PERSPECTIVE

The daunting task of modifying ribosomal RNA
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One of the most basic tasks of every cell is the synthesis
of ribosomes, yet the processis so complex thatwe are only
beginning to comprehend it. In human cells, the final prod-
uct contains four RNAs and 79 proteins forming a large
ribonucleoprotein, the ribosome. About twice as many fac-
tors are involved in assembly of these protein synthesizing
machines. Additionally, some 200 small nucleolar ribonu-
cleoproteins (snoRNPs) function in the modification of pre-
ribosomal RNA (pre-rRNA) at a similar number of
ribonucleotides. Modification is essential for proper func-
tion and biogenesis of ribosomes (Decatur and Fournier
2002; Sloan et al. 2016). While abrogation of individual
modifications has little to no measurable effects, removal
of a combination of modifications or of all causes severe
to lethal effects. Modifications mostly cluster around the
functional centers of the ribosome, and some modifica-
tions are important for ribosome assembly. The subject of
this perspective is to raise awareness to how modification
at so many sites can be achieved while the pre-rRNA is be-
ing processed, folded and refolded, and assembled with ri-
bosomal proteins to yield the preribosomal subunits in the
nucleolus (BaBler and Hurt 2019). This is not a comprehen-
sive review but a simplification of complex issues providing
access to the general reader.

This perspective exclusively concentrates on mammalian
snoRNP-mediated RNA modification, which accounts for
95% of all 228 modified residues in human rRNA (Taoka
et al. 2018). There are two kinds of snoRNPs: box H/ACA
for pseudouridylation and box C/D for 2’-O-methylation
(Fig. 1A). Each snoRNP contains a short 60-150 nt-long
H/ACA or C/D RNA, which base-pairs with 8 to 20 nt flank-
ing (H/ACA) or overlapping with (C/D) their target nucleo-
tides. In addition to the pseudouridine synthase and
methyltransferase for the respective box H/ACA and box
C/D snoRNPs, each snoRNP has three other core proteins
that comprise the ribonucleoprotein. The snoRNAs guide
the enzymes of the RNPs to their specific nucleotide for
modification by site-directed base-pairing (Fig. 1A). As
most snoRNAs can target two sites in target RNAs (Fig.
1A), they potentially guide modification at two nucleotides
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(Kiss 2001). Additionally, the occasional snoRNP is not in-
volved in modification, but functions in chaperoning pre-
rRNA folding, as most prominently documented by the
U3 C/D snoRNP and the U17/snR30 H/ACA snoRNP
(Dragon et al. 2002; Fayet-Lebaron et al. 2009). If and
how many modification-guide snoRNPs function in similar
roles is not known.

Pre-rRNAs are modified while in their nascent state when
they emerge from RNA polymerase |, that is, cotranscrip-
tionally (Fig. 1B). Using pulse-chase labeling with "*C-me-
thionine to monitor rRNA methylation in Hela cells, the
incorporation into 45S pre-rRNA was originally document-
ed (Greenberg and Penman 1966). Using more precise
pulse labeling of yeast pre-rRNA combined with mathe-
matical modeling (Ko§ and Tollervey 2010), or by
RiboMeth-seq analysis of chromatin-associated RNA
(Birkedal et al. 2015), cotranscriptional methylation of
pre-rRNA was confirmed. Importantly, modification-guide
snoRNPs are rarely detected in the cryo-EM structures of
preribosomes, suggesting that they have already left after
completing their task and before assembly of the earliest
defined pre-60S and pre-40S intermediates, for example,
in nucleolar pre-60S particles (Kater et al. 2017; Sanghai
etal. 2018; Zhou et al. 2019). Consequently, each nascent
pre-rRNA needs to be sampled by some 100-200 snoRNPs
for base-pairing to complementary sites.

Modification of human RNA must be efficient and fast.
Human rRNA is transcribed as a 13 kb (47S) precursor,
from which the 18S, 5.8S, and 28S mature rRNAs are pro-
cessed. Although modification occurs cotranscriptionally,
only the segments destined for mature ribosomes are mod-
ified (Fig. 1C). RNA polymerase | transcribes rDNA at a rate
of about 95 nt per second (Dundr et al. 2002).
Consequently, it takes about 2 min and 20 sec to transcribe
the entire 47S pre-rRNA, but only 1 minand 15 sec to cover
the 18S, 5.8S, and 28S rRNA segments. Given that these
segments together incorporate about 200 modifications,
each modification must occur on average in a fraction of a
second, thatis, in 0.37 sec. During that fraction of a second,
each one of the 100-200 snoRNPs must sample the entire
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FIGURE 1. (A) Pre-rRNA (blue) hybridizes with H/ACA snoRNAs to
isomerize uridine (U) to pseudouridine (¥, red) and with C/D
snoRNAs to methylate ribose at the 2'-position (CH3, red). (B) Pre-
rRNA is modified while transcribed by RNA polymerase | (Pol I). (C)
Only segments incorporated into mature ribosomes are modified
(sites are represented by s, red). But how does each snoRNA find
its target? (D) Some snoRNA-guided modifications occur in double-
stranded regions of mature rRNA (1) and next to each other (2 and
3) presenting potential clashes of two hybrids (circled red). (E)
Transcribing Pol | forms trains on rDNA genes, from which nascent
pre-rRNAs emerge in a Christmas tree—like fashion on electron micro-
scope grids. This occurs in the dense fibrillar component (DFC) of the
nucleolus enveloped in a cloud of snoRNPs looking for target nucleo-
tides to modify and rendering the DFC akin to a beehive.

pre-rRNA, base-pair with it, modify the target nucleotide,
and release the pre-rRNA. As rRNA is modified to near
completion at most sites (Birkedal et al. 2015; Taoka et al.
2018), modification needs to be continuously monitored
and validated or sampling and catalysis must be incredibly
efficient.

