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Protein frans-Acting Factors Involved in Ribosome Biogenesis
in Saccharomyces cerevisiae
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The synthesis of ribosomes is one of the major cellular ac-
tivities, and in eukaryotes, it takes place primarily, although
not exclusively, in a specialized subnuclear compartment
termed the nucleolus (125, 155). There, the rRNA genes are
transcribed as precursors (pre-rRNAs), which undergo pro-
cessing and covalent modification. Maturation of pre-rRNAs is
intimately linked to their assembly with the ribosomal proteins
(r-proteins). These processes depend on various cis-acting el-
ements (6, 188), and they require a large number of nonribo-
somal protein frans-acting factors (97, 174, 193). Experimental
evidence suggests that the basic outline of ribosome synthesis
is conserved throughout eukaryotes. However, most of our
knowledge comes from the combination of molecular genetic
and biochemical approaches in the yeast Saccharomyces cerevi-
siae. This minireview is aimed at giving an insight into the
functions of the many protein trans-acting factors involved in
ribosome biogenesis in S. cerevisiae.

PRE-rRNA PROCESSING AND RIBOSOME
ASSEMBLY PATHWAYS

In S. cerevisiae, the large 60S ribosomal subunits are com-
posed of 46 r-proteins and three rRNA species (58S, 5.8S, and
25S) while the small 40S ribosomal subunits contain 32 1-
proteins and the 18S rRNA (142, 201). Three of the four
rRNAs (188, 5.8S, and 25S) are transcribed as a single large
pre-TRNA by RNA polymerase I (RNA pol I), whereas the
fourth rRNA (5S) is independently transcribed as a pre-rRNA
by RNA pol IIT (201). All four rRNAs are encoded by a 9.1-kb
rDNA unit, which is repeated 100 to 200 times on the long arm
of chromosome XII (Fig. 1A). In the 35S pre-rRNA, which is
the longest detectable precursor, the mature rRNA sequences
are separated by two internal transcribed spacer (ITS) se-
quences, ITS1 and ITS2, and flanked by two external tran-
scribed spacer (ETS) sequences, a 5" ETS and a 3" ETS (Fig.
1). The 35S pre-rRNA differs from the primary RNA pol I
transcript at its 3’ end because transcription termination maps
to nucleotide position +210 relative to the 3’ end of the ma-
ture 25S rRNA, while the 35S pre-rRNA is extended by 7 to 10
nucleotides (78, 187, 189). Maturation of the 35S pre-rRNA,
which contains 10 known processing sites, is a multistep path-
way that requires many different trans-acting factors (Fig. 1B
and its legend) (97, 174, 193). Processing of the pre-5S rRNA
is independent of 35S pre-rRNA maturation and kinetically
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faster than formation of mature 188, 5.8S, and 25S rRNAs (146).
The 5’ end of the mature 5S rRNA corresponds to that of the
primary transcript, whereas the 3’ end is processed from a
pre-5S rRNA that is extended by 7 to 13 nucleotides (141).
Many specific nucleotides within the rRNA also undergo,
mainly shortly after transcription, covalent modification. These
modifications include isomerization of uridine to pseudouri-
dine (W) by base rotation (45 modified nucleotides), methyl-
ation of the 2'-hydroxyl group of sugar residues (2'-O-ribose
methylation; 55 modified nucleotides), and base methylation
(about 10 modified nucleotides) (9, 21, 84, 120, 135).

Pre-rRNA processing and modification do not take place on
“naked” pre-rRNAs. Instead, pre-rRNAs associate with many
of the r-proteins in the nucleolus to form preribosomal parti-
cles (182). In addition to r-proteins, the nucleolar preribo-
somes have long been known to contain non-r-proteins (182).
The identity of these proteins has not been clearly established,
but they presumably correspond to trans-acting factors re-
quired for pre-rRNA processing and modification or involved
in the assembly of the pre-rRNAs with the r-proteins. Al-
though the pre-rRNA processing pathway and its intermedi-
ates have been fairly well characterized, the assembly process
of the rRNAs and the approximately 80 r-proteins into mature
ribosomal subunits is still poorly understood (Fig. 2 and its
legend) (93, 180-182, 184).

PROTEIN trans-ACTING FACTORS INVOLVED IN
RIBOSOME BIOGENESIS

To date, more than 60 protein trans-acting factors have been
described to function in yeast ribosome biogenesis and most
likely not all of them have been identified yet. Most of the
protein trans-acting factors can be grouped into classes accord-
ing to their experimental or predicted enzymatic functions
and/or their physical or functional interactions with small nu-
cleolar RNAs (snoRNAs) or other proteins. These classes in-
clude components of small nucleolar ribonucleoprotein parti-
cles (snoRNPs), rRNA-modifying enzymes, endo- and
exonucleases, and putative RNA helicases. However, not all
protein trans-acting factors fall into the above classes and many
of these contain particular conserved motifs or domains that
could mediate important functions such as RNA-protein or
protein-protein interactions. A list of trans-acting factors in-
volved in ribosome biogenesis and links to databases is acces-
sible at reference 115a.

PROTEIN f#rans-ACTING FACTORS ASSOCIATED
WITH snoRNAs

A large number of protein frans-acting factors that are re-
quired for ribosome biogenesis are quite stably associated with
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FIG. 1. Pre-rRNA processing in S. cerevisiae. (A) Structure of an rDNA repeat unit. Each unit contains a large operon encoding the 18S, 5.8S, and 25S rRNAs,
which is transcribed by RNA pol I (pr, promoter; tr, terminator; eh, enhancer), and an RNA pol III-transcribed 5S rRNA gene. Mature sequences of the RNA pol
I transcript are separated by ITS1 and ITS2 and flanked by a 5" ETS and a 3" ETS. The 5S rRNA gene is located between two nontranscribed spacers (NTS1 and NTS2).
Black boxes represent mature rRNAs, white thin bars represent the transcribed spacers, and lines represent the nontranscribed spacers. Processing sites are also
indicated. (B) Pre-rRNA processing pathways. The primary RNA pol I transcript is processed at its 3’ end to yield the 35S pre-rRNA, which is the longest detectable
pre-rRNA. The 35S pre-rRNA is first processed at sites A, A}, and A,, which results in the separation of the pre-rRNAs destined for the small and large ribosomal
subunits. The 20S pre-rRNA is matured by endonucleolytic cleavage at site D. The 27SA, precursor is processed by two alternative pathways. In the major pathway,
about 85% of 27SA, pre-rRNA is cleaved at site A; and then 5'—3’ exonucleolytically digested to site Bg. In the minor pathway, about 15% of the 27SA, molecules
are processed at site B;; . While processing at site B, is completed, the 3’ end of mature 25S rRNA is generated by processing at site B,. The subsequent ITS2 processing
of both 27SB species appears to be the same. Cleavage at sites C; and C, releases the mature 25S rRNA and the 7S pre-rRNA. The latter undergoes 3'—=5’
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snoRNAs in the form of snoRNP complexes (Table 1). In
yeast, there are about 100 different snoRNAs (116, 153), which
can be structurally and functionally grouped into three fami-
lies. Most snoRNAs belong to either the H/ACA-box or the
C/D-box family, whereas the RNA component of RNase MRP
constitutes one class by itself (see below) (11, 101, 176).

H/ACA-box snoRNPs. In yeast, most, if not all, of the 45 ¥
residues are present within the mature rRNA sequences (135).
The site-specific pseudouridylation of rRNA requires H/ACA-
box snoRNPs, in which the H/ACA-box snoRNAs function as
guides that specify the uridines to be isomerized in the pre-
rRNA. Site selection is mediated by short base pairings be-
tween the snoRNA and the pre-rRNA, and pseudouridylation
occurs at a fixed distance of about 14 nucleotides from the
conserved snoRNA sequence elements (box H and/or ACA
triplet) (57, 131). One H/ACA-box snoRNA, snR30, seems to
be exclusively required for the early pre-rRNA processing re-
actions at sites A; and A,, while the H/ACA-box snoRNA
snR10 participates in both early pre-rRNA processing reac-
tions and a pseudouridylation event within 25S rRNA (130,
131, 153, 175).

