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GENERAL INTRODUCTION 

Introduction 
Eukaryotic cells contain in addition to messenger RNA, transfer RNA and 

ribosomal RNA, a large number of small stable RNA molecules. These small RNAs, which 

can be found in the cytoplasm, nucleoplasm and/or nucleolus of cells, are usually 

associated with several proteins in ribonucleoprotein (RNP) particles and are involved in 

various cellular processes (11). For example, most of the small nucleoplasm^ RNAs are 

involved in splicing of pre-mRNA transcripts (reviewed in 84), while the small RNA 

molecules that are localized in the nucleolus, i.e. snoRNAs (small nucleolar RNAs), are 

involved in the various steps of ribosome biogenesis. Several snoRNAs have been shown 

to be required for pre-rRNA processing (reviewed in 40, 111, 162, 163, 178) and a large 

set of snoRNAs is involved in the ribose methylation and pseudouridinylation of rRNA 

(reviewed in 8,104, 107, 130,131,153,160). In this chapter an overview of the structure 

and function of the small nucleolar ribonucleoprotein particles (snoRNPs), with emphasis 

on the U3 and RNase MRP RNPs, will be given. 

Small nucleolar RNAs 
In the past few years a surprisingly large number of snoRNAs has been identified; 

already more than 60 human snoRNA species have been found. It is proposed that during 

rRNA processing and ribosome assembly, the pre-rRNA transcript transiently associates 

with more than 150 different snoRNA species (153, 163). Small nucleolar RNAs are 

produced via two different biosynthetic pathways. Most of the snoRNAs are encoded 

within the pre-mRNA introns of ribosomal or nucleolar proteins. The processing of such 

pre-mRNAs via endo- and exonucleolytic cleavage results in the generation of mature 

noncapped snoRNAs (reviewed in 111, 154, 163). Recently, some mammalian genes have 

been identified that encode one or multiple snoRNAs in their intronic sequences but which 

do not code for protein products (16, 172). These host genes appear to be transcribed and 

spliced only to express the snoRNAs encoded within their introns. Other snoRNAs, e.g. 

U3 snoRNA, are transcribed from independent genes and typically posses a modified 5' 

terminus, usually a 5' trimethylguanosine cap (111,163). 

Based upon the presence of conserved sequence elements, the snoRNAs can be 

divided into three groups which appear to be functionally distinct: box C/D snoRNAs, box 

H/ACA snoRNAs and RNase MRP / RNase Ρ (Table 1) (10; reviewed in 162,163). 

Box C/D snoRNAs 

Box C/D snoRNAs contain two conserved sequence elements: box С (UGAUGA) 

and box D (CUGA) (111), which are usually located near the 5' and 3' ends of the 
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snoRNA, respectively. These boxes, which are frequently brought together by a terminal 

stem structure, are essential for accumulation of the snoRNAs in the cell. The box C/D-

stem structure is thought to act as a binding site for one or more proteins that stabilize the 

snoRNA as ribonucleoprotein particle (19, 20, 181, 182, 184). All box C/D snoRNAs are 

associated with the conserved nucleolar protein fibrillarin (48,97, 111). 

Most of the box C/D snoRNAs possess an extended region (10-21 nucleotides) of 

base complementarity to mature rRNA (9). These 'antisense' snoRNAs have been shown 

to function as guide RNAs in the site-specific ribose methylation (2'-0-methylation) of 

pre-rRNA (22, 81,123,173; reviewed in 8,106,107,131, 160). A small group of box C/D 

snoRNAs: U3, U8, U13 and U22, lack extended sequence complementarity to the pre-

rRNA at methylation sites. These box C/D snoRNAs are required for pre-rRNA cleavage 

reactions (reviewed in 111,162,163,178). 

Box H/ACA snoRNAs 

Box H/ACA snoRNAs are defined by an evolutionarily conserved 'hairpin-hinge-

hairpin-tail' structure and contain two conserved sequence elements: box H (ANANNA), 

which is located in the single stranded hinge region, and the sequence АСА that is present 

in the З'-end tail of these snoRNAs (10, 48). Like the box С and D sequence elements, 

boxes H and АСА are required for the nucleolar accumulation and stability of the box 

H/ACA snoRNAs, and are proposed to form a binding site for a set of snoRNP proteins 

(10, 48). In yeast, all box H/ACA snoRNAs are associated with the essential nucleolar 

proteins Garlp and Cbf5p (10, 17, 48, 53, 75, 87). Human homologs of these proteins 

have not yet been identified. 

Although some box H/ACA snoRNAs, U17 and E3, have been implicated in the 

processing of pre-rRNA (42,115), the majority of the box H/ACA snoRNAs are required 

for pseudouridinylation of pre-rRNA. Most box H/ACA snoRNAs contain two short 

sequences (4-9 nucleotides) complementary to rRNA on the opposite strands of the 

internal loop of the hairpin structure(s). Recently, these regions have been shown to 

function as guide RNAs to determine the positions at which pre-rRNA 

pseudouridinylation takes place (17,47,122; reviewed in 104,130,153). The box H/ACA 

snoRNA associated protein Cbf5p has, based upon its homology with the bacterial tRNA 

pseudouridine synthase truB, been proposed to be the yeast rRNA pseudouridine 

synthase (87). 

RNase MRP/RNase Ρ 

The third class of snoRNAs consists only of RNase MRP, and perhaps RNase P. 

RNase MRP (mitochondrial RNA processing enzyme) is an endoribonuclease involved in 

the processing of pre-rRNA at site A3 in the internal transcribed spacer 1 (ITS1) (29, 101, 



General introduction 13 

102, 149; reviewed in 96, 161). RNase P, an endoribonuclease which is required for pre-

tRNA processing (reviewed in 4, 25), has recently been implicated in a pre-rRNA 

processing step occurring in ITS2 (24). The first protein found to be associated with the 

human RNase MRP and RNase Ρ complexes was hPopl (103). A detailed overview of the 

RNase MRP particle is given below. 

Table 1. Characteristics of the small nucleolar RNA classes. 

Class snoRNAs" Function Common proteins 

BoxC/D 

Methylation 
guide snoRNAs 

Other box C/D 

Box H/ACA 

Pseudouridine 
guide snoRNAs 

Other box 
H/ACA 
snoRNAs 

Endonucleases 

U14-U16,U18, 
U20-U21.U24-U63 

U3,U8,U13b, 
U14, U22 

E2,E3,U19,U23, 
U64-U72 

U17, E3 

RNase MRP 

RNase Ρ 

Specify sites of ribose 

methylation 

Required for pre-rRNA 
cleavage 

Specify sites of 
pseudouridine formation 

Required for pre-rRNA 

cleavage 

Pre-rRNA cleavage 
at site A3 

Pre-tRNA processing 
Processing in ITS2C 

Fibrillarin 

Fibrillarin 

_d 

_d 

hPopl 

hPopl 

The large number of human snoRNA species can be divided into a number of groups that are structurally 
and functionally distinct (153, 163). 
"Some snoRNAs, e.g. U14 and E3, appear to function in both pre-rRNA cleavage and modification (ribose 
methylation or pseudouridinylation) reactions (162). 
bU13 snoRNA might be involved in 18S rRNA processing. Its exact fiinction is, however, not yet 
established (21, 123). 
'RNase Ρ has been suggested to function in processing of ITS2; its precise role in pre-rRNA processing is, 
however, unclear (24, 163). 
'This column lists the proteins that are associated with all snoRNAs shown in the relevant row of the 
second column. In yeast, all box H/ACA snoRNAs are associated with the G ari ρ and CbfSp proteins; 
human homologs of yeast Garlp and Cbf5p have not yet been identified. 
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Ribosomal RNA processing and modification 

In eukaryotes the synthesis of mature rRNAs, which associate with ribosomal 

proteins to form functional ribosomes, is a highly regulated and complex process in which 

many cis- and trans-acting factors are involved (reviewed in 40, 162, 175, 178). While the 

5S rRNA is transcribed independently by RNA polymerase III, the 18S, 5.8S and 25/28S 

rRNAs are transcribed by RNA polymerase I as one large precursor RNA (pre-rRNA) 

containing long external (5' ETS and 3' ETS) and internal (ITS1 and ITS2) transcribed 

spacer sequences. To generate functional rRNAs, the spacer regions of the pre-rRNA 

transcript are removed by a series of endo- and exonucleolytic cleavage reactions and the 

rRNA is extensively modified. The modification of rRNA is an early step that occurs 

possibly concomitant with transcription, while the internal cleavages to excise the mature 

rRNAs are delayed until the pre-rRNA is fully synthesized (105, 106). Vertebrate rRNAs 

contain approximately 105 methylated sugar residues, 95 pseudouridines and 10 

methylated bases (105). As mentioned above, a large number of snoRNAs function as 

guide RNAs in the site-specific ribose methylation and pseudouridinylation of pre-rRNA. 

Each guide snoRNA base pairs with the pre-rRNA and determines the exact site at which 

the modification occurs (reviewed in 8,104,106,107,130, 131,153,160). 

The pre-rRNA transcript is, in a complex series of steps (Figure 1), processed to 

generate the mature 18S, 5.8S and 25/28S rRNAs. A large number of proteins, including 

endo- and exonucleases and RNA helicases, and some ribonucleoprotein particles appear 

to be involved in these processing reactions (reviewed in 40, 111, 162, 163, 178). Due to 

the availability of genetic techniques, pre-rRNA processing is most extensively studied in 

yeast. However, it is believed that all major processing steps are conserved in evolution 

which would mean that the results obtained in yeast also apply to higher eukaryotes (40, 

162,178). In Figure 1, the pre-rRNA processing pathway of Saccharomyces cerevisiae is 

shown. Detailed information concerning yeast pre-rRNA processing and the numerous 

trans-acting factors involved can be found in Venema and Tollervey (178), and Tollervey 

(162). In this chapter only the involvement of the U3 snoRNP, the RNase MRP, and 

RNase Ρ particles in pre-RNA processing will be discussed. 

Figure 1. The S. cerevisiae pre-rRNA processing pathway (next page). 
A. Structure of the yeast 35S pre-rRNA transcript (162, 178). The primary transcript contains the sequences 
for the mature 18S, S.8S and 25S rRNAs separated by two internal transcribed spacer sequences (ITS1 and 
1TS2). In addition two external transcribed spacer sequences (5' ETS and 3' ETS) are present at either end. 
Locations of the pre-rRNA cleavage sites are indicated. 
B. Yeast pre-rRNA processing pathway (162, 178). The 35S pre-rRNA transcript undergoes snoRNP 
(including U3 snoRNP) dependent cleavages at site A0 in the 5' ETS (generating the 33S precursor), site 
Al at the 5' end of 18S rRNA (generating the 32S precursor) and site A2 in ITS1 (generating the 20S and 
27SA2 precursors). A2 cleavage separates the pre-rRNAs destined to form the small and large ribosomal 
subunits. The 20S precursor is then endonucleolytically cleaved at site D to generate the mature 18S rRNA. 
The 27SA2 pre-rRNA is processed by two alternative pathways giving rise to two forms of 5.8S rRNA: the 
major short form, 5.8S(S), and the minor long form, 5.8S(L). In the major pathway, 27SA2 is cleaved at 
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Figure 1. The S. cerevisiae pre-rRNA processing pathway (continued), 
site A3 by RNase MRP to generate the 27SA3 precursor. At approximately the same time, the 3' end of 

mature 25S rRNA is generated by processing at site B2. A3 acts as an entry site for an exonuclease activity 

that degrades the pre-rRNA 5'->3' to site B1(S), generating 27SB(S) pre-rRNA. In the alternative pathway, 

27SA2 is processed at site B1(L) and B2 generating the 27SB(L) precursor. Both 27SB precursors are 

subsequently cleaved at sites CI and C2, releasing mature 25S rRNA and the 7S pre-rRNAs. Finally, the 3' 

end of the mature 5.8S rRNAs is generated by degradation to site E by a complex of 3'—»5' exonucleases, 

the 'exosome'. For simplicity only two of the trans-acting factors, U3 snoRNP and RNase MRP, are 

indicated at the processing steps in which they are involved. 
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Function of the U3 snoRNP in pre-rRNA processing 

In yeast cells, the U3 snoRNP is essential for correct processing of the 18S rRNA. 

It is involved in cleavages at site АО in the 5' ETS, site Al at the 5' ETS/18S rRNA 

boundary, and site A2 within ITS1 (13, 14, 64; reviewed in 40, 111, 162, 178). Also in 

higher eukaryotes the U3 snoRNP is required for processing in the 5' ETS and ITS1 

regions of pre-rRNA (42, 78, 119, 146; reviewed in 40, 162). Genetic depletion of the 

RNA or protein components of the U3 snoRNP in yeast is lethal, it results in loss of 18S 

rRNA synthesis due to inhibition of pre-rRNA cleavage at sites АО, Al and A2 (36, 64, 

72,164,165). An inhibition of cleavages at АО, Al and A2 is also observed after depletion 

of other yeast snoRNP components or nucleolar proteins, e.g. U14, snR30, Roklp and 

Rrp3p (53, 93, 117, 124, 177). These and other observations have lead to the idea that 

these snoRNPs and nucleolar proteins are components of a multi-snoRNP processing 

complex, the 'processome', which brings together sites АО, Al and A2 and leads to their 

coordinated cleavage (reviewed in 40,44,118,178). 

Several base-pairing interactions between U3 snoRNA and pre-rRNA have been 

proposed. The 5'-terminal region of U3 snoRNA, which contains the conserved boxes A 

and A' (see below), appears to interact with two conserved sequence elements in the 18S 

rRNA coding region that form a pseudoknot structure in the mature 18S rRNA (33, 63, 

114). This interaction might be required for cleavage at sites Al and A2. In addition, it 

suggests that Ш snoRNA may facilitate the correct folding of mature 18S rRNA. The U3 

snoRNA has also been shown to interact with sequences in the 5' ETS. In yeast, 

mutations in the 5' ETS which disrupt the potential base-pairing with a ten nucleotide 

sequence in the 'hinge' region of U3 snoRNA, resulted in similar effects as U3 snoRNA 

depletion, i.e. loss of 18S rRNA synthesis, whereas compensatory mutations in the U3 

snoRNA restored viability (13,15). 

The role of the U3 snoRNP in cleavage at site АО is proposed to be non-catalytic. 

Previously, a yeast protein with homology to bacterial RNase III was identified, Rntlp, 

which is required for cleavage of the pre-rRNA at site АО. Purified Rntlp is able to 

correctly locate and cleave site АО in a 5' ETS substrate in vitro (41). Since cleavage at this 

site in vivo is dependent on the presence of the U3 snoRNP, it was proposed that Rntlp 

requires the U3 snoRNP as co-factor to identify the АО site in the large and complex pre-

ribosomal particle in vivo. The U3 snoRNP may target the endonuclease to site АО and/or 

present the pre-rRNA to the enzyme in the correct structure for cleavage (41,162,163). 
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Function ofRNase MRP and RNase Ρ in pre-rRNA processing 

Although many snoRNPs might be part of large catalytic complexes involved in the 

cleavage and modification reactions of pre-rRNA, only one snoRNP has been shown to 

possess enzymatic activity on a pre-rRNA substrate in vitro: RNase MRP (101). RNase 

MRP is a site-specific endoribonuclease which is involved in the processing of the 5' end 

of 5.8S rRNA (reviewed in 96, 161, 162, 163, 178). RNase MRP cleaves the yeast pre-

rRNA at site A3 within ITS1 in vivo and in vitro, giving rise to 5.8S(S) rRNA (Figure 1) 

(29, 101, 102, 149). Depletion or mutation of the RNA or protein components ofRNase 

MRP results in loss of 5.8S(S) rRNA synthesis due to inhibition of cleavage at site A3, 

and is lethal (23, 29, 30, 35,95,102, 149,152,155). However, cleavage of site A3 itself is 

not essential for viability in yeast (60) and, therefore, RNase MRP is expected to have 

another not yet identified essential function. Recently, RNase MRP has been suggested to 

function in mRNA turnover (34). 

Cleavage at site A3 provides an entry site for 5'—>3' exonucleases that degrade the 

pre-rRNA to site B1(S), the 5' end of 5.8S(S) rRNA. This step in the processing of pre-

rRNA occurs very rapidly, suggesting that RNase MRP and the exonucleases may 

assemble together on the pre-rRNA prior to A3 cleavage (161, 178). It thus appears that, 

in addition to the snoRNP complex ('processome') required for cleavages A0, Al and A2, 

an 'RNase MRP-processing-complex' assembles on the pre-rRNA transcript which is 

responsible for processing at sites A3 and B1(S). Although capable of functioning 

independently, these two processing complexes are believed to interact in order to achieve 

efficient A2 and A3 cleavage (1,2,161, 178). Mutations at site A2 can inhibit cleavage of 

site A3, while a small deletion at site A3 inhibits cleavage at site A2 (1, 2, 60). The 

interaction between the two complexes is suggested to occur via a 'bridging factor', Rrp5p. 

Genetic depletion of Rrp5p inhibits processing at sites A0, Al, A2 and A3 (179). 

Recently, it was shown that deletions in the 3' ETS inhibit not only processing of 

the 3' ETS, but also inhibit cleavage at site A3 in ITS1 (3, 62). These results indicate that 

processing of the 5' end of 5.8S rRNA and the 3' end of 25S rRNA in yeast is coupled. A 

model was proposed in which RNase MRP interacts with multiple components of the 

processing machinery: a snoRNP complex and Rrp5p bound to the 5' ETS and site A2, 

and another processing complex bound to the pre-rRNA in the 3' ETS, making 35S pre-

rRNA processing a highly coordinated process (3, 178). 

The role ofRNase Ρ in pre-rRNA processing is less clear. A mutation in the yeast 

RNase Ρ RNA leads to accumulation of a form of the 5.8S rRNA which is 3' extended into 

ITS2 (24). Recent findings also suggest that RNase Ρ might have a nucleolar localization 

(69, 90, 108). It was, therefore, proposed that RNase Ρ interacts functionally with RNase 

MRP and possibly with other snoRNPs to form a large complex that functions in pre-

rRNA processing (23,24, 25, 90,155). 
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The U3 small nucleolar ribonucleoprotein particle 
Functional domains of the U3 snoRNA 

U3 snoRNA, one of the best conserved snoRNAs, is the most abundant snoRNA 

in human cells (~2 χ IO5 copies) (11). All reported Ш snoRNA sequences share similar 

structural features and contain six evolutionarily conserved sequence elements, the A, A', 

B, C, C', and D boxes (Figure 2) (57,65,114,120,129,145,170,171). The box A, A' and 

В sequence elements are specific for Ш snoRNA while box С, С and D are present in a 

large number of snoRNAs, the so-called box C/D snoRNAs (see above). These sequence 

elements have been proposed to be involved in RNA-RNA interactions or, alternatively, in 

protein binding. The 5' domain of U3 snoRNA containing boxes A and A' is believed to be 

involved in a direct interaction with pre-rRNA (63, 114, 145). In contrast, the box C'/D-

stem and box B/C motifs in the 3' domain of U3 snoRNA, which are protected during 

chemical and enzymatic probing of the RNP complex, are proposed to be recognition 

signals for RNA binding proteins (114, 129, 145). Proteins binding to the box C'/D-stem 

motif are thought to be required for U3 snoRNA stability and nucleolar targeting, while 

proteins binding to the box B/C motif are proposed to be important for U3 function (145 

and references therein). 

Human U3 snoRNA is transcribed by RNA polymerase II from independent genes 

(49, 111). After transcription, U3 snoRNA is not exported to the cytoplasm but is 

retained in the nucleus where it acquires its 5' trimethylguanosine (TMG) cap structure 

(28, 158, 159). Both in vivo and in vitro, the box D sequence element is required for this 

nuclear hypermethylation of U3 snoRNA (159). The TMG cap is believed to protect the 

5' part of U3 snoRNA from degradation by exonucleases and has been suggested to play a 

role in the nucleolar targeting of U3 snoRNA (71,145). 

U3 snoRNP proteins 

As for other snoRNPs, present knowledge about the protein composition of the 

U3 snoRNP is still limited. Human U3 snoRNP is reported to contain at least six proteins 

with molecular masses of 74, 59, 36 (fibrillarin), 30, 13 and 12.5 kDa (129). Of these 

proteins only the autoantigen fibrillarin has been characterized (5). Fibrillarin, which is 

highly conserved in evolution (32, 59, 73, 89, 147, 169), is localized in the dense fibrillar 

component of the nucleolus (97, 125). In the central part of fibrillarin a putative RNA 

binding domain that resembles the consensus RNA recognition motif (RRM) is present (5, 

18, 110, 111, 136). The N-terminal part of the protein contains a glycine-arginine rich 

domain (GAR domain) that is found in a number of other nucleolar proteins, e.g. nucleolin, 

Nop3p, Garlp and Ssblp (53, 76, 88, 144). The GAR domain is thought to be involved in 

RNA binding, possibly by changing the conformation of the RNA allowing access of a 
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Figure 2. Human U3 snoRNA. 
Secondary structure model of human Ш snoRNA as proposed by Parker and Steitz (129). 
evolutionary conserved sequence elements, boxes A, A', B, C, C', and D are indicated. 

The 

second domain of the GAR protein or another protein for specific RNA-protein 

interaction (18, 32, 52, 53). 

Fibrillarin is not unique for U3 snoRNP; it associates with all box C/D snoRNAs. 

Previously, it was shown that an intact box С sequence is required for the efficient 

association of fibrillarin with the U3 snoRNA (12). Although fibrillarin appears to contain 

RNA binding domains, a direct interaction between U3 snoRNA and fibrillarin has not 



20 Chapter 1 

been detected. Therefore, the binding of fibrillarin to Ш snoRNA is presumed to be 

indirect and/or to require other U3 snoRNP protein components. The putative RNA 

binding domains of fibrillarin might be involved in an interaction with the pre-rRNA 

substrate. 

Previously, the U3 snoRNP was purified from CHO cells and three proteins of 55, 

50 and 15 kDa were shown to copurify with the U3 snoRNA (99). These proteins may 

represent core U3 snoRNP proteins whose binding mediates the association of other 

proteins, such as fibrillarin, which were lost during the high salt purification (99). Using 

rabbit antibodies directed to the CHO 55 kDa protein, the binding site of this protein on 

U3 snoRNA was localized. Stable binding of the 55 kDa protein required sequences 

located between nucleotides 97 and 204 of human U3 snoRNA, including the conserved 

box В and С sequence elements (99). Recently, the human homolog of this 55 kDa CHO 

protein was cloned and characterized: hU3-55k (133). hU3-55k is localized in the 

nucleolus and is conserved throughout evolution. A search for known protein motifs 

revealed the presence of five WD-40 repeats (Gß repeat units) in the central part of the 

protein. WD-40 repeats are found in a large variety of eukaryotic proteins and are 

proposed to function in protein-protein interactions (38, 121, 133, 174). In contrast to 

fibrillarin, hU3-55k is specifically associated with the U3 snoRNA and does not seem to 

be a component of other snoRNPs. Although hU3-55k lacks an obvious RNA binding 

domain (133), it binds directly to the U3 snoRNA in vitro. For this interaction the 

presence of the conserved box С sequence element of U3 snoRNA appears to be required 

(A. Lukowiak, H. Pluk and M. Tems, unpublished results). 

In addition to hU3-55k, another human U3 snoRNP protein component was 

recently characterized: MPP10 (183). MPP10 (M phase phosphoprotein 10), which was 

detected as a protein that is phosphorylated during mitosis, localizes strongly to the 

nucleolus in interphase and to chromosomes in M phase (109, 183). This pattern of 

localization is similar to that found for several nucleolar proteins, including fibrillarin, and 

U3 snoRNA (7, 37, 50, 51, 113, 185). MPP10 is a U3 snoRNP specific protein since it 

appears not to be associated with other snoRNAs (183). MPP10, which is a very acidic 

protein (pi 4.5) and is predicted to be largely alpha-helical, does not possess any known 

RNA binding motif or sequences known to be involved in protein-protein interactions 

(183). 

Three proteins associated with the S. cerevisiae Ш snoRNP have been identified: 

Noplp, MpplOp and Soflp (36, 72, 147, 164). Noplp and MpplOp are the yeast 

homologs of the human fibrillarin and MPP10 proteins, respectively (Table 2). Soflp, 

which contains several WD-40 repeats, shares considerable homology with the human 

U3-55k protein but is probably not the yeast homolog of this protein. A database search 

with the hU3-55k protein sequence revealed that another yeast protein, encoded by the 
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Table 2. Proteins associated with the human U3 snoRNA. 

Protein Yeast homolog Protein motifs0 Size (kDa) References 

Fibrillami 
hU3-55k 
MPP10 

a 

Noplp 
ORF9659b 

MpplOp 
Soflp 

GAR, RRM 
WD-40 

-
WD-40 

34/35 
52/65 
79/67 

57 

5, 147 
133 

36,183 
72 

This table lists the characterized proteins of the human Ш snoRNP complex, and their yeast homologs 
"A human homolog for the yeast Sofl ρ protein has not yet been found 
bA database search with the hU3-55k protein sequence identified a putative yeast homolog encoded by the 
eighth ORF of cosmid 9659 
'Protein motifs present m the human and yeast Ш snoRNP proteins that were identified by sequence 
analysis GAR. glycme-arginme neh domain, RRM sequence in fibnllarm that resembles the consensus 
RNA recognition motif, WD-40 WD-40 repeats 
^This column lists the predicted molecular masses of the human/yeast protems 

eight open reading frame (ORF) of cosmid 9659, is more homologous to hU3-55k (133). 

Son ρ and MpplOp are U3 snoRNP specific protein components, which are required for 

processing of 18S rRNA. Genetic depletion of these proteins causes defects in rRNA 

processing similar to those resulting from loss or inactivation of U3 snoRNA (36, 72). 

Depletion of Soflp, MpplOp or Noplp has no effect on the accumulation of the U3 

snoRNA itself (36, 72,164). Recently, truncation of MpplOp revealed that this protein is 

probably only required for cleavages at sites Al and A2, and is not involved in the U3 

snoRNP dependent cleavage at site АО of the pre-rRNA transcript (92). 

The RNase MRP ribonucleoprotein complex 
RNase MRP (mitochondrial RNA processing enzyme) was originally identified as 

an endoribonuclease able to cleave in vitro an RNA substrate derived from the 

mitochondrial origin of DNA replication (26,27). RNase MRP is proposed to function in 

primer RNA formation for mitochondrial DNA replication (31, 91, 128, 151, 166, 168). 

However, the vast majority of RNase MRP is not localized in the mitochondria but can be 

found in the nucleolus of cells (70, 82, 83, 90, 94, 108, 140), where it is involved in 

processing of the 5' end of 5.8S rRNA. 

RNase MRP is related to RNase Ρ since both complexes catalyze a similar 

enzymatic reaction, contain identical protein subunits (see below), and their RNA subunits 

share common structural features (137,139). Although the nucleotide sequences of RNase 

MRP RNA and RNase Ρ RNA are not highly homologous, they can be folded into very 

similar cage-shaped secondary structures (43, 148). These observations have lead to the 

idea that RNase MRP and RNase Ρ have evolved from a common ancestor. Since the 
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bacterial RNase Ρ cleavage site and the eukaiyotic RNase MRP cleavage site are in similar 

positions, and RNase Ρ is ubiquitous whereas RNase MRP has been found only in 

eukaryotes, it has been suggested that RNase MRP has evolved from an ancestral bacterial 

RNase Ρ enzyme (118, 139). 
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Figure 3. Human RNase MRP RNA. 
Secondary structure model of human RNase MRP RNA as proposed by Schmitt et al. (148). The solid line 
represents a single phosphodiester bond linkage between nucleotides 67 and 68. The proposed long range 
interaction ('pseudoknot') responsible for the 'cage' structure of MRP RNA is indicated (LRJ-I). 

RNase MRP proteins 

Human RNase MRP RNA, which has a complex secondary structure containing a 

pseudoknot (Figure 3), is transcribed by RNA polymerase III from a single-copy gene, and 

possesses a 5'-triphosphate terminus (43, 111, 148, 167). The RNase MRP RNA, also 

referred to as Th or 7-2 RNA (55, 186), associates with a number of proteins that are 

required for the stability and function of the RNP complex (Table 3). Human RNase MRP 

is reported to contain at least six proteins with molecular masses of 120, 40, 29.5, 29, 23 

and 18 kDa (80). The first characterized human RNase MRP associated protein was 

hPopl, an autoantigenic protein with a predicted molecular mass of 115 kDa (103). hPopl 



General introduction 23 

is also a component of the human RNase Ρ complex; antibodies directed to hPopl are able 

to precipitate both the RNase MRP and RNase Ρ complexes from a HeLa cell extract 

(103). hPopl is predominantly localized in the nucleolus, but is also found in the 

nucleoplasm of cells. Sequence analysis of hPopl revealed, except for some putative 

nuclear localization sequences, no known protein motifs (103). hPopl is suggested to bind 

indirectly via protein-protein interactions to the RNase MRP RNA (134). hPopl was 

identified via its homology to the S. cerevisiae Popi ρ protein which was shown to be a 

component of both the yeast RNase MRP and RNase Ρ complexes (102). Mutation or 

depletion of Poplp results in inhibition of 5.8S(S) rRNA synthesis and pre-tRNA 

processing, and underaccumulation of mature RNase MRP and RNase Ρ RNAs (102). 

In addition to Poplp, several protein subunits of the S. cerevisiae RNase MRP 

complex have been characterized: РорЗр, Pop4p, Pop5p, Рорбр, Pop7p/Rpp2p, Pop8p 

and Rpplp (Table 3) (23, 30, 35, 155, 156). These essential proteins are not only 

components of the RNase MRP particle but are also associated with the RNase Ρ 

complex. It has been proposed that RNase MRP and RNase Ρ are part of a larger complex 

in vivo and hence share some identical protein subunits (24,25, 90, 155). However, recent 

results suggest that RNase MRP and RNase Ρ are separate enzymes that share an 

unexpected large number of protein subunits (23, 101). Only one RNase MRP specific 

protein has been identified in S. cerevisiae: Snmlp (150). Similarly, Rpr2p is the only 

protein reported to be specific for the yeast RNase Ρ complex (23). Sequence analysis of 

the yeast RNase MRP proteins revealed that, even though some proteins are expected to 

bind the RNase MRP RNA, they do not contain any known RNA binding motif (23, 30, 

35, 102, 150, 155). However, most proteins possess regions rich in basic amino acids that 

might be involved in RNA-protein interaction. Only Pop8p is an acidic protein (pi 4.8), 

the other yeast RNase MRP proteins are basic and have an average pi of 9.5 (23). Genetic 

depletion of most of the yeast RNase MRP and RNase Ρ associated proteins results in a 

decrease of the levels of mature RNase MRP and RNase Ρ RNAs, and in inhibition of pre-

rRNA cleavage at site A3 and pre-tRNA processing (reviewed in 23). Depletion of РорЗр, 

which results in similar defects in pre-rRNA and pre-tRNA processing, does not affect the 

cellular levels of RNase MRP and RNase Ρ RNAs, indicating that the inhibition of pre-

rRNA and pre-tRNA processing observed is not solely due to loss of the RNA 

components (35). 