The problem is complicated by the fact that there appears
tobe an orderto modification (Fig. 1D). Although the cognate
guide RNAs for their target nucleotide often lack experimen-
tal validation, regions of snoRNA—pre-rRNA hybridization
overlap between individual snoRNAs in some 40% of instanc-
es(Fig. 1D, #2 and #3; Lestrade and Weber 2006), necessitat-
ing sequential modification by those guide RNAs. However,
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the order of modification is anybody’s guess. Additionally,
modified rRNA nucleotides often reside in double-stranded
regions of the folded product (Fig. 1D, #1), requiring the mod-
ificationsto occurbefore folding pre-rRNAin this region to the
mature rRNA (Smith and Steitz 1997).

Further increasing the complexity, some 100 RNA poly-
merase | enzymes form trains on rDNA genes and produce
an equal number of nascent pre-rRNA transcripts side-by-
side (Fig. 1E). These transcripts have been famously visual-
ized as “Christmas trees” on electron microscopy grids
(Miller and Beatty 1969). Every one of these neighboring
pre-rRNAs needs to be modified by 100-200 individual
snoRNPs, that is, minimally 100-200, but potentially up to
20,000 snoRNPs per rDNA gene locus. Considering that at
least 100 rDNA genes are being transcribed simultaneously,
the required snoRNP number could increase to 2,000,000,
equating to an average of 10,000-20,000 molecules for
each individual snoRNA, which is close to that estimated
(Yu et al. 1999; Fafard-Couture et al. 2021). Alternatively, if
only 100-200 individual snoRNPs service all 100 pre-rRNAs
atagiven locus, how isitassured that they all get modified to
the same extent? Is there competition for snoRNPs between
neighboring pre-rRNA transcripts?

The modification of pre-rRNA to near completion at most
sites (Birkedal etal. 2015; Taoka etal. 2018; Marchand etal.
2020) is further confounded by the problem of snoRNA
abundance. The abundance of human snoRNAs that mod-
ify rRNAvaries by orders of magnitude, and all are encoded
in introns of genes. Let us take the example of the DKC1
gene encoding the pseudouridine synthase of H/ACA
RNPs, NAP57/dyskerin (Meier and Blobel 1994; Heiss
et al. 1998). DKC1 harbors SNORA36A and SNORA56 in
itsintrons 8 and 13, respectively. The predicted target sites
of those two H/ACA RNAs in 18S and 28S rRNA are fully
modified in 100% and 97% of rRNAs, respectively (Taoka
et al. 2018). Yet, the abundance of SNORA36A and
SNORAS56 differs by an order of magnitude when averaged
over seven human tissues (Fafard-Couture et al. 2021).

Considering these issues and despite the ubiquitous im-
portance of ribosome synthesis, pre-rRNA modification pos-
es a severe temporal and spatial problem to the cell. For
example, imagine the topological constraints posed by the
"Christmas trees” in three dimensions and when highly com-
pacted (Fig. 1E). All these processes and molecules congre-
gate in the confines of the dense fibrillar component (DFC) of
the nucleolus. Recent evidence suggests that the nucleolus,
like other nuclear and cytoplasmic membrane-less organ-
elles, is formed through phase separation (Feric et al.
2016; Yao et al. 2019; Lafontaine et al. 2021; Wu et al.
2021). Perhaps it is this specialized phase that allows modifi-
cation (including snoRNP movement and pre-rRNA sam-
pling) to occur within a fraction of a second. In other
words, intrinsically disordered regions of snoRNP proteins
may allow for their concentration while permitting rapid
movement.
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Some explanation may be foundin the interaction of bac-
terial sSRNAs with their chaperone Hfq (Roca et al. 2022). In
that case, as perhaps in that of snoRNPs and their targets,
regulation occurs through on-rates and competition with
overlapping hybridization sites. Moreover, different cata-
lytic prowess between individual snoRNPs could explain
the discrepancy between enzyme abundance and degree
of modification. Such differences in catalysis have been ob-
served between H/ACA snoRNPs and between the two
hairpins of the same RNP (Caton et al. 2017; Trucks et al.
2021). Finally, human disease attests to the importance of
these "housekeeping” processes when even minor genetic
or spontaneous mutations that alter modification cause life-
threatening conditions, ribosomopathies (Ruggero and
Shimamura 2014). Obviously, we have our work cut out to
untangle the daunting task of rRNA modification.
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