Based on coimmunoprecipitation and purification experi-
ments, the core protein components common to all H/ACA-
box snoRNPs have been identified. This core particle probably
contains two copies of each of four proteins (Cbf5Sp, Garlp,
Nhp2p, and Nop10p) and one H/ACA-box snoRNA (63, 197),
and it is arranged in a symmetric two-domain structure (117,
197). However, the detailed architecture of H/ACA-box
snoRNPs, as well as the order of their assembly, remains to be
elucidated. The nucleolar protein CbfSp might be the W-syn-
thase in each snoRNP, since it is homologous to a family of
putative W-synthases (87). Indeed, depletion of Cbf5p blocks
W formation in pre-rRNAs, which is most likely due to the loss
of Cbf5p’s putative enzymatic function and the codepletion of
H/ACA-box snoRNAs (99). Probably as a consequence of the
concomitant codepletion of snR10 and snR30, Cbf5p depletion
inhibits pre-rRNA processing at sites A; and A, and, to a
lesser extent, at site A, (99). Interestingly, depletion of Cbf5p
also leads to slightly reduced levels of 25S rRNA and to accu-
mulation of 27SB and 7S pre-rRNAs and of an aberrant ex-
tended 5.8S rRNA species (99). This latter phenotype is
unique and not related to the loss of function of any known
snoRNA. Furthermore, the depletion of neither Nhp2p nor
Nop10p, which also results in the codepletion of H/ACA-box
snoRNAs, shows such a particular phenotype (63). Therefore,
it can be assumed that Cbf5p has other roles in ribosome
biogenesis in addition to its function as an integral component
of H/ACA-box snoRNPs, perhaps through interactions with
other frans-acting factors during the assembly of preribosomes
(25, 99). Indeed, the mammalian homolog of Cbf5p, termed
NAP57, is associated in stoichiometric amounts with another
nucleolar protein called Nopp140 (124), which is the homolog
of the yeast nucleolar acidic and serine-rich protein Srp40p
(123). A genetic interaction between Srp40p and H/ACA-box
snoRNAs has been recently uncovered, thereby indirectly link-
ing Srp40p and Cbf5p (122). Therefore, the Srp40p-Cbf5p
combination seems to, indeed, mirror the Noppl40-NAPS57
connection in mammalian cells. Although the function of
Srp40p in ribosome biogenesis has not been analyzed so far, it

MINIREVIEW 7899

has been suggested that Srp40p, in analogy to the proposed
function of the Nopp140-NAP57 complex, might mediate traf-
fic of diverse nuclear components, among them, snoRNAs and
preribosomes (72, 122).

Garlp is a nucleolar protein that contains two regions that
are rich in glycine and arginine (GAR domain) (61). The GAR
domain is also present in other nucleolar proteins involved in
ribosome biogenesis (see below), and it is thought to mediate
protein-RNA interactions (61). Neither one of the two GAR
domains (one N terminal and one C terminal) of Garlp is
required for cell viability or for in vitro snoRNA binding (10,
61). Garlp is required for pre-rRNA processing at sites A; and
A, (61). More recently, it has been demonstrated that Garlp is
involved in global pre-rRNA pseudouridylation (20) and that it
is specifically associated with all H/ACA-box snoRNAs (58).
However, Garlp is the only core component of H/ACA-box
snoRNPs whose depletion does not alter the steady-state levels
of snoRNAs (20, 61). Nevertheless, in the absence of Garlp,
the H/ACA-box snoRNPs are unable to efficiently associate
with higher-order nucleolar particles. This suggests that Garlp
might work by establishing or maintaining interactions of
snoRNPs with the pre-rRNA (cited in references 20 and 99).
The putative RNA helicase Roklp (see below) may assist
Garlp in this function, since ROKI was identified in genetic
screens for synthetic lethality with both a conditional gar!
allele and the snrl0 null (AsnR10) mutation (191). Further-
more, Garlp has been shown to interact with Cbf5p by the
yeast two-hybrid system (cited in reference 63).

Nucleolar Nhp2p and Nop10p also specifically associate with
all H/ACA-box snoRNAs (63, 197). Nhp2p shares homology
with a 53-amino-acid region within the r-protein Rpl30p (for-
merly L32) that has been implicated in RNA binding (195).
Therefore, it is assumed that Nhp2p directly binds to H/ACA-
box snoRNAs (63). This binding (and/or the binding of the
other H/ACA-box snoRNP components) probably limits fur-
ther trimming and degradation of H/ACA-box snoRNAs by
the exonucleases Xrnlp and Ratlp (see below) and other
nucleases (18, 63, 140). Nop10p, on the other hand, contains
no obvious protein motifs (63). Depletion of Nhp2p or Nop10p
inhibits pre-rRNA processing at sites A; and A,, and as in the
case of Cbf5p depletion, this phenotype can be explained by
the codepletion of snR10 and snR30 (63). In addition, since
the stability of all H/ACA-box snoRNAs is affected, Nhp2p
and NoplOp depletion also blocks ¥ formation (63). More-
over, as in cells lacking Cbf5p, Garlp is rapidly degraded in the
absence of either Nhp2p or Nop10p, indicating that the integ-
rity of H/ACA-box snoRNPs is perturbed (63). However,
Nhp2p or Nopl0Op depletion does not lead to the codepletion
of Nop10p or Nhp2p, respectively (63).

Apart from the core components, two further proteins,
Senlp and Sbplp, have been described to associate with cer-
tain H/ACA-box snoRNAs. The function of Senlp, a putative
RNA helicase, will be discussed below. The nonessential Sbp1p
contains a central GAR domain followed by an RNA recog-
nition motif (RRM) and acidic and serine-rich stretches; these
motifs probably mediate the specific strong binding to snR10
and the weak binding to snR11 (34). In addition, the Asbp!
strain has growth and pre-rRNA processing phenotypes that
are similar to those of the Asnrl0 strain (cited in reference 34).

exonucleolytic digestion to the 3’ end of the mature 5.8S rRNA. The pre-5S rRNA is processed at its 3" end to generate the mature 5S rRNA. Pseudouridylation and
2'-O-ribose methylation take place on the primary transcript. Note that except for Dim1p, the timing of base methylation and the protein trans-acting factors involved
therein have not yet been uncovered. Factors involved in pre-rRNA processing and modification are shown. Colors were assigned to each class of protein frans-acting
factors as follows: blue, exo- and endonucleases; red, putative ATP-dependent RNA helicases; green, components involved in pre-rRNA modification; black, others.

See the text for further details.
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However, whether Sbplp is required for in vivo snR10 stability
and/or snR10-associated pseudouridylation is not known.

As mentioned above, the snR30 H/ACA-box snoRNP seems
to be solely required for the early pre-rRNA processing reac-
tions at sites A, and A,. Nevertheless, its core composition and
structure are similar to those reported for the snR42 H/ACA-
box snoRNP, which is exclusively involved in pseudouridyla-
tion (117, 197). In clear contrast to the snR10 and U3 snoRNPs
(see below), it is unknown if additional proteins are required
for the function of the snR30 snoRNP.

C/D-box snoRNPs. Yeast rRNAs contain about 65 methyl
groups; 55 of these are linked to the 2’-hydroxyl residue of
ribose, while the rest of them are attached to the bases (9).
Ribose methylation is, in analogy to pseudouridylation, carried
out by specific snoRNPs that contain snoRNAs of the C/D-box
family (82, 176). These snoRNAs have one or two sets of
well-conserved short sequence elements, which are called box
C and box D (or box C’" and box D’, for the second set), and
about 10 to 20 nucleotides with sequence complementarity to
the rRNA. The position of 2'-O-ribose methylation of rRNA is
5 nucleotides upstream of box D (or D) (9, 83). Most of the 55
2'-O-ribose-methylated sites have been recently assigned to
different guide C/D-box snoRNAs, all of them dispensable for
cell viability (116, 153). In contrast to these, U3 and U14 are
essential C/D-box snoRNAs (176). The U3 snoRNA seems to
be exclusively required for pre-rRNA processing at sites A, to
A, while the U14 snoRNA is involved in pre-rRNA processing
reactions at sites A; and A, and in a 2'-O-ribose methylation
event within the 18S rRNA (153, 176).

To date, three proteins (Noplp, Nop56p, and Nop58p) have
been identified that probably form the core of all C/D-box
snoRNPs (Table 1) (58, 59, 102, 202). In clear contrast to the
presence of the candidate W-synthase CbfSp in H/ACA-box
snoRNPs, the putative methylase(s) has not yet been identified
as a core component of C/D-box snoRNPs, although an enzy-
matic role for Noplp cannot be excluded (132). Moreover,
there are several proteins with predicted rRNA methyltrans-
ferase activity that are thought to be good candidates (Nop2p,
Ncllp, and Spblp; see below) (68, 92, 203).

