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Molecular dynamics ensure that 
proteins and other factors reach 

their site of action in a timely and effi-
cient manner. This is essential to the 
formation of molecular complexes, as 
they require an ever-changing frame-
work of specific interactions to facilitate 
a model of self-assembly. Therefore, the 
absence or reduced availability of any key 
component would significantly impair 
complex formation and disrupt all down-
stream molecular networks. Recently, 
we identified a regulatory mechanism 
that modulates protein mobility through 
the inducible expression of a novel fam-
ily of long noncoding RNA. In response 
to diverse environmental stimuli, the 
nucleolar detention pathway (NoDP) 
captures and immobilizes essential cel-
lular factors within the nucleolus away 
from their effector molecules. The vast 
array of putative NoDP targets, includ-
ing DNA (cytosine-5)-methyltransferase 
1 (DNMT1) and the delta catalytic sub-
unit of DNA polymerase (POLD1), sug-
gests that this may be a common and 
significant regulatory mechanism. Here, 
we discuss the implications of this new 
posttranslational strategy for regulating 
molecular networks.

The field of molecular dynamics was born 
nearly 40 years ago through the study of 
lateral mobility within a two-dimensional 
membrane. Early work focused on the 
analysis of cell surface particles and uti-
lized fluorescent dyes to monitor mobility 
during recovery after photobleaching.1-5 
Advances in time-lapse imaging technol-
ogy and the cloning of green fluorescent 
protein6 has allowed scientists to pass 
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through the barrier of the cell membrane, 
with minimal invasiveness and map the 
dynamic properties of intracellular par-
ticles. Historically, most have assumed 
that some level of mobility was necessary 
for molecules to carry out their cellular 
role, i.e., DNA polymerase must traverse 
along the genome to facilitate DNA rep-
lication (Fig. 1A). However, the question 
of how proteins and RNA are present in 
the right place at the right time is not well 
understood.

In both the cytoplasm7-9 and 
nucleus,10-12 biologically active mol-
ecules diffuse throughout their cellular 
compartments in a random, rapid and 
energy-independent manner.11,13-16 Proper 
function of these factors requires the 
formation of complexes with other pro-
tein, RNA and/ or DNA molecules. This 
is believed to be accomplished through 
a stop-and-go scanning mechanism, 
whereby highly mobile particles randomly 
associate and dissociate from other mol-
ecules until transient, high-affinity and 
appropriate interactions can be found.13,14 
Therefore, it appears that the highly cha-
otic and dynamic environment within the 
cell is, ironically, indispensible to generat-
ing order and maintaining proper cellular 
function.

Protein Dynamics as a Site 
of Posttranslational Regulation

This necessity for functional mobil-
ity presents the cell with an interesting 
opportunity to provide another layer of 
posttranslational control. To date the 
focus of posttranslational regulation has 
been on protein modifications through 



© 2012 Landes Bioscience.

Do not distribute.

2060	 Cell Cycle	V olume 11 Issue 11

Subcellular Targeting vs.  
Subcellular Detention

Numerous factors have been shown to 
affect the subcellular distribution of pro-
teins.7,25-31 Those studying these phenom-
ena have used ambiguous terms such as 
targeting, recruitment and sequestration, 
to denote changes in the subcellular local-
ization of molecules in response to envi-
ronmental and cellular stimuli. While 
on the surface, the nucleolar detention 
pathway (NoDP) appears to emulate these 
other forms of subcellular redistribution, 
the term nucleolar “detention” has been 
specifically chosen to convey two funda-
mental distinctions unique to this form of 
localization.

First, live cell photobleaching analysis 
has demonstrated that proteins detained by 
the NoDP are both localized and statically 
immobilized within the nucleolus.21,24 In 
contrast, the more vague terms: targeting, 

a regulator of cancer/stem cell prolifera-
tion, further demonstrated that mobil-
ity can be affected by the GTP binding 
state of a molecule.20 The most dramatic 
display of altered protein dynamics was 
observed for the E3 ubiquitin ligases 
VHL and MDM2.21 Under normal 
physiological conditions, these highly 
dynamic molecules are diffused through-
out the cytoplasm or nucleus, allowing 
them to locate their downstream effec-
tors and target them for proteasomal 
degradation22,23 (Fig. 1A). However, in 
response to diverse stimuli, such as acido-
sis, heat shock and transcriptional stress, 
a novel class of inducible long noncod-
ing RNA expressed from distinct loci 
within the ribosomal intergenic spacer 
(IGS RNA) has been shown to capture 
and immobilize these molecules within 
the nucleolus,21,24 away from their tar-
gets, rendering them functionally inert14 
(Fig. 1B and C).