Recently, the human RNase Ρ complex has been purified from HeLa cells. In 

addition to the RNA component, RNase Ρ / Hl RNA, proteins with molecular masses of 

40, 38, 30, 29, 25, 20 and 14 kDa were shown to copurify with the enzymatic activity 

(39). The cDNAs of five of these human RNase Ρ associated proteins were cloned and 

characterized: Rpp40, Rpp38, Rpp30, Rpp29 and Rpp20 (39, 74). Rpp38 and Rpp29 are 

suggested to possess a 'basic coiled-coil-leucine zipper motif that might be involved in 
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Table 3. Proteins associated with the human RNase MRP and/or RNase Ρ RNAs. 

Protein Yeast RNase RNase Size (kDa)e References 
homolog MRP" Pc 

hPopl 
Rppl4 
Rpp20 
Rpp25 
Rpp29 
Rpp30 
Rpp38 
Rpp40 

a 

a 

a 

_a 

a 

a 

Popi ρ 
j> 

Pop7p/Rpp2p 
_b 

Pop4p 
Rpplp 

_b 

_b 

Snmlp 
РорЗр 
Pop5p 
Рорбр 
Pop8p 
Rpr2p 

+ 
? 

r1 

? 
? d 

+ 
+ 
? 
+ 
+ 
+ 
+ 
+ 
-

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
+ 
+ 
+ 
+ 
+ 

115/100 
14 

16/16 
25 

29/33 
30/32 

32 
35 
23 
23 
20 
18 
16 
16 

102,103 
39,74 

23,39,74,156 
39,74 
30,74 

39,74,155 
39,74 
39,74 

150 
35 
23 
23 
23 
23 

This table lists the characterized protein components of the human RNase MRP and/or RNase Ρ complexes, 
and their yeast homologs. 
'Human homologs for the yeast Snmlp, РорЗр, Pop5p, Рорбр, Pop8p and Rpr2p proteins have not yet 
been identified. 
bYeast homologs for the human RppH, Rpp25, Rpp38 and Rpp40 proteins have not been identified 
'These columns indicate if the human and yeast proteins are components of the RNase MRP and/or RNase Ρ 
complexes A ? indicates that it is not yet established whether the human protein is a component of the 
RNase MRP complex 

For these human proteins it is not established if they are components of the RNase MRP complex. 
However, the yeast homologs were shown to be part of the RNase MRP particle. 
'This column lists the predicted molecular masses of the human/yeast proteins. 

RNA binding (74, 112). It is likely that, similar to the situation in yeast, some of the 

human RNase Ρ proteins are also components of the human RNase MRP 

ribonucleoprotein complex. Sequence comparison revealed that the Rpplp, Pop4p, and 

Pop7p/Rpp2p proteins are the yeast homologs of human Rpp30, Rpp29 and Rpp20, 

respectively (23, 74, 155, 156). Since these yeast homologs were all shown to be 

associated with both the RNase MRP and RNase Ρ complexes, it is likely that the human 

Rpp30, Rpp29 and Rpp20 proteins are also components of the human RNase MRP 

particle. Recently, it was shown that Rpp38 and Rpp30 are indeed associated with the 

human RNase MRP complex (134). 
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snoRNP proteins as autoantigens 
Patients with systemic autoimmune diseases frequently produce autoantibodies 

which are directed to a large variety of cytoplasmic, nuclear and/or nucleolar proteins and, 

to a lesser extent, nucleic acids. The occurrence of such autoantibodies in patient sera aids 

in establishing the diagnosis and prognosis of the disease. For example, the presence of 

anti-Sm or anti-dsDNA antibodies is an important marker for systemic lupus 

erythematosus (SLE) (46, 180). Autoantibodies in scleroderma are often directed to 

nucleolar proteins (reviewed in 45,135,180). Also, snoRNP associated proteins have been 

mentioned as autoantibody targets in scleroderma (176). The best characterized snoRNP 

associated autoantigen is fibrillarin. Anti-fibrillarin antibodies are found in patients with 

scleroderma (6, 85, 86, 127, 141), but have more recently also been reported in mixed 

connective tissue disease, CREST syndrome, SLE, rheumatoid arthritis and Sjogren's 

syndrome patients (79). 

Autoantigenic regions of fibrillarin that are targeted by most anti-fibrillarin 

antibodies have been mapped to the N-terminal glycine-arginine rich domain (aa 1-80) and 

to the C-terminal part of the protein (aa 276-321) (79). In addition, it has been reported 

that anti-fibrillarin autoantibodies recognize a conformational epitope that requires the 

presence of both the N- and C-terminal regions of fibrillarin (157). Anti-fibrillarin 

antibodies can also be induced in certain strains of mice by treatment with mercuric 

chloride or silver nitrate (66, 67, 116, 142, 157). Interestingly, the epitope region these 

toxin-induced murine autoantibodies recognize appears to be similar to the conformational 

epitope that is recognized by spontaneous human anti-fibrillarin autoantibodies (100, 

157). The similarities between the spontaneous human and toxin-induced murine 

autoantibody responses suggests that elucidation of the steps involved in the toxin-

induced response in mouse may identify potential steps in the generation of human 

autoantibodies (157, 176). 

Another snoRNP which is a target of autoantibodies in scleroderma is RNase MRP 

(reviewed in 45,135, 176,180). A group of patient sera, referred to as anti-Th/To, contain 

autoantibodies directed to the RNase MRP and RNase Ρ ribonucleoprotein complexes. 

Anti-Th/To antibodies have been found in 4-10% of all scleroderma patients, but have also 

been reported in patients having SLE, Raynaud's phenomenon or polymyositis/ 

scleroderma overlap syndrome (45, 54, 61, 68, 80, 126, 180). Anti-Th/To serum 

antibodies were shown to immunoprecipitate both the RNase MRP and RNase Ρ 

complexes from a HeLa cell extract (54, 56, 58,138). The purified RNase MRP and RNase 

Ρ RNAs were not precipitated by these antibodies (58), indicating that anti-Th/To 

antibodies recognize at least one common or antigenically related protein associated with 

both the RNase MRP and RNase Ρ complexes. 
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Anti-Th/To sera immunoprecipitate a number of proteins ranging in molecular mass 

from 120 to 18 kDa from a HeLa cell extract, the most commonly observed one being a 

protein of 40 kDa (77, 80, 140, 143). A protein of 40 kDa can be UV crosslinked to both 

the RNase MRP and RNase Ρ RNAs in HeLa cell extract, after which the resulting 

complex is immunoprecipitable with anti-Th/To serum antibodies (98, 187). These results 

gave rise to the idea that anti-Th/To antibodies recognize predominantly a 40 kDa protein, 

referred to as the 40 kDa Th/Το autoantigen (Th40), which is associated with both the 

RNase MRP and RNase Ρ complexes. The recently characterized Rpp38 protein, which is 

a component of the human RNase MRP and RNase Ρ complexes, is recognized by at least 

four anti-Th/To sera and, therefore, might be identical to the Th40 autoantigen (39, 74). 

Th40/Rpp38 is not the only RNase MRP and RNase Ρ associated protein that is 

recognized by anti-Th/To antibodies, also Rpp30 is a target for anti-Th/T о autoantibodies 

(39, 74). In addition, hPopl is recognized by about 65% of the anti-Th/To sera (103, 132). 

The major autoantigenic region of hPopl was mapped to a 104 amino acids long region (aa 

214-317) in the central part of the protein (132). Anti-hPopl antibodies are, like anti-

Th/To antibodies, present in a variety of rheumatic diseases and most frequently found in 

sera from patients having SLE or scleroderma. Anti-hPopl antibodies can, therefore, not 

be used as marker antibodies for a specific connective tissue disease (132). 

Outline of this thesis 
Small nucleolar RNPs, which function in the biosynthesis of ribosomes, are 

composed of a small RNA molecule and several associated proteins. Although many 

snoRNAs have been identified in a wide range of eukaryotes, and their function in pre-

rRNA processing and modification is more and more revealed, only few snoRNA 

associated proteins have been identified. At the start of this project in 1993, only one 

human snoRNA associated protein, fibrillarin, was characterized. The aim of the studies 

described in this thesis was to gain more insight in the proteins that are associated with 

human snoRNAs, in particular the U3 and RNase MRP snoRNAs. 

Chapter 2 describes the cloning and characterization of the first human protein that 

specifically associates with the U3 snoRNA, hU3-55k. In chapter 3, the cloning and 

characterization of hPopl is described, the first protein component of the human RNase 

MRP and RNase Ρ complexes. In chapter 4, the autoantigenicity of hPopl is studied. The 

prevalence of anti-hPopl autoantibodies in anti-nucleolar patient sera and the major 

autoantigenic region(s) of hPopl are analyzed. In chapter 5, the association of hPopl and 

three other RNase MRP proteins with the RNase MRP complex is investigated. Finally, 

the data presented in this thesis are summarized and discussed in chapter 6. 
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ABSTRACT 

The eukaryotic nucleolus contains a large number of small RNA molecules 
(snoRNAs) which in the form of small nucleolar ribonucleoprotein particles (snoRNPs) 
are involved in the processing and modification of pre-rRNA. The most abundant and one 
of the best conserved snoRNAs is the U3 RNA. So far, only one human U3 snoRNA 
associated protein, fibrillarin, has been characterized. Previously, the U3 snoRNP particle 
was purified from CHO cells and three proteins of 15, 50 and 55 kDa were found to co-
purify with the U3 snoRNA (Lübben, В., С. Marshallsay, N. Rottmann and R. Lührmann. 
1993. Nucleic Acids Res. 21:5377-5385). Here we report the cDNA cloning and 
characterization of the human U3 snoRNP associated 55 kDa protein. The isolated cDNA 
codes for a novel nucleolar protein which is specifically associated with the U3 snoRNA. 
This protein, referred to as hU3-55k, is the first characterized U3 snoRNP specific protein 
from humans. hU3-55k is a new member of the family of WD-40 repeat proteins and is 
conserved throughout evolution. It appears that the C-terminal end of hU3-55k is required 
for nucleolar localization and U3 snoRNA binding. 

INTRODUCTION 

Eukaryotic cells contain a large number of small nucleolar RNAs (snoRNAs) 
which, in the form of small nucleolar ribonucleoprotein complexes (snoRNPs), are 
involved in the various steps of ribosome synthesis (reviewed in references 30 and 46). 
Several snoRNAs have been shown to be required for pre-rRNA processing (12, 30, 46) 
and a large set of snoRNAs is involved in ribose methylation and pseudouridylation of 
rRNA (8, 15, 24, 33, 34, 49). Small nucleolar RNAs are heterogeneous in size, structural 
elements and protein association. They are produced by two different biosynthetic 
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pathways. Most snoRNAs are encoded within the pre-mRNA introns of ribosomal or 

nucleolar proteins. Processing of such pre-mRNAs via endo- and exonucleolytic cleavages 

results in the generation of the mature non-capped snoRNAs (30). Other snoRNAs, e.g. 

U3 snoRNA, are transcribed from independent genes and typically possess a modified 5' 

terminus, usually a 5' trimethylguanosine (TMG) cap (30). 

The snoRNPs can be divided into four groups, which appear to be functionally 

distinct (1, 46). The methylation guide snoRNPs direct the site-specific formation of 

2'-0-methyl groups in the mature rRNA. All snoRNAs of this class contain two 

conserved sequence elements, referred to as box С and box D (30), and contain an extended 

region (10 to 21 nt) of base complementarity to the mature rRNA (8, 24, 34, 49). The 

second group of snoRNAs, which encompasses the U3, U8, U14 and U22 snoRNAs, also 

contain the conserved box С and D elements and are involved in pre-rRNA processing 

reactions (46 and references therein). All box С and D containing snoRNAs, including the 

methylation guide snoRNAs, are associated with the conserved nucleolar protein 

fibrillarin, which thus is a common snoRNP component (30). The third class of snoRNAs 

lacks the box С and D elements, but shares another conserved sequence element, referred 

to as the АСА box (1). Such snoRNAs have been implicated in the site-specific synthesis 

of pseudouridine in ribosomal RNA (15, 33). The last group of snoRNAs consists of only 

one snoRNA, RNase MRP. RNase MRP is an endoribonuclease involved in the 

processing of pre-rRNA at site A3 in the internal transcribed spacer 1 (1TS1) (27). 

Although many snoRNAs have been identified in a wide range of eukaryotes, only 

very few snoRNP proteins have been identified so far. For yeast, containing more than 50 

different snoRNAs, only eight snoRNA associated proteins have been described (1, 30). 

So far, only two human snoRNP proteins have been characterized, fibrillarin (30) and 

hPopl, a component of the human RNase MRP particle (28). 

The U3 snoRNA, one of the most conserved snoRNAs, is the most abundant 

snoRNA present in cells. All reported U3 snoRNA sequences contain five evolutionarily 

conserved sequence elements designated the А, В, С, C' and D boxes (20, 31, 47, 48). The 

presence of an intact box С sequence has been shown to be essential for the efficient 

binding of fibrillarin to U3 snoRNA (2). The U3 snoRNA is not exported to the 

cytoplasm but is retained in the nucleus of cells. The mature U3 snoRNA contains a 

trimethylguanosine (TMG) cap structure at it's 5' end. The box D sequence element is 

required for efficient nuclear hypermethylation of U3 snoRNA both in vivo and in vitro 

(44,45). 

Eukaryotic rRNA is transcribed as a large 47S precursor and subsequently cleaved 

in a series of complex processing steps to generate the mature 18S, 5.8S and 28S rRNA 

species. The U3 snoRNP is required for correct processing of the 18S rRNA and is 

involved in cleavages at site A0 in the 5' External Transcribed Spacer (5' ETS), Al at the 
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5' ETS/18S boundary, and A2 within ITS1 (3, 13, 19, 23; reviewed in references 30 and 
46). Furthermore, a recent report suggests that the U3 snoRNA might facilitate the correct 
folding of the 18S rRNA (18). 

Like for other snoRNPs, our knowledge about the protein composition of the U3 
snoRNP is still very limited. Human U3 snoRNP is reported to contain at least six 
proteins with molecular weights of 74, 59, 36 (= fibrillami), 30, 13 and 12.5 kDa (35). Of 
these proteins, only the common snoRNP protein fibrillarin has been characterized. In 
yeast, besides fibrillarin only one other U3 snoRNP associated protein has been 
characterized: SOF1 (21). SOF1 is an essential 56 kDa nucleolar protein that contains 
seven so called 'Gß repeat units' or 'WD-40 repeats' which are thought to play a role in 
protein-protein interactions (21, 32). SOF1 is a specific U3 snoRNP protein, since it is 
not associated with other snoRNAs. 

Previously, the U3 snoRNP particle was purified from CHO cells using anti-m3G-
immunoaffinity and mono Q anion-exchange chromatography (26). Three proteins of 55, 
50 and 15 kDa co-purified with the U3 snoRNA. These proteins may represent core U3 
snoRNP proteins whose binding mediates the association of other proteins, such as 
fibrillarin, which are lost during the high-salt purification (26). Using a rabbit antiserum 
raised against the 55 kDa protein, the binding site of this protein on the U3 snoRNA was 
localized. Stable binding of the 55 kDa protein requires sequences located between 
nucleotides 97 and 204 of human U3 snoRNA, including the conserved box В and box С 

sequence elements (26). 

In this report we describe the cDNA cloning and characterization of the human U3 

snoRNP associated 55 kDa protein. We show that the isolated cDNA codes for a novel 

nucleolar protein which is associated with the Ш snoRNA. This protein, referred to as 

hU3-55k, is a specific U3 snoRNP component from which the C-terminal end appears to 

be required for U3 snoRNA binding and nucleolar localization. 

MATERIALS AND METHODS 

Peptide sequence analysis 

Purified 55 kDa protein for sequence analysis was isolated from CHO cells using 

anti-m3G-immunoaffinity and mono Q anion-exchange chromatography as described (26). 

A protein preparation containing the 55 kDa protein was fractionated on SDS-PAGE and 

blotted onto nitrocellulose. The 55 kDa band was identified using Ponceau S stain, excised 

and subjected to trypsin digestion and microsequencing. 
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cDNA cloning ofhU3-55k 

The peptides obtained from the 55 kDa protein, AFEEDQVAGRLK and 

VWNVAEN, were used to design two degenerate oligonucleotide primers: 55-1: 5'-GCN-

TT(C/T)-GA(A/G)-GA(A/G)-GA^)-CA(A/G)-GT-3' and 55-2: 5'-TGG-AA(C/T)-

GTN-GCN-GA(A/G)-AA-3'. A human teratocarcinoma cDNA library constructed in the 

Xgtl 1 vector (42) was screened with these oligos using standard techniques (38). Clones 

hybridizing with both oligos were subcloned in the EcoRI site of vector pGEM-3Zf(+) 

(Promega) and sequenced using the dideoxynucleotide chain termination method (39). 

Sequence analysis revealed that the obtained clones were not full-length; three EST 

sequences (HS892, HS081224 and HS705I08) were extending further to the 3' end of the 

cDNA. To clone this missing 3' end of the hU3-55k cDNA, PCR primers (5'-CTT-CTC-

TGT-GAC-ATC-CCC-CTG-GTG-3' and 5'-CGC-AAG-CTT-CAA-AGA-GGG-TGG-

GGC-ATA-GC-3') were designed based upon the EST sequences and used to PCR 

amplify the 3' end of the cDNA from total HeLa cell RNA. A full-length clone was 

constructed by subcloning the EcoRI-HindlH PCR fragment behind the hU3-55k cDNA in 

pGEM-3Zf(+). 

In vitro transcription and translation 

In vitro transcription was performed using T7 RNA polymerase and full-length 

hU3-55k cDNA cloned in vector pGEM-3Zf(+) essentially as described (40). In vitro 

translation of hU3-55k was performed by incubating the T7-mRNA with [35S]methionine 

(ICN) and wheat germ extract in essentially the same manner as described (40). In vitro 

translated hU3-55k protein was immunoprecipitated in IPP100 (100 mM NaCl, 10 mM 

Tris-Cl, pH 8.0, 2 mM MgCl2, 0.05% NP-40) with 50 μΐ rabbit anti-55 kDa antiserum or 

50 μΐ normal rabbit serum coupled to protein A agarose beads as described (28). 

Transfection constructs 

To obtain a construct in which the hU3-55k cDNA is cloned in frame behind the 

GFP coding sequence, the hU3-55k cDNA was mutated using PCR to introduce a Ndel 

site at the start codon and a BamHI site directly behind the stop codon. The PCR product 

was cloned in the PCR-II vector (Invitrogen), digested with BamHI and ligated in the 

pEGFP-Cl vector (Clontech) digested with BgUI resulting in a plasmid, GFP-55k, 

containing the GFP and hU3-55k cDNAs fused in frame. 

VSV-tagged cDNAs were constructed as follows: a VSV tag was added to the 5' 

and 3' end of the hU3-55k cDNA by PCR with oligos encoding the VSV tag. Full-length 

hU3-55k cDNA containing a 5' VSV tag (MEIYTDIEMNRLGK) was cloned in the 

Nhel/EcoRI sites of the pCI-neo vector (Promega), resulting in construct VSV-55k. A 

hU3-55k cDNA ending at the internal EcoRI site (missing the 3' end) was subcloned in the 
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EcoRI site of pCI-neo and digested with Nhel and Bglll to remove a small fragment 

containing the translational start ATG. VSV-55k was digested with Nhel and Bglll to 

release a fragment containing the 5' VSV tag and translational start ATG, which was then 

cloned into the Nhel/BgHI digested pCI-neo plasmid with the 3' end shortened hU3-55k 

cDNA, resulting in construct VSV-55kAC. This construct lacks the coding sequence for 

the last C-terminal 17 amino acids. The stop codon of the full-length hU3-55k is not 

present in this construct and the encoded protein is terminated by the first in frame stop-

codon present in the pCI-neo vector, giving rise to an additional 15 amino acids following 

the hU3-55k protein sequence. 

Full-length hU3-55k cDNA containing a 3' VSV tag (YTDIEMNRLGK-stop) was 

cloned in the EcoRI/Sall sites of pCI-neo, giving rise to construct 55k-VSV. Subsequently, 

55k-VSV was partially digested with Styl, made blunt with Klenow polymerase and Sail 

digested, to release a fragment of 1370 bp which codes for a hU3-55k deletion mutant 

containing a C-terminal VSV tag and starting at amino acid 45. This fragment was cloned in 

the EcoRI (made blunt with Klenow polymerase) and Sail sites of pCI-neo, resulting in 

construct 55kAN-VSV. A non-tagged full-length hU3-55k cDNA was subcloned in the 

EcoRI site of pCI-neo resulting in control construct 55k. The integrity of all constructs 

was checked by sequence analysis. 

Transient transfection ofHeLa cells 

HeLa cell monolayers were grown to 80% confluence using standard tissue culture 

techniques and subsequently 3*106 cells were transfected with 10 μg of the corresponding 

DNAs in a total volume of 400 μΐ Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS). Electroporation was performed at 296 V 

and a capacity of 950 \kYa using a Bio-Rad Gene Puiser II. After electroporation, cells 

were resuspended in 10 ml DMEM with 10% FCS and grown on cover slips. Two days 

later, cells were washed twice with PBS and subsequently examined using a fluorescence 

microscope with FITC adjustment, or cells were fixed with methanol/acetone (5 min 

-20°C) and used for immunofluorescence. 

Immunofluorescence 

Indirect immunofluorescence using monoclonal anti-fibrillarin (72B9 (37)) and anti-

U2B" (4G3 (17)) antibodies was performed on GFP-55k transfected HeLa cells. Fixed 

cells were incubated with monoclonal antibodies diluted in PBS (1:1) for 1 h at room 

temperature, washed in PBS and subsequently incubated with goat-anti-mouse antibodies 

coupled to Texas Red (diluted 1:50 in PBS) for 1 h at room temperature. Cells were 

mounted with 50% PBS/glycerol and visualized with confocal microscopy. 
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HeLa cells transfected with VSV-tagged constructs were incubated with monoclonal 

anti-VSV antibodies (Boehringer, diluted 1:150 in PBS) followed by incubation with goat-

anti-mouse antibodies coupled to FITC (diluted 1:50 in PBS). 

Preparation of cell extracts and immunoprecipitation 

HeLa cells were transiently transfected with VSV-tagged hU3-55k constructs and 

subsequently grown for two days. The cells were washed twice with PBS, resuspended in 

1 ml of buffer A (25 mM Tris-Cl, pH 7.5, 100 mM KCl, 1 mM DTE, 2 mM EDTA, 0.5 

mM PMSF, 0.05% NP-40) and sonicated using a Branson microtip (3 times 20 s). 

Insoluble material was pelleted (12,000 g, 15 min) and the supematants were used directly 

for immunoprecipitation. Monoclonal anti-VSV, anti-fibrillarin and anti-U2B" antibodies 

were coupled to 20 μΐ of a 50% suspension of protein A agarose beads (Biozym) in 

IPP500 (500 mM NaCl, 10 mM Tris-Cl pH 8.0, 0.05% NP-40) by incubating for 2 h at 

room temperature. Beads were washed twice with IPP500 and once with buffer В (10 mM 

Tris, pH 8.0, 100 mM KCl, 5 mM MgCl2, 0.05% NP-40), 200 μΐ of extract was added and 

incubated for 2 h at 4°C. Beads were subsequently washed three times with buffer В and 

co-precipitating RNAs were isolated by phenol-chloroform extraction and ethanol 

precipitation. RNAs were separated on a 7% denaturing Polyacrylamide gel and blotted 

onto Hybond-N membrane (Amersham). Northern blot hybridization with antisense 

riboprobes specific for the human U3, U8 and U2 RNAs was performed as described (52). 

For З'-end labeling co-precipitating RNAs were labeled using [32P]pCp and T4 RNA ligase 

as described (51) and resolved on a 8% denaturing Polyacrylamide gel. 

The hU3-55k cDNA sequence is deposited in the GenBank/EMBL/DDBJ 

databases under accession number AJ001340. 

RESULTS 

Identification of U3-55k peptide sequences 

As described previously (26) the U3 snoRNP particle was purified from CHO cells 

via anti-m3G-immunoaffinity chromatography and mono Q anion-exchange 

chromatography. The U3 snoRNA copurified with at least three proteins with respective 

molecular weights of 55, 50 and 15 kDa. A protein preparation containing the 55 kDa 

protein was fractionated using SDS-PAGE, blotted onto nitrocellulose, and the region 

containing the 55 kDa protein was excised. The nitrocellulose bound 55 kDa protein was 

subjected to trypsin digestion and the resulting peptides were sequenced. Two peptide 
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sequences of 12 and 7 amino acids in length were obtained: AFEEDQVAGRLK and 

VWNVAEN. 

Cloning of the human U3-5Sk cDNA 

The peptide sequences obtained from the purified Ш snoRNP associated 55 kDa 

protein from CHO cells were used to design two degenerate oligonucleotides (see 

Materials and Methods), which were used to screen a human teratocarcinoma cDNA 

library. Although these oligonucleotides were derived from hamster sequences, we 

speculated that, like for other sn(o)RNP proteins (e.g. fibrillarin), the U3-55k sequence is 

highly conserved among mammals, and chose a human cDNA library for screening. Several 

clones were selected that hybridized with both oligonucleotides, strongly suggesting that 

cDNAs coding for a protein containing both peptide sequences were found. Subcloning 

and sequence analysis of these clones (-1.4 kb in length) revealed an open reading frame 

(ORF) starting at nucleotide 35 and extending to the 3' end of the cDNA coding for 458 

amino acids. No in frame stop-codon was present at the C-terminal end of the ORF 

suggesting that the cloned cDNA was missing the 3' end. 

Comparison of this cDNA sequence with the nucleic acid databases revealed three 

human EST sequences (HS705108, HS081224 and HS892) overlapping with our cDNA 

(overlap starting at nucleotide 1227,1235 and 1250, respectively) and extending further to 

the 3' end. An oligonucleotide was designed on the basis of these EST sequences and used 

to amplify the complete 3' end from HeLa cell RNA by RT-PCR. An internal EcoRI 

restriction site present close to the 3' end of the cDNA appeared to be responsible for 

finding only 3' truncated cDNAs during screening of the teratocarcinoma cDNA library. 

A complete cDNA (1521 bp) was constructed by combining the teratocarcinoma 

cDNA with the 3' end obtained by RT-PCR. The combined cDNA encodes a protein of 

475 amino acids, with a predicted molecular weight of 51.8 kDa and a pi of 7.8. The 

cDNA and deduced amino acid sequences are shown in Figure 1 A. The size of the cDNA 

was confirmed by Northern analysis of HeLa cell poly(A)+ RNA which revealed a ~1.7 kb 

mRNA (data not shown). The polypeptide encoded by the cDNA, hereafter referred to as 

hU3-55k, does contain both peptide sequences derived from the 55 kDa U3 snoRNP 

protein isolated from CHO cells. The first peptide sequence can be found from amino acid 

102 to 113 and the second peptide sequence from amino acid 267 to 273 (shown in 

boldface in Figure 1 A). 



46 Chapter 2 

5 ' - 1 GAATTCCGCCGCTGCTACACGCCTGGTGGGCAGC ATG ICG GCA АСА GCG GCT GCT CGT AAG 

I M S A T A A A R К 

CGG GGA AAG CCG GCC TCT GGG GCC GGG GCT GGC GCG GGG GCC GGC ARG CGG CGG CGA AAG 
1 0 R G K P A S G A G A G A G A G К R R R К 

GCC GAC TCT GCG GGG GAC AGG GGC AAA TCC AAG GGT GGC GGC AAG ATG AAT GAG GAG АТС 
30 A D S A G D R G 1С S К G G G K M N E E I 

TCC AGC GAC TCT GAG AGC GAG AGC СТА GCT CCA AGG ARG CCT GAG GAG GAG GAG GAG GAG 
SO S S D S E S E S L A P R K P i r r r r E 

GAG CTG GAG GAA ACT GCA CAG GAA AAG AAG CTG CGC TTG GCC AAG CTC TAC СТА GAG CAG 
7 0 I L I X T A Q E K K L R L A K I . Y L E Q 

CTC CGT CAG CAA GAG GAG GAG AAG GCT GAG GCC CGT GCA TTT GAG GAG GAC CAG GTG GCG 
9 0 L R Q Q E E E K A E A R A F E E D 0 V A 

GGG CGC CTG AAG GAG GAT GTG CTT GAG CAG AGG GGC AGG CTG CAG AAG TTG GTG GCA AAA 
H O G R L K E D V L E Q R G R L Q K L V A K 

GAG АТС CAG GCC CCA GCC TCA GCT GAC ATT CGC GTT TTA CGG GGG CAC CAG CTC TCT АТС 
130 E I Q A P A S A D I R V L R B H O I . S T I 

АСА TGT TTG GTC GTC ACC CCC GAT GAC TCA GCC АТС TTC TCT GCT GCC AAA GAC TGC AGC 

150 I ς L 5£ Ϊ I E a Q S β I E S Α. Δ К D с a 

А Т С A T T A A G T G G A G C G T G GAG A G T GGA CGG A A G CTG C A T G T G A T T C C T C G A GCC A A G A A G 
170 Τ Τ К W S V E S G R K L H V I P R A K K 

GGT GCC GAG GGA AAG CCC CCT GGC CAC AGC AGC CAC GTC CTC TGC ATG GCC АТС TCC TCC 

190 G A E G К £ £ S U S S И l i L С H & I S S I I 

GAC GGC AAG TAC CTT GCC TCT GGT GAC CGC AGC AAG CTC ATT CTC ATT TGG GAG GCC CAG 

ПО Ü S К ï L A S S С В S К L I L I « E a Q 

AGC TGC CAG CAC TTG TAC ACC TTC АСА GGA CAC CGG GAT GCA GTG TCG GGT CTG GCA TTC 
230 S С 0 H L ï Τ F Τ G H R D A V S G I, A F I I I 

CGC AGA GGC ACC CAC CAG CTC TAC AGC АСА TCC CAC GAT CGC TCC GTG AAG GTG TGG AAT 
250 R R S I U Q Ь Y S 3! S H D R S V K V W M 

GTG GCA GAG AAC TCC TAC GTG GAG ACG CTC TTC GGA CAC CAG GAC GCT GTG GCT GCA CTG 
2 7 0 Ï A E N S Y V E T L F n H O D A V A A I . I V 

GAT GCC TTG AGC CGG GAG TGC TGT GTG ACG GCT GGG GGC CGG GAT GGG ACT GTA CGT GTG 
290 fi fi L S В E £ С ï I à G G E D G Τ V R V 

TGG AAG АТС CCC GAG GAG TCC CAG CTT GTC TTC TAT GGC CAC CAG GGC TCC АТС GAC TGC 
310 H К 1 Ρ E E S Q L V F Y С И Ο Π S Τ Г) Г. V 

АТС CAC СТА АТС AAT GAG GAG CAC ATG GTG TCC GGC GCG GAC GAT GGC TCT GTG GCC TTG 
330 Т Н І . Т Н Е В И М Я П Л П П Я В Л І , 

TGG GGT CTC TCC AAG AAG CGA CCA CTT GCC CTG CAG CGT GAA GCT CAC GGG CTG CGG GGA 
350 W G L S K K R P L A L Q R E A H G L R G 

GAG CCA GGC CTG GAG CAG CCC TTC TGG ATA TCG TCG GTG GCA GCC CTC CTC AAC АСА GAC 
370 E P G L E Q P F W I S S V A A L L N T D 

CTT GTG GCC АСА GGC TCC CAC AGC TCC TGT GTG CGG CTT TGG CAG TGT GGG GAA GGC TTC 
390 L V A T G S H S S C V R L W O C G E G F 

CGG CAG CTT GAC CTT CTC TGT GAC АТС CCC CTG GTG GGT TTT АТС AAC AGC CTC AAG TTC 
410 R Q L D L L C D I P L V G F I N S L K F 

TCC AGC TCT GGG GAC TTC CTG GTG GCT GGG GTA GGG CAG GAG CAC AGG CTT GGC CGA TGG 
430 S S S G D F L V A G V G O E H R L G R W 

TGG AGA АТС AAA GAG GCT CGG AAT TCT GTC TGC АТС АТС CCA CTC CGC AGG GTC CCT GTA 
450 W R I K E A R N S V C I I P L R R V P V 

CCC CCA GCT GCT GGT TCC TGA CACTCTTATCCTCCTTATTTAAGTCCTTCCCAGGCTATGCCCCACCCTCTT 
470 Ρ Ρ A A G S * 475 

TGAAGCTT 1521 - 3 ' 
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Figure 1. cDNA sequence and deduced amino acid sequence of hU3-55k. 
A. The obtained peptide sequences of the purified 55 kDa protein from CHO cells are shown in boldface. 
The putative bipartite NLS is double underlined and the glutamic acid rich region in the N-terminal part of 
the protein is in bold italics. The five WD-40 repeat regions are underlined and numbered. 
B. The WD-40 repeat regions of hU3-55k were aligned manually with the consensus WD-40 repeat 
sequence (32). Amino acids which correspond to the consensus sequence are shown in boldface. 