Noplp, which contains an N-terminal GAR domain (156), is
structurally and functionally equivalent to human fibrillarin
(75). Although early work suggested that Noplp efficiently
precipitates both C/D-box and H/ACA-box snoRNAs (156,
177), it now seems clear that Noplp is specifically associated
with C/D-box snoRNAs (58). Depletion of Noplp leads to
codepletion of methylation guide snoRNAs (as demonstrated
for U14 and snR190) but not of U3 snoRNA (177). Partial
inactivation of the U3 snoRNP function, due to the loss of its
Noplp component, and the reduction in the levels of Ul4
might be responsible for the pre-rRNA processing defects at
sites A, to A, that are detected upon depletion of Noplp
(177). Similarly, loss of methylation guide snoRNAsS is consis-
tent with impaired global methylation upon Noplp depletion.
Interestingly, it has been reported that in the nopI-3 mutant,
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global methylation is dramatically affected without having ma-
jor effects on pre-rRNA processing or ribosome assembly
(178). This indicates that 2'-O-ribose methylation, as well as ¥
synthesis, and pre-rRNA processing are independent events
(20, 178). Other nopl mutants affect the assembly of 60S ribo-
somal subunits without leading to clear pre-rRNA processing
and methylation defects (178). Whether this phenotype is the
consequence of the loss of particular snoRNA—pre-rRNA in-
teractions or the impairment of another independent function
of Noplp remains to be elucidated. Indeed, Noplp, but not
any snoRNA, also binds in substoichiometric amounts to an-
other trans-acting factor named Nop4p/Nop77p (15). Nop4p is
a nucleolar protein, which has been identified both in a syn-
thetic lethal screen with a nop! allele and as a nucleolar anti-
gen (15, 170). Nop4p is made up of a modular primary struc-
ture that consists of three N-terminal RRMs and a fourth
incomplete RRM in the C-terminal part of the protein. The
fourth RRM is followed by a region rich in lysine and arginine
residues, while the first three RRMs are separated by two
regions rich in acidic amino acids. This structure suggests that
Nop4p is able to directly interact with RNA. Moreover, each
RRM is required for optimal Nop4p function in vivo (171).
Depletion of Nop4p delays 35S pre-rRNA processing and
leads to a drastic reduction in the steady-state levels of the
27SA; and 27SB pre-rRNAs (15). As a consequence, synthesis
of mature 25S rRNA and production of 60S ribosomal subunits
are reduced (170). It is, however, controversial if Nop4p is
involved in rRNA methylation (15, 170). The above pre-rRNA
processing phenotype is clearly different from that observed
after depletion of Noplp or the snoRNA U3 or Ul4. Most
likely, Nop4p, in concert with Noplp, plays a role in the early
assembly of 60S ribosomal subunits.

Nucleolar Nop56p and Nop58p, which are homologous to
each other, were also both identified in a synthetic lethal
screen with nop1 alleles (59). Nop58p (also named Nop5p) has
been simultaneously isolated in a screen for nucleolar antigens
(202). The primary sequence of both proteins contains several
repeats of the KKE/D motif, a feature shared with Cbf5p and
the putative RNA helicase Dbp3p (198). In the case of
Nop58p, these repeats are not required for cell growth, protein
targeting to the nucleolus, or stable association with snoRNAs
(59, 102). Depletion of Nop56p results in the inhibition of
pre-TRNA processing at sites A, to A, and reduced steady-
state levels of Noplp; however, neither global 2'-O-ribose
methylation nor the stability of C/D-box snoRNAs is affected
(96). In contrast, the temperature-sensitive nop56-2 mutation
leads to the accumulation of 27SB pre-rRNAs and to delayed
conversion of these precursors to mature 25S rRNA, which
most likely accounts for the observed deficiency in the forma-
tion of 60S ribosomal subunits (59). This pre-rRNA processing
phenotype is similar to that observed upon Nop2p and Spblp
depletion (68, 92). The function of Nop58p has been studied in
more detail. Nop58p specifically interacts with all C/D-box
snoRNAs, including U3 and U14 (102, 202). Moreover, deple-

FIG. 2. Ribosomal subunit assembly pathway in S. cerevisiae. In the nucleolus, the 35S pre-rRNA associates with many early-associating 40S and 60S r-proteins to
form a 90S preribosome. The 5S rRNA forms a stable RNP with Rpl5p (L5, red dot). The 5S rRNA is probably already present in 90S preribosomes; therefore, Rpl5p
may belong to the group of early-assembling 60S r-proteins. From the 90S particle, 66S and 43S preribosomes containing the 27S and 20S pre-rRNAs, respectively, are
formed. The 66S and the 43S preribosomes contain the late-associating r-proteins. Preribosomes are most likely actively exported through nuclear pores. It has been
demonstrated that export of 60S ribosomal subunits requires the nuclear or cytoplasmic Ran cycle and distinct nucleoporins (not shown; for details, see reference 70).
It is believed that the 66S particle remains in the nucleus until the 7S pre-rRNA is processed to the mature 5.8S rRNA, while the 43S preribosome is rapidly exported
to the cytoplasm, where the final maturation step in the synthesis of the 18S rRNA takes place. Assembly of 60S ribosomal subunits is also completed in the cytoplasm
by the final incorporation of some r-proteins. At least three of them (also depicted as red dots), including the P2B and Rpl10p/Qsrlp (L10) r-proteins, can exchange
on mature 60S ribosomal subunits in vivo. Preribosomes are drawn as balloons, and the nuclear envelope is depicted as pink rods. Protein trans-acting factors with likely
involvement in the assembly of ribosomal subunits are colored as follows: red, putative ATP-dependent RNA helicases; black, others. Only those r-proteins for which
an indication about the timing of their association with preribosomal particles is known are shown. See the text for further details.
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TABLE 1. Protein components of snoRNPs

MoL. CELL. BIOL.

Associated snoRNA

Class and protein® Essentialness’ snORNA(s) stability® Function Particular feature(s) Reference(s)
H/ACA-box snoRNP
Cbf5p Y H/ACA-box - pre-rRNA pseudouridylation  Putative rRNA W-synthase, 99
and processing (A;, A,) KKE/D motif repeats
Garlp Y H/ACA-box + pre-rRNA pseudouridylation Two GAR domains 20, 61
and processing (A, A,)
Nhp2p Y H/ACA-box - pre-rRNA pseudouridylation Homology to Rpl30p 63, 197
and processing (A, A,)
Nopl0p Y H/ACA-box - pre-rRNA pseudouridylation 63, 197
and processing (A, A,)
Sbplp N snR10, snR11 ND pre-rRNA processing (A, RRM and GAR domain 34
2
Senlp Y snR10, snR30, U3 — Maturation of diverse RNAs Putative RNA helicase 145, 185
C/D-box snoRNP
Noplp Y C/D-box - pre-rRNA 2'-O-methylation ~ Orthology to human 58, 177, 178
and processing (A, A4, fibrillarin, GAR domain
Ay
Nop56p Y C/D-box + pre-rRNA processing (A, Homology to Nop58p, 59, 96
Ay, A, KKE/D motif repeats
Nop58p/Nop5p Y C/D-box - pre-rRNA processing (A, Homology to Nop56p, 59, 102, 202
Ay, A, KKE/D motif repeats
Soflp Y U3 + pre-rRNA processing (A, WD repeats 74
Al’ A2)
Mpp10p Y U3 + pre-rRNA processing (A, 48, 108
AL A,
Imp3p Y U3 + pre-rRNA processing (A, Similarity to Rps9Ap 109
AL A,
Imp4p Y U3 + pre-rRNA processing (A, 109
Al’ A2)
Rrp9p Y U3 ND pre-rRNA processing 190
LepSp Y U3 + pre-rRNA processing (A, Rich in charged residues 200
Al’ AZ)
RNase MRP
Poplp Y MRP, P - pre-tRNA and pre-rRNA KS-rich regions 27, 119
(A3) processing
Pop3p Y MRP, P + pre-tRNA and pre-rRNA KS-rich regions 27, 45
(As) processing
Pop4p Y MRP, P - pre-tRNA and pre-rRNA KS-rich regions 27,33
(As) processing
Pop5p Y MRP, P - pre-tRNA and pre-rRNA KS-rich regions 27
(As) processing
Pop6p Y MRP, P - pre-tRNA and pre-rRNA KS-rich regions 27
(As) processing
Pop7p/Rpp2p Y MRP, P - pre-tRNA and pre-rRNA Regions homologous to 27, 169
(As) processing Rrp7p, KS-rich regions
Pop8p Y MRP, P - pre-tRNA and pre-rRNA KS-rich regions 27
(As) processing
Rpplp Y MRP, P - pre-tRNA and pre-tRNA 27, 168
(As) processing
Snmlp Y MRP - pre-TRNA processing (As) Potential zinc-binding 157

domain, KS-rich regions

“The presence of a protein on this list is exclusively based on experimental evidence. Note that Senlp is associated with both H/ACA- and C/D-box snoRNAs. A
more complete list of trans-acting factors involved in ribosome biogenesis and links to databases is accessible at reference 115a.
b Abbreviations: Y, essential (i.e., knockout is lethal); N, nonessential (i.e., knockout is not lethal).
¢ Wild-type (+) or reduced (—) steady-state levels of the associated snoRNAs upon mutation or depletion of the respective protein trans-acting factor. ND, not

determined.

tion of Nop58p results in the mislocalization of Noplp (202)
and in the instability of all C/D-box snoRNAs (102). Consistent
with this, depletion of Nop58p leads to inhibition of the A,-
to-A, pre-TRNA processing reactions (102), therefore result-
ing in a reduction of 40S relative to 60S ribosomal subunits
(202). Surprisingly, global methylation is not affected upon
Nop58p depletion (102, 202), perhaps the reduced levels of

C/D-box snoRNAs are sufficient to promote 2'-O-ribose meth-
ylation but can no longer support pre-rRNA processing (102).

