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A role for SUMOylation in the bio-
genesis and/or function of Box C/D 

snoRNPs has been reported, mediated 
via SUMO2 conjugation to the core 
snoRNP protein, Nop58. A quantita-
tive proteomics screen, based on SILAC 
(stable-isotope labeling by amino acids 
in cell culture) and mass spectrometry 
using extracts prepared from cultured 
mammalian cells expressing either 6His-
SUMO1 or -SUMO2, revealed that 
the snoRNP-related proteins Nop58, 
Nhp2, DKC1 and NOLC1 are amongst 
the main SUMO-modified proteins in 
the nucleolus. SUMOylation of Nhp2 
and endogenous Nop58 was confirmed 
using a combination of in vitro and cell-
based assays and the modified lysines 
identified by site-directed mutagenesis. 
SUMOylation of Nop58 was found to 
be important for high-affinity Box C/D 
snoRNA binding and the localization of 
newly transcribed snoRNAs to the nucle-
olus. Here, these findings are reviewed 
and a model for understanding Nop58 
SUMOylation in the context of Box C/D 
snoRNP biogenesis is presented. Given 
the essential role of snoRNPs in the 
modification of pre-ribosomal RNA, this 
work suggests that SUMO, snoRNPs 
and ribosome assembly, and thus cellu-
lar translation, growth and proliferation, 
may be linked via novel mechanisms 
which warrant further investigation.

Introduction

Many major biological processes, includ-
ing central steps in the gene expression 
pathway, are underpinned by macromolec-
ular complexes that contain both protein 
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and RNA (ribonucleoprotein complexes; 
RNPs). For many RNPs, the biogenesis 
pathways leading to the mature RNP are 
complex and highly regulated. Often, the 
assembly of these complexes occurs in a 
separate cellular compartment to where 
the final function is carried out, possibly 
highlighting the importance of separat-
ing immature RNPs from the interaction 
partners of the mature RNP.

The ribosome is the most abundant 
RNP in cells, and as such its biogen-
esis pathway has been well-studied.1,2 In 
eukaryotic cells, the bulk of ribosome 
assembly occurs in the nucleolus, which 
likely minimizes premature translation of 
nucleoplasmic and cytoplasmic mRNAs. 
The nucleolus is the major subnuclear 
compartment and its primary role is to 
produce the 18S and 28S pre-ribosomal 
RNAs (rRNAs) that are complexed with 
ribosomal proteins prior to the export of 
near-mature 40S and 60S ribosomal sub-
units to the cytoplasm (reviewed in ref. 3). 
Small nucleolar RNPs (snoRNPs) medi-
ate the modification and processing of 
pre-rRNAs. snoRNP-mediated pre-rRNA 
modification is essential for ribosome pro-
duction, translation and cell growth, with 
snoRNPs accounting for ~10% of the 
mass of 90S pre-ribosomal particles and 
depletion of individual snoRNP compo-
nents usually causing lethality in yeast.4-7

The biogenesis of snoRNPs occurs 
mainly in the nucleoplasm and involves a 
number of different, multi-protein com-
plexes. In contrast, the mature snoRNP 
contains a single snoRNA and a specific 
set of four core proteins, which together 
maintain the structure, localization and 
stability of the snoRNA. Several hundred 



www.landesbioscience.com Nucleus 31

 EXTRA VIEW EXTRA VIEW

Namely, the log2 (ratio M/L or H/L) 
value (which is >0 for SUMO substrates), 
“significance” of the ratio value (where 
smaller values indicate more likely SUMO 
substrates) and sequence coverage (higher 
percentages correspond to a higher num-
ber of quantified peptides per protein). 
Using these parameters and excluding 
SUMO1 and 2, we identified 18 and 10 
potential SUMO1 and SUMO2 sub-
strates, respectively, and observed that the 
three best candidates were all snoRNP 
proteins, specifically Nop58, Nhp2 and 
DKC1. The snoRNP transport/assembly 
factor NOLC1 also emerged as a poten-
tial substrate, albeit with lower sequence 
coverage.

Although subsequent character-
ization focused on Nhp2 and Nop58 
SUMOylation, a number of other poten-
tially interesting proteins were identified, 
such as the 3' to 5' exosome component 
EXOSC10 (or Pm/Scl-100), which is 
involved in mRNA degradation, surveil-
lance and export. EXOSC10 also plays 
a role in 5.8S pre-rRNA maturation and 
replication-dependent histone mRNA 
degradation, and predominantly localises 
to the nucleolus and nucleoplasm.20-26 
Furthermore, autoantibodies against 
EXOSC10 are intimately related to the 
severity of disease in patients with sclero-
derma.27,28 A relationship between the 
exosome, the nucleolus and SUMO has 
not previously been discovered.