Figure 2. hU3-55k is similar to 

* ю the CHO U3-55 kDa protein. 
io OH [35S]methionine-labeled hU3-55k protein 
Ö Ζ w a s generated by In vitro translation. 

Following immunoprecipitation with 

rabbit antibodies, proteins from the 

immunoprecipitates were analyzed by 

SDS-PAGE and visualized by 

*— » autoradiography. Lane 1 : input lysate 

corresponding to 2% of the amount used 

for immunoprecipitation, lane 2: protein 

immunoprecipitated by the rabbit anti-55 

kDa antibodies (26), lane 3: control 

precipitation with serum from a non-

immunized rabbit (Normal Rabbit 

2 3 Serum). 
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To test whether the hU3-55k cDNA indeed represents the human homologue of 
the co-purifying U3-55k protein from CHO cells, hU3-55k was translated in vitro and the 
resulting protein was immunoprecipitated using a rabbit antiserum generated against the 
purified 55 kDa CHO protein. This rabbit serum has been shown previously to recognize 
the native CHO and human 55 kDa proteins (26). The in vitro translated hU3-55k protein 
was indeed immunoprecipitated by the rabbit antiserum (Figure 2, lane 2) confirming that 
the protein encoded by the hU3-55k cDNA is similar to the purified CHO protein. The 
serum from a non-immunized rabbit (NRS) was not able to immunoprecipitate the 
hU3-55k protein (Figure 2, lane 3). 

hU3-55k is a member of the family ofWD-40 repeat proteins 
Comparison of the hU3-55k protein sequence with the protein sequence databases 

showed that hU3-55k is a novel human protein. A putative bipartite nuclear localization 
signal can be identified at the N-terminus of hU3-55k (amino acids 8 to 40). Furthermore, a 
search for known protein motifs revealed the presence of five so called 'WD-40 repeats' or 
'Gß repeat units' between amino acid positions 142 and 352 of hU3-55k (Figure 1 A). The 
WD-40 repeat consists of two conserved elements, A and B, separated by regions variable 
in both sequence and length (32, 50). The most characteristic features of the repeat are the 
GH residues in part A and the WD residues in part B. The number of WD-40 repeats in a 
particular protein may vary from four to eight repeating units spanning either the entire 
length of the protein or the N-terminal, C-terminal or central part of it. A multiple 
alignment of the hU3-55k WD-40 repeat units and the WD-40 consensus sequence is 
depicted in Figure IB. Another interesting feature of hU3-55k is the glutamic acid stretch 
between amino acids 64 and 73. A similar stretch of glutamic acid residues is present in a 
number of nucleolar and non-nucleolar proteins, and could be involved in protein-protein 
interactions. 

In addition to identifying protein sequence motifs the database search with the 
hU3-55k protein sequence revealed two putative yeast homologues. Next to the SOF1 
protein (21) which is partially homologous to hU3-55k (17% identity and 42% similarity) 
there is another yeast polypeptide with a higher degree of homology to hU3-55k. This S. 
cerevisiae protein, which is encoded by the eighth ORF of cosmid 9659 (U40829), is 33% 
identical and 58% similar to hU3-55k and like hU3-55k it contains a glutamic acid rich 
region in the N-terminal part of the protein, a feature lacking in the SOF1 protein 
sequence. We therefore conclude that the polypeptide encoded by the yeast U40829 ORF 
represents the true homologue of hU3-55k. This finding implicates that the yeast U3 
snoRNP particle might contain two related proteins each containing several WD-40 repeat 
units. An alignment of hU3-55k and its putative yeast homologues is shown in Figure 3. 
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Figure 3. Multiple alignment of hU3-55k and its putative yeast homologues. 
A multiple alignment of hU3-55k and its putative yeast homologues: S0F1 and S. cerevisiae cosmid 
U40829 was created using the Boxshade WWW server starting with an alignment created by the Pileup 
program from the GCG package. Amino acids absolutely conserved are marked by a black box while amino 
acids with a conserved character are marked by a gray box. 
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hU3-55k is a specific U3 snoRNP component 

To determine if the hU3-55k protein is a component of the human U3 snoRNP 

particle, immunoprecipitation experiments were performed using a tagged hU3-55k 

protein. The hU3-55k cDNA with a 3' VSV (Vesicular Stomatitis Virus) tag sequence (25) 

was cloned into the mammalian expression vector pCI-neo and expressed in transiently 

transfected HeLa cells. As controls a construct containing the hU3-55k cDNA without the 

VSV tag and the pCI-neo vector without insert were used. Two days after transfection the 

cells were lysed and the resulting total cell extract was used for immunoprecipitation with 

anti-VSV, anti-fibrillarin and anti-U2B" monoclonal antibodies. RNA was extracted from 

the immunoprecipitates, the supernatants as well as from the total cell extracts, 

fractionated by gel electrophoresis and analyzed by Northern blot hybridization using 

probes specific for U3 snoRNA, U8 snoRNA and U2 snRNA. 

As is shown in Figure 4A (lane 3), the U3 snoRNA is co-precipitated by the anti-

VSV antibodies from the cell extract containing the VSV-tagged hU3-55k protein 

(55k-VSV), showing that the hU3-55k protein indeed is able to associate with the U3 

snoRNP particle. The specificity of this result was established by the lack of U3 snoRNA 

co-precipitation with (i) anti-VSV antibodies using the extracts from the control cells (non-

tagged 55k protein (55k) and pCI-neo vector (Figure 4A, lanes 2 and 4, respectively)) and 

with (ii) anti-U2B" antibodies (Figure 4A, lanes 8-10). U3 snoRNPs were 

immunoprecipitated from all three extracts (55k-VSV, 55k and pCI-neo) by the anti-

fibrillarin antibodies (Figure 4A, lanes 5-7). No U2 snRNA could be detected in the anti-

VSV or anti-fibrillarin precipitates. 

To determine if the hU3-55k protein is a specific U3 snoRNP protein or a common 

snoRNP protein like fibrillarin, the same blot was hybridized with a number of snoRNA 

probes. Neither U8 snoRNA (Figure 4A) nor U13 snoRNA (data not shown) were 

detectably co-preciptated with anti-VSV antibodies from the extract containing the 

55k-VSV protein, indicating that the hU3-55k protein is not able to associate with these 

snoRNP complexes. Next to the box C/D snoRNAs, like U3 and U8, three other classes of 

snoRNAs exist: the methylation guide snoRNAs, e.g. U24, the АСА box containing 

snoRNAs, e.g. U17 and RNase MRP RNA (1, 46). To investigate whether the hU3-55k 

protein might be a component of these other classes of snoRNPs, the Northern blot of the 

immunoprecipitations was hybridized with U24, U17 and RNase MRP RNA probes (data 

not shown). In all of these cases anti-VSV antibodies failed to detectably co-precipitate the 

respective RNAs using the extract containing the 55k-VSV protein, indicating that 

hU3-55k is indeed not associated with these other classes of snoRNAs. 

To further establish hU3-55k as a specific U3 snoRNP component, co-

precipitating RNAs from cell extracts containing 55k-VSV and non-tagged 55k protein 

were З'-end labeled with [32P]pCp and fractionated on a 8% Polyacrylamide gel. As 
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shown in Figure 4B (lane 3), anti-VSV antibodies were able to specifically co-precipitate 

the U3 snoRNA from the cell extract containing the VSV-tagged hU3-55k protein. In 

contrast, anti-fibrillarin antibodies were able to immunoprecipitate a large number of 

snoRNAs from the cell extracts containing 55k-VSV or 55k proteins and from non-

transfected HeLa cells (Figure 4B, lanes 5, 6 and 7, respectively). Taken together, these 

results strongly suggest that the hU3-55k protein is specifically associated with the Ш 

snoRNP. 
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Figure 4. hU3-55k is a specific U3 snoRNP component. 
A. 55k-VSV, 55k and pCI-neo were transiently expressed in HeLa cells. Two days after transfection, the 
cells were lysed and used for immunoprecipitation with anti-VSV, anti-fibrillarin and anti-U2B" antibodies. 
RNAs were extracted from the immunoprecipitates (lanes 2-10) and the total cell extracts (lanes 1, 11-12), 
resolved by Polyacrylamide gel electrophoresis and transferred to Northern blot. Specific antisense RNA 
probes were used to detect the human U3, U8 and U2 sn(o)RNAs as indicated on the right. Lanes 2-4: anti-
VSV immunoprecipitation, lanes 5-7: anti-fibrillarin immunoprecipitation, lanes 8-10: anti-U2B" 
immunoprecipitation, lanes 1, 11-12: RNA isolated from 5% of the total cell extracts used for 
immunoprecipitation. 
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Figure 4. hU3-55k is a specific U3 snoRNP component (continued). 
B. 55k-VSV and 55k were transiently expressed in HeLa cells. Two days after transfection, the cells were 
lysed and used for immunoprecipitation with anti-VSV and anti-fibrillarin antibodies. RNAs were extracted 
from the immunoprecipitates and the total cell extracts, З'-end labeled with [32P]pCp and resolved on a 8% 
denaturing Polyacrylamide gel. Lanes 3-4: anti-VSV immunoprecipitation, lanes 5-7: anti-fibrillarin 
immunoprecipitation, lanes 1-2, 8: RNA isolated from 1% of the total cell extracts used for 
immunoprecipitation. 
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hU3-55k is localized in the nucleolus 

To investigate the subcellular localization of hU3-55k, a plasmid was constructed 

in which the hU3-55k cDNA was fused to the green fluorescent protein (GFP) sequence 

present in the mammalian expression vector pEGFP (9). The resulting construct (GFP-

55k), and pEGFP as a control were used to transiently transfect HeLa cells and two days 

after transfection the localization of the GFP-55k fusion protein was determined via direct 

fluorescence microscopy, i.e. in vivo on non-fixed cells. The GFP protein alone gave a 

strong fluorescence distributed through the whole HeLa cell (Figure 5A) indicating that 

GFP is uniformly distributed over the cell and does not localize to a specific compartment 

of HeLa cells. Expression of the GFP-55k fusion protein, however, resulted in a strong 

nucleolar fluorescence (Figure 5B), strongly suggesting that hU3-55k, and thus GFP-55k, 

accumulates in the nucleolus of HeLa cells. Cells with a relatively high expression level of 

GFP-55k showed next to the nucleolar fluorescence a weak or moderate nucleoplasmic 

fluorescence, suggesting that when the nucleolus is saturated with GFP-55k, the remaining 

GFP-55k molecules reside in the nucleoplasm. 

A GFP В GFP-55k 

Figure 5. Nucleolar accumulation of GFP-55k. 
GFP (A) and GFP-55k (B) were transiently expressed in HeLa cells. Two days after transfection, GFP and 
GFP-55k localization was examined by fluorescence microscopy in vivo on non-fixed cells. 

To more precisely assess the nucleolar localization of hU3-55k, GFP-55k 

transfected cells were fixed with methanol/aceton two days after transfection and 

immunostained with a monoclonal anti-fibrillarin antibody. Fibrillarin is associated with a 

number of small nucleolar RNAs, including the U3 snoRNA, and is localized to the dense 

fibrillar compartment of the nucleolus (37). As is shown in Figure 6, panels Α-C, GFP-55k 
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gave a somewhat more diffuse fluorescence of the nucleolus than fibrillarin, which gives a 

more 'clumpy' staining pattern of the nucleolus. However, superimposition of the two 

images shows that GFP-55k largely co-localizes with fibrillarin, which might be partially 

due to the fact that both fibrillarin and hU3-55k are associated with U3 snoRNA and 

therefore present in the same particle. 

Many snRNAs, snoRNAs and their associated proteins, including fibrillarin, are 

present in a nuclear organelle termed the coiled body (5, 36). To determine whether 

hU3-55k can be found in this nuclear organelle as well, GFP-55k transfected cells were 

immunostained with a monoclonal antibody against U2B", a component of the U2 snRNP 

particle, which gives a strong staining of the coiled bodies and a weaker speckled 

nucleoplasmic staining (Figure 6E). As shown in Figure 6, panels D-F, GFP-55k does not 

accumulate in coiled bodies. 

Figure 6. Co-localization of GFP-55L 
GFP-55k was transiently expressed in HeLa cells. Two days after transfection, cells were fixed with 
MeOH/aceton and incubated with anti-fibrillarin antibodies (panels Α-C) or anti-U2B" antibodies (panels 
D-F), followed by incubation with Texas Red-labeled goat anti-mouse antibodies, and visualized with 
confocal microscopy. Panels A and D: GFP-55k localization; panels В and E: fibrillarin and U2B" 
localization, respectively; panels С and F: superimposition of panels Α-B and D-Ε, respectively. 
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hU3-55k elements essential f or nucleolar localization and U3 snoRNA binding 
The data described above show that the hU3-55k protein is a nucleolar protein 

which is specifically associated with the U3 snoRNA. To determine which parts of 
hU3-55k are essential for nucleolar localization and U3 snoRNA binding, VSV-tagged 
deletion mutants of hU3-55k were constructed and expressed in HeLa cells by transient 
transfection. Two days after transfection the cells were lysed and the resulting total cell 
extracts were analyzed. Expression of the tagged mutant proteins was checked by Western 
blotting of the total cell extracts with anti-VSV antibodies. Only two of the eight mutants 
we used showed a detectable expression of hU3-55k protein on Western blot (data not 
shown). Particularly, the mutants in which a larger part of the hU3-55k protein was 
deleted could not be detected by anti-VSV antibodies. These mutant proteins are probably 
not expressed very well or rapidly degraded. 

Of the two hU3-55k deletion mutants that gave detectable protein expression the 
cellular localization and U3 snoRNA binding capacities were investigated. In the first 
mutant, 55kAN-VSV, the N-terminal 44 amino acids of hU3-55k are deleted and a 
C-terminal VSV tag is added. This mutant protein thus lacks the putative bipartite NLS 
present at position 8 to 40. The second mutant, VSV-55kAC misses the C-terminal 17 
amino acids of hU3-55k and contains an N-terminal VSV tag. The stop codon of the full-
length hU3-55k is lost in this construct and the resulting protein is terminated by the first 
in frame stop-codon present in the pCI-neo vector, giving rise to an additional 15 amino 
acids following the hU3-55k protein sequence. 

The localization of the full-length and mutant proteins was investigated by 
immunofluorescence on transiently transfected cells using anti-VSV antibodies. Non-
transfected HeLa cells and cells transfected with the non-tagged hU3-55k construct (55k) 
give a weak background staining of the whole cell (data not shown). The full-length 
hU3-55k proteins containing an N- or C-terminal VSV tag, VSV-55k and 55k-VSV, give a 
strong nucleolar staining (Figure 7, panels A and D). Similar to what has been described 
above for GFP-55k, cells with a relatively high expression level of 55k-VSV or VSV-55k 
show in addition to the nucleolar staining also a nucleoplasms staining, while again no 
protein is detected in the cytoplasm (see e.g. Figure 7A). The mutant hU3-55k protein in 
which the putative NLS is deleted, 55kAN-VSV, showed a strong nucleolar staining. Cells 
with a relatively high expression level of this protein show next to the nucleolar staining 
also cytoplasmic fluorescence, but no staining was observed in the nucleoplasm of these 
cells (Figure 7C). The second mutant, VSV-55kAC, showed nuclear accumulation, but no 
staining was found in the nucleolus of these cells (Figure 7B). In cells with a relatively high 
expression level of VSV-55kAC this localization pattern remained unchanged. 
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A VSV-55k В VSV-55kAC 

С 55k\N-VSV D 55k-VSV 

Figure 7. Elements required for nucleolar accumulation of hU3-55k. 
VSV-55k (A), VSV-55kAC (B), 55kÄN-VSV (С) and 55k-VSV (D) were transiently expressed in HeLa 
cells. Two days after transfection, cells were fixed with MeOH/aceton and incubated with anti-VSV 
antibodies followed by incubation with FITC-conjugated goat anti-mouse antibodies and visualized by 
fluorescence microscopy. 

To investigate whether these mutant hU3-55k proteins are still able to associate 

with the U3 snoRNA, we performed immunoprecipitation experiments using extracts from 

transfected HeLa cells. As shown in Figure 8A both full-length hU3-55k proteins, 

55k-VSV and VSV-55k, and the N-terminal deletion mutant, 55kAN-VSV, were able to 

associate with the U3 snoRNA (Figure 8A, lanes 1, 3 and 4). In contrast, the C-terminal 

deletion mutant, VSV-55kAC, seems to have lost the ability to associate with the U3 

snoRNA (Figure 8A, lane 2). As a control, Ш snoRNPs were immunoprecipitated from 

all cell extracts by anti-fibrillarin antibodies (Figure 8A, lanes 6-10) while no U3 snoRNA 

could be detected in the anti-U2B" immunoprecipitates (Figure 8A, lanes 11-15). Deletion 
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of only the C-terminal 17 amino acids of hU3-55k thus appears to have a drastic effect on 
U3 snoRNA binding and nucleolar localization. The N-terminal 44 amino acids can 
however be removed without significant loss of U3 snoRNA binding capacities, and 
deletion of the putative NLS has only a limited effect on nucleolar localization. 

DISCUSSION 

Using anti-m3G-immunoaffinity and mono Q anion-exchange chromatography 
Lübben et al. (26) previously identified three proteins of 55, 50 and 15 kDa from CHO 
cells which co-purified with the U3 snoRNA. In this report we describe the isolation and 
characterization of a cDNA encoding the human U3 snoRNP associated 55 kDa protein, 
hU3-55k. Immunoprecipitation of in vitro translated hU3-55k with a rabbit serum raised 
against the purified 55 kDa protein from CHO cells (26) confirmed that the cloned human 
protein is similar to the purified CHO protein and that this protein is conserved between 
humans and rodents. 

Sequence analysis of the hU3-55k protein revealed that this protein is a new 
member of the family of 'WD-40 repeat' proteins. This group of proteins is characterized 
by four to eight conserved repeating units usually ending with WD, which were initially 
found in the ß-subunit of heterotrimeric GTP-binding proteins (G proteins), and therefore 
have also been designated Gß-repeats or ß-transducin repeats (11, 14, 32, 50). WD-40 
repeats are found in a large variety of eukaryotic proteins. In general proteins of this group 
seem to be involved in the regulation of cellular functions, such as cell division, cell-fate 
determination, gene transcription, transmembrane signalling, mRNA modification and 
vesicle function (32). Several WD-40 repeat proteins form multiprotein complexes, 
possibly interacting with other proteins via their WD-40 repeat region. They have for 
example a role in assembling macromolecules for mRNA splicing (PRP4) and modification 
(CstF) (4,6, 10,43). It can be imagined that hU3-55k will have a similar function, a role in 
the assembly of the multiprotein complex in the processing of pre-rRNA. 

The consensus sequence of the WD-40 repeat (Figure IB) indicates that this repeat 
may fold with a variable loop preceding the GH followed by a ß-strand-turn-ß-strand-
turn-ß-strand ending with WD, thus forming a small ß-structure (32). This most likely not 
very stable structure could be stabilized by contact with other WD-40 repeats, leading to 
the formation of intramolecular dimers or tetramere (32). Interestingly, not only hU3-55k 
contains several WD-40 repeats, but also the SOF1 protein, a component of the yeast U3 
snoRNP, is a member of the WD-40 repeat family (21). The 56 kDa SOF1 protein is 
probably not the yeast homologue of hU3-55k. Alignment of hU3-55k with sequences 
present in the EMBL and Genbank databases revealed that there is another yeast protein, 
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Figure 8. hU3-55k elements required for U3 snoRNA binding. 
A. VSV-55k, VSV-55kAC, 55kAN-VSV, 55k-VSV and 55k were transiently expressed in HeLa cells. Two 
days after transfection, the cells were lysed and used for immunoprecipitations with anti-VSV, anti-fibrillarin 
and anti-U2B" antibodies. RNAs were extracted from the immunoprecipitates (lanes 1-15) and the total cell 
extracts (lanes 16-20), resolved by Polyacrylamide gel electrophoresis and transferred to Northern blot. The 
precipitated U3 snoRNA was detected by hybridization with an antisense U3 probe. Lanes 1-5: anti-VSV 
immunoprecipitation, lanes 6-10: anti-fibrillarin immunoprecipitation, lanes 11-15: anti-U2B" immuno-
precipitation, lanes 16-20: RNA isolated from 5% of the total cell extracts used for immunoprecipitation. 
B. Schematic representation of the VSV-tagged proteins used for transfection studies and a summary of their 
ability to accumulate in the nucleolus (No: nucleolar accumulation, Nu: nuclear accumulation and Cy: 
cytoplasmic accumulation) and to associate with the U3 snoRNA. Amino acids numbers are indicated and 
the different domains of hU3-55k, bipartite NLS, glutamic acid rich region and WD-40 domains, are boxed. 
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the eight ORF of cosmid 9659, that is more homologous to hU3-55k. This finding 

implicates that at least in yeast the U3 snoRNP complex might possess two related 

proteins each containing several WD-40 repeat units, and as mentioned above these 

proteins might even form heterodimers. It will be interesting to find out if this is also the 

case in mammals. A possible candidate for a second WD-40 repeat family protein with a 

similar size as hU3-55k and SOF1 could be the co-purifying 50 kDa U3 snoRNP protein 

from CHO cells (21). 

To confirm that hU3-55k is a component of the U3 snoRNP complex we expressed 

a VSV tagged version of hU3-55k in HeLa cells and after lysis of the cells 

immunoprecipitations with anti-VSV antibodies were performed. The results of these 

experiments showed that hU3-55k is indeed a component of the U3 snoRNP. We could 

not detect other snoRNAs such as U8, U13, U17, U24 or RNase MRP RNA in the 

immunoprecipitate using Northern blot hybridization. Since, these RNAs arc typical 

examples of the various snoRNA classes, these results strongly suggest that the hU3-55k 

protein is a specific U3 snoRNP protein. In addition, we were not able to detect other 

snoRNAs than U3 in the anti-VSV immunoprecipitate after З'-end labeling with [32P]pCp. 

In contrast, the immunoprecipitate obtained with anti-fibrillarin antibodies contained a 

large number of different snoRNAs. These results corroborate our conclusion that 

hU3-55k is specifically associated with the U3 snoRNA. 

Lubben et al. (26) proposed that the 55 kDa protein is a core U3 snoRNP protein, 

which might bind directly to the RNA. Using a rabbit antiserum raised against the 55 kDa 

protein they showed that stable association of the 55 kDa protein with the U3 snoRNP 

requires sequences located between nucleotides 97 and 204 of the human U3 snoRNA, 

including the conserved box В and box С sequence elements. However, in addition to the 

WD-40 repeat units and the putative bipartite NLS sequence in the N-terminal part of the 

protein, no known RNA-binding or other protein motifs could be found in hU3-55k. 

Additional experiments have to be performed to find out if hU3-55k is bound directly to 

the RNA and which parts of the protein are involved in the binding to the U3 snoRNP 

complex. 

By using a fusion protein of GFP with hU3-55k (GFP-55k) we showed that 

hU3-55k localizes to the nucleolus of HeLa cells. Immunofluorescence of GFP-55k 

transfected cells with anti-fibrillarin antibodies showed that hU3-55k largely co-localizes 

with fibrillarin in the nucleolus, as is to be expected for a U3 snoRNP component. We 

could not detect any GFP-55k in the cytoplasm, but in cells with a relatively high 

expression level of GFP-55k the protein was also present in the nucleoplasm of HeLa 

cells. It has been proposed that nucleolar accumulation is a two step process. First a 

nucleolar protein is transported from the cytoplasm to the nucleoplasm due to its NLS, 

and then one or several functional domains that interact specifically with other nucleolar 
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components allow it to accumulate within the nucleolus (16, 41, 53). The subcellular 

localization of GFP-55k is in agreement with such a two step process, with the U3 

snoRNP carrying the site of interaction with the hU3-55k protein. 

Most nucleoplasms snRNPs reveal a speckled pattern in immunofluorescence and 

appear to concentrate in the coiled bodies, a putative storage compartment for snRNPs 

(5). Coiled bodies also contain fibrillarin (36), but presence of U3 snoRNA is still 

discutable. Although in most studies U3 snoRNA is not found in the coiled bodies (7, 29), 

Jimenez-Garcia et al. (22) reported a low level of U3 snoRNA in the coiled bodies. 

Immunofluorescence of GFP-55k expressing cells with anti-U2B" antibodies revealed that 

GFP-55k does not localize to the coiled bodies. These results indicate that there are no or 

only very few GFP-55k bound U3 snoRNP particles present in the coiled bodies and that 

the fibrillarin present in the coiled bodies represents probably free, non-U3 snoRNP 

bound, protein or is associated with a different subset of U3 snoRNP particles. 

We found that sequences in the C-terminal end of hU3-55k are required for 

nucleolar localization and most likely U3 snoRNA binding. In contrast, deletion of the first 

44 amino acids from hU3-55k, which removes the putative NLS, has no dramatic effect on 

nucleolar localization and U3 snoRNA binding. 55kAN-VSV still accumulated in the 

nucleolus and was able to associate with the Ш snoRNA. However, in contrast to full-

length hU3-55k, cells that show a relatively high expression level of the mutant protein 

also accumulate 551cAN-VSV in the cytoplasm of HeLa cells and no nucleoplasmic 

accumulation was observed. This suggests that only when 55kAN-VSV can associate with 

the U3 snoRNA it is retained in the nucleolus, and that the overexpressed mutant protein 

is not able to stay in or enter the nucleus by itself, possibly due to deletion of the putative 

NLS. But how does this protein enter the nucleolus? A possible explanation could be that 

the mutant protein enters the nucleus together with another U3 snoRNP protein or a 

transport protein, binds to the U3 snoRNA and then is retained in the nucleolus. Another 

possibility is that a second NLS in hU3-55k becomes functionally active in the mutant 

protein which can mediate transport to the nucleus. 

Deletion of the C-terminal 17 amino acids of hU3-55k has a more severe effect on 

nucleolar localization and U3 snoRNA binding. VSV-55kAC localized to the nucleoplasm 

of HeLa cells, and could not be detected in the nucleolus. In addition, this mutant seemed 

unable to associate with the U3 snoRNA. These results are in accord with the idea that 

binding to the U3 snoRNP complex is essential for nucleolar localization. Further 

experiments are needed to establish whether certain C-terminal amino acids are required for 

U3 snoRNP binding or whether C-terminal end deletion induces a conformational change in 

the hU3-55k protein which leads to loss of U3 snoRNA binding capacities and therefore 

loss of nucleolar retention. 
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This study is a further step in resolving the complexity of the human U3 snoRNP 
particle. Detailed knowledge of interactions between components of the U3 snoRNP 
complex and the function of snoRNP proteins will be the next endeavour towards 
understanding the rRNA processing steps in which the U3 snoRNP is involved. 
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ABSTRACT 

The eukaryotic endonucleases RNase Ρ and RNase MRP require both RNA and 

protein subunits for function. Even though the human RNase Ρ and MRP RNAs were 

previously characterized, the protein composition of the particles remains unknown. We 

have identified a human and a С elegans sequence showing homology to yPop 1, a protein 

subunit of the yeast RNase Ρ and MRP particles. A cDNA containing the complete coding 

sequence for the human protein, hPopl, was cloned. Sequence analysis identifies three 

novel sequence motifs, conserved between the human, С elegans and yeast proteins. 

Affinity purified anti-hPopl antibodies recognize a single 115 kDa protein in HeLa cell 

nuclear extracts. Immunoprecipitations with different anti-hPopl antibodies demonstrate 

an association of hPopl with the vast majority of the RNase Ρ and MRP RNAs in HeLa 

cell nuclear extracts. Additionally, anti-hPopl immunoprecipitates possess RNase Ρ 

enzymatic activity. These results establish hPopl as the first identified RNase Ρ and 

MRP protein subunit from humans. Anti-hPopl antibodies generate a strong nucleolar and 

a weaker homogeneous nuclear staining in HeLa cells. A certain class of autoimmune 

patient serum precipitates in vitro translated hPopl. hPopl is therefore an autoantigen in 

patients suffering from connective tissue diseases. 

INTRODUCTION 

The eukaryotic nucleus contains a number of ribonucleoprotein complexes, known 

as small nuclear RiboNucleoProteins (snRNPs), most of which are involved in the 

processing of mRNA, rRNA and tRNA precursors synthesized in the nucleus. Although 

many snRNPs might be part of the catalytic complexes required for RNA processing, only 

two have been shown to possess enzymatic activity on an RNA substrate in vitro: RNase 

Ρ and RNase MRP. 
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RNase Ρ endonucleolytically cleaves precursor tRNA molecules to remove the 5' 

leader sequences and generate the correct 5' termini of the mature tRNAs (reviewed in 

Altman et ai, 1993a). RNase Ρ has been identified in all the phylogenetic domains 

(Archae, Eubacteria and Eukarya) and in the mitochondria of some eukaryotic cells. 

The eubacterial RNase Ρ is the most extensively characterized (reviewed in Pace 

and Brown, 1995). It consists of two subunits: an RNA of 350-410 nucleotides and a basic 

protein of approximately 14 kDa. The demonstration that the RNA subunit alone can 

catalyze the cleavage reaction under certain conditions in vitro, identified the bacterial 

RNase Ρ as a ribozyme (Guerrier-Takada et al., 1983). The protein subunit is, however, 

absolutely required in vivo and greatly stimulates the efficiency and versatility of the 

enzyme in vitro (Gopalan et ai, 1995). 

An RNase P-like enzymatic activity has been identified in the nucleus of various 

eukaryotic cells. In all cases examined, the nuclear RNase Ρ is believed to contain both 

essential RNA and protein subunits, based on its sensitivity to nuclease and protease 

treatment and its buoyant density. Biochemical purification allowed the cloning of the 

RNase Ρ RNA from Schizosaccharomyces pombe (Krupp et ai, 1986), HeLa cells 

(Bartkiewicz et al, 1989), Saccharomyces cerevisiae (Lee and Engelke, 1989) and Xenopus 

laevis oocytes (Doria et al, 1991). This facilitated the subsequent cloning of the RNase Ρ 

RN As from related species (Zimmerly et al, 1990, Altman et al, 1993 b, Tranguch and 

Engelke, 1993). Comparative sequence analysis of the available RNase Ρ RNAs revealed a 

very low primary sequence conservation but a number of shared secondary and tertiary 

structural features, many of which have counterparts in eubacterial RNase Ρ RNAs. The 

eukaryotic RNase Ρ RNAs have not been shown to be catalytic in the absence of proteins. 