Unfortunately, no information is available concerning the
architecture of C/D-box snoRNPs. Due to the conserved na-
ture of the C and D boxes and the adjacent terminal stem
(C/D-box motif) (9), and because of the requirement of this
C/D-box motif for snoRNA stability and function (83, 154), it
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is conceivable that either Noplp, Nop56p, Nop58p, or the
candidate 2'-O-ribose methylase(s) binds directly to this motif.
However, there is no evidence yet for an interaction between
any of the putative methyltransferases (apart from Noplp [see
below]) with C/D-box snoRNPs.

The U3 snoRNP is a particular C/D-box snoRNP. In addi-
tion to the core proteins, it contains unique proteins that are
not present in other C/D-box snoRNPs (Table 1). Soflp was
the first described U3 snoRNP protein; it was isolated as an
extragenic suppressor of the thermosensitive phenotype of a
Anop] strain complemented with human fibrillarin (74). Soflp
is a nucleolar protein whose primary structure contains seven
WD repeats, which could mediate protein-protein interactions,
and a C-terminal part that is rich in charged amino acids (74).
Apart from binding exclusively to the U3 snoRNA, Soflp ap-
pears to associate with Noplp in substoichiometric amounts,
which is consistent with the fact that Noplp is a core compo-
nent of all C/D-box snoRNAs. Depletion of Soflp leads to
impaired pre-rRNA processing at sites A, to A, and inhibition
of 18S rRNA production, but it does not result in instability of
either U3 or Noplp (74). Consistent with the specific associa-
tion of Soflp with U3, pre-rRNA methylation is not affected
upon Soflp depletion. MpplOp and its interacting partners
Imp3p and Imp4p (48, 108, 109), LepSp (200), and Rrp9p
(190) are also U3 snoRNP components, and their depletion
leads to inhibition of the early pre-rRNA cleavages. As re-
ported for Soflp, U3 stability is not affected upon depletion of
Mpp10p, Imp3p, or Imp4p (48, 109). So far, there are at least
nine proteins that are associated directly or indirectly with the
U3 snoRNA; however, it remains to be determined whether all
of these coexist in the same U3 snoRNP.

rRNA-MODIFYING ENZYMES

As mentioned above, posttranscriptional modification of
mature TRNAs occurs mostly on the pre-rRNA. These modi-
fications include ¥ formation, 2'-O-ribose methylation, and
base methylation (9, 120, 135). In contrast to the putative
rRNA W-synthase Cbf5p (99, 197), which is a subunit of all
H/ACA-box snoRNPs (see above), the candidate methylase(s)
responsible for 2'-O-ribose methylation has not yet been iden-
tified. Proteins with predicted rRNA methyltransferase activity
have been detected by sequence comparison to the human
tumor-specific nucleolar protein p120 and to putative bacterial
rRNA methyltransferases (86). In particular, Nop2p shows
strong overall homology to p120 (39). Nucleolar Nop2p is
required for the conversion of the 27SB pre-rRNA into mature
25S rRNA and, thus, for synthesis of 60S ribosomal subunits
(68). However, although it seems that 2'-O-ribose methylation
at a specific site in the 27S pre-rRNA is delayed upon Nop2p
depletion, global methylation is not affected (68). Thus, Nop2p
is unlikely to be the only candidate rRNA methyltransferase
(68). Indeed, a similar pre-rRNA processing phenotype is ob-
served when cells are depleted of the essential protein Spblp,
which also contains a putative S-adenosylmethionine (SAM)-
binding motif (92). The closest S. cerevisiae homolog of Nop2p
is Ncllp, which contains, in addition to the SAM-binding motif,
the evolutionarily conserved “NOL1/NOP2/fmu family signa-
ture” motif (203). The nonessential Ncllp localizes to the nu-
cleus, including the nucleolus, and is concentrated at the nu-
clear periphery. Disruption of NCL1 affects neither cell growth
nor steady-state levels of ribosomal subunits; however, it leads
to increased sensitivity to the aminoglycoside antibiotic paro-
momycin, which suggests that ribosome function is perturbed
(31, 54, 138, 162). Niewmierzycka and Clarke have recently
searched the complete S. cerevisiae genome with sequence
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motifs that are conserved in SAM-dependent methyltrans-
ferases. They identified 7 known methyltransferases, including
Dimlp (see below), and 26 putative methyltransferases (132).
Neither Nop2p, Ncllp, nor Spblp is among these putative
methyltransferases, but interestingly, Noplp (certain mutant
forms of which affect global methylation [see above]) was
found by this analysis. Therefore, it cannot be excluded, until
otherwise demonstrated, that Noplp itself is an rRNA 2'-O-
ribose methyltransferase.

Little is known about base methylation in eukaryotes, and in
contrast to 2’-O-ribose methylation and W formation, it does
not appear to involve guide snoRNA cofactors. The only base
methylation studied in yeast is the evolutionarily conserved
dimethylation of two adjacent adenosines (m®?A,,5
m®?A,-g,) at the 3’ end of the 18S rRNA. The essential pro-
tein Dim1p is responsible for these modifications, and it is also
required for pre-rRNA processing at sites A, and A, (95, 98),
which generate the 20S pre-rRNA. Since dimethylation occurs
on the 20S pre-rRNA (98), this observation is consistent with
early reports that formation of m®?A m®?A is a late event in
ribosome synthesis (21); it can be concluded that processing at
sites A, and A, does not require prior dimethylation. In agree-
ment with this model, the dim-2 mutation strongly inhibits
dimethylation while pre-rRNA processing is practically not
affected at the permissive temperature. Thus, the enzymatic
function of Dimlp can be separated from its involvement in
pre-rRNA processing (100). The dim1-2 mutant strain displays
wild-type growth at the permissive temperature, indicating that
dimethylation is not essential for cell viability. On the other
hand, cell extracts prepared from this strain are incompetent
for translation in vitro, which suggests that dimethylation is
necessary under suboptimal in vitro conditions but only fine
tunes ribosomal function in vivo (100). Interestingly, pre-
rRNA processing is insensitive to temperature-sensitive muta-
tions in or depletion of Dim1p when transcription of the rDNA
unit is driven by an RNA pol II PGK promoter, which suggests
that Dim1p is not directly required for pre-rRNA processing.
Therefore, it is very likely that an active repression system
(quality control) blocks pre-rRNA processing in the absence of
the binding of Dim1p to the pre-rRNA (100, 103). Moreover,
all diml mutants are hypersensitive to the aminoglycoside an-
tibiotics paromomycin and neomycin B, even under conditions
in which neither dimethylation nor pre-rRNA processing is
clearly affected (100). This suggests that Dim1p plays an addi-
tional role in ribosome assembly.

What is the role of these rRNA modifications? ¥ residues
are functionally more versatile than uridine residues in that
both N1 and N3 are available for hydrogen bonding. In con-
trast, 2'-O-ribose methylation has the opposite effect since it
prevents the 2" hydroxyl group of ribose from hydrogen bond-
ing (120). However, 2'-O-methyl groups can stabilize RNA
stems by conferring conformational rigidity on the nucleotide
(101 and references therein). Strikingly, most pseudouridy-
lated and methylated residues are clustered in the rRNA do-
mains that carry out important functions during translation.
This led to the proposition that rRNA modifications may have
a direct role in the function of the ribosome as, for instance, in
the peptidyl transfer reaction (120). Alternatively, these mod-
ifications may play roles in fine-tuning ribosome assembly
(174). Deletion of single or multiple guide snoRNAs does not
affect cell growth (116, 139, 153). However, rRNA folding
and/or association with the r-proteins may still be less efficient
in these strains, even though the growth disadvantage is not
detectable under laboratory conditions. In addition, even when
global 2'-O-ribose methylation is completely inhibited, as in
the nop1-3 mutant at the permissive temperature, pre-rRNA
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processing, ribosome assembly, and export of ribosomal sub-
units to the cytoplasm continue (178). However, growth of the
nopl-3 mutant strain is strongly affected at the nonpermissive
temperature, which implies that ribosomes containing severely
undermethylated rRNA are most likely deficient in some im-
portant translational function (120, 178). Intriguingly, in bac-
teria, partially functional 30S and 50S ribosomal subunits can
be reconstituted with in vitro-transcribed 16S and 23S rRNAs,
respectively (35, 62, 80). This suggests that, at least in pro-
karyotes, posttranscriptional modification of rRNAsS is not es-
sential for the assembly or function of ribosomal subunits.