Another dimension of our analysis 
involved comparing the proteomes of cells 
stably expressing either 6HisSUMO1 or 
2 with the parental HeLa cells, i.e., the 
pulldown “inputs” (Fig. 1). This fourth 
parameter enabled identification of pro-
teins that are either upregulated or stabi-
lized, by the overexpression of exogenous 
His-tagged SUMO. These proteins could 
be either directly modified by SUMO or 
SUMO may instead be involved in an 
upstream pathway that leads to an increase 
in protein levels. For example, FHL1 
was identified in our screen as a puta-
tive SUMO target but also appears to be 
upregulated in 6HisSUMO1-expressing 
cells. FHL1 mediates protein-protein 
interactions important for skeletal muscle 
development and function, and FHL1 
mutations are linked with myopathies.29 
Direct SUMOylation of a FHL1 isoform 

observation that SENP3 and SENP5 
localise to the nucleolus11-13 suggests that 
a subset of nucleolar proteins may require 
deSUMOylation for proper functioning.

It was known that nucleoli contained 
significant levels of SUMO and consis-
tent with this our quantitative immuno-
fluorescence microscopy analysis revealed 
that ~6% of nuclear SUMO resides in 
the nucleolus in HeLa cells.8 Future work 
will determine if the level of nucleolar 
SUMO varies according to factors such 
as cell type, cell cycle stage, stress or dis-
ease. However, as proteomic analysis has 
shown that over 5,000 proteins can co-
purify with human nucleoli,14 it was hard 
to predict what the most likely nucleolar 
substrates for SUMOylation might be. 
We therefore conducted an unbiased, 
quantitative, MS-based proteomics screen 
for nucleolar SUMOylated proteins.8 To 
do this, we used stable isotope labeled 
nucleolar extracts from HeLa cells stably 
expressing either 6His-tagged SUMO1 
or -SUMO2, and enriched for SUMO-
conjugated proteins by affinity purifica-
tion using Ni2+-NTA resin (Fig. 1).15,16

The advantages of using SILAC-based 
technology combined with affinity purifi-
cation include: (1) the metabolic labeling 
of proteins with different (light, medium 
or heavy; L, M or H) isotopes of arginine 
and lysine is relatively straightforward,  
(2) labeling cultured cells allows samples 
to be mixed prior to lysis, which mini-
mizes experimental variation between 
samples, (3) the screen is unbiased, (4) 
quantitation is accurate because it is based 
on multiple ratios (H/L or M/L) of tryptic 
peptide pairs per protein and (5) the use 
of isotope ratios enables discrimination 
between proteins that bind either specifi-
cally, or non-specifically, to the Ni2+-NTA 
resin (refer to ref. 17 and 18 for discussion 
of SILAC-based pulldown experiments).

A particular challenge of SILAC-based 
quantitative proteomics is the interpreta-
tion of the unavoidably large, but infor-
mation-rich, datasets. It is important to 
decide on a set of criteria for filtering the 
data to decide which prospective ‘hits’ 
merit downstream functional charac-
terization. We focused on three main 
parameters derived from the MaxQuant19 
analysis of eluate samples to narrow down 
the list of potential SUMO substrates. 

snoRNAs have been identified and classi-
fied according to conserved “Box C/D” or 
“Box H/ACA” motifs.5 The core proteins 
of Box C/D snoRNPs are 15.5K/nhpx, 
Nop58, Nop56 and fibrillarin, whereas 
for Box H/ACA snoRNPs these are 
Nhp2, Gar1, Nop10 and DKC1.4-7 Most 
Box C/D snoRNPs mediate 2'-O-ribose 
methylation (via the methyltransfer-
ase, fibrillarin), and most Box H/ACA 
snoRNPs the pseudouridylation (via the 
pseudouridylase, DKC1) of pre-rRNA. 
The main exception is a subset of Box 
C/D snoRNPs (such as the U3 snoRNP) 
that carry out specific pre-rRNA cleav-
age events.4-7 Although the snoRNP bio-
genesis pathway has been well-studied, a 
role for post-translational modifications 
(PTMs) in this process had not yet been 
identified. Our recent work established 
a role for modification by SUMO (small 
ubiquitin-like modifier) in the biogenesis 
and/or function of human snoRNPs.8 In 
particular, we discovered that Nop58 and 
Nhp2, core proteins of Box C/D and H/
ACA snoRNPs respectively, are targets for 
SUMOylation in the nucleolus.