Sedimentation studies indicate that protein constitutes a much larger proportion of the 

eukaryotic enzyme (ca. 50 to 70% of the complex weight in cukaryotes versus ca. 10% for 

the bacterial enzyme). An involvement of the protein subunit(s) in substrate binding has 

been suggested for the S. cerevisiae enzyme (Nichols et ai, 1988). 

Very little is known about the protein components of eukaryotic RNase Ρ because 

purification of the enzyme has been hampered by its low abundance and its highly labile 

character. Only in the case of S. pombe has the nuclear RNase Ρ been purified to apparent 

homogeneity (Zimmerly et ai, 1993). It appears to contain a single protein subunit with 

an apparent molecular weight of 100 kDa. The corresponding gene has not been cloned 

yet. A genetic approach in the yeast S. cerevisiae allowed us recently to clone the first 

gene encoding for a nuclear RNase Ρ protein subunit (Lygerou et ai, 1994). This 100 kDa 

protein is referred to here as yPopl. 

The eukaryotic RNase MRP was originally identified as an endonuclease able to 

cleave an RNA substrate derived from the mitochondrial origin of DNA replication in vitro 

(Chang and Clayton, 1987b, for a review see Clayton, 1994). In some studies a fraction of 
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the MRP RNA has been localized in cytoplasmic structures (Li et al, 1994, Matera et al, 

1995, Jacobson et al, 1995) that were identified as mitochondria (Li et al, 1994). 

However, all studies agree that the bulk of this enzyme is localized in the nucleolus (Kiss 

and Filipowicz, 1992, Topper et al, 1992, Li et al, 1994, Matera et al, 1995, Jacobson et 

al, 1995). At least in the yeast S. cerevisiae, RNase MRP cleaves directly the ribosomal 

RNA precursor to allow the subsequent formation of the 5' end of the major 5.8S rRNA 

species (Lygerou et al, 1996). An involvement of RNase MRP in mitochondrial DNA 

replication has not yet been demonstrated in vivo. 

The RNA subunit of the RNase MRP has been cloned from several vertebrates 

(Chang and Clayton, 1989, Topper and Clayton, 1990, Bennett et al, 1992, Dairaghi and 

Clayton, 1993), plant (Kiss et al, 1992) and yeast (Schmitt and Clayton, 1992, Paluh and 

Clayton, 1995) species. Secondary structure predictions based on phylogenetic 

comparisons (Schmitt et al, 1993) suggest that the RNase MRP RNA has common 

structural features with the eukaryotic and prokaryotic RNase Ρ RNAs (Fortser and 

Altman, 1990). It has been proposed that both the eukaryotic RNase Ρ and MRP 

enzymes are derived from an ancestral RNase P-like enzyme through gene duplication 

(Morrissey and Tollervey, 1995). 

yPopl was the first subunit of the yeast RNase MRP to be identified (Lygerou et 

al, 1994). A second S. cerevisiae protein, Snmlp, was also identified by genetic means 

and shown to be associated with at least a subpopulation of the RNase MRP but not the 

RNase Ρ RNA (Schmitt and Clayton, 1994). Despite the extensive study of RNase MRP 

from higher eukaryotes, no protein subunits have been identified. 

Sera- from patients suffering from autoimmune diseases, such as systemic lupus 

erythematosus (SLE) and scleroderma, often contain antibodies to various nuclear and 

cytoplasmic ribonucleoprotein complexes. Although the mechanisms eliciting the 

autoimmune response are not known, autoantibodies have often served as useful tools in 

studying the structure and function of their intracellular targets. A group of patient sera, 

referred to as Th (or To), immunoprecipitate two small RNAs from HeLa cell extracts 

(Reddy et al, 1983, Hashimoto and Steitz, 1983). These RNAs, first called 7-2 and 8-2 

RNAs, were later shown to be the RNA components of RNase MRP (Gold et al, 1989) 

and RNase Ρ (Gold et al, 1988), respectively. The human RNase MRP RNA is also called 

Th RNA while the human RNase Ρ RNA is also referred to as the Hl RNA. Purified 

RNAs are not precipitated by these sera, suggesting that the autoantibodies recognize 

either protein subunit(s) of these particles or an RNA-protein antigen (Hashimoto and 

Steitz, 1983). 

Different Th/Το sera immunoprecipitate a number of proteins from HeLa cell 

extracts (Rossmanith and Karwan, 1993, Kipnis et al, 1990), the most reproducibly 

observed being a polypeptide with an apparent molecular weight of 40 kDa. A 
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polypeptide of 40 kDa can be UV-crosslinked to both the RNase MRP and RNase Ρ 

RNAs incubated with HeLa cell extracts and the complex is immunoprecipitable by Th 

sera (Yuan et al, 1991, Liu et al, 1994). These data have been taken to indicate that the 

Th/Το sera recognize a 40 kDa protein subunit common to the human RNase Ρ and RNase 

MRP ribonucleoproteins, which is referred to as the 40 kDa Th antigen (Th40). However, 

immunoblotting experiments with different Th sera did not reveal a single immunoreactive 

polypeptide and the cloning of a cDNA encoding the Th antigen has not been 

accomplished. 

We describe here the identification and characterization of a human protein, hPopl, 

which exhibits homology to the yeast y Popi protein. We show that this 115 kDa, 

predominantly nucleolar protein is associated with both the human RNase Ρ and MRP 

RNAs and is recognized by different autoimmune patient sera with the Th specificity. 

RESULTS 

Identification of putative Popi homologues 

We previously reported the identification and characterization of y Popi, a protein 

component of the yeast RNase Ρ and RNase MRP RNP particles (Lygerou et al, 1994). 

The y Popi amino acid sequence was compared to protein and translated nucleic acid 

databases to identify possible homologous sequences. Two nucleic acid sequence entries, 

corresponding to a Caenorhabditis elegans and a human sequence were retrieved. These 

sequences contained open reading frames (ORFs) which could encode proteins exhibiting 

statistically significant homology to yPopl over relatively short amino acid stretches. We 

refer to the putative proteins encoded by these ORFs as cPopl, for the С elegans protein 

and hPopl for the human protein. 

The С elegans sequence was determined as part of a genome sequencing project 

(Wilson et al., 1994). The corresponding gene is transcribed and the predicted open reading 

frame has the potential to encode for a basic protein (pl= 10.42) of 86.2 kDa (see Material 

and Methods). A number of putative nuclear localization sequences, but no other known 

protein motifs, could be identified. 

The human sequence was determined as part of a project analysing randomly 

sampled cDNA clones from the human immature myeloid cell line KG1. A 4.27 kb cDNA 

had been sequenced which contained a long ORF and 1.6 kb of 3' untranslated region. No 

in-frame stop codon was present upstream of the first methionine of the sequenced cDNA 

suggesting that it was truncated at its 5' end. This possibility was further supported by 

the comparison of the deduced protein sequence with yPopl and cPopl. 
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Cloning of a full length hPopl cDNA 

We have confirmed the sequence of the original cDNA by cloning and sequencing 

HeLa cell cDNAs encoding the same protein. We found a single nucleotide difference in the 

sequence of the cDNAs from the myeloid and HeLa cells, which corresponded to a silent 

substitution (see Materials and Methods). To establish the complete protein coding 

sequence of hPopl, we recovered cDNA clones extending further 5' of the known 

sequence. These clones extended the open reading frame by 121 amino acids. The DNA 

and deduced amino acid sequences not present in the original database entry are shown in 

Figure 1 A. Most of the recovered clones had the 5' untranslated region shown. In these 

cDNAs, the first in-frame ATG is preceded by a stop codon in the same frame, indicating 

that the complete ORF has been identified. An upstream ATG is present at the extreme 5' 

end of these cDNAs but it is probably too close to the mRNA cap to be used for 

translation initiation (see Figure 1). We also identified a second type of cDNA clones that 

has an identical sequence in the protein coding region but a different 5' untranslated region 

(data not shown). These clones probably represent unspliced or partially spliced pre-

mRNAs because they contain a consensus 3' splice site at the point of divergence with the 

previous class of cDNAs as well as multiple out-of-frame ATG upstream of the main 

ORF. The main ORF was still delimited by an upstream in frame stop codon in these 

cDNAs (data not shown). 

We analyzed the transcripts deriving from the hPopl locus by hybridizing 

poly(A)+ RNA extracted from HeLa cells with a labelled antisense RNA probe derived 

from the coding region. As shown in Figure 2A, this probe hybridizes to a major mRNA of 

around 4.1 kb and a minor larger mRNA of around 6 kb. These two transcripts could 

represent alternatively initiated, spliced and/or polyadenylated mRNAs. The total cDNA 

sequence amounts currently to 4.6 kb but lacks a poly(A) tail at its 3' end. Therefore, it 

probably represents a 3' truncated fragment of the 6 kb transcript. A putative 

polyadenylation signal is located in the 3' UTR (position 3542 in the database entry). Its 

usage would generate a transcript of approximately 4.0 kb, consistent with the size of the 

major mRNA detected by Northern. 

The complete hPopl ORF has the potential to encode a basic protein (pl=9.86) of 

1024 amino acids, with a predicted molecular weight of 114.7 kDa. A schematic diagram of 

hPopl is depicted in Figure IB. A number of putative nuclear localization sequences 

(NLS) can be identified: a bipartite NLS (NLS1) close to the N- terminus of the protein 

(amino acids 182-198) is near a couple of putative bipartite NLSs of suboptimal spacing, 

while an SV40-type NLS (NLS2) is found towards the middle of the protein (amino acids 

382-387). 

The availability of the full length hPopl protein sequence allowed us to align and 

compare the yeast, human and C. elegans proteins in more detail (Figure 1С). Despite the 
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low overall similarity (22-27% identity in pairwise comparisons), three short conserved 
sequence blocks are apparent. The first region of homology (amino acids 133-159 of the 
human protein) spans 26 amino acids close to the N-terminus. We refer to this region as 
the R box, because it contains several arginine residues (5 out of the 10 absolutely 
conserved amino acids are arginines). Due to its positively charged character this region 
might be involved in interactions with RNA. The W-box, found also close to the 
N-terminus (amino acids 200-222 of the human protein), is a block of 22 amino acids of 
which 11 are identical in the three proteins and 8 additional correspond to conservative 
amino acid substitutions. Three of the absolutely conserved amino acids are tryptophans, 
which could play a role in protein-RNA interactions by stacking on RNA bases. At the 
C-terminus (amino acids 963-985 of the human protein), a third region of homology, 
referred to as the G box, is present. It consists of 5 conserved glycine residues and 7 amino 
acids with a conserved hydrophobic character, distributed over 22 residues. We could not 
find other proteins harbouring any one of these domains in protein or translated nucleic 
acid databases (Swissprot, Trembl, EMBL). The presence of these conserved sequence 
blocks dispersed along the length of the three proteins suggested that, despite the low 
overall conservation, these proteins might be orthologues. We therefore undertook a 
characterization of the human protein. 

TGCGCTCTCCAGCCGCTCTCCAGGAGCTTTGGCTCGGTGGGTACTGTC^^ 

* 
TCACAGCGTCTGGCAGAAATGTCAAATGCAAAAGAAAGAAAACACGCCAAGAAAATGAGAAACCAGCCtACCAATGTGAC 

M S N A K E R K H A K K M R N Q P T N V T 
TCTGTCCTCTGGCITIGTCGCTGACAGAGGT^^AAAGCACCACAGTGGAGGTGAAAAACCTTTCCAAGCTCAAAAACAAG 

L S S G F V A D R G V K H H S G G E K P F Q A Q K Q E 
AGCCTCATCCIGGAACITCACGACAGCGGCAAACCAGAGTCAACCCCCAITCTCTGCCTGACCCTGAAGTGAATGAGCAG 

P H P G T S R Q R Q T R V N P H S L P D P E V N E Q 
TCTICCTCCAAAGGGATCTTTAGAAAAAAGGGAGGATCGAAAGCAGGlCCCGAGGœACGTCTCAGGAGATCCCCAAGTA 
S S S K G M F R K K G G W K A G P E G T S Q E I P K Y 
TATAACTXXrTTCTACTTTTGCTCÄAGCACGAGCTGCTGAMT^ . . 

I T A S T F A Q A R A A E I S A M L K A V T 0 J C S S . . . 

В R W 

7V 7^ Z== 
NLS1 NLS2 1 0 ° m 

Figure 1. Sequence of the hPopl cDNA and structure of the Popi proteins. 
A. Nucleotide sequence of the 5' end of a hPopl cDNA and deduced amino acid sequence. The 3' end of the 
sequence that overlaps with the previously sequenced hPopl cDNA (Accession no D31765) is shown in 
italics. A stop codon upstream of and in frame with the initiating ATG is underscored with an asterisk. 
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Figure 1. Sequence of the hPopl cDNA and structure of the Popi proteins (continued). 
B. Schematic representation of the full length hPopl protein. The regions of homology to yPopl and cPopl 

are shown as boxes (marked R, W and G) while the positions of the putative nuclear localization sequences 

(NLS1 and 2) are indicated. 

C. Alignment of the C. elegans (cPopl), human (hPopl) and yeast (yPopl) homologues. Amino acids 

absolutely conserved in the three proteins are marked by a black box while amino acids with a conserved 

character are marked with a grey box. 
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hPopl is a nucleolar-nucleoplasmic protein 

Three different regions of the hPopl coding sequence (see Materials and Methods) 

were expressed in E. coli and used to immunize rabbits. The sera obtained precipitated m 

vitro translated hPopl fragments (data not shown). Specific anti-hPopl antibodies from 

the most reactive serum were purified by affinity selection with a recombinant fragment of 

the hPopl protein. The affinity purified antibodies recognize a single, high molecular 

weight band in HeLa cell nuclear extracts (Figure 2B), with an apparent molecular weight 

consistent with the predicted 114.7 kDa. After longer migrations, the reacting band was 

resolved in a closely spaced doublet (data not shown) which could be due to protein 

modifications. 

В 

— 250 kDa 
— 9.49 kb 
— 7.46 kb 

. — 4.40 kb 
3.35 k b - * - • " 

— 2.37 kb ^m 
1.63 kb -*-

— 1.35kb — 9 8 kDa 

— 64 kDa 
— 0.24 kb 

— 50 kDa 

— 36 kDa 

— 30 kDa 

Figure 2. hPopl is expressed in HeLa cells. 
A. Analysis of hPopl mRNAs. Poly(A)+ RNAs (1 mg) from HeLa cells were fractionated on a 
formaldehyde-agarose gel, transferred to nitrocellulose and hybridized with an antisense riboprobe deriving 
from the hPopl locus. The sizes and positions of migration of RNA molecular weight markers (yeast 
ribosomal RNAs and RNA ladder from GIBCO/BRL) are indicated. 
B. Western blot analysis with affinity purified anti-hPopl antibodies. Rabbit antibodies were raised against 
a fragment of hPopl (amino acids 508-835) expressed as a GST fusion in E. coli and were affinity purified as 
described in Materials and Methods. Proteins of a HeLa cell nuclear extract (Dignam et al, 1983) were 
separated on a 6% to 15% gradient SDS-polyacrylamide gel and transferred to a nitrocellulose filter. After 
incubation with the affinity purified anti-hPopl antibody, detection was performed using peroxidase 
conjugated goat anti-rabbit IgGs and the ECL detection system (Amersham). On the right, the 
corresponding sizes of a protein molecular weight marker are indicated. 
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Figure 3. Immunocytochemical localization of hPopl. 
HeLa cells were fixed, permeabilized and stained with affinity gurified anti-hPopl antibodies (panel B) or the 
corresponding pre-immune serum (panel D) as described in Materials and Methods. Antibody-antigen 
complexes were detected with fluorescein labelled goat anti-rabbit IgGs and visualized with confocal 
microscopy. An image of the same cell with Nomarski optics is shown in panels A and С respectively. The 
size bars correspond to 10 μπι. Identical contrast and brightness settings are shown for panels В and D. 

To assess the cellular localization of hPopl, the affinity purified anti-hPopl 

antibodies were used for immunolocalization experiments in HeLa cells. Anti-hPopl 

antibodies generate a strong nucleolar and weak, homogeneous nucleoplasms staining 

(Figure 3, panel B). No signal was detected in the cytoplasm above the background 

staining observed with the pre-immune serum (Figure 3, panel D). However, we cannot 

definitively exclude that a small fraction of the hPopl protein is found in the cytoplasm. 

To localize more precisely hPopl in the nucleolus, double irnmunostaining with a 

monoclonal anti-fibrillarin antibody was performed (Figure 4, panels А, В and C). 

Fibrillarin is associated with many small nucleolar RNAs and is localized in the fibrillar 

compartment of the nucleolus (Reimer et al, 1987). Superimposition of the two images 

shows that the nucleolar hPopl largely colocalizes with fibrillarin (panel C). hPopl is 

therefore present in the fibrillar compartment of the nucleolus. 
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Many snRNAs, snoRNAs and associated proteins are present in a nuclear 

organelle termed the coiled body (for a review see Lamond and Carmo-Fonseca, 1993). To 

assess whether hPopl is found in the coiled body, a monoclonal antibody against p80 

coilin, a coiled body component, was used. As shown in Figure 4, panels D, E and F, 

hPopl does not appear to accumulate in coiled bodies. Nucleoplasms snRNPs often show 

accumulation in subnuclear compartments termed nuclear speckles. We did not observe an 

apparent accumulation of hPopl in nuclear speckles, above the homogeneous 

nucleoplasmic staining, in colocalization experiments with anti-U2B" monoclonal 

antibodies (data not shown). 

In conclusion, hPopl is expressed in human cells, localizes to the nucleus and 

strongly accumulates in the nucleolus. 

Figure 4. Localization of hPopl in subnuclear compartments. 
Double immunofluorescence was performed on fixed and permeabilized HeLa cells using affinity purified 
rabbit anti-hPopl antibodies and either a mouse monoclonal anti-fibrillarin antibody (panels Α-C) or a 
mouse monoclonal anti-coilin antibody (panels D-F). Antibodies were detected with fluorescein-labelled 
goat anti-rabbit IgGs and Texas Red labelled goat anti-mouse IgGs and visualized with confocal 
microscopy. Panels A and D: hPopl localization. Panels В and E: fibrillarin and coilin, respectively. Panels 
С and F: superimposition of panels Α-B and D-Ε, respectively. The size bars correspond to 10 μτη. The 
weak cytoplasmic staining detected with affinity purified rabbit anti-hPopl appears to be non-specific 
background staining as it is also detected with monoclonal anti-coilin antibody (panel E), preimmune serum 
and DAPI (data not shown). 
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hPopl is associated with both the h untan RNase Ρ and RNase MRP RNAs 

To investigate the association of hPopl with cellular RNAs, we performed 

immunoprecipitation experiments from HeLa cell nuclear extracts using the anti-hPopl 

antibodies. Four different anti-hPopl sera (I-IV) raised against different regions of the 

hPopl protein, as well as affinity purified anti-hPopl antibodies from serum II, were 

used. The pre-immune sera corresponding to the anti-hPopl sera I and II were used as 

controls. Following the immunoprecipitation, RNA was extracted from the precipitates, 

the supernatants as well as from total HeLa cell nuclear extracts, fractionated by 

electrophoresis and transferred for Northern hybridization. The same filter was hybridized 

with probes specific for the human RNase P, RNase MRP, U3 (Figure 5) and Ul (data not 

shown) snRNAs. Both the RNase Ρ and RNase MRP RNAs are precipitated by the anti-

hPopl antibodies (panels A and B, lanes 3-7) but not by the pre-immune sera (lanes 1 and 

2). As a control, the nucleolar U3 snRNA (panel C) and the nucleoplasm^ Ul snRNA 

(data not shown) are not precipitated. Comparing the levels of the RNase Ρ and MRP 

RNAs left in the immune-supematant (panels A and B, lanes 8-14) with the total RNase Ρ 

and MRP RNAs present in HeLa cell nuclear extracts (lanes 15 and 16) reveals that most 

of the anti-hPopl antibodies very efficiently precipitate both the RNase Ρ and MRP 

RNAs: for instance, less than 5% of the total RNAs appear to remain in the immune-

supematant using the affinity purified anti-hPopl antibodies (the RNAs loaded in the 

supernatant and total lanes correspond to one fourth of the immunoprecipitates). 

The co-immunoprecipitation experiments show that hPopl is associated with both 

the human RNase Ρ and RNase MRP snRNAs and is therefore the human homologue of 

the yeast y Popi. 

Anti-hPopl antibodies immunoprecipitate the RNase Ρ enzymatic activity 

Having demonstrated that the anti-hPopl antibodies specifically precipitate the 

RNase Ρ RNA, we tested whether the RNase Ρ enzymatic activity would be enriched in 

the anti-hPopl immunoprecipitate. Aliquots of the immunoprecipitates, analyzed for their 

RNA content in Figure 5, were incubated with an internally labelled pre-tRNA substrate. 

The products of the reaction were then resolved on a Polyacrylamide gel and visualized by 

autoradiography. As shown in Figure 6, all the anti-hPopl immunoprecipitates efficiently 

process the pre-tRNA precursor (lanes 3-7). Eventhough the anti-hPopl 

immunoprecipitates of the various sera were not limiting in this assay, no activity could 

be detected with the corresponding amount of immunoprecipitates from the pre-immune 

sera (lanes 1 and 2) demonstrating that the RNase Ρ activity association with hPopl is 

highly specific. The cleavage is endonucleolytic and maps to the correct nucleotide for an 

RNase Ρ enzymatic activity (data not shown). 



78 Chapter 3 
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Figure 5. Co-precipitation of the human RNase Ρ and MRP RNAs with hPopl. 
Immunoprecipitation with HeLa cell nuclear extracts using rabbit sera raised against different regions of the 

hPopl protein (anti-hPopl I-IV, see Materials and Methods), affinity purified anti-hPopl antibodies from 

serum II (anti-hPopl-0(a)) and the preimmune sera corresponding to anti-hPopl sera I and II (pre-immune I 

and II). RNAs were extracted from the immunoprecipitates (lanes 1-7), the supernatants (lanes 8-14) and 

total nuclear extract (lanes 15 and 16), resolved by Polyacrylamide gel electrophoresis and transferred to a 

nylon filter. Specific antisense riboprobes were used to detect the human RNase P, MRP and U3 snRNAs as 

indicated on the right. The amount of RNA loaded in lanes 8 to 16 corresponds to one fourth of the amount 

loaded in lanes 1 to 7. The anti-hPopl serum IV precipitates low levels of the Ul snRNA (data not shown). 

hPopl is therefore associated with an active RNase Ρ enzyme and the anti-hPopl 

antibodies generated can be used to study the human RNase Ρ enzymatic activity. 

h Popi « recognized by autoimmune patient sera with the Th specificity 

Autoimmune patient sera with the Th specificity immunoprecipitate RNase Ρ and 

RNase MRP RNAs from HeLa cell extracts and are believed to contain autoantibodies 

directed against a protein associated with both RNAs. The autoantigenic protein(s) 

recognized by these sera, which is referred to as the Th antigen, has not been identified. 

To investigate whether hPopl might be such an autoimmune antigen, different 

patient sera with the Th specificity were tested for their ability to precipitate the hPopl 

protein. Thirty-five different patient sera were selected based on their ability to 
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Figure 6. Anti-hPopl immunoprecipitates possess RNase Ρ enzymatic activity. 
Four anti-hPopI rabbit sera (lanes 3-6, sera I-IV), affinity purified anti-hPopI antibodies from serum II (lane 
7) and the preimmune sera corresponding to anti-hPopl sera I and II (lanes I and 2) were used fcr 
immunoprecipitation experiments with HeLa cell nuclear extracts An aliquot of each immunoprecipitate, 
corresponding to 4 μΐ of extract, was mcubated with an internally labelled pre-tRNA substrate. Following 
RNA extraction and Polyacrylamide gel electrophoresis, the labelled RNAs were visualized by 
autoradiography. Lane 8 substrate incubated in the presence of buffer alone The position of the pre-tRNA 
substrate and the mature tRNA generated by RNase Ρ cleavage are indicated on the right With more dilute 
immunoprecipitates the level of RNase Ρ activity reflected the difference m immunoprecipitation efficiency of 
the various sera. 

precipitate the RNases Ρ and MRP RNA from HeLa extracts (Table 1). Seven of these 

sera precipitated the human La protein, a protein associated with all newly synthesized 

RNA polymerase III transcripts. Since both the RNase Ρ and MRP RNAs are transcribed 

by RNA polymerase III, immunoprecipitation of these RNAs by these 7 sera could be due 

to their association with the La protein. These sera were therefore not analyzed further. At 

least 26 of the remaining 28 sera precipitates both RNase Ρ and MRP RNAs and are 

therefore of the Th specificity (Table 1). These 28 sera, as well as control sera, were used 

to immunoprecipitate full length hPopl protein produced by in vitro translation in rabbit 

reticulocyte lysates. Typical results of such an immunoprecipitation experiment are 

depicted in Figure 7A. In this experiment, four out of the six anti-Th sera tested (lanes 2-7) 

immunoprecipitate the in vitro translated hPopl. The precipitation is specific, since 

neither normal human serum (lane 8), nor autoimmune patient sera with different 

specificities (lanes 9, 10) precipitate hPopl. The collective results from all the sera tested 

are shown in Table 1. Out of the 28 sera tested, 13 precipitated efficiently the full length 

hPopl protein. hPopl is therefore recognized by approximately 50% of the autoimmune 



80 Chapter 3 

patient sera with the Th specificity 

To localize further the autoimmune epitope recognized by the Th sera, subclones 

containing different regions of the hPopl coding sequence were constructed. The different 

in vitro translated hPopl fragments tested and their precipitability by Th sera is depicted 

in Figure 7C. A fragment spanning amino acids 214 to 512 in the middle of the hPopl 

protein is precipitated by the same 13 Th sera that efficiently precipitate the full length 

protein (table 1) An example of the immunoprecipitation of m vitro translated 

hPopl(214-512) fragment is shown in Figure 7B Three Th sera (lanes 2-4) precipitate 

hPopl(214-512). This precipitation is specific, since control human sera fail to precipitate 

this protein fragment (lanes 5-7) and the other hPopl fragments tested are not precipitated 

by the same sera (data not shown) 

Different autoimmune patient sera with the Th specificity are therefore directed 

against hPopl and the autoimmune epitope resides within a 298 amino acid long fragment 

in the middle of hPopl. 

Table 1. Collective immunoprecipitation results using autoimmune patient sera. 

number of MRP Ρ RNA La hPopl hPopl fragment 
sera RNA (214-512) 

+ + 
+ + 

+/-

nd nd 

12 
1 
2 
12 
1 
7 

Total 
35 

+ 
+ 
+ 
+ 
+ 
+ 

35 

+ 
nd 
+ 
+ 
-

nd 

26 13-15 13 

Figure 7. Th sera immunoprecipitate in vitro translated hPopl (next page). 
A. S-methionine labelled hPopl protein was generated by in vitro translation Following immuno
precipitation with different human sera, proteins from the immunoprecipitates were analyzed by SDS-
polyacrylamide electrophoresis and visualized by autoradiography Lane 1 input lysate corresponding to 
10% of the amount used for immunoprecipitations Lanes 2-7 different patient sera with the Th specificity 
Lane 8 Normal Human Serum Lane 9 patient serum with anti-Sm specificity Lane 10 patient serum with 
anti-U3 specificity 
B. Precipitation of a labelled polypeptide corresponding to amino acids 214 to 512 ofhPopl, generated by 
in vitro translation, by different human sera Lane 1 10% of input lysate Lane 2-4 immunoprecipitates 
using different Th patient sera Lane 5 Normal Human Serum Lane 6 anti-Sm patient serum Lane 7 anti-
U3 patient serum 
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Figure 7. Th sera immunoprecipitate in vitro translated hPopl (continued). 
С. Mapping the major autoantigenic epitope on hPopl. A schematic representation of the full length hPopl 
protein is shown on top. The extends of the different in vitro generated polypeptides are shown below, while 
their immunoprecipitability by Th sera is indicated by + or - on the right. 
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DISCUSSION 

The protein composition of the human RNase Ρ and MRP RNP enzymes was 

previously unknown. We have identified a human protein, hPopl, which exhibits 

homology to the yeast yPopl. We demonstrate that hPopl is a subunit of the human 

RNase Ρ and MRP RNPs. We show further that hPopl is an autoimmune antigen in 

humans suffering from connective tissue diseases. 

Proteins homologous toyPopl exist in very divergent eukaryotic species: identification of 

conserved sequence motifs 

Database searches identified two putative open reading frames from C. elegans and 

from human that could encode proteins homologous to the yeast yPopl. We recovered 

cDNAs encoding the putative human homologue, hPopl. These cDNAs most likely 

contain the full length protein coding sequence because the first in frame ATG is preceded 

by a stop codon in the same frame. Additionally, the size of the polypeptide recognized 

by affinity purified anti-hPopl antibodies is consistent with the molecular weight 

predicted for the identified ORF (114.7 kDa) and the homology with yPopl and cPopl 

suggests that no region of hPopl is missing. Our analysis of the hPopl transcripts 

suggests the presence of alternative mRNAs in HeLa cells. 

We have shown that the hPopl protein is associated with both the human RNase Ρ 

and MRP RNAs and is therefore an orthologue of yPopl. The С elegans protein 

represents probably another orthologue, since it contains the same conserved domains. 

The low overall conservation of the three sequences agrees with our inability to identify 

у Popi homologues by Southern hybridization or by complementation of the Popl-1 

temperature sensitive yeast strain using expression libraries from different species (our 

unpublished observations). Furthermore, we were unable to detect immunoprecipitation of 

RNase Ρ enzymatic activity using the anti-hPopl antibodies with extracts from organisms 

other than humans, and the affinity purified anti-hPopl antibodies did not cross-react with 

a single band in extracts from even closely related species (data not shown). No sequence 

similarity could be detected between any of the three eukaryotic proteins identified and 

the eubacterial RNase Ρ protein (Gopalan el al., 1995) or the mitochondrial RNase Ρ 

protein from yeast (Dang and Martin, 1993), except for the presence of numerous basic 

residues. 

Sequence analysis did not reveal the presence of known protein motifs in y Popi or 

its homologues (apart from the presence of putative nuclear localization sequences). 

Phylogenetic comparisons could reveal regions involved in evolutionarily conserved 

functions of the protein, such as RNA binding or interactions with other conserved protein 

subunits. Three short highly conserved amino acid regions were identified, termed the R, 
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W and G boxes in the Popi homologues (see Results). The two N-terminal boxes (R and 

W), which are rich in basic residues and possess conserved aromatic residues, could be 

important for interactions with RNA molecules, either the RNase Ρ and MRP RNAs or 

the RNA substrates of the enzymes. These conserved regions could be used to design 

oligonucleotides or to raise anti-peptide antibodies which might facilitate the identification 

of other eukaryotic Popi homologues. 

hPopl is the first identified protein subunit of the human RNase Ρ and MRP particles 

We show that anti-hPopl antibodies immunoprecipitate both the RNase Ρ and 

MRP RNAs. 

Are RNase Ρ and MRP RNAs present in a single complex of which hPopl is a component? 