ENDO- AND EXO-RNases

Several endo- and exonucleases carry out the different pro-
cessing reactions during maturation of pre-rRNAs. The largest
detectable pre-rRNA is the 35S pre-rRNA, and it differs from
the primary RNA pol I transcript at its 3’ end (Fig. 1). The 35S
pre-TRNA is generated by endonucleolytic cleavage of the pri-
mary transcript between nucleotide positions +45 and +15
relative to the 3" end of the mature 25S rRNA. This cleavage
is then followed by shortening of the pre-rRNA up to position
+7 (78). These first processing events are dependent on
Rntlp. The Arntl strain, which displays a very strong slow-
growth phenotype and temperature sensitivity (30), and the
rntl-1 mutant strain accumulate the primary transcript in vivo
(2, 94). Rntlp is a double-strand-specific endo-RNase that is
homologous to bacterial RNase III (2, 8). In vivo, the Rntlp
cleavage sites map between nucleotide positions +14 and +49,
which is in perfect agreement with the reported processing
sites within the primary RNA pol I transcript (94). Moreover,
recombinant Rntlp is able to cleave a synthetic 3" ETS sub-
strate 21 nucleotides downstream of the 3’ end of the 25S
rRNA (2), which is within the reported region where in vivo
processing takes place. The so far unidentified product of the
RNAS2 gene is probably also required for 3" ETS processing
because the rna82-1 mutation affects 3’-end processing of tran-
scripts derived from artificial IDNA minigene reporters. In the
rna82-1 mutant strain, the majority of transcripts extend to
nucleotide positions between +15 and +10, instead of being
matured to the 3" end of the 25S rRNA as observed for the
wild-type strain (78).

The earliest processing event in the 35S pre-rRNA is the
endonucleolytic cleavage at site A, which is dependent on the
U3 snoRNP (13, 69). In vitro, Rntlp cleaves a model 5" ETS
substrate at site A, in the absence of other factors and the
rntl-1 mutation leads to depletion of the 33S pre-rRNA (2).
Therefore, it seems likely that Rntlp is required for pre-rRNA
processing at site A,,. Recent data, however, seem to exclude a
direct role for Rntlp in cleavage at site A, because, although
kinetically delayed, cleavage at this site still occurs in the Arnt!
mutant strain (94). Therefore, if Rntlp is involved in cleavage
at site A, this function can be partially fulfilled by another
endonuclease(s). This would then resemble very much the sit-
uation in Escherichia coli, where RNase III disruption is not
lethal and other endonucleases carry out somewhat redundant
functions (8). In addition, pre-rRNA processing at sites A; and
A, is also delayed in the Arntl strain (94). This could be the
consequence of codepletion of the mature form of the Ul4
snoRNA, since Rntlp is also involved in the correct processing
of some snRNAs and snoRNAs from precursors, such as the
dicistronic snR190-U14 precursor (1, 29, 30). However, the
snR190-U14 precursor probably retains at least some function-
ality, since U14 is essential for cell viability and depletion of
U14 does block pre-rRNA processing at sites A; and A, (113).

RNase MRP is an endo-RNase that cleaves pre-rRNA at
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site A5 in vivo and in vitro (32, 118, 158). The RNA component
of RNase MRP, encoded by the NMEI/RRP2 gene (115, 159,
160), is a unique snoRNA because it does not contain com-
plementary sequences that allow base pairing with the pre-
rRNA (see above). MRP RNA is structurally related to RNase
P RNA; this suggests that RNase MRP arose in eukaryotes as
a form of RNase P specialized for pre-rRNA processing (129).
RNase MRP consists, in addition to MRP RNA, of nine inte-
gral protein subunits (Table 1) (27, 157), eight of these (Poplp,
Pop3p, Popdp, PopSp, Pop6bp, Pop7p/Rpp2p, Pop8p, and
Rpplp) being shared between RNase MRP and RNase P (27).
The only protein component unique to RNase MRP is Snm1p
(157). Mutation in or depletion of the RNA or any of the
protein components of RNase MRP, except Pop8p (not deter-
mined for Snmlp), leads to the inhibition of cleavage at site
A;. Moreover, depletion of any protein component of RNase
MRP, except Pop3p, leads to codepletion of MRP RNA (27,
33, 45, 119, 158, 168, 169). As a consequence, the synthesis of
5.8Sg is impaired and the ratio of 5.8Sg to 5.8S;, which is
around 7:1 in wild-type cells (45), is strongly decreased. The
same phenotype is seen in a mutant carrying a deletion of the
A cleavage site (64). Intriguingly, cleavage at site A; is non-
essential for cell viability (64) whereas all known components
of RNase MRP are essential. Therefore, it is likely that RNase
MRP has additional, as yet unidentified, substrates (44, 45,
173). Early tRNA maturation reactions, including 5'-terminal
processing by RNase P, occur in the nucleolus (16), which
suggests the possibility of direct coordination between tRNA
and ribosome biosynthesis. Interestingly, a mutation in the
RNase P RNA subunit (rprl) leads to the accumulation of an
aberrant form of 5.8S rRNA that is 3’ extended for about 30
nucleotides (28). However, the precise role of RNase P in
pre-tTRNA processing remains obscure and it is possible that
the rprl mutation affects pre-rRNA processing indirectly. In-
deed, depletion of Rpr2p, an exclusive component of RNase P,
decreases the stability of RNase P RNA and impairs 5'-end
maturation of pre-tRNAs without affecting pre-rRNA process-
ing (27).

It is noteworthy that the endo-RNases responsible for cleav-
age at processing sites A, D, and A, have not yet been iden-
tified. Moreover, it is only suspected that an endonucleolytic
activity is required for processing at site B,;. In the case of
ITS2 processing sites C; and C,, it has to be assumed that at
least one (if not both) of these sites is cleaved endonucleolyti-
cally. Unfortunately, no trans-acting factors that are involved in
processing at sites B,;, C,, and C, have been identified so far.

In contrast, the enzymes responsible for all exonucleolytic
processing reactions have most likely been identified. The es-
sential Ratlp and the nonessential Xrnlp are homologous and
functionally equivalent proteins that have processive 5'—3’
exo-RNase activity in vitro (7, 76, 105, 165, 167). Xrnlp func-
tions mainly in the cytoplasm, while Ratlp is a nuclear protein
(66, 76). Xrnlp was also purified as a protein having DNA
strand exchange and DNA G4 tetraplex-specific nuclease ac-
tivity, and its gene was cloned by a number of different genetic
selection techniques that are not obviously related (see refer-
ence 76 and references therein). Since the Axrnl strain is
severely impaired in 5'—3" degradation of mRNA (reviewed in
reference 26), the myriad putative activities of Xrnlp can be
rationalized by a model in which regulation of gene expression
is globally deranged due to the inhibition of 5'—3" mRNA
decay pathways (76). Moreover, combination of the Axrnl mu-
tation with mutations affecting 3'—5" degradation of mRNAs
leads to synthetic lethality, which confirms that the “essential”
function of Xrnlp is its 5'—3" exoribonucleolytic activity and
further indicates that efficient mRNA turnover is required for



VoL. 19, 1999

cell viability (73). Ratlp has been isolated as required for the
efficient nucleocytoplasmic trafficking of mRNAs (7), and it
was also independently identified in two other, unrelated, ge-
netic screens (47, 79). In analogy to the role of Xrnlp, it is
suspected that the essential function of Ratlp is the 5'—3’
degradation of nuclear RNAs. The role of Xrnlp and Ratlp in
pre-rRNA processing is the 5'—3" exonucleolytic digestion of
the 27SA; pre-rRNA up to site B,g (7, 64). This reaction
generates the 5’ end of the major form of 5.8S rRNA, the 5.8Sq
rRNA. Accordingly, 5'-extended forms of 5.8S rRNA accumu-
late in Axrnl single mutants and more drastically in Axrnl
ratl-1 double mutants (64). In wild-type cells, 5.85; rRNA,
which is 7 to 8 nucleotides longer than 5.8Sg, appears before
5.855 rRNA. However, the synthesis of both 5.8S rRNA spe-
cies is kinetically delayed in a Axrnl ratl-1 double mutant at
the nonpermissive temperature (64); the reason for this is not
clear, but it could reflect an involvement of Xrnlp and Ratlp
in processing at site B;; . Another still obscure finding is that
the putative RNA helicase Roklp (see below) was isolated as
a multicopy suppressor of the benomyl-hypersensitive pheno-
type of the Avynl mutant strain (164). Xrnlp and Ratlp are
also required for the degradation of several excised pre-rRNA
spacer fragments, namely, the Aj,-A,, D-A,, and A,-A; frag-
ments (140, 166). The accumulation of these spacer fragments
is in agreement with endonucleolytic processing at sites A, A,
D, A,, and A, (2, 32, 42, 64, 158, 192). Moreover, both Xrnlp
and Ratlp, in conjunction with Rntlp, are involved in the
posttranscriptional processing of snoRNAs (such as snR190,
U14, U18, U24, and several others) from larger precursors (30,
140, 144, 196).