The Search for Nucleolar SUMO 
Targets using Stable-Isotope 

Labeling by Amino Acids in Cell 
Culture (SILAC)-Based Mass 

Spectrometry (MS)

In human cells, SUMO1 and SUMO2/3 
(with SUMOs 2 and 3 being almost iden-
tical) are ~10 kDa proteins that can be 
covalently attached to lysine residues in 
target proteins, via an enzymatic cascade 
analogous to ubiquitination and involv-
ing ATP, and E1, E2 and E3 enzymes.9 
SUMO2/3 can be linked in chains that 
can be terminated by SUMO1.9 Hundreds 
of SUMO targets have been identified, 
and are implicated in a wide range of cel-
lular processes, including nucleo-cyto-
plasmic transport, transcription and DNA 
repair. The mechanistic consequences of 
SUMOylation for many protein targets 
remain unknown, but in general SUMO 
conjugation affects molecular interactions 
that in turn alter the localization, activ-
ity and/or stability of the target.9 The 
removal of SUMO from a target protein 
is mediated by sentrin-specific proteases 
(SENPs; 1–3 and 5–7 in humans).10 The 
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to the inefficient recycling of assembly 
factors. It remains to be determined if 
an absence of Nhp2 SUMOylation will 
exhibit similar defects in Box H/ACA 
snoRNP biogenesis, or if SUMOylation 
of snoRNP components is important for 
their downstream function in pre-rRNA 
processing.

Mapping Nop58 SUMOylation 
Onto the Box C/D snoRNP  

Biogenesis Pathway

snoRNP biogenesis is highly intricate, 
involving macromolecular complexes that 
mediate specific protein/RNA folding 
and interaction events at a variety of sub-
cellular locations.4-7 It will be important 
to pinpoint when Nop58 SUMOylation 
occurs during Box C/D snoRNP bio-
genesis, and we have developed a model 
(shown in Fig. 2A) that summarizes our 
current understanding of when this might 
occur, based on the following observa-
tions: (A) The majority of SUMOylated 
Nop58 accumulates in the nucleolus,8  
(B) The amount of endogenous 
SUMOylated Nop58 increases after 
siRNA-mediated knockdown of either one 
or both, nucleolar SENPs,8 (C) Nop58 is 
assembled into snoRNPs in the nucleo-
plasm/CBs but can shuttle continually 
between the nucleoplasm and nucleolus,4 
(D) SUMOylation enzymes localise pre-
dominantly to the nucleoplasm (but note 
that a small fraction can be cytoplasmic and 
a role for SUMO in the cytoplasm has been 
established),9,34-36 (E) Nucleolar Nop58 is 
more stable than nucleoplasmic Nop58 
(Boisvert FM, Lamond AI, data not shown) 
and SENP3/5 knockdown increases total 
Nop58 levels,8 and (F) Nop58 may also 
be a target for ubiquitination and protea-
somal degradation, which likely occurs in 

also often preclude the identification of 
functional consequences of SUMOylation 
for a given protein target, especially when 
combined with the challenge of selecting 
the “correct” experiment out of the myriad 
possible experiments that will reveal the 
functional consequence of SUMO con-
jugation. Indeed, initial experiments to 
identify the role of Nop58 SUMOylation 
revealed that it was not important for the 
proper subcellular localization of Nop58 
to Cajal bodies (CBs) and nucleoli, and 
only modestly influenced association with 
one of the other core Box C/D snoRNP 
proteins, fibrillarin. However, we dis-
covered that Nop58 SUMOylation was 
instead important for high-affinity bind-
ing to Box C/D snoRNAs and for the 
accumulation of newly transcribed Box 
C/D snoRNAs in nucleoli.