The consistent co-precipitation of RNase Ρ and MRP RNAs by different 

autoimmune patient sera and their apparent co-fractionation upon initial steps of 

biochemical purification, led to the speculation that the two RNAs might co-exist in cells 

in a single snRNP, named the Th/Το ribonucleoprotein (Rossmanith and Karwan, 1993, 

Karwan, 1993). Additionally, the possibility of overlapping, redundant functions for 

RNase Ρ and RNase MRP has been previously suggested (Clayton, 1994), given the 

capacity of purified RNase Ρ to cleave RNase MRP substrates in vitro (Potuschak et al., 

1993, Lygerou ef α/., 1996). The available data even though not conclusive, do not lend 

support to these models. An association of the two RNAs is not required for in vitro 

enzymatic activity and is not tight, as purified active RNase Ρ contains no RNase MRP 

RNA (Bartkiewicz et al, 1989) and vice-versa (Chang and Clayton, 1987a, Lygerou et al, 

1996). Human RNase Ρ and MRP are not only separated during biochemical purification 

but also behave differently upon cellular fractionation: RNase Ρ is mostly recovered with 

the cytoplasmic fraction, while the majority of RNase MRP is tightly associated with the 

nucleus (Reddy et al, 1983). The separated RNase Ρ and MRP particles are still 

immunoprecipitable by Th sera. At least in the yeast S. cerevisiae, RNase Ρ and MRP do 

not seem to have overlapping functions or significantly affect each other's activities in 

vivo: both RNase Ρ and MRP RNAs are essential for cell viability (Lee et al, 1991, 

Schmitt and Clayton, 1992); a mutant in the RNase Ρ RNA which affects tRNA 

maturation (RPR1 cDNA dimer, Lee et al, 1991) does not affect rRNA processing (D. 

Tollervey, personal communication) and a mutant in the RNase MRP RNA (ггр2-2), 

shown to have rRNA processing defects (Lindahl et al., 1992, Chu et al, 1994, Lygerou et 

al, 1994), does not affect tRNA processing (D. Tollervey, personal communication). 

Co-precipitation of the RNase Ρ and MRP RNAs by the anti-hPopl antibodies is 

therefore unlikely to be due to the presence of a single RNase P/MRP particle of which 
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hPopl is a subunit, since the majority of RNase Ρ and MRP appear to exist as 

independent particles with distinct functions in the cell. 

Do RNases Ρ and MRP share a common protein or immunologically related polypeptides? 

Co-precipitation of the RNase Ρ and MRP RNAs by anti-hPopl antibodies and 

Th/Το autoimmune antibodies could be due to the presence of distinct but related proteins 

on the two particles which share common epitopes. A similar situation is observed for the 

U1A and U2B" protein components of the Ul and U2 snRNPs, respectively (Habets et 

al, 1985). Our results argue that this is not the case for hPopl. Four different rabbit 

antibodies, raised against different regions of the hPopl polypeptide, immunoprecipitate 

the human RNase Ρ and MRP RNAs. Furthermore, these antibodies recognize a single 

closely spaced protein doublet on a western blot of total HeLa cell proteins (Figure 2B and 

data not shown) suggesting that a single, post-translationaly modified protein is present in 

both the RNase Ρ and MRP particles. This is consistent with our results from yeast: 

purified RNase Ρ and purified RNase MRP are each associated with y Popi (Lygerou et 

al, 1996). 

Is hPopl transiently associated with RNase Ρ and RNase MRP? 

The hPopl protein is associated with the vast majority of the RNase Ρ and MRP 

RNAs present in HeLa cell nuclear extracts: at least 95% of these RNAs are precipitated 

by affinity purified anti-hPopl antibodies. It is therefore unlikely that hPopl is only 

transiently associated with the two RNAs as part of their maturation or intracellular 

transport (in contrast to the La protein, which binds transiently to the newly transcribed 

RNase Ρ and MRP RNAs, reviewed by van Venrooij et al, 1993). Furthermore, the anti-

hPopl immunoprecipitates possess RNase Ρ enzymatic activity, showing that hPopl is 

associated with the active pool of RNase P. 

Our results therefore strongly suggest that hPopl is a subunit of the mature and 

active RNase Ρ and MRP particles. Difficulties in biochemical purification did not 

previously permit a characterization of the protein composition of the human RNase Ρ 

and MRP RNPs. Very little information is therefore available. Human RNase Ρ has a 

sedimentation velocity of around 15S (Bartkiewicz et al, 1989). An antibody raised 

against the E. coli RNase Ρ protein was shown to cross-react with a 40 kDa band on 

immunoblots from a partially purified HeLa RNase Ρ preparation (Mamula et al, 1989). 

Further characterization of this protein has not been reported. Human RNase MRP 

sediments in two peaks on a glycerol gradient: a 15-20S peak which probably represents 

the RNase MRP monoparticle and a higher order complex of 65-80S, possibly 

corresponding to a fraction of RNase MRP associated with ribosomal precursors (Kiss et 

al, 1992, Kiss et al, 1996). About 10 polypeptides ranging in size from 10 to 100 kDa 

could be detected in a partially purified RNase MRP monoparticle preparation (Karwan et 
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al, 1991) but it is unclear whether they represent RNase MRP components. A 

polypeptide of 40 kDa can be crosslinked to both the human RNase Ρ and MRP RNAs 

incubated with HeLa cell extracts (Yuan et al, 1991, Liu et al, 1994). The binding site for 

this non-characterized protein has been mapped to a region close to the 5' end, which is 

conserved between the RNase Ρ and MRP RNAs. Th autoimmune patient sera 

immunoprecipitate multiple bands from HeLa cell extracts, ranging in size from 20 to 120 

kDa (Rossmanith and Karwan, 1993, Kipnis et al, 1990, and Η. Pluk and WJ. van 

Venrooij, unpublished results). Which of these proteins constitute RNase Ρ or MRP 

components is however unclear, as autoimmune sera often contain more than one type of 

autoantibody. The anti-hPopl antibodies will hopefully facilitate biochemical purification 

and allow a better characterization of the human RNase Ρ and MRP enzymes. None of the 

four anti-hPopl antibodies tested cause dissociation of the RNase Ρ complex, as in all 

cases high levels of enzymatic activity co-precipitate with hPopl. These antibodies can 

therefore be used to purify active RNase Ρ and, by extrapolation, MRP particles. It should 

be noted that the function of the human RNase MRP remains obscure. We recently 

demonstrated that yeast RNase MRP directly cleaves the ribosomal RNA precursor in 

vitro (Lygerou et al, 1996). It would be interesting to investigate whether the human 

enzyme has a similar function. 

Cellular location of the hPopl protein 

Immunofluorescence analysis reveals that the hPopl protein is localized in the 

nucleolus and nucleoplasm of HeLa cells, as expected for an RNase MRP and RNase Ρ 

subunit, respectively. The RNase MRP RNA has been localized predominantly in the 

nucleolus both by in situ hybridization (Li et al, 1994, Matera et al, 1995) and by 

fluorescent RNA cytochemistry (Jacobson et al, 1995). The strong nucleolar staining 

observed with anti-hPopl antibodies, which largely co-localizes with fibrillarin, agrees 

with these studies. Some cytoplasmic RNase MRP RNA has been detected previously (Li 

et al, 1994, Matera et al, 1995, Jacobson et al, 1995) and localized to the mitochondria 

(Li et al, 1994). We do not observe staining of HeLa cells in the cytoplasm, above 

background levels, in agreement with biochemical fractionation studies which could not 

detect a significant portion of the MRP RNA in the mitochondria of HeLa cells (Kiss and 

Filipowicz, 1992). The subcellular localization of the RNase Ρ RNA has not been carefully 

looked at. Transfer RNA processing is believed to take place in the nucleoplasm. The 

diffuse nucleoplasmic staining revealed with the anti-hPopl antibodies could therefore 

correspond to the localization of the RNase Ρ particle. The weak nucleoplasmic staining 

does not necessarily reflect a lower absolute quantity of hPopl in the nucleoplasm versus 

the nucleolus, as it could be accounted for by the larger volume of the nucleoplasm or by 

differential accessibility to the antibodies. 
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Nucleoplasmic snRNPs, like the spliceosomal U2, U4/U6 and U5, often reveal a 

speckled pattern and concentrate in coiled bodies (reviewed in Lamond and Carmo-

Fonseca, 1993). Coiled bodies also contain the nucleolar snRNP protein fibrillarin (Raska, 

1991). Anti-hPopl antibodies, however, do not stain similar structures. Matera et al 

(1995) recently described a subnuclear region, termed the perinucleolar compartment 

(PNC) where RNase P, RNase MRP and other polymerase III transcribed RNAs appear 

to accumulate. No staining of PNCs with Th autoimmune patient sera was detected in this 

study. In agreement with this, we did not observe accumulation of hPopl in a similar 

structure. 

hPopl is an autoantigen 

Multiple sera from patients suffering from certain rheumatic diseases (e.g., 

scleroderma), immunoprecipitate the RNase Ρ and MRP RNAs from HeLa cell nuclear 

extracts. The autoantigenic protein recognized by these sera, which often is referred to as 

the Th antigen, was previously unknown. 

We show here that 50% of the Th sera tested immunoprecipitate in vitro translated 

hPopl. Human Popi is therefore recognized by anti-Th autoantibodies. In agreement with 

this, the intracellular localization of hPopl closely resembles the staining observed with 

Th sera (Jacobson et al, 1995). We localized the autoimmune epitope within 296 amino 

acids in the middle of the hPopl protein. This region does not correspond to any of the 

conserved sequence blocks identified by sequence analysis of the Popi homologues. The 

lack of conservation of the autoepitope agrees with the lack of immunoprecipitation of the 

yeast RNase Ρ and MRP RNAs by different human Th sera (our unpublished results). 

Anti-hPopl autoantibodies are unusual in this respect, since many autoimmune epitopes, 

like those recognized by anti-Sm and anti-fibrillarin antibodies, are conserved (Tollervey 

and Mattaj, 1987, Aris and Blobel, 1988). 

It was so far believed that a 40 kDa protein of unknown sequence, called Th40, 

would be the autoantigen recognized by Th sera (see Introduction). What is the relation of 

hPopl to Th40? Human Popi is expressed as a high molecular weight protein in HeLa 

cells (Figure 3B). It is therefore unlikely that the consistent observation of a 40 kDa 

polypeptide by different groups is due to protein degradation or in vivo processing of 

hPopl. Th40 might also be an autoimmune antigen, either sharing a common epitope with 

hPopl or being recognized by different autoantibodies present in Th sera. Different 

proteins containing the same autoimmune epitope have been previously described. For 

example, at least three of the eight core proteins of the spliceosomal snRNPs are 

recognized by the Sm autoantibodies (Rokeach and Hoch, 1992). Additionally, 

autoimmune patient sera often contain more than one autoantibody activity, sometimes 

directed against different proteins on the same particle (Tan, 1989). It should be noted that 
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half of the Th patient sera tested do not precipitate the in vitro translated hPopl protein. 

The autoantibodies present in these sera might still be directed against hPopl but 

recognize an epitope containing modifications not present on the in vitro translated 

polypeptide or an RNA-protein epitope. These sera, however, may also belong to a 

different class, directed against another RNase Ρ and/or MRP protein subunit, which could 

be Th40. 

Alternatively, Th40 might not be an autoantigen. In that case, its precipitation by 

Th sera might be due to its association with hPopl. Since Th sera do not recognize a single 

band on immunoblots, the proposition that Th40 is an autoantigen was based on 

immunoprecipitation experiments. A complete characterization of the proteins recognized 

by Th sera will probably have to await the cloning of the remaining protein components of 

the human RNase Ρ and MRP RNPs. 

Why do RNases Ρ and MRP share common protein subunits? 

We have identified Popi homologues from very divergent eukaryotic species (S. 

cerevisiae, C. elegans and human) and demonstrated that association with both the RNase 

Ρ and MRP RNAs is conserved in yeast and humans. The presence of common proteins, 

shared by different snRNPs is not unusual: the spliceosomal snRNPs contain eight 

common proteins, collectively referred to as the Sm proteins, while most of the nucleolar 

snRNAs are associated with fibrillarin (reviewed in Mattaj et al, 1993). In those cases, 

however, common proteins are believed to reflect the common subcellular localization and 

the involvement in the same RNA processing pathway of the respective snRNPs. RNase 

Ρ and RNase MRP have been proposed to have a common evolutionary origin (Morrissey 

and Tollervey, 1995). If, however, they now have distinct functions in different cellular 

compartments, why would the presence of common protein subunit(s) be maintained? It is 

possible that RNase Ρ and MRP follow a similar maturation pathway, which would be 

facilitated by the presence of common proteins. Alternatively (or additionally) it could be 

speculated that the presence of a common protein subunit allows coordinate regulation of 

the RNase Ρ and MRP levels and/or activities. Processing of tRNAs and rRNAs, which 

are both components of the translation machinery, could thus be coordinated. In this 

respect, the observation of a slower migrating form of hPopl (data not shown), which 

could be due to protein modification, is intriguing. 
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MATERIALS AND METHODS 

Cloning of a cDNA encoding the full length hPopl and sequence analysis 

Database searches were done using the BLAST program (Altschul et al, 1990). 

The accession number of the Caenorhabditis elegans genomic sequence coding for cPopl 

is U00048. Sequences of two Expressed Sequence Tags (ESTs) overlapping this locus have 

accession numbers D37494, D34432, D27973 and D27974. The coding sequence showing 

homology to yPopl spans a region of 3.57 kb and was predicted to contain 12 introns. 

Two of the putative introns, 8 and 12, are present in the sequenced cDNAs. These introns 

do not interrupt the reading frame, suggesting that the corresponding sequences are protein 

coding and were incorrectly predicted as intronic. We furthermore reassigned the predicted 

3' splice site of intron 9 to include a short peptide that improved the alignment of the 

deduced protein sequence to the hPopl. 

The accession number of the human partial cDNA sequence coding for hPopl is 

D31765. PCR primers were designed based upon this human DNA sequence and used to 

amplify three DNA fragments corresponding to amino acids 214-512, 508-835 and 

828-1024 of the hPopl protein, from a randomly primed HeLa cell cDNA library (a kind 

gift of T. Kreis). The amplified fragments were subcloned in vector pT7-7TT and 

sequenced using the dideoxynucleotide chain termination method (Sanger et al., 1977). The 

HeLa cDNA sequenced differed at a single position when compared with the KG1 cell 

cDNA sequence deposited in the data base (а С to Τ substitution at position 2138 of data 

base entry D31765), which did not change the encoded amino acid. 

To clone the missing 5' end of the hPopl cDNA 5' RACE was performed 

essentially as described by Schuster et al (1992). Briefly, 2 μg of HeLa poly(A)+ RNA 

and an antisense hPopl primer (based upon the 5' end of the partial cDNA sequence) were 

used for first strand cDNA synthesis. After RNase Η treatment the cDNA was purified 

with Geneclean II (Bio 101) and a homopolymeric G-tail was added by terminal 

deoxynucleotidyl transferase. Five μΐ of the tailing reaction was directly used for PCR 

with a nested antisense hPopl and a C-tail primer (AAGGAATT(C)13). The resulting 

PCR products were analyzed by Southern blot hybridization, and hybridizing bands were 

reamplified. The resulting PCR products were purified from gel using WizardTM PCR 

Preps (Promega) and cloned into the pGEM-T vector. 

The sequence common to three clones with slightly different 5' ends is presented in 

Figure 1A (Accession number X99302). These three clones end within 4 nucleotides of 

each other, suggesting that they are full length. Some other amplification products 

contained the same coding sequence but a different 5' untranslated region probably 

originating from partially spliced pre-mRNA (see text). Our cDNA sequence is further 
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supported by the sequence of a partial cDNA amplified from an HeLa cDNA library that 

overlaps the upstream stop codon and ATG presented in Figure 1A (data not shown). 

A full length hPopl cDNA was constructed by subcloning hPopl DNA fragments, 

corresponding to amino acids 214-510, 511-832 and 833-1024, in vector pT7-7TT 

resulting in a hPopl cDNA construct coding for amino acids 214-1024. Subsequently, a 5' 

RACE clone containing the translational start codon and 26 nt of 5' UTR, coding for amino 

acids 1-213 was subcloned into this construct resulting in the full length hPopl cDNA. 

Northern hybridization was performed on poly(A)+ RNA isolated from HeLa cells, using 

an antisense riboprobe corresponding to amino acids 508-835 of the hPopl protein and 

following standard procedures (Sambrook et al, 1989). 

Antibody production and affinity purification 

To raise polyclonal anti-hPopl rabbit antibodies, three different polypeptides, 

corresponding to amino acids 214-512 (rabbit I), 508-835 (rabbits II and III) and 828-1024 

(rabbit IV) of the hPopl ORF were expressed as GST fusion proteins in E. coli and 

purified as described (Smith and Johnson, 1988). 100-300 μg of purified fusion protein 

were used for each rabbit immunization, following standard protocols (Harlow and Lane, 

1988). To obtain specific anti-hPopl antibodies, an affinity column was prepared by 

immobilising 4.3 mg of the GST-hPopl(508-835) fusion polypeptide used for 

immunization of rabbit II, on 1 ml of Affigel 10 slurry (Biorad) in 0.1 M MES pH 6.5, 

following the manufacturer's instructions. Similarly, 8 mg of GST, expressed and purified 

from E. coli, were immobilized on 1 ml Affigel 10 slurry. Serum from rabbit II was first 

precleared from antibodies recognizing GST by incubation with the GST affinity column 

for 1 hr at 4CC. The unbound fraction was incubated with the GST-hPopl(508-835) 

column for 2 hrs at 4°C. After washing the column with 10 mM TrisCl pH 7.5 followed 

by 500 mM NaCl, 10 mM TrisCl pH 7.5, bound antibodies were eluted with 100 mM 

glycine pH 2.5. 

Immunoprecipitations and assay of RNase Ρ enzymatic activity 

For immunoprecipitations with anti-hPopl antibodies, 100 μΐ serum or affinity 

purified anti-hPopl antibodies were coupled to 100 μΐ of a 50% suspension of Protein A-

Sepharose beads (Sigma) in IPP500 (500 mM NaCl, 10 mM TrisCl pH 8, 0.1% NP40) by 

incubating for 1 hr at room temperature. Beads were washed three times with IPP500 and 

once with IPP150 (150 mM NaCl, 10 mM TrisCl pH 8, 0.1% NP40, 0.5 mM PMSF, 2 

mM benzamidin, 17 mg/ml aprotinin). 100 μΐ of HeLa cell nuclear extract (Dignam et al, 

1983) was precleared by incubating under rotation with Protein A-Sepharose coupled pre

immune serum, for 30 min at 4°C, in IPP150 supplemented with RNasin to O.lU/μΙ. The 

unbound fraction was incubated with the corresponding Protein A-Sepharose coupled 
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serum (100 μΐ of a 50% suspension), for 2 hr at 4°C. Beads were subsequently washed 

four times with IPP150. 

To analyse co-precipitating RNAs, proteins were removed from immuno-

precipitates, immune-supernatants and total HeLa cell nuclear extract by digestion with 80 

μg Proteinase К in lxPK buffer (100 raM Tris-Cl pH 7.5, 12.5 mM EDTA pH 8.0, 150 

mM NaCl, 1% SDS) in the presence of 10 μg E. coli tRNA for 45 min at 50°C. RNAs 

were extracted by two phenol/ chlorophorm/ isoamylalcohol extractions, precipitated with 

ethanol and analyzed on a 6% denaturing acrylamide gel. Northern hybridization with 

antisense riboprobes specific for the human RNase P, MRP, Ul and U3 snRNAs was as 

described (Cheng and Abelson, 1987). 

To assay for RNase Ρ enzymatic activity in the immunoprecipitates, an internally 

labelled pre-tRNA substrate (5. pombe tRNASer SupSl, Krupp et al, 1986) was 

transcribed in vitro to a specific activity of 103 cpm/ frnole and gel purified. This 110 nt 

long substrate contains an extension of 28 nt at the 5' end of the mature tRNA. An aliquot 

of each immunoprecipitate, corresponding to 4 μΐ of HeLa cell nuclear extract, was 

incubated with 5 fmoles of the substrate, in assay buffer (20 mM Tris-Cl pH 8.0, 10 mM 

MgCl2, 1 mM DTT, 50 mM KCl, 50 mg/ml BSA, 60U/ml RNasin), for 30 min at 37°C, 

under constant shaking. RNA was extracted with phenol/chloroform/isoamylalcohol and 

precipitated with ethanol in the presence of 10 μg E. coli tRNA as carrier. RNAs were 

resolved on a 8% Polyacrylamide/ urea gel and visualized by autoradiography. 

Immunolocalization and western blots 

Indirect immunocytochcmistry on fixed and permeabilized HeLa cell monolayers 

was performed as described (Carmo-Fonseca et ai, 1992). The affinity purified anti-

hPopl antibodies and the corresponding preimmune serum were used in a 1:100 dilution. 

The monoclonal anti-fibrillarin antibody has been previously described (Reimer et al, 

1987), while the monoclonal anti-coilin antibody was a gift of M. Carmo-Fonseca. For 

Western blot analysis, the affinity purified antibody was used in 1:1000 dilution and 

detection was performed using the enhanced chemiluminescence Western Blotting 

Detection System Kit (Amersham) following the manufacturer's instructions. 

Fluorescently labelled secondary antibodies were from Vector and Dianova, while 

horseradish peroxidase-conjugated anti-rabbit IgGs were from Amersham. 

In vitro transcription and translation 

In vitro transcription was performed using T7 RNA polymerase and hPopl cDNA 

(full length and a fragment encoding amino acids 214-512 cloned in vector pT7-7TT) 

essentially as described by Scherly et al. (1989). In vitro translation of full length hPopl 

was performed with 35S-methionine (ICN) in rabbit reticulocyte lysate. For in vitro 
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translation of hPopl aa 214-512, the corresponding T7-mRNA was incubated in wheat 

germ extract in the presence of 35S-methionine. 

Immunoprecipitation of hPopl protein with patient sera 

Patient sera were obtained from the University Hospital (St. Radboud) of 

Nijmegen and selected on their ability to immunoprecipitate RNase MRP RNA. For 

immunoprecipitations with patient sera, 5μ1 serum was coupled to 20μ1 of a 50% 

suspension of Protein A agarose beads (Biozym) in IPP500 by incubating for 1 hr at room 

temperature or 16 hr at 4°C. Beads were washed two times with IPP500 and once with 

IPP200 (200mM NaCl, lOmM TrisCl pH8, 0.05% NP40, 0.5mM PMSF). In vitro 

translated 35S-labelled hPopl protein (full length or amino acids 214-512) in IPP200 was 

added, beads were incubated for 3 hr at 4°C and washed three times with IPP200. Beads 

were resuspended in SDS sample buffer and precipitated proteins were analyzed by 8 or 

13%SDS-PAGE. 
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Chapter 4 

The RNase MRP / RNase Ρ associated protein hPopl is a frequent 
target for autoantibodies occurring in patient sera displaying 

a nucleolar immunofluorescence 

Submitted 



Definitions: 

Th RNA = 7-2 RNA = RNA component of RNase MRP 

Hl RNA = 8-2 RNA = RNA component of RNase Ρ 

RNase MRP = Mitochondrial RNA Processing Ribonuclease 

Anti-Th/To antibodies = antibodies which precipitate the RNase MRP/Th and 

RNase P/Hl ribonucleoprotein complexes 
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THE RNase MRP / RNase Ρ ASSOCIATED PROTEIN hPOPl IS A 
FREQUENT TARGET FOR AUTOANTIBODIES OCCURRING IN 
SERA DISPLAYING A NUCLEOLAR IMMUNOFLUORESCENCE 

H. Pluk, J. Bakkers, 'L.B.A. van de Putte and W.J. van Venrooij 

Department of Biochemistry, University of Nijmegen, P.O. Box 9101, 6500 HB Nijmegen, 

The Netherlands; 'Department of Rheumatology, University Hospital Nijmegen, Geert 

Grooteplein Zuid 8, 6525 GA Nijmegen, The Netherlands 

ABSTRACT 

Patients with systemic autoimmune diseases frequently produce autoantibodies 

which are directed against a large variety of cytoplasmic, nuclear and nucleolar proteins. 

Also the protein subunits of the RNase MRP and RNase Ρ ribonucleoprotein complexes 

have been mentioned as autoantibody targets. Previously, the human RNase MRP and 

RNase Ρ complex associated protein hPopl was characterized (Lygerou et al. EMBO J. 

15, 5936-5948 (1996)). In this study the occurrence of anti-hPopl autoantibodies was 

investigated. We determined the prevalence of anti-Th/To autoantibodies in anti-nucleolar 

patient sera (n=145) and show that hPopl is a common nucleolar autoantigen which is 

recognized by about 67% of the anti-Th/To sera. A major autoantigenic region of hPopl 

was mapped to a 104 amino acids long region (aa 214-317) in the central part of the 

protein. Anti-hPopl autoantibodies were found to be present in a variety of rheumatic 

diseases and were most frequently found in sera from patients having SLE (33%) or 

scleroderma (23%). 

INTRODUCTION 

Patients with systemic autoimmune diseases frequently produce autoantibodies 

which are directed to a large variety of cytoplasmic, nuclear and nucleolar proteins and, to 

a lesser extent, nucleic acids. The occurrence of such autoantibodies in patient sera aids in 

establishing the diagnosis and prognosis of the disease. For example, the presence of anti-

Sm or anti-dsDNA antibodies is an important marker for systemic lupus erythematosus 

(SLE), while anti-citrullinated peptide antibodies are very specific for rheumatoid arthritis 

(RA) (40,46). Autoantibodies in scleroderma (SSc), e.g. anti-RNA polymerase I, are often 

directed to nucleolar proteins (reviewed in 10 and 46). Also small nucleolar 
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ribonucleoprotein complex (snoRNP) associated proteins have been mentioned as 

autoantibody targets in scleroderma (44). The best characterized autoantigen of these 

snoRNPs is fibrillarin, a protein associated with a large number of snoRNAs, including U3 

snoRNA (28). Anti-fibrillarin autoantibodies are found in patients with scleroderma (2, 

33), but have more recently also been reported in mixed connective tissue disease 

(MCTD), CREST syndrome, SLE, RA and Sjogren's syndrome (SjS) patients (21). 

Another snoRNP which is a target of autoantibodies in scleroderma is the RNase 

MRP or Th RNP. Anti-Th antibodies, also referred to as anti-To, have been found in 

4-10% of all scleroderma patients, but have also been reported in patients having SLE, 

Raynaud's phenomenon (RP) or polymyositis/scleroderma (PM/Scl) overlap syndrome 

(10, 12,16, 22, 32, 46). Anti-Th/To antibodies, which were originally discovered in 1982, 

are defined as antibodies able to immunoprecipitate protein(s) associated with the Th 

RNA, also referred to as 7-2 RNA, and protein(s) associated with the Hl RNA from HeLa 

cells (14, 15, 36). Later it was shown that the Th/7-2 RNA is identical to the RNase MRP 

RNA and that Hl RNA is identical to the RNase Ρ RNA (12,13). The purified RNAs are 

not precipitated by anti-Th/Γο antibodies (15), indicating that these antibodies recognize 

at least one common or antigenically related protein associated with both the RNase MRP 

and RNase Ρ ribonucleoprotein (RNP) complexes. 

RNase MRP and RNase Ρ complexes are related RNPs that function in the 

processing of pre-rRNA and pre-tRNA, respectively. RNase MRP was originally 

identified as an endoribonuclease able to cleave in vitro an RNA substrate derived from the 

mitochondrial origin of DNA replication (5, 6). The vast majority of RNase MRP is, 

however, localized in the nucleolus (18,23, 26, 37), where it is involved in the processing 

of the 5' end of 5.8S rRNA (7, 30,42; reviewed in 27 and 43). RNase P, which is localized 

in the nucleoplasm, and possibly in the nucleolus of cells (17, 25), is an endoribonuclease 

that cleaves precursor tRNA molecules to remove the 5' leader sequence and generate the 

correct 5' end of mature tRNA (reviewed in 1 and 4). 

Anti-Th/To antibodies immunoprecipitate a number of proteins ranging in 

molecular mass from 120 to 18 kDa from a HeLa cell extract (22, 38). A protein of 40 kDa 

is most commonly observed in these immunoprecipitates (20, 22, 37, 38). In addition a 

protein with a similar molecular weight can be UV-crosslinked to both the RNase MRP 

and RNase Ρ RNAs in a HeLa cell extract after which the resulting complex is 

immunoprecipitable with anti-Th/To serum antibodies (29, 47). These results gave rise to 

the idea that anti-Th/To sera recognize a 40 kDa protein, referred to as the 40 kDa Th 

antigen (Th40), which is associated with both the RNase MRP and RNase Ρ complexes. 

However, a protein of this size has not yet been identified as a component of the human 

RNase MRP and RNase Ρ particles. An autoantigenic protein with a similar molecular 

mass, 38 kDa, as well as a 30 kDa protein, have recently been characterized as 
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components of the human RNase Ρ complex (9, 19) and the former might represent the 

Th40 antigen. However, it is not yet clear whether these Rpp30 and Rpp38 proteins are 

RNase Ρ specific proteins or also components of the RNase MRP complex, which should 

be the case if they are Th/Το autoantigens. 

Only one human protein associated with both the human RNase MRP and RNase 

Ρ complexes has been characterized: hPopl (31). hPopl is a 115 kDa protein which is 

localized predominantly in the nucleolus of HeLa cells. Furthermore, hPopl is an 

autoantigen since in vitro translated hPopl protein can be immunoprecipitated by a 

number of anti-Th/To sera (31). These results indicate that in addition to the Th40 

mentioned above also hPopl is a Th/Το autoantigen. 

In this study we characterized the occurrence of anti-hPopl autoantibodies. We 

determined the prevalence of anti-Th/To and anti-U3 antibodies in anti-nucleolar patient 

sera (n=145) and show that hPopl is a common nucleolar autoantigen which is recognized 

by about 67% of the anti-Th/To sera. Furthermore, we mapped a major autoantigenic 

region of hPopl to a 104 amino acids long region (aa 214-317) in the central part of the 

protein. 

MATERIALS AND METHODS 

Sera 

Human patient sera were obtained from the Department of Rheumatology of the 

University Hospital Nijmegen (St Radboud) and tested for the presence of anti-nucleolar 

autoantibodies by indirect immunofluorescence on HEp-2 cells in a 1:40 dilution (35). A 

total of 145 sera that displayed a nucleolar immunofluorescence pattern were selected and 

of this group 86 patients could be diagnosed as described previously (8). Serum from 20 

healthy individuals was combined and used as control serum (normal human serum 

(NHS)). 

Immunoprecipitation ofTh RNP complexes 

Fifteen μΐ patient serum was coupled to 20 μΐ of a 50% suspension of protein A 

agarose beads (Biozym) in IPP500 (500 mM NaCl, 10 mM Tris-Cl pH 8.0, 0.05% NP-40) 

by incubating for 2 h at room temperature. Beads were washed twice with IPP500 and 

once with IPP150 (150 mM NaCl, 10 mM Tris-Cl, pH 8.0, 0.05% NP-40). Then 50 μΐ of 

total HeLa cell extract (45) was added and the suspension was incubated for 2 h at 4°C. 