Formation of the 3’ end of 5.8S rRNA from its 7S precursor
occurs via a 3'—=5" exonucleolytic processing mechanism (127),
which involves a protein complex called the exosome (126).
This complex is composed of at least three 3'—5" exonucleases
(Rrp4p, Rrp41p/Ski6p, and Rrp44p) and eight putative 3'—5’
exonucleases (Csl4p, Mtr3p, Rrp40p, Rrp42p, Rrp43p,
Rrp45p, Rrp46p, and Rrp6p) (5, 126). The modes of action of
the three 3’—5' exonucleases are distinct: Rrp4p acts by a
hydrolytic mechanism and has distributive activity, whereas
Rrp41p and Rrp44p have processive activities and act by a
phosphorylytic or a hydrolytic mechanism, respectively (126).
Mutation in or depletion of most of the exosome components
impairs synthesis of 5.8S rRNA, and it leads to the accumula-
tion of 3'-extended forms of the 5.8S rRNA, which may extend
up to the 3’ end of the 7S pre-rRNA at site C, (extension of
around 140 nucleotides) (5, 126). Mutations in RRP6 (Rrp6p is
homologous to the 3'—=5" exo-RNase RNase D from E. coli)
result in the accumulation of a distinct 5.8S rRNA processing
intermediate, termed 5.8S*, that has a normal 5’ end but re-
tains about 30 nucleotides of ITS2 (22). Interestingly, this
intermediate is quite similar to that detected upon mutation of
the RNase P RNA (see above) (28). The exosome seems to be
assisted by the putative RNA helicase Doblp/Mtrdp (see be-
low), since mutation in DOBI or depletion of Doblp and
exosome components leads to a similar accumulation of the 7S
pre-TRNA and depletion of the mature 5.8S rRNAs (42).
Moreover, the slow-growth phenotype of the rrp4-1 mutant is
synthetically enhanced by the dobl-I mutation, which is in
support of a functional interaction between the exosome and
Doblp (42). The exosome, together with Ski2p, which is the
cytoplasmic homolog of Doblp, is also required for the 3'—5’
degradation of cytoplasmic mRNAs (73). Therefore, the exo-
some may be involved in the degradation of nuclear RNA
substrates other than the 7S pre-rRNA and even a role in
nuclear poly(A)" RNA turnover can be envisaged. Indeed,
depletion of Doblp or exosome components leads to the ac-
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cumulation of the 5'-A, spacer fragment (42), which is the only
spacer fragment degraded in a 3'—5" direction. However, the
specific contribution of the different exosome components to
the 3'—5" exonucleolytic trimming of the 7S pre-rRNA, the
5'-A, spacer fragment, and other possible RNA substrates
remains to be determined. It is even likely that not all of the
exosome’s exonucleases are simultaneously involved in the
degradation of the same RNA substrate.

As mentioned in the Introduction, the pre-5S rRNA only
needs to be processed at its 3’ end. Piper et al. proposed that
the 3" end of mature 5S rRNA is generated by a single endo-
nucleolytic cleavage, which requires the product of the RNAS2
gene (141). In a pulse-chase labeling experiment, rna82-1 mu-
tant cells initially accumulate mainly the pre-5S rRNA, from
which the additional nucleotides are then slowly removed by a
3'—5" exonucleolytic mechanism to yield 5S rRNA species that
are mostly only up to 3 nucleotides longer than in wild-type
cells (141). A more recent study, however, disagrees with the
above findings and rather supports a model in which 3’-end
maturation of pre-5S rRNA relies exclusively on a 3'—=5" exo-
nucleolytic activity, which simply trims the pre-5S rRNA to the
mature form (112). In this model, the exonuclease activity is
primarily blocked by a secondary structure (helix I) formed
between the interacting 5" and 3’ ends of the mature 5S rRNA.
Association of the 5S rRNA with the 5S rRNA-binding protein
Rpl5p, which results in the formation of the stable Rpl5p-5S
RNP complex, appears not to directly influence the maturation
process but rather seems to protect the 5S rRNA from degra-
dation by other nucleases (43, 112).

PUTATIVE ATP-DEPENDENT RNA HELICASES

The largest class of tfrans-acting factors involved in ribosome
biogenesis contains the RNA helicases of the DEAD-box and
related families. These protein families are defined by several
evolutionarily conserved motifs, and their members are in-
volved in various RNA metabolic processes, including pre-
mRNA splicing, translation initiation, RNA degradation, and
ribosome biogenesis (40). Many of these proteins possess an
RNA-dependent ATPase activity, which is sometimes only
stimulated by specific RNA substrates (56, 134). Since an ATP-
dependent RNA helicase activity could only be shown for a few
of them (discussed in reference 71), they are collectively re-
ferred to as putative ATP-dependent RNA helicases. How-
ever, it is generally believed that putative RNA helicases act as
ATP-dependent modulators of RNA structure (40).

Different functions can be envisaged for putative RNA he-
licases in ribosome biogenesis. (i) An RNA-unwinding activity
could be required to establish and/or dissociate snoRNA—pre-
rRNA base pairings, which are, in most cases, mutually exclu-
sive with respect to the final folding of the rRNA in the mature
ribosome. (ii) Putative RNA helicases may functionally assist
endo- and exonucleases by rendering their substrates accessi-
ble for the processing reactions. (iii) Finally, they may recruit,
rearrange, or dissociate frans-acting factors and r-proteins
within preribosomal particles during the processing and assem-
bly reactions by modulating specific intramolecular rRNA,
rRNA-protein, or even protein-protein interactions. In the ab-
sence of such a putative RNA helicase, the lack or retardation
of the required structural changes may lead to an abortive
assembly, which can entail either disassembly of preribosomal
particles and destabilization of pre-rRNA intermediates or
accumulation of preribosomal particles and stabilization of
pre-TRNA intermediates.

To date, 16 putative RNA helicases have been directly im-
plicated in ribosome biogenesis in S. cerevisiae (40). Seven of
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them, Dbp4p (81), Dbp8p (37), Dhrlp (96), Dhr2p (96), Fallp
(89), Roklp (191), and Rrp3p (133), are required for the early
pre-TRNA cleavages at sites A, to A,. Depletion of these
putative RNA helicases leads to similar pre-RNA processing
defects, even though these proteins carry out nonredundant
functions. Therefore, it is likely that not all of them directly
assist the cleavage reactions. The observed pre-rRNA process-
ing phenotypes may also be the indirect consequence of de-
fective assembly of an early preribosomal particle on the path-
way to 40S ribosomal subunit formation. Unfortunately, data
giving an indication of the functional environment of Dbp8p,
Dhrlp, Dhr2p, Fallp, or Rrp3p are still lacking. On the other
hand, genetic observations suggest a functional interaction be-
tween Roklp and both snR10 and Garlp (191) and between
Dbp4p and snoRNA U14 (114). However, there is no evidence
for stable physical interactions between these putative RNA
helicases and snoRNAs (81, 191) and they therefore probably
associate only transiently. Recombinant Rrp3p (cited in refer-
ence 133) and Roklp display ATPase activity in vitro (136,
143), and recombinant Dbp4p binds nonspecifically to RNA
and has an intrinsic ATPase activity that is not stimulated by
the addition of U14, 18S rRNA, or total RNA (81).

Nine putative RNA helicases act at different steps during the
biogenesis of 60S ribosomal subunits. The nonessential Dbp3p
is required for efficient pre-rRNA processing at site A5 (198).
This site is located 5 nucleotides downstream of a proposed
stable stem-loop structure (4, 205); thus, Dbp3p could be in-
volved in the local unwinding of this structure, thereby facili-
tating the assembly of the RNase MRP complex at site A,
(198). Strains in which Doblp/Mtrdp is defective have pre-
rRNA processing defects that are similar to those of exosome
mutants (see above) (42, 126), and the specific inhibition of the
3'—5" exonucleolytic processing of the 7S pre-rRNA to mature
5.8S rRNA is most likely responsible for the underaccumula-
tion of 60S ribosomal subunits in dobl mutants. Given that
Doblp/Mtrdp does not tightly associate with the exosome, it
may act as a cofactor that prevents stalling of the exosome by
unwinding secondary structures (42, 172). The remaining seven
putative RNA helicases are likely to be required for early,
intermediate, or late structural rearrangement reactions within
preribosomal particles that are mainly necessary for the for-
mation of 60S ribosomal subunits. The pre-rRNA processing
phenotypes observed upon depletion of Dbp6p and Dbp9p
(instability of 35S pre-rRNA-derived processing intermediates
and/or decreased formation and steady-state levels of 27SB
precursors) suggest that these two proteins are essential for
assembly reactions that occur within early preribosomal parti-
cles (36, 88). Moreover, dbp6 dbp9 double mutants are syn-
thetically lethal and the slow-growth phenotype of some dbp6
mutants is exclusively suppressed by overexpression of Dbp9p
(36). The nonessential Dbp7p (38), whose deletion confers a
strong slow-growth phenotype, and Mak5p (206) most likely
act downstream of Dbp6p and Dbp9p. Absence of Dbp7p or
depletion of Mak5p results in a weaker decrease in 27SB pre-
rRNA levels and in delayed conversion of the 27SA, pre-
rRNA to 27SB species. In contrast to the above phenotypes,
depletion of Spb4p and Dbp10p leads to the accumulation of
27SB pre-rRNAs within 66S preribosomal particles (23, 41).
The delayed conversion of 27SB species to mature 25S rRNA
is more drastic in the absence of Spb4p; therefore, Spb4p may
be responsible for structural rearrangements that facilitate
cleavage at site C, or C,. The role of Drslp in the biogenesis
of 60S ribosomal subunits is less clear, and it was only shown
that formation of 25S rRNA is impaired in the cold-sensitive
drsI-1 mutant (148). To characterize the functional environ-
ment of Drslp, a genetic screen for synthetic lethality with drs/
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alleles was carried out; this screen identified an essential nu-
cleolar protein that is homologous to pescadillo, which is an
essential gene for embryonic development in zebrafish (3, 149).

