre-tRNATrp introns accumulate in vivo may suggest that methylation of C34 and 

U39 is guided by trans RNP complexes in the cell and not via cis-positioned C/D RNPs within the 

introns as originally assumed.  A trans mechanism would thus eliminate the problem of requiring 

structural changes within the folded introns to accomplish methylation at both modification sites. 
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Conserved Spacing Between the Box C/D and C’/D’ RNPs of Archaeal Box C/D sRNAs Is 
Required for Efficient 2'-O-Methylation of Targeted RNA Nucleotides  Elizabeth Tran, Lela 
Lackey, Xinxin Zhang, and E. Stuart Maxwell   Department of Molecular and Structural Biochemistry, 
North Carolina State University, Raleigh, North Carolina. 
 

Box C/D RNAs function in ribosome biogenesis by guiding the site-specific 2'-O-methylation of 

numerous ribosomal RNA nucleotides.  The box C/D sRNAs of Archaea possess terminal box C/D and 

internal C'/D' RNA motifs, each of which directs methylation using guide regions located upstream of 

boxes D and D’.  Each RNA motif binds sRNP core proteins L7, Nop56/58, and fibrillarin (the 

methylase) to assemble C/D and C’/D’ RNPs.  Recently, our laboratory has developed an in vitro 

assembly system that reconstitutes enzymatically-active sRNP complexes.  We have shown that all 

three core proteins are bound to both box C/D and C’/D’ motifs to establish a symmetric sRNP.  

Efficient methylation requires that the C/D and C'/D' RNPs to be juxtaposed in the same sRNP particle. 

 Core protein binding studies revealed the cooperative nature of L7 binding to the C/D and C'/D' motifs. 

 From these studies, we have demonstrated the importance of crosstalk interactions between the 

symmetric C/D and C’/D’ RNP for optimal methylation activity.  To further characterize these 

“inter-RNP” interactions, we have examined the importance of spacing between the two juxtaposed 

complexes.  Comparative analysis of archaeal box C/D sRNA folded structure revealed the highly 

constrained spatial positioning of the C/D and C’/D’ motifs.  A median distance of 12 nucleotides 

separating the two motifs was noted for archaeal box C/D sRNAs.  Mutagenesis of motif spacing has 

revealed striking effects upon the enzyme activities of both the C/D and C'/D' RNPs, ranging from 

enhancement to complete loss of 2'-O-methylation activity.  Surprisingly, a similar comparative 

analysis of eukaryotic box C/D RNAs does not indicate the same strict conservation of motif spacing. 

 This may reflect the distinct structural differences observed between the box C/D RNPs of Archaea 

and Eukarya.  
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A Trans Mechanism for the Sequential 2’-O-Methylation of Archaeal Pre-tRNATrp Nucleotides 
Guided by the Pre-tRNA’s Intron-encoded Box C/D RNPs  Sanjay K. Singh, Priyatansh Gurha, 
Elizabeth J. Tran1, E. Stuart Maxwell1 and Ramesh Gupta  Department of Biochemistry and Molecular 
Biology, Mailcode 4413, Southern Illinois University, Carbondale IL 62901-4413, USA and 1 
Department of Molecular and Structural Biochemistry, North Carolina State University, Raleigh, NC 
27695-7622, USA 

 

Haloferax volcanii pre-tRNATrp processing requires box C/D RNP-guided 2'-O-methylation of 

nucleotides C34 and U39 followed by excision of the pre-tRNA intron.  Location of the target 

nucleotides in the pre-tRNATrp exons with corresponding guide RNPs positioned within the intron has 

led to the assumption that methylation occurs via an intramolecular or cis mechanism.  We have 

investigated 2'-O-methylation of this tRNA precursor in vitro by assembling methylation-competent 

box C/D RNPs on both the pre-tRNATrp and excised intron (both linear and circular forms) using 

recombinant Methanocaldococcus jannaschii box C/D core proteins.  Site-directed mutagenesis of 

target and guide nucleotides revealed that box C'/D'-guided U39 methylation first requires box 

C/D-guided C34 methylation.  Analysis also demonstrated that the intron-encoded box C/D RNP of the 

pre-tRNATrp could guide the trans 2'-O-methylation of another pre-tRNATrp  as did the excised intron. 

 Finally, analysis of pre-tRNATrp methylation in a cell extract again revealed that sequential nucleotide 

modification was carried out in trans.  Previous observations demonstrating the accumulation of 

excised pre-tRNATrp introns in vivo may therefore suggest that C34 and U39 methylation is guided by 

the intron-encoded box C/D RNP using a trans mechanism. 

 