Beads were subsequently washed three times with IPP150 and co-precipitated RNAs 

were isolated by phenol-chloroform extraction and ethanol precipitation. RNAs were 

separated on a 7% denaturing Polyacrylamide gel and blotted onto Hybond-N membrane 



100 Chapter 4 

(Amersham). Northern blot hybridization with antisense riboprobes specific for the 

human Th, Hl, U3, Ul and hYl RNAs was performed as described (45). 

hPopl deletion mutants 

The hPopl full-length cDNA clone and deletion mutants A, C, D and E, 

corresponding to amino acids 214-1024, 214-511, 508-835 and 828-1024, respectively, 

subcloned in vector pT7-7TT were previously described (31). hPopl-B is a partial hPopl 

cDNA clone (31) containing amino acids 1 to 224 which was subcloned in vector pGEM-

3Zf(+). C-terminally truncated mutants hPopl-F and hPopl-G were obtained by 

linearization of the full-length hPopl cDNA construct prior to in vitro transcription with 

restriction enzymes Hhal and Ndel, respectively. hPopl deletion mutants H, I and J were 

obtained in a similar way by linearization of hPopl-C with restriction enzymes Rsal, Acci 

and Smal, respectively. 

In vitro transcription and translation 

In vitro transcription was performed using T7 RNA polymerase and hPopl cDNA 

constructs cloned in vector pT7-7TT or pGEM-3Zf(+) essentially as described (41). In 

vitro translation of hPopl-wt and hPopl deletion mutants was performed by incubating 

T7-mRNA with 35S-methionine (ICN) in wheat germ extract as described (41). 

ImmunoprecipUation ofhPopl protein 

Five μΐ patient serum was incubated with protein A agarose beads as described 

above. After washing of the beads, 3-5 μΐ of in vitro translated hPopl protein in IPP150 

was added. The beads were incubated for 3 h at 4°C and subsequently washed three times 

with IPP150. Beads were resuspended in SDS sample buffer and precipitated proteins 

were analyzed by SDS-PAGE. 

Expression and purification of recombinant hPopl 

hPopl cDNA fragments C, D and E, corresponding to amino acids 214-511, 508-

835 and 828-1024, respectively (31) and full-length hPopl were subcloned in vector 

pGEX-2T for expression of recombinant hPopl as GST fusion protein. After 

transformation of E. coli DH5cc or BL21(DE3) with these constructs, hPopl was 

expressed by diluting 10 ml of an overnight culture in 500 ml L-broth medium. When the 

culture reached an OD600 of 1.0, hPopl expression was induced with 0.5 mM IPTG and 

the culture was grown for 4 h at 37°C. Bacteria were harvested, resuspended in 10 ml of 

PBS containing 0.5 mM PMSF, 5 mM MgCl2 and 0.05 mg/ml DNase I, and lysed by three 

cycles of freezing and thawing. Lysozyme (1 mg) was added in 4 ml of 50% sucrose, 10 

mM Tris-Cl pH 8.0, 1 mM EDTA and 100 mM NaCl, followed by an incubation on ice 
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for 30 min. Subsequently, 2 ml of 10% NP-40 and 2 ml of 0.5 M EDTA pH 7.5 were 

added and the solution was incubated on ice for 15 min. After adding 1 ml 10% 

Zwittergent detergent 3-14 (Calbiochem), the solution was sonicated using a Branson 

microtip three times for 30 s and layered onto a 10 ml 40% sucrose solution. After 

centrifugation for 30 min at 10,000 g, the pellet containing the GST-hPopl fusion protein 

was solubilized in 5 ml of 8 M urea. 

ELISA 

ELISA using recombinant hPopl protein was performed essentially as described 

(39). Briefly, bacterially expressed purified hPopl-wt, hPopl-C, hPopl-D and hPopl-E 

proteins (about 1-3 mg/ml in 8 M urea) were diluted 10,000-fold in buffer A (35 mM 

NaHC03, 15 mM Na2C03, pH 9.6) and coated to polystyrene microtitre plates (10-30 

ng/well). Patient sera were analyzed at a 1:100 dilution in buffer В (10 mM Tris-Cl ρ H 

7.6, 150 mM NaCl, 0.3% BS A, 1% Triton-XlOO, 0.1% SDS, 0.5% sodium deoxycholate) 

containing 10% normal rabbit serum. Bound antibodies were detected using horseradish 

peroxidase-conjugated rabbit antibodies against human IgA, IgG and IgM (Dako P212) 

diluted 1000-fold in buffer B. 

RESULTS 

Occurrence of anti-Th/To autoantibodies 

Since anti-Th/To autoantibodies are directed to components of the RNase MRP/Th 

and RNase P/Hl ribonucleoprotein complexes, which are predominantly localized in the 

nucleolus of cells, we investigated the occurrence of anti-Th/To autoantibodies in anti-

nucleolar patient sera. One-hundred-and-forty-five sera that gave a nucleolar staining 

pattern in indirect immunofluorescence on HEp-2 cells, sometimes in combination with 

cytoplasmic and/or nucleoplasmic staining patterns, were screened for their ability to 

immunoprecipitate nucleolar RNPs from total HeLa cell extract. The precipitated RNAs 

were isolated and identified by Northern blot hybridization using antisense Th, HI and U3 

RNA probes. A typical example of such an experiment is shown in Figure 1 and the 

overall results are summarized in Table 1. Surprisingly, a large number of the anti-nucleolar 

sera, 65 out of 145 (45%), was able to immunoprecipitate the Th RNA. Of the 65 anti-Th 

sera, 57 sera were also able to immunoprecipitate the Hl RNA, suggesting that these sera, 

which account for a total of 39% of the anti-nucleolar sera, represent the so-called anti-

Th/To sera, i.e. sera which are able to immunoprecipitate both the RNase MRP and RNase 

Ρ RNP complexes. Interestingly, only few sera (n=8) precipitated the Th RNA but not the 

Hl RNA indicating that they recognize an RNase MRP specific protein. This suggest that 
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Figure 1. Immunoprecipitation of Th, U3 and Hl RNA by sera containing anti-nucleolar 

antibodies. 
RNP complexes were immunoprecipitated from total HeLa cell extract using anti-nucleolar sera. Precipitated 
RNAs were isolated, separated by denaturing PAGE and characterized by Northern blot hybridization using 
antisense Th and Ш RNA probes (top panel). After stripping, the blots were reprobed with an antisense HI 
RNA probe (lower panel). Lanes 1-18, immunoprecipitation using anti-nucleolar sera; lane 19, control 
immunoprecipitation with normal human serum (NHS); lane 20, RNA isolated from 3% of the HeLa cell 
extract used for immunoprecipitation. The position of the Th (RNase MRP), U3 and HI (RNase P) RNAs 
is indicated on the right, lower molecular weight bands represent degradation products of these RNAs. Lanes 
2, 5, 6, 9 and 10: anti-Th/To sera precipitating Th and Hl RNA; lane 3: anti-Th serum not precipitating 
Hl RNA; lanes 1, 8, 11, 13, 14 and 17: anti-U3 sera; lanes 4, 12, 15 and 16: sera precipitating Th, HI and 
U3 RNA; lanes 7 and 18: sera not directed to components of the Th, HI or U3 RNPs. 

the major autoantigenic proteins of the RNase MRP complex are also components of the 

RNase Ρ complex. 

The human La protein transiently associates with nascent RNA polymerase III 

transcripts, including the Th and HI RNAs (11). To exclude the possibility that the 

presence of anti-La antibodies in the anti-nucleolar sera accounts for the Th and Hl RNA 

precipitation, an ELISA was performed with recombinant La protein (Table 1). Only 15 of 

the 57 putative anti-Th/To sera contained antibodies directed to the La protein. Therefore 

it is possible that these sera do not recognize any autoantigen associated with the RNase 

MRP and RNase Ρ complexes. However, these sera can also have mixed specificities and 

may contain antibodies directed to the La protein as well as antibodies directed to an 

RNase MRP and RNase Ρ associated protein. This appears to be the case with 7 sera that 

contain antibodies to the hPopl protein (see below (Table 3)). 
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Table 1. Presence of anti-Th, anti-Hl, anti-U3, anti-RNA and anti-La autoantibodies in 

anti-nucleolar sera. 

anti-Th 
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+ 
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+ 
-
-
-

-
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nd 
nd 

number of sera 
(n=145) 

28 
11 

4 
3 
8 
3 

5 
3 
3 
1 

19 
57 

The anti-nucleolar patient sera were also analyzed for their ability to 

immunoprecipitate the Ш RNP, a relatively abundant snoRNP not related to the RNase 

MRP/Th and RNase P/Hl RNP complexes. Forty-eight of the 145 anti-nucleolar sera 

(33%) were able to immunoprecipitate the U3 RNA from total HeLa cell extract. 

Interestingly, 25 of these anti-U3 sera were also able to immunoprecipitate the Th and HI 

RNAs. These sera, thus display mixed specificities and may contain antibodies directed to 

an U3 associated autoantigen as well as antibodies directed to the Th/Το autoantigen(s). 

Fifty-seven (39%) anti-nucleolar sera were unable to immunoprecipitate the Th, HI or U3 

RNAs. These sera thus contain autoantibodies not directed to components of these RNP 

particles. 

To exclude that the frequent co-precipitation of the Ш, Th and HI RNAs is due to 

the presence of anti-RNA antibodies, i.e. antibodies that directly target RNA molecules, 

the anti-nucleolar sera were also analyzed for their ability to immunoprecipitate the Ul 

small nuclear RNP and hYl RNP, one of the cytoplasmic Ro RNPs (data not shown). 

Although some anti-nucleolar sera were able to immunoprecipitate the Ul and/or hYl 

RNAs, only 11 sera were found to immunoprecipitate all RNAs (Th, Hl, U3, Ul and 

hYl) from a HeLa cell extract. These sera, 8% of the anti-nucleolar sera might, therefore, 
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contain anti-RNA antibodies which could be responsible for the Th, Hl, U3, Ul and hYl 

RNA precipitation. 

Taken together, our results show that anti-Th, anti-Hl and anti-U3 autoantibodies 

are abundant in patient sera producing a nucleolar staining in indirect immunofluorescence. 

Since 39 of the 57 putative anti-Th/To sera do not contain anti-La and/or anti-RNA 

antibodies which might be responsible for the Th and Hl RNA precipitation, they should 

contain antibodies directed against an RNase MRP/Th and RNase P/Hl associated 

autoantigen. Thus, at least 39 of the 145 anti-nucleolar sera (27%) represent anti-Th/To 

sera which are directed against Th/Το autoantigen(s). Furthermore, at least 37 anti-

nucleolar sera (26%) are directed against an Ш RNA associated autoantigen. 

Recognition ofhPopl in anti-Th/To sera 

To determine if hPopl, which is a component of the human RNase MRP and 

RNase Ρ RNP complexes (31), is recognized by anti-Th/To sera, we performed 

immunoprecipitations with the hPopl protein. All anti-Th/To sera (n=39) were tested for 

their ability to immunoprecipitate in vitro translated 35S-labeled hPopl protein. 

Representative results of such an immunoprecipitation are shown in Figure 2, where 4 out 

of 6 anti-Th/To sera tested immunoprecipitated the hPopl protein. Neither normal human 

serum nor autoimmune patient sera with other specificities (anti-Sm and anti-U3) 

precipitated hPopl, thus confirming the specificity of the immunoprecipitation. Of the 39 

anti-Th/To sera tested, 24 sera (62%) precipitated the hPopl protein efficiently. The 

other anti-Th/To sera (38%) most likely contain antibodies directed to other Th/To 

autoantigens. 

The 18 putative anti-Th/To sera that contain anti-La and/or anti-RNA antibodies 

were also tested for their ability to immunoprecipitate the hPopl protein. Eight of these 

sera (44%) precipitated in vitro translated hPopl protein, suggesting that they contain 

mixed specificities (anti-La and/or anti-RNA and anti-hPopl autoantibodies) which may 

all be responsible for the Th and Hl RNA precipitation. 

Epitope mapping ofanti-hPopl antibodies 

To characterize anti-hPopl autoantibodies in more detail, we analyzed the major 

epitope regions of the hPopl protein which are recognized by these antibodies. For this 

purpose we constructed several hPopl deletion mutants (hPopl-A to hPopl-J, see Figure 

4). Thirteen anti-hPopl positive sera, 3 anti-hPopl negative sera and the pool of normal 

human sera were assayed for their ability to immunoprecipitate in vitro translated hPopl 

mutants. Representative results of these immunoprecipitations are shown in Figure 3 and 

the overall results are summarized in Table 2 and Figure 4. 
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Figure 2. Immunoprecipitation of ш v/Yro translated hPopl protein by anti-Th/To sera. 
"S-labeled hPopl protein was generated by in vitro translation and used for immunoprecipitation with anti-
Th/To and control sera. Precipitated protein was analyzed by 8% SDS-PAGE and visualized by 
autoradiography. Lane 1, input lysate corresponding to 10% of the amount used for immunoprecipitation; 
lanes 2-7, protein precipitated by various anti-Th/To sera; lanes 8-10, control precipitations with normal 
human serum (lane 8), anti-Sm serum (lane 9) and anti-U3 snoRNP serum (lane 10). 

All anti-hPopl sera tested were able to immunoprecipitate mutant hPopl-A in 

which the N-terminal 213 amino acids of hPopl are deleted. In contrast, hPopl-B which 

contains the N-terminal 224 amino acids can be immunoprecipitated by only two anti-

hPopl sera (G91 and L131 in Table 2). The latter two were also the only sera able to 

precipitate hPopl-E, which contains the C-terminal 197 amino acids of hPopl. None of 

the sera tested was able to precipitate the hPopl mutant containing amino acids 508-835 

(hPopl-D). In contrast, all sera were able to immunoprecipitate hPopl-C which is 

composed of amino acids 214-511, indicating that the major epitope region resides in this 

fragment of hPopl. As shown in Figure ЗА, hPopl-C is precipitated more efficiently than 

hPopl-A and hPopl-wt (Figure 2), indicating that the epitope region recognized by anti-

hPopl antibodies is more available in the smaller mutant protein than in full-length hPopl. 

To further characterize the epitopes present in this region of hPopl (aa 214-511), 

deletion mutants H, I and J (aa 214-502, 214-408 and 214-317, respectively) were assayed 

for recognition by anti-hPopl antibodies. hPopl-H, hPopl-I and hPopl-J (see Figure 3B) 

were all immunoprecipitated by all sera tested, indicating that a major antigenic 

determinant of hPopl resides in the region of the protein ranging from amino acids 214 to 

317, i.e. hPopl-J. Attempts to further delimitate this epitope region of hPopl by using 

hPopl-F and hPopl-G (aa 1-264 and 1-243) did not result in a more shortened epitope 

region. Deletion of amino acids 317 to 264 (hPopl-J in comparison to hPopl-F) resulted 

in loss of antigen recognition. As shown in Figure 3C and Table 2, only the two sera that 

recognized hPopl-B (aa 1-224) were able to immunoprecipitate hPopl-F and hPopl-G, 
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Figure 3. Immunoprecipitation of hPopl deletion mutants by anti-Th/Το sera. 
In vitro translated "S-labeled hPopl deletion mutants (hPopl-A, hPopl-C, hPopl-F and hPopl-J) were 

immunoprecipitated with anti-Th/To sera. Precipitated proteins were analyzed by SDS-PAGE and 

visualized by autoradiography. 
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Figure 3. Immunoprecipitation of hPopl deletion mutants by anti-Th/To sera (cont.). 
A. Immunoprecipitation of hPopl-A (aa 214-1024) and hPopl-C (aa 214-511) proteins Lane 1, input lysate 
corresponding to 10% of the amount of hPopl-C used for immunoprecipitation, lane 2, input lysate 
corresponding to 10% of the amount of hPopl-A used for immunoprecipitation, lanes 3-9, protein 
precipitated by various anti-Th/To sera, lane 10 control precipitation with normal human serum The 
protem band visible between hPopl-A and hPopl-C (marked by an asterisk) is due to compression of 
precipitated hPopl-A protein (full-length and shortened translation products) by the heavy chain of the 
immunoglobulins 

B. Immunoprecipitation of hPopl-C (aa 214-511) and hPopl-J (aa 214-317) proteins Lane 1, input lysate 
corresponding to 10% of the amount of hPopl-C and hPopl-J used for immunoprecipitation, lanes 2-9, 
protein precipitated by anti-Th/To sera, lane 10 control precipitation with normal human serum 
C. Immunoprecipitation of hPopl-F (aa 1-264) protein Lane 1, input lysate corresponding to 10% of the 
amount of hPopl-F used for immunoprecipitation, lanes 2-9, protein precipitated by anti-Th/To sera, lane 
10 control precipitation with normal human serum 

suggesting that deletion of amino acids 317 to 264 removes part of the protein required for 

recognition by most anti-hPopl antibodies. 

Finally, all sera that were able to immunoprecipitate in vitro translated full-length 

hPopl protein (n=32) were tested for their ability to precipitate in vitro translated hPopl-

J protein. Twenty-nine of these sera (91%) did recognize hPopl-J. This again indicates 

that a major autoantigenic region of hPopl resides in the 104 aa long fragment in the central 

part of the protein, from amino acids 214 to 317. 
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Figure 4. Deletion mutants of hPopl used for epitope mapping 
Schematic representation of hPopl deletion mutants and a summary of the results of the characterization of 
epitope regions recognized by anti-Th/To sera The percentage of positive sera for each hPopl mutant, the 
number of sera tested and the number of positive sera are indicated on the right The major epitope region 
(aa 214-317) is mdicated by a bar, ammo acid numbers of each mutant are indicated and the three conserved 
domams of hPopl (R, W and G box (31)) are boxed 
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ELISA with recombinant hPopl 

To obtain an assay with which a large number of patient sera can be screened for 

the presence of anti-hPopl antibodies, we expressed recombinant hPopl in E. coli to 

develop an hPopl ELISA. hPopl protein fragments С (aa 214-511), D (aa 508-835) and E 

(aa 828-1024) as well as full-length hPopl were expressed in E. coli as GST fusion protein 

and purified as described in Materials and Methods. Based upon the results of the hPop 1 

epitope mapping we expected that an ELISA with hPopl protein fragment С (hPopl-C) 

would be sufficient to detect anti-hPopl antibodies. 

To test this assumption, 26 anti-Th/To sera and 4 control sera were used in an 

ELISA with all four hPopl substrates (C, D, E and wt) adsorbed to microtitre plates. As 

is shown in Figure 5, all but one (W55) hPopl-wt positive sera were also positive with 

hPopl-C, although with some sera hPopl-wt and with other sera hPopl-C gave a stronger 

signal. In contrast, hPopl-D was not recognized by anti-Th/To sera and hPopl-E was 

recognized only once and very weakly. As expected, the 4 control sera did not recognize 

any of the hPopl substrates. The specificity of the ELISA was confirmed by the 

observation that all sera which were able to immunoprecipitate in vitro translated hPopl 

were also positive in ELISA with hPopl-C and hPopl-wt. Of the 11 anti-Th/To sera 

which were negative for hPopl immunoprecipitation, 9 were also negative in ELISA while 

two sera recognized hPopl-wt and/or hPopl-C (W55 and G69 in Figure 5). This suggests 

that the presentation of the epitopes of the recombinant protein in ELISA may be 

somewhat better than that of the in vitro translated protein during immunoprecipitation. 

In the next series of experiments, the prevalence of anti-hPopl antibodies in the 

145 anti-nucleolar sera, previously used to determine the presence of anti-Th/To 

antibodies (Table 1), was investigated via ELISA using hPopl-C as substrate. The results 

are summarized in Table 3. Of the 39 anti-Th/To sera in this group, 26 sera (67%) were 

positive for hPopl. And of the 18 putative anti-Th/To sera which contain anti-La and/or 

anti-RNA antibodies, 9 sera (50%) were positive for hPopl. Comparison of the ELISA 

and immunoprecipitation data showed that 32 of the sera positive in ELISA were also able 

to immunoprecipitate in vitro translated hPopl protein while 3 sera did not precipitate the 

hPopl protein. Furthermore, all sera which were able to immunoprecipitate the in vitro 

translated hPopl protein did recognize hPopl-C in ELISA. The hPopl-C ELISA data 

suggest that 13 anti-Th/To sera (33%) may not contain autoantibodies against hPopl. To 

ascertain this assumption these sera were also tested in an ELISA with full-length hPopl 

as substrate. Only one serum was able to recognize full-length hPopl protein, the other 

sera were negative and should, thus, contain antibodies to as yet unidentified Th/To 

autoantigens. 

Surprisingly, also in the group of sera which are not able to immunoprecipitate the 

Th and HI RNAs from a HeLa cell extract, 24 out of 88 sera (27%) were found to give a 
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Figure 5. ELISA with recombinant hPopl proteins. 
OST fusion proteins of hPopl-C, hPopl-D, hPopl-E and wild-type hPopl protein were expressed in E. coli 
and used as substrates in ELISA with anti-Th/To and control sera. The extinction value (OD450) obtained 
with each serum is depicted in the graph. Sera resulting in an OD45o > 0.4 (cut-off) were considered positive. 
Twenty-six anti-Th/To sera were tested (B125—»P137) of which 15 were able to immunoprecipitate in vitro 
translated hPopl protein (B92—»P137). As controls were used a pool of normal human sera (NHS), B224 
and K217 (both anti-Th specific sera) and P89 (anti-U3 serum). 

positive result in the hPopl-C ELISA. This finding was confirmed by the observation that 

22 of these sera (92%) were also able to immunoprecipitate in vitro translated full-length 
hPopl protein. It thus appears that the anti-hPopl antibodies in these sera are able to 

recognize the hPopl-C protein in ELISA but are unable to immunoprecipitate the 

complete RNP complex from a HeLa cell extract. The epitope region on hPopl recognized 

by these sera was investigated via immunoprecipitation of hPopl deletion mutants. Most 

of these sera appeared to recognize epitopes in a similar region of hPopl as anti-Th/To 

sera. Eighteen of the 22 sera (82%) precipitated the hPopl-J deletion mutant containing 

amino acids 214-317. Some sera also recognized other parts of hPopl; one of 14 sera 

tested immunoprecipitated hPopl-F containing the N-terminal part of the protein (aa 
1-264) and 3 out of 9 sera precipitated hPopl-D (aa 508-835) (data not shown). 

Taken together these results show that hPopl is a major autoantigen detectable in 

67% of the anti-Th/To sera. In addition, 27% of the anti-nucleolar sera which are unable to 

immunoprecipitate the Th and HI RNPs nevertheless contain autoantibodies directed to 

the hPopl protein. 
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Table 3. Reactivity of anti-nucleolar sera with recombinant hPopl-C (aa 214-511). 

anti-Th anti-Hl anti-RNA anti-La ELISA number of sera 
hPopl-C (n=145) 

+ + - - + 26 

+ 
+ 
+ 

+ 
+ 
+ 

-
+ 
+ 

nd 

+ 
+ 
+ 

+ 
+ 
+ 

5 
2 
2 

3 
1 

20 

13 

+ + - + 2 
+ + + 1 
+ + + + - 6 

+ - - - - 5 
+ 3 

nd - 56 

Anti-hPopl autoantibodies are present in a variety of autoimmune diseases 
Anti-Th/To antibodies have been found in 4-10% of scleroderma patients, are 

reported to be present in SLE patients and also occasionally in patients having RP or 
PM/Scl overlap syndrome (10, 12, 16, 32, 46). To determine whether anti-hPopl 
autoantibodies are also present in a variety of rheumatic diseases or are restricted to only 
one disease, the diagnoses of anti-hPopl positive patients were collected. We were able to 
obtain 86 diagnoses from patients in the group of anti-nucleolar sera (Table 4). Most of 
these patients appeared to suffer from SLE or scleroderma, 27% and 26%, respectively, 
but anti-nucleolar antibodies were also found to be present in patients with RP (16%), SjS 
(14%), PM/DM (5%) or RA (3%). 

Anti-hPopl autoantibodies are present in 39 of the anti-nucleolar sera from 
patients with a definitive diagnosis and were primarily detected in patients having SLE 
(33%), but can also frequently be found in patients with scleroderma (23%), RP (18%) 
and SjS (18%) (Table 4). These data thus show that anti-hPopl autoantibodies, like anti-
nucleolar and anti-Th/To antibodies, can be present in various rheumatic diseases. 
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Table 4. Presence of anti-hPopl autoantibodies in patient sera. 

diagnosis 

SLE 
SSc 
RP 
SjS 

PM/DM 
RA 

other 

anti-nucleolar 
n=86 (%) 

23 (27) 
22 (26) 
14 (16) 
12 (14) 
4 (5) 

3 (3) 
8 (9) 

anti-hPopl 
n=39 (%) 

13 (33) 
9 (23) 
7 (18) 
7 (18) 
2 (5) 
0 (0) 

1 (3) 

SSc: systemic sclerosis / scleroderma; SLE: systemic lupus 
erythematosus; RP: Raynoud's phenomenon; SjS: Sjogren's 
syndrome; RA: rheumatoid arthritis; PM/DM: polymyositis or 
dermatomyositis; other: juvenile chronic arthritis (2 patients), 
undifferentiated connective tissue disease, menopausal arthritis, 
myasthenia gravis, serum sickness, sicca syndrome and myalgia. 

DISCUSSION 

We investigated the prevalence of anti-Th/To autoantibodies in patient sera 

producing a nucleolar staining in immunofluorescence. It appears that anti-Th/To 

antibodies are common in this group of anti-nucleolar sera since 27% of the sera were able 

to immunoprecipitate the Th and HI RNAs from a IleLa cell extract. In addition to these 

anti-Th/To sera, we detected sera (12% of the anti-nucleolar sera) which were able to 

immunoprecipitate the Th and HI RNAs but which contain anti-La and/or anti-RNA 

antibodies that may be responsible for the observed RNA precipitation. However, some of 

these sera (50%) could be anti-Th/To sera as well since they contain anti-hPopl 

autoantibodies. These results show that in contrast to the general idea that anti-Th/To 

antibodies are not very abundant (10, 32, 34, 46), they seem to be relatively common 

autoantibodies in anti-nucleolar sera. Only few sera (6%) were shown to be monospecific, 

that is they precipitate the Th RNA but not the Hl RNA. Our results thus confirm the 

idea that the major autoantigenic proteins of the RNase MRP complex are also 

components of the RNase Ρ complex (29, 38). In addition to anti-Th/To antibodies also 

anti-U3 autoantibodies are common in anti-nucleolar sera; 26% of the sera precipitated the 

U3 snoRNA. Furthermore, anti-Th/To and anti-U3 antibodies co-occur; 8% of the anti-

nucleolar sera contain antibodies to both the Th/Το autoantigen(s) and U3 snoRNA 

associated protein(s). 
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We also investigated if the nucleolar protein hPopl, which is a component of the 

human RNase MRP and RNase Ρ complexes (31), is an autoantigen in anti-Th/To sera. 

Using immunoprecipitation of in vitro translated 35S-labeled hPopl protein it was found 

that 62% of the anti-Th/To sera contain antibodies directed to hPopl. Previously it has 

been described that anti-Th/To sera recognize predominantly a 40 kDa protein (Th40) 

which, therefore, is thought to be the major Th/Το autoantigen (10, 20, 22, 37, 46, 47). 

Although this protein has not yet been characterized, our results show that in addition to 

Th40, hPopl is a major Th/Το autoantigen. It is likely that anti-Th/To sera which are 

unable to immunoprecipitate hPopl (38%) contain antibodies directed to Th40 or other 

not yet identified Th/Το autoantigens. It may also be possible that these sera recognize an 

epitope on native hPopl containing post-translational modifications that are not present 

on the in vitro translated hPopl protein, or that they are directed to an epitope formed by 

a complex of proteins associated with the RNase MRP and RNase Ρ particles, similar to 

what has been described recently for the Sm E, F and G proteins (3). 

Via immunoprecipitation of ш v;7ro translated hPopl deletion mutants we mapped 

a major autoantigenic region of hPopl to the central part of the protein between amino 

acids 214 and 317. Interestingly, the efficiency of precipitation of mutant hPopl-C (aa 

214-511) was higher than that of the full-length hPopl protein or hPop-J (aa 214-317), 

indicating that the epitope region is better accessible for antibodies in the hPopl-C mutant. 

The region of hPopl from amino acids 214 to 317 does not contain any known protein 

motif and is not particularly conserved in evolution. This part of hPopl contains several 

charged regions which are predicted to be hydrophilic and thus may be located at the 

outside of the protein where they will be more easily accessible for antibodies. Especially 

the part of hPopl from amino acids 254 to 264 is highly charged (7 out of 11 amino acids) 

and may be a target for hPopl autoantibodies. However, deletion of amino acids 317 to 

264 from the major epitope region results in complete loss of antigen recognition, 

indicating that at least some amino acids required for antigen recognition reside in this part 

ofhPopl. 

To obtain an assay with which a large number of patient sera can be screened for 

anti-hPopl autoantibodies an ELISA using recombinant hPopl protein was developed. It 

was shown that using recombinant hPopl-C (aa 214-511) 67% of the anti-Th/To sera 

contain anti-hPopl autoantibodies. These results are thus in good agreement with the 

results obtained via immunoprecipitation of hPopl. Ninety-two percent of the sera able to 

react with hPopl-C in ELISA also immunoprecipitated in vitro translated hPopl protein. 

Furthermore, the ELISA confirms that the major autoantigenic region recognized by anti-

hPopl antibodies, that was mapped via immunoprecipitation to amino acids 214-317, 

resides within fragment С (aa 214-511) of hPopl. The ELISA test showed that 33% of the 

anti-Th/To sera do not contain anti-hPopl antibodies. These sera likely recognize other 
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protein components of the RNase MRP and RNase Ρ complexes. In principle it is 

possible that by using hPopl-C in ELISA not all anti-hPopl positive sera are detected. 

Some sera might react with other parts of the hPopl protein not present in fragment 

hPopl-C. However, this is not very likely because the epitope mapping has shown that 

91% of the anti-hPopl sera recognize epitopes that reside in this fragment of hPopl. 

Furthermore, of the 30 sera that were negative in the hPopl-C ELISA and which were 

tested in an ELISA with full-length hPopl, only one serum was found to react with the 

full-length protein. 

Surprisingly, 27% of the anti-nucleolar sera which are unable to immunoprecipitate 

the Th and HI RNPs from a HeLa cell extract, were able to recognize hPopl-C in ELISA. 

This unexpected finding was confirmed by the observation that most of these sera (92%) 

were able to immunoprecipitate in vitro translated hPopl protein. It thus appears that 

antibodies in these sera are able to recognize the hPopl protein in ELISA but are unable to 

immunoprecipitate the RNase MRP and RNase Ρ complexes from HeLa cells. This result 

can be explained by assuming that the epitope on hPopl recognized by these antibodies is 

not available in the complete RNP particle. However, we mapped the major epitope region 

of hPopl recognized by these antibodies to the same region as found before for anti-Th/To 

sera (aa 214-317). Possibly, different smaller epitopes which we were unable to reveal, are 

present in this 104 amino acids long epitope region of hPopl, one or more available and 

others not accessible in the complete RNP particle. In addition, it may be that anti-Th/To 

antibodies recognize not only epitopes in the region of amino acids 214-317 of hPopl, but 

that they also recognize a conformational epitope which is accessible in the RNP particle 

but which we were unable to detect using in vitro translated hPopl protein fragments. 

Another possibility is that the affinity of the antibodies in the non-Th/To sera is high 

enough to recognize purified recombinant hPopl in ELISA but too low to 

immunoprecipitate the complete RNP complex from HeLa cells where several interfering 

proteins may be present. Furthermore, it might be that the RNP precipitation observed 

with anti-Th/To sera is not caused by anti-hPopl antibodies but mediated by 

autoantibodies directed to other components of the RNase MRP and RNase Ρ complexes 

in these sera. The co-occurrence of antibodies directed to different proteins of the same 

RNP complex in one serum is commonly found, for example in the case of antibodies 

directed to the Ul-70k, U1A and UIC proteins of the Ul RNP complex (24). 