In contrast to the 16 putative RNA helicases described
above, the involvement of the putative RNA helicase Senlp in
ribosome biogenesis is most likely indirect. Senlp seems to be
involved in pre-rRNA processing, since a mutation in SEN/
leads to delayed 35S pre-rRNA processing (186); however, the
same mutation also affects the levels of intronic pre-tRNAs,
snRNAs, and snoRNAs and furthermore leads to the mislo-
calization of several nucleolar proteins (185, 186). In addition,
Senlp has been reported to interact with both H/ACA- and
C/D-box snoRNAs (186) and to be required for snoRNA mat-
uration and stability (145).

FACTORS INVOLVED IN RIBOSOME ASSEMBLY?

The course of the assembly of the different r-proteins into
preribosomal particles has been studied mainly by monitoring
the kinetics of incorporation of individual r-proteins into cy-
toplasmic and nuclear ribosomal particles after pulse-labeling
of yeast protoplasts with tritiated amino acids (93). These
experiments indicate that a large number of r-proteins associ-
ate with the nucleolar preribosomes at early steps in ribosome
maturation, whereas others assemble at later steps or are even
only added in the cytoplasm (Fig. 2 and its legend) (93). It has
also been shown that three large-subunit r-proteins on mature
60S subunits can exchange in vivo, and the exchangeability of
Rpl10p/Qsrlp, in particular, which is required for 60S to 40S
subunit joining, suggests the possibility of an additional trans-
lational regulatory mechanism (46, 209). Due to the lack of in
vitro reconstitution assays for eukaryotic ribosomes, the above-
mentioned studies could only be complemented by approaches
that examined the abilities of the different r-proteins to either
bind to pre-rRNA molecules in vitro (204) or dissociate from
purified ribosomal particles by increasing concentration of ions
(52, 106). The affinity of r-proteins for pre-rRNAs and the
release of r-proteins by increasing concentration of ions are in
general agreement with the order of their association with the
preribosomal particles during in vivo ribosomal subunit assem-
bly. However, the precise order of the assembly of the different
r-proteins into preribosomal particles has not yet been un-
veiled. The roles of the protein trans-acting factors involved in
ribosome assembly are even less clear. Moreover, it is often
difficult to exclusively attribute an assembly function to a pro-
tein trans-acting factor, since ribosome assembly and pre-
rRNA processing are intimately linked. Indeed, mutation in or
depletion of r-proteins generally leads to a pre-rRNA process-
ing phenotype (12, 128, 195). Therefore, we expect that some
of the above-mentioned protein trans-acting factors also con-
tribute in one way or another to ribosome assembly. In this
section, we describe the protein trans-acting factors that could
function mainly in promoting structural rearrangement reac-
tions during the assembly of the preribosomal particles.

The function of only one protein trans-acting factor, Rrp7p,
has so far been linked to the process of 40S ribosomal subunit
assembly (Fig. 2). Depletion of Rrp7p leads to general inhibi-
tion of the early pre-rRNA cleavage reactions at A, to A,, with
the A, site being the most affected. This results in a reduction
of 18S rRNA synthesis and in a decreased ratio of 40S to 60S
ribosomal subunits (12). Interestingly, the lethality of the Arrp7
allele is suppressed by overexpression of the nearly identical
proteins Rps27Ap and Rps27Bp (12), which belong to a small
group of 40S subunit r-proteins that assemble late into pre-40S
ribosomal particles (Fig. 2) (93). This suggests that Rrp7p is
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required for the correct assembly of Rps27A/Bp into pre-40S
ribosomal particles (12).

Mutation in or depletion of protein frans-acting factors in-
volved in the assembly of 60S ribosomal subunits often leads to
an abortive assembly, which can either entail disassembly of
pre-60S ribosomal particles and destabilization of pre-rRNA
intermediates or accumulation of pre-60S ribosomal particles
and stabilization of pre-rRNA intermediates. Disassembly of
pre-60S ribosomal particles is thought to occur when the in-
tegrity of early-acting factors is affected, whereas accumulation
of pre-rRNA intermediates can be attributed to the disfunc-
tionality of late-acting factors (discussed in references 38, 41,
and 88). In addition, it is conceivable that some late assembly
events are also critical for the formation of stable pre-60S
ribosomal particles or mature 60S ribosomal subunits. Deple-
tion of Nop4p, Nop8p, and the putative RNA helicases Dbp6p
and Dbp9p leads to decreased formation and steady-state lev-
els of 27S pre-rRNAs (15, 36, 88, 170, 207). According to the
above model, these protein trans-acting factors are supposed to
act very early in the pathway of 60S ribosomal subunit assem-
bly (Fig. 2). In agreement with a role of Dbp6p in early assem-
bly events, two independent rpl3 mutants were identified in a
synthetic lethal screen with conditional dbp6 alleles (91). RPL3
encodes the L3 r-protein of the large ribosomal subunit, which
has been shown to belong to a group of r-proteins that asso-
ciate early with preribosomal particles (Fig. 2) (93). Two fur-
ther putative RNA helicases, Dbp7p and MakS5p, are most
likely required for early assembly reactions downstream of
Nop4p, Nop8p, Dbp6p, and Dbp9p (38, 206). In contrast, de-
pletion of the putative RNA helicases Spb4p and Dbp10p leads
to the accumulation of 27S pre-rRNAs within 66S preriboso-
mal particles (23, 41). This is in agreement with their involve-
ment in late assembly events. Delayed conversion of 27SB
pre-rRNAs to mature 25S rRNAs and increased steady-state
levels of 27SB pre-rRNAs are also seen upon depletion of
Nip7p (208). Nip7p seems to be a multifunctional protein,
since it is localized in the nucleus with nucleolar enrichment
and in the cytoplasm, where it is associated with free 60S
ribosomal subunits (208). Nip7p interacts with both the exclu-
sively nucleolar protein Nop8p and the exosome component
Rrp43p, and intriguingly, depletion of either of these proteins
leads to pre-rRNA processing phenotypes that are clearly dis-
tinct from that observed upon depletion of Nip7p (126, 207).
The ski6-2 mutation in another exosome component, Rrp41p/
Ski6p, leads to the accumulation of a 38S particle containing
5'-truncated 25S rRNA but no 5.8S rRNA; otherwise, this
mutant has normal amounts of 40S and 60S ribosomal subunits
(14). This 38S particle corresponds either to an incompletely
assembled or, more likely, to a partially degraded 60S ribo-
somal subunit. The latter origin of the 38S particle could be
explained by deficient cytoplasmic turnover of “old” 60S ribo-
somal subunits due to the decreased 3'—5" exonuclease activ-
ity of Ski6-2p.

The nonessential gene RSAI was identified in a genetic
screen for synthetic lethality with dbp6 alleles (90). In the Arsal
mutant, half-mer polysomes accumulate even though the pool
of free 60S ribosomal subunits is only moderately decreased.
This phenotype is similar to that observed in mutants defective
in 60S to 40S subunit joining (50, 51). The presence of Rpl10p/
Qsrlp in 60S ribosomal subunits is necessary for 60S to 40S
subunit joining to occur (51). Accordingly, Rpl10p/Qsrlp is
practically absent from free 60S ribosomal subunits in Arsal
mutant strains (90). Moreover, combination of the Arsal and
gsrl-1 mutations leads to a strong synthetic growth inhibition
(90). Taken together, Rsalp is likely to be involved in a late
step of pre-60S ribosomal subunit assembly that is required for
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efficient recruitment of Rpl10p/Qsrlp. Sqtlp is a cytoplasmic
protein containing multiple WD repeats that interacts strongly
with Rpl10p/Qsrlp in a yeast two-hybrid system. Moreover,
overexpression of Sqtlp suppresses the slow-growth phenotype
of dominant negative gsr! truncation mutants (50). Depletion
of Sqtlp results in the formation of half-mer polysomes and
decreased levels of Rpl10p/Qsrlp on free 60S ribosomal sub-
units (50). A likely explanation is that Sqtlp is involved in the
assembly of Rpl10p/Qsrlp into 60S ribosomal subunits late in
the assembly pathway. The function of Nmd3p is also geneti-
cally linked to Rpl10p/Qsrlp because dominant NMD3 mu-
tants suppress the growth defect of a temperature-sensitive
mutation in RPLI10/QSRI (77). Nmd3p is a cytoplasmic protein
that sediments at the position of free 60S ribosomal subunits in
sucrose gradients (67). Interestingly, the mature 25S rRNA is
rapidly degraded in nmd3 mutant strains, as evidenced by
pulse-chase analysis, which suggests that Nmd3p is required for
the formation of stable 60S ribosomal subunits (67). The sta-
bility of 60S ribosomal subunits is also affected in strains de-
pleted of RplSp, which assembles as the Rpl5p-5S RNP early
into pre-60S ribosomal subunits (43).