These novel roles for SUMO conju-
gation were discovered firstly by immu-
noprecipitation of wild-type (WT) and 
non-SUMOylatable (2mut) Nop58-GFP, 
followed by quantitative PCR to show 
that the levels of co-purifying snoRNAs 
(namely U3, U8, U13 and U14) were 
reduced for 2mutNop58-GFP. Secondly, 
we examined the localization of newly 
transcribed U3 snoRNAs using fluores-
cent in situ hybridization (FISH) in cells 
in which most endogenous Nop58 was 
replaced by either WT- or 2mutNop58-
GFP. This revealed that newly transcribed 
snoRNA is not efficiently targeted to the 
nucleolus when the majority of Nop58 
present is not SUMOylated. Instead, these 
snoRNAs remained in nucleoplasmic foci 
that likely correspond to transcription 
sites.33 In these cells, 2mutNop58-GFP 
still exhibited nucleolar localization. We 
suggest that the maturation and asso-
ciation of snoRNAs with core Box C/D 
snoRNP proteins is prevented in the 
absence of Nop58 SUMOylation due 

has been shown, and is important for 
regulating its transcriptional activity.30 
We suggest that SUMOylation may also 
be involved in regulating FHL1 levels and 
that FHL1 may play a role in the nucleolus. 
We also observed a dramatic increase in the 
level of the key tumor suppressor protein 
CDKN2A (also called p14ARF) in cells sta-
bly expressing 6HisSUMO2. CDKN2A is 
known to localise to the nucleolus and pos-
sesses both p53-dependent and -indepen-
dent roles in cell proliferation and growth 
control.31,32 Since CDKN2A is not a likely 
SUMO target, based on both experimen-
tal evidence and sequence analysis, it is 
likely that we may here have uncovered a 
novel pathway that involves SUMOylation 
of upstream targets and leads to increased 
CDKN2A levels.

Focussing on Two of the Novel 
Nucleolar SUMO Substrates: 

Nop58 and Nhp2

Following identification of snoRNP 
proteins as putative SUMO substrates, 
we went on to confirm these modifica-
tions and identify the targeted lysines 
using a variety of different experimen-
tal approaches. These included in vitro 
SUMOylation assays, cell-based trans-
fection assays, primary sequence analysis 
and site-directed mutagenesis. We iden-
tified lysine residues K467 and K497 in 
Nop58, and K5 in Nhp2, as the main 
sites of SUMOylation. Furthermore, we 
were able to detect SUMOylated endog-
enous Nop58 in non-stressed cells in 
the absence of SUMO overexpression. 
This result is important to establish the 
physiological relevance of the modifica-
tion but is often difficult to achieve due 
to non-specific SENP activity following 
cell lysis and the small ratio of modified 
to unmodified substrate. These features 