The occurrence of autoantibodies in patient serum may aid in establishing a correct 

diagnosis and prognosis of the disease. For example, the presence of anti-Sm or anti-

dsDNA antibodies is an important marker for SLE while anti-citrullinated peptide 

antibodies are specific for RA (40,46). To find out whether anti-hPopl antibodies are also 

specific for one rheumatic disease, we compared the prevalence of anti-hPopl 

autoantibodies in anti-nucleolar sera with the diagnoses of the patients. It was found that 
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anti-hPopl antibodies, like anti-nucleolar antibodies, are present in a variety of rheumatic 

diseases Anti-hPopl antibodies were most frequently detected in patients having SLE 

(33%), but were also frequently found in patients with scleroderma (23%), RP (18%) and 

SjS (18%) These results indicate that anti-hPopl autoantibodies can not be used as marker 

antibody for a specific rheumatic disease 

This study is a further step in resolving the complexity of anti-Th/To antibodies 

We have shown that in addition to Th40, hPopl is a major Th/Το autoantigen Detailed 

knowledge about the Th/Το autoantigens and the prevalence of anti-Th/To antibodies in 

the serum of patients with autoimmune diseases might lead to a better understanding of the 

autoimmune response in which they are involved 
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ABSTRACT 

The eukaryotic nucleolus contains a large number of small RNA molecules which, 
in the form of small nucleolar ribonucleoprotein complexes (snoRNPs), are involved in the 
processing and modification of pre-rRNA. One of the snoRNPs which has been shown to 
possess enzymatic activity is the RNase MRP. RNase MRP is an endoribonuclease 
involved in the processing of the 5' end of 5.8S rRNA. So far, only one human RNase 
MRP associated protein, hPopl, has been characterized. In this study we investigated the 
association of the hPopl protein with the RNase MRP complex. The hPopl protein 
appears to require nucleotides 1-86 and 116-176 of the MRP RNA to associate via 
protein-protein interactions with the RNase MRP complex. In addition to hPopl, three 
autoantigenic human proteins of about 20, 25 and 40 kDa, which were detected via LTV 
crosslinking followed by immunoprecipitation with anti-Th/To antibodies, are associated 
with the RNase MRP complex. The two smallest proteins bind to stemloop structure I of 
the MRP RNA and the 40 kDa protein requires the central part of the MRP RNA (nt 86-
99 and 116-176) for association with the RNase MRP complex. 

INTRODUCTION 

Eukaryotic cells contain a large number of small nucleolar RNAs (snoRNAs) 
which, in the form of small nucleolar ribonucleoprotein complexes (snoRNPs), are 
involved in the various steps of ribosome synthesis. Several snoRNPs have been shown to 
be required for pre-rRNA processing, and a large set of snoRNPs is involved in ribose 
methylation and pseudouridinylation of rRNA (reviewed in 28, 29, 40, 43, 44). Although 
many snoRNPs might be part of catalytic complexes involved in the cleavage and 
modification reactions, only one snoRNP has been shown to possess enzymatic activity 
on a pre-rRNA substrate in vitro: RNase MRP (25). 
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RNase MRP was originally identified as an endoribonuclease able to cleave in vitro 

an RNA substrate derived from the mitochondrial origin of DNA replication (4, 5). The 

vast majority of RNase MRP is, however, localized in the nucleolus (16, 20, 21, 34), 

where it is involved in the processing of the 5' end of 5.8S rRNA (reviewed in 22 and 42). 

RNase MRP cleaves the yeast pre-rRNA at site A3 within ITS1 in vivo (6, 26, 38) and in 

vitro (25), giving rise to the 5.8S(S) rRNA. RNase MRP is related to the RNase Ρ 

endoribonuclease since both RNPs contain some identical protein subunits (see below) and 

their RNA subunits, referred to as MRP/Th and P/Hl RNA, respectively, have common 

structural features (31, 33). Although the nucleotide sequences of the RNase MRP RNA 

and the RNase Ρ RNA are not highly homologous, they can be folded into very similar 

cage-shaped secondary structures (10, 37). RNase P, which is localized in the nucleoplasm 

of cells, cleaves precursor tRNA molecules to remove the 5' leader sequence and to 

generate the correct 5' end of mature tRNA (reviewed in 1 and 3). Recently, RNase Ρ has 

also been implicated in the processing of the ITS2 region of pre-rRNA and it was shown 

that the RNase Ρ RNA is transiently localized in the nucleolus; its exact role in pre-rRNA 

processing is, however, unclear (2,15,44). 

Several protein subunits of the Saccharomyces cerevisiae RNase MRP complex 

have been characterized: Poplp, РорЗр, Pop4p and Rpplp (7, 8, 26, 41). These proteins 

are not only components of the RNase MRP particle but are also associated with the 

RNase Ρ ribonucleoprotein complex. In addition, one RNase MRP specific protein has 

been identified in S. cerevisiae: Snmlp (39). In contrast to the situation in yeast, only one 

human RNase MRP and RNase Ρ associated protein has been characterized: hPopl (27). 

hPopl, which was identified via its homology to the yeast Poplp protein, is a 115 kDa 

autoantigenic protein that is localized predominantly in the nucleolus of cells. Recently, 

four human RNase Ρ associated proteins were characterized: Rpp20, Rpp30, Rpp38 and 

Rpp40 (9, 17). It is unclear, however, whether (some of) these proteins are also associated 

with the human RNase MRP complex. 

Sera from patients suffering from systemic autoimmune diseases, such as 

scleroderma and systemic lupus erythematosus (SLE), often contain autoantibodies 

directed to a variety of cytoplasmic, nuclear and nucleolar proteins. A group of patient 

sera, referred to as anti-Th/To, contain antibodies directed to the RNase MRP and RNase 

Ρ ribonucleoprotein complexes. Antibodies in these sera were shown to 

immunoprecipitate the RNase MRP and RNase Ρ RNPs from a HeLa cell extract (11-14, 

32). The isolated RNase MRP and RNase Ρ RNAs were not precipitated by these 

antibodies (14), indicating that anti-Th/To antibodies recognize at least one common or 

antigenically related protein associated with both the RNase MRP and RNase Ρ 

ribonucleoprotein complexes. 
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Anti-Th/To sera immunoprecipitate a number of proteins ranging in molecular mass 

from 18 to 120 kDa from a HeLa cell extract, the most commonly observed one being a 

protein of 40 kDa (18, 19, 34, 36). Furthermore, a protein of 40 kDa can be UV 

crosslinked to both the RNase MRP and RNase Ρ RNAs in a HeLa cell extract after which 

the resulting complex is immunoprecipitable with anti-Th/To serum antibodies (23, 46). 

These results gave rise to the idea that anti-Th/To sera recognize a 40 kDa protein, referred 

to as the 40 kDa Th/Το autoantigen (Th40), which is associated with both the RNase 

MRP and RNase Ρ complexes. The RNase Ρ associated Rpp38 protein which is 

recognized by at least four anti-Th/To sera (17) might be identical to this Th40 

autoantigen, although the association of Rpp38 with the RNase MRP complex is not yet 

established. In addition to Th40, also hPopl is a target of anti-Th/To serum antibodies 

since it is recognized by about 65% of the anti-Th/To sera (30). 

In this study we investigated the association of the hPopl protein with the RNase 

MRP complex. Via in vitro reconstitution and immunoprecipitation it was shown that the 

hPopl protein requires nucleotides 1-86 and 116-176 of MRP RNA to associate with the 

MRP complex. Furthermore, UV crosslinking followed by immunoprecipitation with anti-

Th/To antibodies identified three proteins of about 20, 25 and 40 kDa which are able to 

bind to the RNase MRP RNA. The binding sites of these proteins on the RNase MRP 

RNA were studied and a model in which the hPopl protein is bound indirectly via these 

MRP proteins to the RNase MRP complex is proposed. 

MATERIALS AND METHODS 

O lig on ucleotides 

The following oligonucleotides were used for obtaining MRP RNA constructs: 

MRP-0: GCGAATTCGTTCGTGCTGAAGGCCTAGATC 

MRP-1 : GCGAAGCTTACAGCCGCGCTGAGAATGAG 

MRP-2 : GCGAATTCTAATACGACTCАСТАТAGGGAAAGTCCCCGGACCT 

MRP-3 : GCGAATTCTA ATACGACTC ACTATAGGGC AG AG AGTGCC ACGT 

MRP-4: GCGAATTCTAATACGACTCACTATAGGCTTCCCACTCCAAAGTCCG 

MRP-5 : GAAAGTCCCCGGACCTCGAGACATTCCCCGCTTCCCAC 

MRP-6 : GAAAGTCCCCGGACCTCGACGTGCATACGCACGTAGACATTC 

MRP-7: ACCTCGGGCAGAGAGTGCCAGACATTCCCCGCTTCCCAC 

MRP-8 : GCGAATTCTAATACGACTCACTATAGGCCTAGGCTACACACTGAGG 

MRP-9: CGAAGCTTCCTAGGCGGAAAGGGGAGGAAC 
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MRP constructs and in vitro transcription 

A cDNA clone containing the full-length MRP RNA (45) was subcloned into the 

EcoRI/HindlH sites of vector pGEM-3Zf(+) and linearized with Hindlll, giving rise to 

full-length MRP RNA after in vitro transcription. 3' terminally truncated mutants of 

MRP, i.e. MRPM97, MRP!.ne, MRPi.U7 and MRPi.82 were obtained by linearization of 

the full-length MRP construct prior to in vitro transcription with restriction enzymes 

Alul, Hhal, Acci and Avail, respectively. 5' terminally truncated mutants of MRP were 

obtained by PCR amplification of the wild-type MRP construct using oligonucleotides 

MRP-2/MRP-1, MRP-3/MRP-1 and MRP-4/MRP-1 giving rise to MRP67.267, MRP86-267 

and MRP127-267, respectively. The PCR products were digested with EcoRI/HindlH, 

cloned into pUC19 and linearized with Hindlll prior to in vitro transcription. 3' terminal 

truncations of these mutants were obtained by linearization of the plasmids prior to in 

vitro transcription with restriction enzymes Alul, Hhal, Ddel and Acci resulting in 

MRP67.197, MRP67.176, MRP67.167, MRP67.,17, MRP86.197, MRP86.176, MRP86.167, 

MRP86-ii7, MRP127.i97, MRP,27-i76 and MRPi27-i67, respectively. 

MRP22-67 was obtained by PCR amplification of the wild-type MRP construct 

using oligonucleotides MRP-8/MRP-9. The resulting PCR product was digested with 

EcoRI/HindlH, cloned into pUC19 and linearized with Hindlll prior to in vitro 

transcription. MRP mutants lacking stemloop II and/or III (MRP¿87.115, MRP^.çç and 

MRPAioo-ii5) were constructed using a two step PCR reaction. In the first step wild-type 

MRP was used as template in PCR using oligonucleotides MRP-5/MRP-1, MRP-6/ 

MRP-1 and MRP-7/MRP-1. The resulting PCR products were gel purified and used as 

primer, together with oligonucleotide MRP-0, in a second PCR with wild-type MRP as 

template. The products of this second PCR were digested with EcoRI/HindlH, cloned in 

pGEM-3Zf(+) and linearized with Hindlll prior to in vitro transcription. The integrity of 

each construct was checked by sequence analysis. MRP constructs lacking stemloop II 

and/or III contained some additional mutations due to PCR. In MRPu87.u5, G68 and C145 

were mutated into T68 and T145, in MRPi87.99 T165 was replaced by Gi65 and in 

MRPiioo-ns, G8o and Сцв were mutated into T8o and Gns, respectively. 

For in vitro transcription 0.5 μg linearized MRP template was incubated for 1 h at 

37°C in 25 μΐ of buffer containing 40 mM Tris-Cl pH 7.9, 6 raM MgCl2, 2 mM 

spermidine, 10 mM NaCl, 10 mM dithiothreitol, 0.1 μg/μl bovine serum albumin, 40 U 

RNasin, 1 mM ATP, 1 mM CTP, 1 mM GTP, 2.5 μΜ UTP, 20 μ£\ [a-32P]UTP and 15 

U T7 RNA polymerase. After transcription, unincorporated nucleotides were removed by 

a Sephadex G50 spin column and the RNA was phenol/chloroform extracted and ethanol 

precipitated. The integrity of the 32P-labeled transcripts was checked by denaturing 

Polyacrylamide gel electrophoresis. 
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In vitro reconstitution and inununoprecipitation 

Twenty-five μΐ rabbit serum (anti-hPopl (27) or anti-Ro52 (35)) or 10 μΐ patient 

serum (anti-Th/To (H248 (30)) or normal human serum) were incubated with 20 μΐ of a 

50% suspension of protein A agarose beads in IPP500 (500 mM NaCl, 10 mM Tris-Cl 

pH 8.0, 0.05% NP-40) for 1 h at room temperature. Beads were washed twice with 

IPP500 and once with buffer A (200 mM KCl, 10 mM Hepes pH 7.9, 2 mM MgCl2, 

0.05% NP-40). In vitro transcribed 32P-labeled MRP RNA, full-length and deletion 

mutants, were incubated for 45 min at room temperature with 10 μΐ of total HeLa cell 

extract (45) in a volume of 20 μΐ containing 200 mM KCl, 10 mM Hepes pH 7.9, 2 mM 

MgCl2, 0.05% NP-40 and 5 μg yeast RNA. Protein A agarose coupled antibodies in 500 μΐ 

buffer A were added, and the mixture was incubated for 1 h at 4°C. Beads were washed 

three times with buffer A, and co-precipitating RNAs were isolated by phenol/chloroform 

extraction and ethanol precipitation. RNAs were separated on a 8% denaturing 

Polyacrylamide gel and visualized by autoradiography. 

UV crosslinking 

In vitro transcribed 32P-labeled MRP RNA, full-length or deletion mutants, were 

incubated for 45 min at room temperature with 30 μΐ of total HeLa cell extract (45) in a 

total volume of 60 μΐ containing 100 mM KCl, 1 mM MgCl2 and 0.05 % NP-40. The 

mixture was exposed to UV light (254 nm wavelength) with an energy of 1 J/cm2 for 20 

min on ice in an Amersham UV crosslinker (RPN2500) to achieve crosslinking of RNA 

protein complexes. Subsequently, 20 ^ of RNase A was added and the mixture was 

incubated for 1 h at 37°C. Protein A agarose coupled antibodies (rabbit anti-hPopl (27), 

normal rabbit serum, anti-Th/To (H248 (30)), or normal human serum) in 500 μΐ IPP150 

(150 mM NaCl, 10 mM Tris-Cl pH 8.0, 0.05% NP-40) were added, and the mixture was 

incubated for 1 h at 4°C. Beads were washed three times with IPP150 and resuspended in 

SDS-sample buffer. Precipitated proteins were analyzed by 13% SDS Polyacrylamide gel 

electrophoresis and visualized by autoradiography. 

RESULTS 

MRP RNA domains required for association ofhPopl to the RNase MRP complex 

To investigate the association of the hPopl protein with the RNase MRP complex 

we incubated in vitro transcribed 32P-labeled MRP RNA with HeLa cell extract and 

analyzed reconstituted complexes by immunoprecipitation using anti-hPopl antibodies. 

As shown in Figure 1 (lane 1), rabbit antibodies raised against bacterially expressed hPopl 

protein (27) were able to immunoprecipitate reconstituted MRP RNA-protein complexes. 
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Figure 1. In vitro reconstitution of MRP 

RNA complexes. 
32P-labeled MRP, U3 and Ul RNAs were 
incubated in HeLa cell extract and reconstituted 
complexes were immunoprecipitated with rabbit 
anti-hPopl antibodies (lane 1), rabbit anti-Ro52 
antibodies (lane 2) and human anti-Th/To serum 
antibodies (lane 3). RNAs were extracted from 
immunoprecipitates, immune supematants and the 
input RNA mixture, resolved by denaturing 
Polyacrylamide gel electrophoresis and visualized 
by autoradiography. Lanes 1-3, RNA isolated from 
the immuno-precipitates; lane 4, RNA isolated 
from 2% of the input RNA mixture; lane 5, RNA 
isolated from 10% of the immune supernatant of 
the anti-hPopl immuno-precipitation. 

In contrast, reconstituted Ul and U3 RNP complexes were not immunoprecipitated by 

anti-hPopl antibodies, and control antibodies (rabbit anti-Ro52; Figure 1, lane 2) were not 

able to precipitate the MRP RNA. No MRP RNA was precipitated by anti-hPopl 

antibodies when HeLa cell extract was omitted from the incubation (data not shown), 

confirming that the precipitation of the MRP RNA is due to association of hPopl and 

possibly other MRP proteins with the in vitro transcribed MRP RNA. In addition, a 

patient serum containing anti-Th/To antibodies was also able to specifically 

immunoprecipitate the MRP RNA (Figure 1, lane 3). These results show that an in vitro 

reconstituted MRP complex can be immunoprecipitated by anti-hPopl antibodies. 

To study the domain(s) of MRP RNA required for association of the hPopl 

protein with the RNase MRP complex, we incubated in vitro transcribed 32P-labeled MRP 

RNA deletion mutants with HeLa cell extract and immunoprecipitated reconstituted 

complexes with anti-hPopl antibodies. The results of these experiments are shown in 

Figures 2A-D, and are summarized in Figure 2E. Deletion of the 3' terminal 70 or 91 

nucleotides of MRP RNA (MRP1..97 (Figure 2A) and MRPi.i76 (Figure 2B), respectively) 

has a minor effect on the association of the hPopl protein with the MRP complex, since 

these mutant MRP RNAs were still, although somewhat less efficiently than full-length 

MRP RNA, precipitated via anti-hPopl antibodies (Figure 2A-B, lane 2). Further deletion 

of the 3' end of MRP RNA to nucleotide 117, MRP^n, resulted in loss of precipitation 

by anti-hPopl antibodies, indicating that the hPopl protein is unable to associate with the 

MRP M 1 7 RNA (Figure 2A, lane 2). In addition, MRP RNA deletion mutants in which 5' 

terminal nucleotides are deleted, e.g. MRP67.267 (Figure 2C, lane 2) or MRPge-267 and 

MRPi27-267 (data not shown), were not immunoprecipitated by anti-hPopl antibodies 

after incubation with HeLa cell extract. These results indicate that the hPopl protein 

requires nucleotides 1 to 176 of MRP RNA for association with the MRP complex. To 
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Figure 2. MRP domains required for hPopl association. 
"P-labeled MRP RNAs, full-length as well as deletion mutants, were incubated in HeLa cell extract and 
reconstituted complexes were immunoprecipitated with rabbit anti-hPopl antibodies, rabbit anti-Ro52 
antibodies and anti-Th/To serum antibodies. RNAs were extracted from immunoprecipitates, immune 
supematants and the input RNA mixture, resolved by denaturing Polyacrylamide gel electrophoresis and 
visualized by autoradiography. 
A. Reconstitution using 32P-labeled MRP, M R P M 9 7 , MRP, . , I 7 , MRP, 82 and Ш RNAs. 
Lane 1: RNA isolated from 2% of the input RNA mixture; lane 2: RNA isolated from the anti-hPopl 
immunoprecipitate; lane 3: RNA isolated from the anti-Ro52 immunoprecipitate; lane 4: RNA isolated from 
the anti-Th/To serum immunoprecipitate; lane 5: RNA isolated from 10% of the immune supernatant of the 
anti-hPopl immunoprecipitation. 
B. Reconstitution using 12P-labeled MRP, MRP,.,76 and Ul RNAs. 
С Reconstitution using "P-labeled MRP, MRP67.267, MRP67-i97, MRP67.,67 and MRP67.117 RNAs. 
D. Reconstitution using 32P-labeled MRP, M R P A ! 7 . , H , MRPi87.Q9 and MRP¿,0o.ii5 RNAs. 
Lanes 1, 3, 5, 7: RNA isolated from the anti-hPopl immunoprecipitates; lanes 2, 4, 6, 8: RNA isolated 
from the anti-Ro52 immunoprecipitates; lanes 9-12: RNA isolated from 2% of the input RNA mixture. 
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Figure 2. MRP domains required for hPopl association (continued). 
E. Schematic representation of the MRP RNA deletion mutants and a summary of their ability to be 
immunoprecipitated by anti-hPopl antibodies after incubation in HeLa cell extract. Nucleotide numbers are 
indicated, and the domains of MRP required for association of hPopl are shaded. 

define this region in more detail we constructed deletion mutants in which stemloops II 

and/or III of MRP RNA (Figure 3) are deleted: MRP a 8 7.U 5, MRP¿87_99 and MRPui0o-ii5, 

respectively. After reconstitution in HeLa cell extract, these internal deletion mutants were 

all three efficiently precipitated by anti-hPopl antibodies (Figure 2D, lanes 3, 5 and 7). 

Reconstituted mutant MRP RNA complexes were also immunoprecipitated using 

an anti-Th/To patient serum containing anti-hPopl antibodies. The precipitation results 

obtained with this serum were similar to the results obtained using rabbit anti-hPopl 

antibodies; full-length MRP, MRP,.197, MRPM76 and MRP RNA lacking stemloop II 

and/or III were efficiently precipitated (Figure 2A-B, lanes 4 and data not shown). In 

addition MRPi.117, MRPi.82, MRP¿7.267 and MRP67_i97, which could not be precipitated 

by anti-hPopl antibodies, were weakly precipitated by the anti-Th/To serum (Figure 2A, 

lane 4 and Figure 2C, lane 4, respectively), suggesting that this serum in addition to anti-

hPopl antibodies contains antibodies directed to other MRP protein(s) which are able to 

associate with these mutant MRP RNAs. 

Taken together, these results indicate that the hPopl protein requires nucleotides 

1-86 and 116-176 of MRP RNA to associate with the RNase MRP complex. These parts 

of the MRP RNA include the predicted stemloop structures I and IV, but lack stemloops 

II and III. Furthermore, the predicted pseudoknot structure which involves the 5' and 3' 

regions of MRP RNA is not required for binding of hPopl to the MRP complex since 3' 
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Figure 3. Human RNase MRP RNA. 
Secondary structure model of human MRP RNA as proposed by Schmitt et al. (37). The solid line 
represents a single phosphodiester bond linkage between nucleotides 67 and 68. Stemloop structures are 
numbered (I-IV) and the proposed long range interaction ('pseudoknot') responsible for the 'cage' structure 
of MRP RNA is indicated (LRI-I). 

deletion mutants of MRP RNA lacking the ability to form this structure could be 

immunoprecipitated by anti-hPopl antibodies. 

Identification of MRP RNA binding proteins by UV crosslinking 

To investigate if the hPopl protein is associated directly or indirectly with the 

MRP RNA, we performed in vitro reconstitution experiments with in vitro translated 
35S-labeled hPopl protein and in vitro transcribed biotinylated MRP RNA, followed by 

precipitation using streptavidin agarose beads. The results of these experiments strongly 

suggested that hPopl is unable to bind to the MRP RNA directly, since no hPopl protein 

could be detected in the precipitate (data not shown). In addition, we were unable to detect 

a mobility shift of MRP RNA after incubation of 32P-labeled MRP RNA with purified 

bacterially expressed hPopl protein and analysis by native gel electrophoresis (data not 

shown). Next, the binding of hPopl to the RNase MRP complex was studied using UV 

crosslinking. 32P-labeled MRP RNA and control RNAs (U3 and Ul RNA) were incubated 

with HeLa cell extract, UV irradiated and RNase A treated. The resulting 32P-labeled 
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proteins were immunoprecipitated with anti-hPopl antibodies and analyzed by SDS-

PAGE. As shown in Figure 4 (lane 5), rabbit anti-hPopl antibodies were unable to 

precipitate a 32P-labeled protein, indicating that the hPopl protein was not in close contact 

with the MRP RNA during UV crosslinking and thus probably not directly bound to the 

MRP RNA. Also anti-Th/To patient sera containing anti-hPopl antibodies were unable to 

immunoprecipitate a P-labeled protein of approximately 115 kDa, i.e. hPopl (Figure 4, 

lanes 3-4). 

While these patient sera did not precipitate a protein of 115 kDa in this type of 

experiment, they did specifically immunoprecipitate 32P-labeled polypeptides of 

approximately 20, 25 and 40 kDa, hereafter referred to as MRP20, MRP25 and MRP40, 

respectively (Figure 4, lanes 3-4). These three proteins were precipitated by several anti-

Th/To sera, although the efficiency of precipitation varied depending on the patient serum 

used. The specificity of this UV crosslinking and precipitation was confirmed by the 

observation that MRP20, MRP25 and MRP40 were only detected if MRP RNA was 

used for UV crosslinking. UV crosslinking of control RNAs such as U3 and Ul RNA 

followed by anti-Th/To immunoprecipitation did not result in the detection of radiolabeled 

polypeptides (Figure 4, lanes 9-10 and 15-16). In addition normal human serum did not 

precipitate the MRP20, MRP25 and MRP40 proteins (Figure 4, lane 2). As shown in 

Figure 4 (lane 6), not only MRP20, MRP25 and MRP40 were UV crosslinked to MRP 

RNA, a large number of 32P-labeIed proteins was detectable after UV crosslinking of MRP 

RNA and RNase A treatment followed by SDS-PAGE. However, the use of U3 and Ul 

RNAs also resulted in a large number of 32P-labeled proteins after UV crosslinking (Figure 

4, lanes 12 and 18), which makes it rather difficult to distinguish between MRP specific 

and non-specific proteins and thus stresses the need for immunoprecipitation after UV 

crosslinking. 

The MRP25 protein was reproducibly the most strongly labeled protein after UV 

crosslinking and anti-Th/To immunoprecipitation. However, methylene-blue mediated 

photo-crosslinking (24) decreased the MRP25 signal and increased the MRP20 signal 

detectable after immunoprecipitation, thus reversing the intensity of the protein bands 

(data not shown). Also, the use of [cc-32P]CTP instead of [a-32P]UTP for the in vitro 

transcription of labeled RNAs had some influence on the relative intensities of the 

observed protein bands after crosslinking. MRP40 was more efficiently labeled when 

[ct-32P]CTP was used (data not shown), possibly due to the presence of more С residues 

in the MRP40 binding site. 

Taken together these results suggest that the hPopl protein is unable to bind 

directly to the MRP RNA. hPopl probably binds via other MRP associated proteins to 

the RNase MRP complex. In addition, the UV crosslinking data indicate that at least three 

proteins, MRP20, MRP25 and MRP40, are able to bind directly to the MRP RNA. 
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Figure 4. UV crosslinking analysis of MRP RNA. 
32P-labeled MRP RNA (lanes 1-6), U3 RNA (lanes 7-12) and Ul RNA (lanes 13-18) were incubated in 
HeLa cell extract and exposed to UV light to achieve crosslinking of RNA-protein complexes. Crosslinked 
complexes were treated with RNase A and subsequently immunoprecipitated by rabbit anti-hPopl 
antibodies (lanes 5, 11 and 17), normal rabbit serum (lanes 1,7 and 13), anti-Th/To serum antibodies (lanes 
3-4, 9-10 and 15-16) and normal human serum (lanes 2, 8 and 14). Precipitated proteins were analyzed by 
13% SDS Polyacrylamide gel electrophoresis and visualized by autoradiography. Lanes 6, 12 and 18 
represent 3% of the crosslinked proteins used for immunoprecipitation. The MRP20, MRP25 and MRP40 
proteins are indicated by arrows. Protein molecular weight markers are shown at the left. 

MRP20, MRP25 and MRP40 bind to different domains of the MRP RNA 

To study the regions of MRP RNA which are required for binding of the MRP20, 

MRP25 and MRP40 proteins to the RNase MRP complex, we performed UV crosslinking 

experiments with MRP RNA deletion mutants. After incubation of in vitro transcribed 
32P-labeled MRP RNA deletion mutants in a HeLa cell extract, UV irradiation and RNase 

A treatment, proteins were immunoprecipitated with anti-Th/To patient serum and 

analyzed by SDS-PAGE followed by autoradiography. The results of these UV 

crosslinking experiments are shown in Figures 5A-B. Deletion of the 5' terminal 66 

nucleotides, thus removing the first stemloop structure of MRP RNA, abolished the 

binding of MRP20 and MRP25, while MRP40 was still able to bind to this MRP RNA 

fragment (MRP67-267) (Figure 5A, lane 3). Strikingly, when MRP67.267 was used, MRP40 

was much more efficiently crosslinked than when full-length MRP RNA was used. 

Further deletion of the 5' end up to nucleotide 86 (MRP86.267) g a v e similar results. 

However, a deletion up to nucleotide 127 (MRP 127-207) resulted in loss of MRP40 

crosslinking (Figure 5A, lanes 8 and 12, respectively). 3' end deletions of MRP86.267, 

resulting in mutants MRP86.n6 and MRP8 6.1 6 7 (Figure 5A, lanes 10-11, respectively), 

showed that MRP40 requires the MRP RNA from nucleotides 86 to 176 in order to be 
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Figure 5. Domains of MRP RNA required for binding of MRP20, MRP25 and MRP40. 
A. "P-labeled MRP RNA, full-length (lane 1) and deletion mutants (lanes 2-15), Ul RNA (lane 16) and U3 
RNA (lane 17) were incubated in HeLa cell extract and exposed to UV light to achieve crosslinking of RNA-
protein complexes. Crosslinked complexes were treated with RNase A and subsequently 
immunoprecipitated by anti-Th/To serum antibodies. Precipitated proteins were analyzed by 13% SDS 
Polyacrylamide gel electrophoresis and visualized by autoradiography. Protein molecular weight markers are 
shown at the left. 

B. Schematic representation of the MRP RNA deletion mutants and a summary of the ability of the 
MRP20, MRP25 and MRP40 proteins to be crosslinked to these RNAs (indicated on the right). Nucleotide 
numbers are indicated, and the domains of MRP required for association of MRP20, MRP25 and MRP40 
are shaded. 
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efficiently crosslinked to the MRP RNA. In addition, MRP40 might have a weak affinity 

for other parts of the MRP RNA since MRPi.g2 and MRP67.i[7 produced a weak signal of 

MRP40 after UV crosslinking (Figure 5A, lanes 2 and 6). 

To define the binding region of MRP40 in more detail, UV crosslinking was also 

performed with the internal MRP RNA deletion mutants lacking stemloop II and/or III. 

Using the mutant lacking only stemloop III, MRPA10<MI5, we were able to crosslink all 

three proteins to the MRP RNA (Figure 5A, lane 15). However, using MRPA87.ii5, the 

binding of MRP40 was reduced while the levels of MRP20 and MRP25 were unaffected 

(Figure 5A, lane 14). Using mutant MRP¿87_99, the results for MRP40 crosslinking were 

not clear; in some cases we were able to UV crosslink MRP40 to this RNA while in other 

cases we could not detect a signal. These results indicate that the MRP40 protein does not 

need stemloop III of MRP RNA for association with the RNase MRP complex, and 

requires nucleotides 86-99 and 116-176 for binding to the MRP RNA. 

Deletion of the 5' end of MRP RNA to nucleotide 67 (MRP67.267) abolished the 

binding of MRP20 and MRP25 (Figure 5 A, lane 3). However, deletion of most of the 3' 

end of MRP RNA, resulting in MRP,.g2, did not have any effect on MRP20 and MRP25 

crosslinking (Figure 5A, lane 2). In addition, MRP20 and MRP25 were still efficiently 

crosslinked to an MRP RNA deletion mutant containing only the first stemloop structure, 

MRP22.67 (Figure 5A, lane 13). These results indicate that both the MRP20 and MRP25 

proteins bind to the same domain of MRP RNA: stemloop I. 