UNCLASSIFIED PROTEIN trans-ACTING FACTORS

Rrp5p is perhaps one of the most interesting frans-acting
factors belonging to this class. RrpSp was identified in a screen
for mutations showing synthetic lethality with the Asnri0 allele.
Rrp5p is the only factor that is simultaneously required for
pre-TRNA processing at sites Ay, A;, A,, and A; (194) and
therefore for the synthesis of both the mature 18S and 5.8Sg
rRNAs (194). Rrp5p is a large nucleolar protein composed of
a modular structure of two different kinds of repeats. The
N-terminal two-thirds of the protein contains 12 repeats of the
so-called S1 RNA-binding motif (S1-RM), while the C-termi-
nal part contains seven tetratricopeptide repeats (TPRs) (53,
179). S1-RM is most probably involved in the binding of single-
stranded regions in the rRNA (24). The TPR motif is a de-
generate sequence of 34 amino acids which can mediate inter-
and intramolecular protein-protein interactions (104). Large
portions of the SI-RM repeats and a short C-terminal frag-
ment containing two TPRs can be individually deleted without
dramatically affecting cell growth (53), suggesting some sort of
functional redundancy among the repeats. Deletions in the
S1-RM region specifically inhibit processing at site As; there-
fore, this region of Rrp5p is required for the synthesis of 5.8Sg
rRNA (53). Mutations or deletions in the TPRs affect pre-
rRNA processing at sites A, A;, and A,, which leads to inhi-
bition of 18S rRNA synthesis (53, 179). Most importantly,
Rrp5p can be physically divided into two fragments that act in
trans to functionally replace the integral protein (53, 179). One
fragment contains most of the SI-RM repeats, and the other
covers the rest of the protein. Thus, both mutational analysis
and trans-complementation nicely demonstrate that the two
domains of Rrp5p carry out two distinct functions. This sup-
ports a model in which Rrp5p acts as the “bridging factor”
between the machineries required for A, to A, (snoRNP com-
plexes) and A; processing (RNase MRP complex) (173). So
far, genetic analyses have shown a functional interaction be-
tween RrpSp and some snoRNP components (snR10 and
Rokl1p) (53, 179, 194), but such an interaction with the RNase
MRP complex still remains to be uncovered.

Two factors, Nop3p and Nsrlp, might mediate nucleocyto-
plasmic traffic of ribosomal components, although direct ex-
perimental evidence for such an involvement is still lacking.
Nop3p (also Npl3p) is an essential nuclear (and nucleolar)
member of the GAR domain protein family (150). In addition
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to its GAR domain, which is present in the C-terminal part of
the protein, Nop3p contains two central RRMs (150). A more
recent study indicates that Nop3p shuttles between the nucleus
and the cytoplasm (107); however, the observed steady-state
nuclear localization indicates that it must be rapidly reim-
ported. In cells depleted of Nop3p, 27SB pre-rRNA processing
is impaired and 27SB pre-rRNAs accumulate (150). In addi-
tion, nop3 mutants accumulate poly(A)™ RNA in the nucleus
(107, 163). Therefore, it has been suggested that Nop3p acts as
a carrier for poly(A)" RNA export from the nucleus (107).
Experimental evidence also suggests that Nop3p has an indi-
rect role in protein uptake into the nucleus (19, 163). Taken
together, the pre-rRNA processing defects observed upon
Nop3p depletion can be explained in a model in which Nop3p
is involved in nucleocytoplasmic transport of pre-60S ribo-
somes; however, the possibility cannot be excluded that Nop3p
is required for the nuclear import of any r-protein or protein
trans-acting factor. Nsrlp is a nucleolar protein that is struc-
turally and functionally similar to mammalian nucleolin (110).
Nucleolin is a major nucleolar protein that shuttles between
the nucleus and the cytoplasm, recognizes nuclear localization
signals, and participates in many processes involving RNA,
including pre-rRNA processing (60, 110, 183). Like Nop3p,
Nsrlp contains two central RRMs and a C-terminal GAR
domain. The N-terminal part consists of a lysine-rich region
followed by serine-rich segments and stretches enriched in
acidic amino acids (85). Nsr1p is not essential for cell viability,
but Ansrl cells are severely affected in growth (85, 110). In
addition, due to delayed A, -to-A, pre-rRNA processing, the
Ansrl mutation results in reduced steady-state levels of 20S
pre-rRNA and mature 18S rRNA and therefore in a deficiency
of 40S relative to 60S ribosomal subunits (85, 111). As for
Nop3p, the precise role of Nsrlp in ribosome biogenesis is
unknown; Nsrlp either plays a direct role in pre-rRNA pro-
cessing and/or ribosome assembly or participates in the import
of an r-protein or another component required in the above-
described processes (111).

Miscellaneous protein trans-acting factors such as Rrplp
(55) and Srdlp (65) have been identified genetically, whereas
others were obtained by specific genetic screens that yielded
classes of mutants which preferentially affect ribosome biogen-
esis; these classes include the drs, spb, and mak mutants (137,
147, 151). The drs (deficiency of ribosomal subunits) group was
isolated by screening of a collection of cold-sensitive mutants
for altered ratios of free 40S to 60S ribosomal subunits or
qualitative changes in polysome profiles (147). The drs mutants
were grouped into seven complementation groups, two affect-
ing 60S ribosomal subunit production and five affecting 40S
ribosomal subunit synthesis (147). Two DRS genes have been
identified so far: DRSI encodes a putative RNA helicase (see
above) (148), and DRS2 encodes a plasma membrane ATPase
whose function in ribosome biogenesis is unknown (147, 161).
The spb mutants are extragenic suppressors of a mutation in
PABI, which encodes poly(A)™ binding protein 1 (151). Except
for spb8 (17) and pbpl (121), all described spb mutations in-
terfere with synthesis of 60S ribosomal subunits (151). Spb2p is
Rpl39p (152), Spblp is a candidate rRNA methyltransferase
(see above) (92), and Spb4p is a putative RNA helicase (see
above) (41, 152). About 30 different mak complementation
groups were identified as mutations that lead to loss of the M1
double-stranded RNA virus encoding the killer toxin (199).
Like the spb mutants, most mak mutants are affected in the
biogenesis of 60S ribosomal subunits and no mak mutants have
been identified that are deficient in 40S ribosomal subunits (49,
137, 199). Some MAK genes encode r-proteins (i.e., Rpl3p,
Rpl8Ap, and Rpl42Ap), while MakSp, a putative RNA heli-
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case (see above), and Mak21p are involved in the biogenesis of
60S ribosomal subunits (49, 206). Further studies are required
to reveal how qualitative and quantitative alterations of 60S
ribosomal subunits can specifically rescue a pab! mutation or
impede the propagation of M1 double-stranded RNA viruses.

CONCLUDING REMARKS AND PERSPECTIVES

Yeast molecular genetics has been a valuable tool for the
identification and characterization of a large number of pro-
tein trans-acting factors involved in eukaryotic ribosome bio-
genesis. However, we still do not understand the precise func-
tions of most of them and it is likely that many more protein
trans-acting factors play a role in this complex process. There-
fore, different biochemical and genetic methods, including the
systematic functional analysis of yeast open reading frames,
have to be exploited in order first to identify all of the protein
trans-acting factors that are directly involved in ribosome bio-
genesis and second to reveal the network of physical interac-
tions among the protein frans-acting factors themselves and
their interactions with r-proteins and/or pre-rRNAs. This
knowledge is a prerequisite for tackling the challenge of un-
derstanding the timing of the action and the substrate speci-
ficity of the different protein frans-acting factors during the
pre-TRNA processing and ribosome assembly reactions. These
efforts should allow us to eventually draw a more detailed
picture of the assembly of the different r-proteins and the
pre-TRNAs into preribosomes and their maturation to export-
and translation-competent ribosomal subunits.
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