Figure 1 (See opposite page). Summary of SILAC-based quantitative proteomics screen for nucleolar SUMO targets, illustrating the nature of the dif-
ferent eluate and input ratios that can be obtained following data analysis. Parental HeLa cells (black) and HeLa cells stably expressing either 6HisSU-
MO1 (S1; orange) or 6HisSUMO2 (S2; purple) were grown in media containing isotopically distinct R/K amino acids (light, medium or heavy; L, M or H). 
Equal numbers of cells were combined, input samples taken and nucleoli (white ovals) purified prior to denaturing pulldowns using Ni2+-NTA agarose. 
Mixing cell populations prior to fractionation and protein analysis avoids differential protein extraction from separate samples, which could affect 
quantitation and ensures peptide detection, measurement and comparison is made on samples from the same MS run. Bead eluates and inputs were 
subjected to SDS-PAGE, in-gel trypsin digestion and high-resolution mass spectrometry. Peptide ratios were quantified using MaxQuant (v1.0.13.13).19 
Input proteins have been classified as either “bead contaminants (circles)”, “proteins sensitive to SUMO overexpression (rounded rectangles)” or 
“SUMO targets (stars)”. The possible eluate and input ratios for each class are shown in the bottom two rows of the Figure. Note that proteins that are 
present at higher levels in the input samples because of the overexpression of 6HisSUMO1 or -2 could result in high log2 (eluate ratios), due either to 
direct SUMO modification, or to non-specific interactions with the Ni2+-NTA agarose.
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Figure 2. Schematic models summarising our current understanding of the role of Nop58 post-translational modifications (PTMs) in Box C/D snoRNP 
biogenesis (A), and the steps involved in these modifications on a molecular level (B). (A) The main steps (numbered 1–8) in Box C/D snoRNP biogen-
esis are summarized and their likely subcellular location (cytoplasm, nucleoplasm, Cajal body or nucleolus) indicated. Note that for some steps, the 
precise location requires further characterization. (1) Nop58 is imported into the nucleoplasm and associates with the four core snoRNP proteins (fibril-
larin, 15.5K/nhpx and Nop56; blue) and a Box C/D snoRNA (shown as a stem-loop structure) via the action of a number of assembly/chaperone proteins 
(yellow). (2) During the assembly of the immature Box C/D snoRNP, Nop58 becomes phosphorylated (P) on S502 and SUMOylated (S) on K467 and K497 
(modification sites shown as dark rectangles). SUMO may act as a tag to signal correct snoRNP assembly, with a lack of SUMOylation leading to ubiqui-
tination (Ub) and subsequent proteasomal degradation in the nucleoplasm. (3) The immature snoRNP undergoes final assembly and processing steps 
in Cajal bodies, which in (4), lead to stabilization of the snoRNP38,47 (as indicated by a transition from dotted to solid red lines). (5) Assembly factors 
leave the mature Box C/D snoRNP. (6) The mature snoRNP accumulates in the nucleolus via the action of transport factors such as NOLC1. (7) Enzymes 
such as SENP3/5 deSUMOylate Nop58. It is possible that Nop58 is also dephosphorylated. (8) The mature, nucleolar Box C/D snoRNP participates in 
pre-rRNA processing and will likely undergo degradation in the nucleoplasm. (B) Depiction of the enzymes involved in PTM of Nop58, and the possible 
architecture of the resultant protein molecules. Grey text/arrows represent the reactions/enzymes that are more speculative than those shown in 
black. Nop58 undergoes casein kinase II-mediated phosphorylation of S502, which leads to SUMOylation of K467 and K497. SUMOylation may involve 
the action of E3 SUMO ligases such as SF2/ASF. The resultant Nop58 molecules contain SUMO chains (dots) either on K467 (top) or K497 (middle), or 
both K467 and K497 (bottom). Whilst the chains must contain predominately SUMO2/3, SUMO1 could be present at the end of the SUMO chain, or be 
attached as a single molecule to the other, non-SUMO-chain-conjugated lysine. The heterogeneity of the modified Nop58 populations is not known. 
Finally, deSUMOylation of Nop58 occurs via the action of SENP3/5, and possibly the other, non-nucleolar SENPs (1, 2, 6 or 7).
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is likely that at least one lysine has mul-
tiple SUMOs attached, since at least three 
bands were detected by western blotting 
that correspond to SUMOylated Nop58 
after SENP3/5 depletion and only two 
SUMOylated lysines (K467 and K497) 
exist. Further, we suggest that Nop58 is 
predominantly attached to SUMOs 2/3, 
since only SUMO2/3 can form chains, 
and because SENP3/5 display specific 
isopeptidase activity toward SUMO2/3.10 
Secondly, is the effect of SUMOylation 
on snoRNA binding direct or indirect? 
For example, SUMOylation may change 
the structural conformation of Nop58, or 
provide additional binding interfaces that 
result in an increase in snoRNA binding 
affinity. Alternatively, SUMOylation of 
Nop58 may promote interactions with 
particular assembly factors that are neces-
sary for the snoRNP to adopt the optimal 
structural arrangements for high-affinity 
snoRNA binding. Interestingly, a recent 
report has shown that Hsp90 can stabilize 
SENP3 under mild oxidative stress by pre-
venting its ubiquitination and subsequent 
degradation.42 Given that one function 
of Hsp90 is as a snoRNP assembly fac-
tor,43,44 this report provides another poten-
tial link between snoRNP biogenesis and 
SUMOylation.

Nop58 and SUMO: What are the 
Upstream Regulators?

It will be important to understand 
the pathway of Nop58 SUMOylation 
within a cellular context, particularly if 
it is regulated by factors such as growth 
conditions, cell/tissue type or cell cycle 
stage. It is likely that a relationship exists 
between Nop58 SUMOylation, ribosome 
biogenesis and cellular translation, and 
this might be revealed by investigating 
pre-rRNA processing in cells expressing 
mainly non-SUMOylatable Nop58. The 
phosphorylated S502 in Nop58 is situated 
within a consensus site for casein kinase II 
(CK2),41,45 which is an ubiquitous serine/
threonine kinase with hundreds of cel-
lular substrates, including the nucleolar 
proteins NOLC1 and B23. Both increased 
expression and increased activity of CK2 
have been linked to human cancers.45 
It will be interesting to examine if CK2 
activity regulates Nop58 phosphorylation 

What role might this K/E-rich region play 
in these otherwise unrelated proteins?