DISCUSSION 

Association ofhPopl with the RNase MRP complex 

Previously, we identified the human RNase MRP and RNase Ρ associated 

autoantigenic protein, hPopl (27). In this study the association of hPopl with the RNase 

MRP particle was investigated. Via incubation of 32P-labeled MRP RNA, full-length as 

well as deletion mutants, in HeLa cell extract followed by immunoprecipitation with anti-

hPopl antibodies we showed that the hPopl protein requires nucleotides 1-86 and 

116-176 for binding to the RNase MRP complex. However, hPopl appears not to bind 

directly to the MRP RNA since a stable interaction between in vitro translated or 

recombinant hPopl protein and in vitro transcribed MRP RNA could not be detected, and 

UV crosslinking of 32P-labeled MRP RNA in HeLa cell extract, followed by 

immunoprecipitation with anti-hPopl antibodies did not result in detection of a 115 kDa 

protein. Apparently, the hPopl protein associates with the MRP complex via protein-

protein interactions, and the RNase MRP associated protein(s) necessary for hPopl 
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association require nucleotides 1-86 and 116-176 of the MRP RNA for efficient complex 

formation. 

Three proteins of 20,25 and 40 kDa can be crosslinked to the MRP RNA 

UV crosslinking of 32P-labeled MRP RNA in HeLa cell extract followed by 

immunoprecipitation with anti-Th/To serum antibodies identified three proteins of about 

20,25 and 40 kDa which can directly bind to MRP RNA. Thus, in addition to hPopl, at 

least three other proteins, MRP20, MRP25 and MRP40, are presumably associated with 

the human RNase MRP complex. These results are in good agreement with previously 

described data, showing that proteins with similar molecular weights were 

immunoprecipitated by anti-Th/To serum antibodies and thus were thought to be 

associated with the RNase MRP complex (19, 36). Yuan et al. (46) identified a protein of 

about 40 kDa by UV crosslinking using RNase MRP RNA which was immunoprecipitable 

by anti-Th/To serum antibodies. However, in contrast to our results, they did not detect 

20 and 25 kDa proteins by this approach. This difference might be due to variations in the 

crosslinking conditions, HeLa cell extract preparation or MRP RNA transcripts used. For 

example, the use of [a-32P]CTP instead of [a-32P]UTP for in vitro transcription did have a 

positive effect on the MRP40 signal in UV crosslinking, possibly due to the presence of 

more С residues in the MRP40 binding site. 

The human RNase MRP particle shares at least one protein subunit with the 

human RNase Ρ complex, hPopl (27). It is very likely that, similar to the situation in 

yeast, other human RNase MRP associated proteins, e.g. Th40, are also part of both the 

RNase MRP and RNase Ρ ribonucleoprotein complexes (12, 23, 36). Recently, four 

human RNase Ρ associated proteins have been identified: Rpp20, Rpp30, Rpp38 and 

Rpp40. Although it has not been established yet whether these proteins are also 

associated with the human RNase MRP complex, Rpp30 and Rpp38 are recognized by 

anti-Th/To serum antibodies (9, 17). The MRP20, MRP25 and MRP40 proteins 

identified by UV crosslinking / anti-Th/To immunoprecipitation might, therefore, 

correspond to these RNase Ρ associated proteins. UV crosslinking with 32P-labeled RNase 

Ρ RNA resulted in detection of a 25 kDa protein which comigrates with MRP25, and a 

very weak signal of about 40 kDa. The overall efficiency of crosslinking of RNase Ρ RNA 

was however much lower than that of RNase MRP RNA (Η. van Eenennaam, unpublished 

results). To establish if some of the crosslinked MRP proteins are identical to the 

identified RNase Ρ proteins, UV crosslinking of MRP RNA followed by immuno

precipitation using anti-Rpp20, anti-Rpp30, anti-Rpp38 and anti-Rpp40 specific 

antibodies can be performed. Furthermore, sequence analysis of the crosslinked proteins 

will give definitive information about their identity. 
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The MRP20 and MRP25 proteins bind to stemloop I of MRP RNA 

Using MRP RNA deletion mutants for UV crosslinking it was shown that the 

MRP20 and MRP25 proteins require nucleotides 22-67 of MRP RNA for efficient 

binding. Both proteins thus appear to bind to a similar region of the MRP RNA: stemloop 

I. At this moment we cannot exclude the possibility that MRP20 is a degradation product 

of MRP25, but several observations argue against this possibility. First, the use of 

different HeLa cell extracts, which probably contain different levels of protease activities, 

did not have any effect on the relative intensities of the MRP20 and MRP25 protein 

bands. Secondly, methylene blue mediated photo-crosslinking increased the MRP20 signal 

concomitant with a decrease of the MRP25 signal, indicating that these two proteins react 

differently on the crosslinking agent used. It is unclear if the MRP20 and MRP25 proteins 

bind to exactly the same region of stemloop I or if they bind to different parts of this 

stemloop structure. However, the results obtained with methylene blue crosslinking, 

which has been shown to crosslink primarily dsRNA-protein contacts (24), indicate that 

MRP20 possibly binds to one of the stem structures of stemloop I while MRP25 might 

prefer a single stranded region. Further experiments with detailed MRP deletion and/or 

substitution mutants have to be performed to reveal the exact binding sites of MRP20 and 

MRP25 on stemloop I. 

The MRP40protein: the Th40 autoantigen? 

Our analyses showed that MRP40 requires nucleotides 86-99 and 116-176 of 

MRP RNA for efficient binding. This region encompasses stemloops II and Г , but lacks 

the proposed pseudoknot structure of MRP RNA. Interestingly, the MRP40 protein was 

much stronger labeled when mutants in which the 5' end was deleted (e.g. MRP67.267) were 

used compared to full-length MRP RNA, suggesting that the MRP40 binding site may be 

more readily accessible in these mutant RNAs. 

Previously, a 40 kDa autoantigenic protein has been crosslinked to human MRP 

RNA. It was shown that this protein required nucleotides 21-64, i.e. stemloop I of MRP 

RNA for binding to the RNase MRP complex (46). In addition, this protein, which is 

referred to as the 40 kDa Th/Το autoantigen (Th40) binds to a similar stemloop structure 

of human RNase Ρ RNA (23). It is not very likely that the autoantigenic MRP40 protein 

we detected is similar to this Th40 protein since the binding site of MRP40 appears to be 

located in a different part of the MRP RNA. In contrast to a 40 kDa protein binding to 

stemloop I of MRP RNA, we detected 20 and 25 kDa autoantigenic proteins that 

associated with this part of the MRP RNA. An explanation for these differences is not 

obvious, but as mentioned above the observed differences might be due to variations in the 

crosslinking conditions, HeLa cell extract preparation and/or MRP RNA transcript used. 



136 Chapter 5 

Λ model for the RNase MRP complex 

Our results strongly suggest that the association of the hPopl protein with the 

RNase MRP complex is mainly mediated by protein-protein interactions, and that the 

RNase MRP associated protein(s) necessary for hPopl binding require nucleotides 1-86 

and 116-176 of MRP RNA for binding. Most interestingly, similar regions of the MRP 

RNA were found to be individually required for binding of the MRP20, MRP25 and 

MRP40 proteins. Therefore, it is not unlikely that the proteins involved in hPopl 

association are the MRP20 and/or MRP25 proteins to mediate the interaction with 

stemloop I of MRP RNA, and the MRP40 protein to mediate the interaction with the 

central part of the MRP RNA. A model of the RNase MRP complex that results from 

these presumptive protein-protein interactions is depicted in Figure 6. It is, however, 

likely that also other not yet identified proteins bind to the RNase MRP complex via 

protein-protein and/or protein-RNA interactions. Additional experiments designed to 

Figure 6. Model for the human RNase MRP complex. 
Schematic representation of the presence of the MRP20, MRP25, MRP40 and hPopl proteins in the human 
RNase MRP complex. The MRP20 and MRP25 proteins bind directly to the MRP RNA between 
nucleotides 22 and 67 (shown in bold). The exact manner in which they bind to this region is unclear and 
the idea depicted is just one of the possibilities. MRP40 binds directly to a region of MRP RNA from 
nucleotides 86-99 and 116-176 (shown in bold). hPopl binds indirectly via protein-protein interactions to 
the RNase MRP complex, possibly by binding the MRP20 and/or MRP25 proteins and MRP40. 
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reveal the putative protein-protein interactions between hPopl and MRP20, MRP25 

and/or MRP40 are necessary to establish the validity of the model 

The present data do not exclude the alternative possibility that conformational 

changes occur in the MRP RNA upon binding of MRP20, MRP25 and/or MRP40, which 

might create a proper binding site for hPopl Although such a possibility is not supported 

by the UV crosshnking data, the much more efficient interaction of MRP40 with mutant 

MRP67 267 might be indicative of changes in the RNA structure upon binding of this 

protein Interestingly, all the proteins found to be associated with the RNase MRP 

complex bind directly or indirectly to the 5' and/or central part of the RNase MRP RNA 

Neither hPopl, nor MRP20, MRP25 and MRP40 require regions in the 3' part of the 

RNA for association with the MRP complex Therefore, the predicted conserved 

pseudoknot structure of MRP RNA is possibly not involved in protein binding and might 

only be required for the catalytic reaction of the RNase MRP complex Stemloop I of 

MRP RNA has previously been shown to be required for nucleolar localization of MRP 

RNA (16) It will thus be interesting to find out if the stemloop I binding proteins, 

MRP20 and MRP25, are involved in the nucleolar targeting of the RNase MRP complex 

This study is a further step m resolving the complexity of the human RNase MRP 

particle Detailed knowledge of the proteins associated with the RNase MRP RNA and 

their interactions may give more insight m the pre-rRNA processing steps in which RNase 

MRP is involved Furthermore, detailed information of the RNase MRP complex may 

simultaneously lead to a better understanding of the related RNase Ρ particle and its 

function m pre-tRNA and pre-rRNA processing 
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GENERAL DISCUSSION 

Introduction 
Ribosomes, which are composed of a large number of proteins associated with four 

RNA molecules, are the molecular machines that take care of protein synthesis in cells. 
Their biosynthesis takes place in the nucleolus of cells and requires the action of a large 
number of small nucleolar ribonucleoprotein particles (snoRNPs). Small nucleolar RNPs 
have been shown to function in pre-rRNA processing and modification reactions (see 
chapter 1 ) and might also be involved in rRNA folding, association of the rRNA with 
ribosomal proteins, and export of ribosomal subunits to the cytoplasm (26, 39, 40). 
snoRNPs consist of a small RNA molecule (snoRNA, 60-400 nt in length) and several 
associated proteins. Although many snoRNAs have been identified in a wide range of 
eukaryotes, only few snoRNA associated proteins have been characterized so far. The aim 
of the studies described in this thesis was to gain more insight in the proteins that are 
associated with the human U3 and RNase MRP snoRNPs. In this chapter, the results 
presented in this thesis are summarized and discussed. 

The U3 small nucleolar ribonucleoprotein particle 
The U3 snoRNP, which is required for processing of 18S rRNA, contains at least 

three proteins subunits in human cells: fibrillarin, MPP10 and hU3-55k (1, 30, 46). In 
contrast to fibrillarin, which is a common protein associated with all box C/D snoRNAs, 
MPP10 and hU3-55k are U3 snoRNP specific proteins. MPP10 has been characterized as 
a protein that is phosphorylated during mitosis and was later shown to be a component of 
the U3 snoRNP (46). The relevance of its phosphorylation during M phase is not clear, 
but it could provide a way of shutting down the interphase function of the U3 snoRNP 
which may not be desired in mitosis when the U3 snoRNP is exposed to cytoplasmic 
components. Interestingly, the U3 snoRNA is not exported to the cytoplasm after its 
synthesis (like most small nuclear RNAs), but matures in the nucleus of the cell (37, 38), 
indicating that the U3 snoRNP, normally, is not in contact with cytoplasmic components. 

Previously, a 55 kDa protein was shown to copurify with the U3 snoRNA from 
CHO cells (24). In chapter 2 of this thesis the cDNA cloning of the human homolog of this 
protein is described. hU3-55k is an U3 snoRNA associated protein that appears to be a 
member of the family of WD-40 repeat proteins. In general, members of this protein 
family seem to be involved in the regulation of various cellular functions, such as cell 
division, gene transcription, transmembrane signalling and mRNA modification (27). At 
present the function of hU3-55k is unclear. Since all components of the U3 snoRNP have 
been shown to be required for 18S rRNA processing in yeast and/or higher eukaryotes 
(reviewed in chapter 1), it may be reasonable to assume that also hU3-55k functions in 
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18S rRNA processing. Depletion of hU3-55k from cell extracts followed by incubation 

with a pre-rRNA substrate may indicate that this protein is indeed involved in pre-rRNA 

cleavage in human cells. Alternatively, genetic depletion of the yeast homolog of hU3-55k 

may reveal whether it is required for pre-rRNA processing and/or other cellular processes 

in yeast. 

It has been proposed that nucleolar accumulation is a two step process. First, a 

nucleolar protein is transported from the cytoplasm to the nucleoplasm due to its NLS 

(nuclear localization signal), and then one or several functional domains able to interact 

specifically with other nucleolar components allow it to accumulate within the nucleolus 

(17, 33, 47). hU3-55k, which localizes to the nucleolus, appears to follow a similar 

pathway with the U3 snoRNA being the component required for nucleolar accumulation. 

A hU3-55k deletion mutant lacking the C-terminal 17 amino acids which appears to be 

unable to associate with the Ш snoRNA, localizes to the nucleoplasm of cells (chapter 2). 

Furthermore, in cells overexpressing hU3-55k, this protein is next to the nucleolus also 

present in the nucleoplasm, indicating that a factor required for nucleolar accumulation is 

present in limiting amounts. 

It is not very likely that hU3-55k influences the localization of the U3 snoRNA 

itself. It has been proposed that protein(s) that bind to the box C'/D-stem motif of U3 

snoRNA are required for nucleolar accumulation of the U3 snoRNA (32 and references 

therein). However, hU3-55k is suggested to bind to a different part of the U3 snoRNA. It 

has been reported that stable binding of the CHO 55 kDa protein requires sequences 

located between nucleotides 97 and 204 of U3 snoRNA, including the conserved box В and 

С sequence elements (24). Furthermore, box С and not box D of the U3 snoRNA appears 

to be required for direct interaction between U3 snoRNA and hU3-55k in vitro (A. 

Lukowiak, H. Pluk and M. Terns, unpublished results). 

The presence of an intact box С sequence element has been shown to be required 

for efficient association of fibrillarin with the U3 snoRNA (3). Since a direct interaction 

between fibrillarin and the U3 snoRNA has not been detected, the binding of fibrillarin is 

presumed to be indirect and/or to require other U3 snoRNP protein components. 

hU3-55k, which requires the box С sequence element for direct binding of the U3 snoRNA 

in vitro, might, therefore, be (one of) the U3 snoRNP proteins that mediate the interaction 

of fibrillarin with the U3 snoRNP complex. Analysis of the protein-protein interactions 

between fibrillarin and hU3-55k using, for example, the yeast two hybrid system might 

shed some light on this matter. 

Since the human U3 snoRNP is reported to contain at least six proteins ranging in 

molecular masses from 74 to 12.5 kDa (29), more human U3 snoRNP protein components 

are likely to be characterized in the near future. In addition, a number of proteins is 

expected to transiently associate with the U3 snoRNP during pre-rRNA processing. For 
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example, nucleolin, which was shown to be involved in the first step of pre-rRNA 

processing, has recently been reported to interact with the U3 snoRNP complex (16). It 

was found that the N-terminal domain of nucleolin directly interacts with one or more U3 

snoRNP proteins in a mouse processing extract (16). 

Previously, a yeast protein, Rntlp, with homology to bacterial RNase III was 

identified which is able to cleave the pre-rRNA at site АО in vitro (14). However, cleavage 

of this site in vivo requires the presence of the U3 snoRNP. It was, therefore, suggested 

that the U3 snoRNP targets the endonuclease to site АО and/or presents the pre-rRNA to 

the enzyme in the correct conformation for cleavage (14, 39). At the moment it is unclear 

whether this RNase III like endonuclease binds directly to the U3 snoRNP. In humans, a 

similar endonuclease may (transiently) bind to the U3 snoRNP as well. However, the 

human homolog of yeast Rntlp has not yet been identified. 

The RNase MRP and RNase Ρ ribonucleoprotein particles 
In the last few years an unexpectedly large number of proteins which are associated 

with both the yeast RNase MRP and RNase Ρ complexes have been characterized (7, 9, 

12,34, 35; reviewed in chapter 1). Most of these proteins are expected to be conserved in 

evolution and several human homologs have been identified. The first human RNase MRP 

associated protein that was characterized is hPopl (chapter 3). hPopl, which was 

identified via its homology with yeast Poplp, is a component of both the human RNase 

MRP and RNase Ρ complexes. In accord with this, hPopl is localized in the nucleoplasm 

and nucleolus of cells. Anti-hPopl antibodies immunoprecipitate the RNase Ρ enzymatic 

activity indicating that hPopl is part of the active human RNase Ρ enzyme (chapter 3). In 

yeast, Poplp has been shown to be also part of the active RNase MRP particle 

responsible for pre-rRNA cleavage at site A3 (25). The precise function of hPopl in pre-

rRNA and pre-tRNA cleavage is, however, unclear. 

Bacterial RNase Ρ RNA, in the absence of its protein component, has been shown 

to correctly cleave a pre-tRNA substrate in vitro (18). Although eukaryotic RNase Ρ and 

RNase MRP RNAs have not been found to possess any enzymatic activity in the absence 

of their protein components, it is proposed that they are in fact the catalytic components 

of RNase Ρ and RNase MRP, with the proteins playing ancillary roles (8, 40). The protein 

subunits may be involved in RNA folding, compartmentalization and/or substrate binding. 

Recently, a protein component of the human RNase Ρ complex with a similar size as 

hPopl, 115 kDa, was crosslinked to a pre-tRNA substrate under pre-tRNA processing 

reaction conditions (42). Purified human RNase Ρ RNA did not generate any crosslink 

products with the pre-tRNA substrate (42). These results suggest that hPopl may be 

involved in substrate binding and presentation to the active site of the enzyme during pre-

tRNA and, possibly, pre-rRNA processing. 
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hPopl appears not to bind directly to RNase MRP RNA since a stable interaction 

between in vitro translated or recombinant hPopl protein and in vitro transcribed RNase 

MRP RNA could not be detected. In addition, UV crosslinking of RNase MRP RNA in 

HeLa cell extract followed by immunoprecipitation with anti-hPopl antibodies did not 

result in detection of a 115 kDa protein, i.e. hPopl (chapter 5). It is likely that hPopl 

associates with the RNase MRP complex by binding to one or more RNase MRP protein 

components. These mediating proteins appear to bind to nucleotides 1-86 and 116-176 of 

the RNase MRP RNA, since stable association of hPopl with the RNase MRP complex 

requires these regions of the RNase MRP RNA (chapter 5). 

UV crosslinking of RNase MRP RNA in HeLa cell extract followed by nuclease 

digestion and immunoprecipitation with anti-Th/To serum antibodies identified three 

proteins of 40, 25 and 20 kDa that can directly bind to the RNase MRP RNA (chapter 5). 

While the 40 kDa protein appears to bind to the central part of the RNase MRP RNA (nt 

86-99 and 116-176), the 20 and 25 kDa proteins require stemloop I (nt 22-67) of RNase 

MRP RNA for association with the RNase MRP complex. Since similar regions of the 

RNase MRP RNA are required for hPopl complex formation it is possible that hPopl 

associates with the RNase MRP complex by binding to the 40,25 and/or 20 kDa proteins. 

Analysis of the putative protein-protein interactions between hPopl and these proteins 

will probably provide more information about the association of hPopl with the RNase 

MRP complex. 

Recently, seven proteins with molecular masses of 40, 38, 30, 29, 25, 20 and 14 

kDa have been shown to copurify with the human RNase Ρ enzymatic activity (13). It is 

very likely that, similar to the situation in yeast, some of these RNase Ρ proteins are also 

associated with the human RNase MRP ribonucleoprotein complex. Only Rpp38 and 

Rpp30 have been shown to be associated with both the human RNase Ρ and RNase MRP 

complexes (31), for the other human RNase Ρ proteins this is not yet established. The 

three proteins that crosslink to the RNase MRP RNA (see above) have similar sizes as 

some of the human RNase Ρ proteins and might, therefore, be identical to them. UV 

crosslinking of RNase MRP RNA followed by immunoprecipitation with antibodies 

directed to the human RNase Ρ proteins may reveal if this is indeed the case. Sequence 

analysis of the crosslinked proteins will give definitive information about their identity. 

snoRNP proteins as autoantigens 
Patients with systemic autoimmune diseases frequently produce autoantibodies 

which are directed to a large variety of cytoplasmic, nuclear and nucleolar proteins and, to 

a lesser extent, nucleic acids. The occurrence of such autoantibodies in patient sera aids in 

establishing the diagnosis and prognosis of the disease (45). Also snoRNP associated 

proteins, e.g. fibrillarin, have been mentioned as autoantibody targets. Anti-fibrillarin 
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antibodies have predominantly been found in the sera from patients with scleroderma (2, 

23, 28). Recently, they have also been reported in a variety of other connective tissue 

diseases (21). 

A group of patient sera, referred to as anti-Th/To, contain antibodies directed to 

the RNase MRP and RNase Ρ ribonucleoprotein complexes. Three protein components of 

the human RNase MRP / RNase Ρ particles have been reported to be a target for anti-

Th/To autoantibodies: Rpp30, Rpp38 and hPopl (13, 20; chapters 3 and 4). It was shown 

that hPopl is recognized by about 65% of the anti-Th/To sera. The major autoantigenic 

region of hPopl was mapped to a 104 amino acids long region (aa 214-317) in the central 

part of the protein (chapter 4). Anti-hPopl autoantibodies have been found in a variety of 

rheumatic diseases and can, therefore, not be used as marker antibodies for a specific 

autoimmune disease. 

While the prevalence of autoantibodies in systemic autoimmune diseases is widely 

studied and a large number of autoantigens that are targeted by these antibodies have been 

characterized, the mechanisms that lead to the production of autoantibodies are still 

unclear. It has been proposed that viral proteins or other infectious agents that display 

epitopes that resemble host protein determinants, might trigger an initial immune response 

that breaks the tolerance to host protein epitopes and leads to the generation of 

autoantibodies, a process which is called 'molecular mimicry' (11). Also, 'epitope 

spreading', a phenomenon in which the initial immune response against a specific epitope 

extends to other epitopes on the same protein or on other components of a 

macromolecular particle, may play a role in autoantibody production (10, 19, 41). In 

addition, it has been proposed that a defect in apoptosis (programmed cell death) might 

induce autoimmunity (22, 44). It was shown that when apoptosis is induced by UV 

irradiation, autoantigens are translocated to apoptotic blebs and apoptotic bodies on the 

cell surface (4). Some of these autoantigens are modified, e.g. cleaved or phosphorylated, 

during apoptosis (5, 6, 43). It has been suggested that during apoptosis modified self-

antigens are translocated to the cell surface where they may be presented to the immune 

system as novel, previously cryptic, non-self components which are able to induce an 

autoimmune response. 

Not only the mechanism that leads to autoantibody production is unclear, also 

information about the role autoantibodies may have in the pathology of autoimmune 

diseases is very limited. It is unlikely that many autoantibodies are directly involved in 

tissue injury in connective tissue diseases (36, 45). Although a number of autoantibodies 

inhibit the function of their cognate antigen in vitro (45), autoantibodies have to gain access 

through cell membranes to bind cytoplasmic, nuclear and nucleolar antigens in order to 

inhibit the function in vivo. Normally, autoantibodies are not expected to enter living cells. 

However, the observation that some autoantibodies can be detected in patients prior to 
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clinical expression of disease (15) suggests that they may have some role in the 

pathogenesis of disease. 

Perspectives 
In the past few years knowledge about the function of snoRNPs in pre-rRNA 

processing and modification has greatly increased. An unexpectedly large number of 

snoRNA species was identified and several snoRNA associated proteins have been 

characterized. The yeast RNase MRP and RNase Ρ particles were shown to posses eight 

protein subunits that are shared by both complexes and one specific protein subunit (7). 

The human RNase MRP and RNase Ρ complexes are expected to have a similar 

composition. A challenging task will be to understand how all these protein subunits 

interact with each other in the active complex. Characterization of the protein-protein 

interactions between the subunits and their interaction with the RNA component will be 

required. Since RNase MRP and RNase Ρ share so many identical protein subunits it will 

be interesting to elucidate how the substrate specificity of the enzymes is accomplished. 

Although the RNase MRP and RNase Ρ complexes have been shown to function in pre-

rRNA and pre-tRNA processing, respectively, the precise role of the different particle 

components is still unclear. Additional research may reveal which proteins are required for 

maintaining a correct structure of the enzyme, and which are involved in the catalytic 

reaction itself, for example by substrate binding. It will also be interesting to elucidate 

which factors are involved in the localization of the RNase MRP and RNase Ρ complexes 

since they appear to function in different subcellular compartments: the nucleolus and 

nucleoplasm, respectively. 

Since only three of the at least six protein components of the human U3 snoRNP 

complex have been characterized (fibrillarin, MPP10 and hU3-55k), it is expected that 

novel proteins that associate with the U3 snoRNA and perhaps other box C/D snoRNAs 

will be identified. Analysis of the U3 snoRNA box C'/D binding proteins and their 

interacting factors might reveal if, and which, transport factors mediate the nucleolar 

localization of the U3 and other box C/D snoRNAs. As for the RNase MRP and RNase Ρ 

complexes, it will be interesting to elucidate how the U3 snoRNP components interact 

with each other. Since the U3 snoRNP has been shown to be involved in 18S rRNA 

processing it will be interesting to leam if some of the (novel) U3 snoRNP proteins 

possess endonuclease or other enzymatic activities. Detailed knowledge of the interactions 

between components of the U3 snoRNP, and of the functions of the individual U3 

snoRNP proteins and the complete particle, is the next goal in the endeavor to understand 

the rRNA processing steps in which the U3 snoRNP is involved. 

To finally be able to solve the enigma of U3 snoRNP and RNase MRP / RNase Ρ 

composition and function, a systematic analysis of the protein components is absolutely 

required. 
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SAMENVATTING 

Humane cellen bevatten, naast messenger RNA, ribosomaal RNA en transfer RNA, 

veel kleine RNA moleculen. Deze kleine RNAs, die variëren in lengte van 60 tot 400 

nucleotiden, komen voor in het cytoplasma, de kern en nucleolus van cellen. Meestal is een 

klein RNA molecuul geassocieerd met een aantal eiwitten en vormt het een RNA-eiwit 

complex. Deze RNA-eiwit complexen, die RNPs (ribonucleoprotein p_articles) worden 

genoemd, zijn betrokken bij veel verschillende cellulaire processen. De RNPs die in de 

nucleolus van cellen aanwezig zijn, snoRNPs (small nucleolar RNPs), zijn voornamelijk 

betrokken bij de biosynthese van ribosomen. Zij hebben een functie in de modificatie en 

rijping van de ribosomale RNAs. Nucleolaire RNPs zijn waarschijnlijk ook betrokken bij 

de assemblage van de ribosomale eiwitten en RNAs tot functionele ribosomen en het 

transport van ribosomen van de nucleolus naar het cytoplasma. 

RNP eiwitten zijn vaak het doelwit van auto-antilichamen die voorkomen in het 

serum van patiënten met reumatische ziekten. Deze auto-antilichamen kunnen een 

hulpmiddel zijn bij het stellen van de diagnose en indicaties geven over de prognose van de 

ziekte. Bijvoorbeeld, het voorkomen van anti-Sm antilichamen is kenmerkend voor 

systemische lupus erythematodes (SLE), terwijl het voorkomen van anti-DNA 

topoisomerase I antilichamen kenmerkend is voor de ziekte scleroderma. 

Het doel van de studies die zijn beschreven in dit proefschrift was om meer te 

weten te komen over de eiwitten die deel uitmaken van de humane U3 en RNase MRP 

snoRNPs. 

Hoofdstuk 1 bevat een algemene inleiding waarin de belangrijkste kenmerken van 

snoRNPs met betrekking tot hun samenstelling, structuur en functie in rRNA processing 

worden beschreven. De nadruk ligt hierbij sterk op de U3 snoRNP en RNase MRP 

complexen. In hoofdstuk 2 wordt de cDNA klonering en karakterisatie van een nieuw 

humaan Ш snoRNP geassocieerd eiwit beschreven, hU3-55k. Dit eiwit komt alleen maar 

voor in het U3 snoRNP en is gelokaliseerd in de nucleolus van cellen. Het blijkt dat 

hU3-55k deel uitmaakt van een groep eiwitten die 'WD-40 repeats' bevatten, een 

eiwitmotief dat betrokken is bij eiwit-eiwit interacties. Het C-terminale uiteinde van 

hU3-55k lijkt nodig te zijn voor U3 RNA binding en nucleolaire lokalisatie. 

In hoofdstuk 3 wordt de cDNA klonering en karakterisatie beschreven van een 

eiwit dat deel uitmaakt van humane RNase MRP en RNase Ρ complexen, hPopl. hPopl is 

een auto-antigeen eiwit dat voorkomt in de nucleolus en in het nucleoplasma van cellen. 

Anti-hPopl antilichamen precipiteren de RNase Ρ enzymatische activiteit, wat suggereert 

dat hPopl een onderdeel is van het actieve RNase Ρ enzym. De auto-antigeniciteit van 

hPopl wordt bestudeerd in hoofdstuk 4. Het blijkt dat anti-hPopl antilichamen veelvuldig 

voorkomen in serum van patiënten die de RNase MRP en RNase Ρ complexen kunnen 
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precipiteren, de zogenaamde anti-Th/To sera. Ongeveer 65% van deze sera herkennen het 
hPopl eiwit in ELISA. De belangrijkste epitopen die door anti-hPopl auto-antilichamen 
herkend worden, blijken zich te bevinden op een 104 aminozuren lang centraal gelegen 
gedeelte van het eiwit (aminozuren 214 tot 317). Anti-hPopl antilichamen blijken niet 
kenmerkend te zijn voor een bepaalde reumatische ziekte; ze komen het meeste voor in 
serum van patiënten die lijden aan scleroderma of SLE. 

In hoofdstuk 5 wordt de binding van het hPopl eiwit aan het RNase MRP complex 
bestudeerd. hPopl lijkt niet rechtstreeks te binden aan het RNase MRP RNA, maar bindt 
waarschijnlijk via andere RNase MRP eiwitten aan het RNase MRP complex. Voor deze 
associatie van hPopl zijn nucleotiden 1-86 en 116-176 van het RNase MRP RNA nodig. 
Via UV-crosslinking zijn eiwitten van 40,25 en 20 kDa grootte, die gebonden zijn aan het 
RNase MRP RNA, geïdentificeerd. De twee kleinste eiwitten blijken te binden aan 
stemloop I (nt 22-67) van het RNase MRP RNA. Het 40 kDa eiwit blijkt nucleotiden 
86-99 en 116-176 nodig te hebben voor binding aan het RNase MRP RNA. Aan de hand 
van de verkregen resultaten wordt een model van het humane RNase MRP complex 
gepresenteerd. 

Tenslotte worden in hoofdstuk 6 de resultaten die zijn beschreven in dit 
proefschrift bediscussieerd. 
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