We suggest that one feature of this 
charged region is to receive PTMs, which 
in turn regulate the stability and/or func-
tion of the corresponding protein. This 
idea is analogous to the N-terminal tail 
regions of histones, which can be tar-
geted by different combinations of PTM 
machineries. The resultant amino acid 
modifications are able to modulate his-
tone function by affecting protein-protein 
or protein-DNA interactions.40

Alongside our report that Nop58 K467 
and K497 residues are SUMOylated, 
Matic et al. published their findings that 
S502 in Nop58 is phosphorylated and is 
required for efficient SUMOylation of 
K497.41 In addition, we have preliminary 
data suggesting that this region can also be 
ubiquitinated (Westman BJ, Lamond AI, 
data not shown). Indeed, several putative 
SUMOylation consensus site sequences 
can be identified within many of the 
other K/E-rich regions from the proteins 
mentioned above. Follow-up work will 
aim to investigate if these regions are 
modified by SUMO and/or other PTMs. 
However, we expect that only a subset 
of these K/E-rich regions have evolved 
as PTM-target sites, based on our find-
ing that endogenous Nop56 is a poor 
substrate for SUMOylation compared to 
Nop58. Nop56 (another core Box C/D 
snoRNP protein) shares ~40% sequence 
identity with Nop58 and also possesses a 
C-terminal, K/E-rich tail region. It will 
be interesting to determine if the lack of 
Nop56 SUMOylation is directly due to 
the primary sequence of the Nop56 tail, 
or rather due indirectly to features such as 
the position, or interactions, of the Nop56 
tail within the structure of the snoRNP 
that might preclude accessibility by the 
SUMOylation machinery.

Understanding Nop58  
SUMOylation at a Molecular Level

Our work raises many questions about the 
molecular detail of Nop58 SUMOylation 
and its effect on snoRNA binding. Firstly, 
what is the precise architecture of the 
SUMO moieties attached to Nop58, and 
how variable is this arrangement between 
different Nop58 molecules (Fig. 2B)? It 

the nucleoplasm (Belinda J. Westman and 
Angus I. Lamond, data not shown).37

In the model (Fig. 2A), newly trans-
lated Nop58 is rapidly imported into the 
nucleoplasm and accumulates in CBs. 
Nop58 associates with snoRNP assembly 
factors and core Box C/D snoRNP pro-
teins. SUMOylation occurs either in the 
nucleoplasm, or in CBs or both, and pro-
motes interactions with assembly factors 
required for restructuring events support-
ing stable association of snoRNP proteins 
with snoRNAs.38 The mature complex 
subsequently accumulates in the nucleo-
lus, where one or more of the SUMO mol-
ecules are deconjugated from Nop58 by 
SENP3 and/or 5. SUMOylation may act 
as a signalling “tag” for snoRNPs that have 
been assembled correctly, with defects 
preventing SUMOylation and allowing 
the opportunity for Nop58 ubiquitina-
tion and subsequent proteasomal degrada-
tion in the nucleoplasm. This model will 
inevitably be refined as more experiments 
are performed that confirm or disprove 
particular components. For example, the 
ability of Nop58 to be deSUMOylated by 
other SENPs besides the nucleolar SENP3 
and SENP5, such as the nucleoplasmic 
SENP1, 6 or 7,10 may need to be incorpo-
rated into this model.

Is the Highly Charged C-Termi-
nal Nop58 Tail a “Hotspot” for 

Post-translational Modifications 
(PTMs)?

 The SUMOylation sites (K467 and 
K497) are both located towards the 
C-terminus of Nop58, in a “tail” region 
rich in lysine and glutamate residues. 
The biological role of this tail is unclear, 
although it is conserved from yeast to 
human, and a similar tail region is pres-
ent in other snoRNP proteins, includ-
ing Nop56 and DKC1. Furthermore, a 
sequence similarity search for the Nop58 
tail region (aa 436–529) with the BLAST 
(Basic Local Alignment Search Tool) 
program39 reveals that similar K/E-rich 
regions can be identified in other proteins, 
including microtubule-associated protein 
1B, chromatin-assembly factor 1, WD 
repeat containing protein 87, eukaryotic 
translation initiation factor 5B and ubiq-
uitin carboxyl-terminal hydrolase 42. 
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