the addition of chemical/peptide groups 
or alterations in conformation and stabil-
ity.17 Currently, hundreds of phosphatases, 
kinases, proteases and other modifying 
enzymes have been identified to fine-tune 
molecular networks by shifting the affin-
ity of proteins toward one binding part-
ner or another. However, many of these 
alterations are unable to affect global 
changes on multiple molecular networks 
in response to significant environmental 
stimuli. Altering protein mobility could 
provide a more systemic, rapid and revers-
ible approach to regulating vast cellular 
pathways.

The study of regulated protein dynam-
ics has been limited to a handful of mol-
ecules. Analysis of the lamin B receptor 
and the yeast protein Septin has shown 
that the same molecule can possess radi-
cally divergent kinetic properties, depend-
ing on its cellular localization18 or the 
stage of the cell cycle.19 Nucleostemin, 

Figure 1. Regulation of molecular networks by the nucleolar detention pathway. (A) Under normal growth conditions cellular proteins are highly mo-
bile and capable of executing essential cellular functions such as: ubiquitination (VHL), proteasomal degradation (SUG1), DNA replication (POLD1) and 
methylation (DNMT1). (B) Activation of the nucleolar detention pathway immobilizes proteins in the nucleolus away from their downstream effectors 
inhibiting basic cellular functions. (C) Capture and immobilization of NoDS-containing proteins in the nucleolus is mediated by inducible noncoding 
RNAs that originate from stimulus-specific loci within the ribosomal intergenic spacer.
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In conclusion, the potentially stagger-
ing array of NoDP targets hints at the 
systemic nature of RNA-mediated regula-
tion of protein dynamics. These molecules 
have diverse functions in ubiquitination, 
proteasomal degradation, protein folding, 
DNA replication and methylation (Fig. 1), 
indicating that the NoDP may control all 
aspects of cellular life.21,24,34,35 With the 
emergence of molecular dynamics, we rec-
ommend that photobleaching experiments 
become standard practice when studying 
the relocalization of molecules, especially 
within the nucleolus. Further examination 
of the nucleolar detentiome should high-
light the significance of this novel form 
of posttranslational regulation and reveal 
other molecular networks under the con-
trol of the NoDP.

Acknowledgments

We thank John Copeland for his critical 
reading of the manuscript. This work was 
supported by grants from the Canadian 
Institute of Health Research (CIHR) to 
S.L.

References
1.	 Axelrod D, Koppel DE, Schlessinger J, Elson E, 

Webb WW. Mobility measurement by analysis of f lu-
orescence photobleaching recovery kinetics. Biophys 
J 1976; 16:1055-69; PMID:786399; http://dx.doi.
org/10.1016/S0006-3495(76)85755-4.

2.	 Elson EL, Schlessinger J, Koppel DE, Axelrod D, 
Webb WW. Measurement of lateral transport on 
cell surfaces. Prog Clin Biol Res 1976; 9:137-47; 
PMID:1030797.

3.	 Koppel DE, Axelrod D, Schlessinger J, Elson EL, 
Webb WW. Dynamics of f luorescence marker 
concentration as a probe of mobility. Biophys J 
1976; 16:1315-29; PMID:974223; http://dx.doi.
org/10.1016/S0006-3495(76)85776-1.

4.	 Schlessinger J, Koppel DE, Axelrod D, Jacobson 
K, Webb WW, Elson EL. Lateral transport on cell 
membranes: mobility of concanavalin A receptors on 
myoblasts. Proc Natl Acad Sci USA 1976; 73:2409-
13; PMID:1065895; http://dx.doi.org/10.1073/
pnas.73.7.2409.

5.	 Vaz WL, Jacobson K, Wu ES, Derzko Z. Lateral 
mobility of an amphipathic apolipoprotein, ApoC-
III, bound to phosphatidylcholine bilayers with 
and without cholesterol. Proc Natl Acad Sci USA 
1979; 76:5645-9; PMID:293667; http://dx.doi.
org/10.1073/pnas.76.11.5645.

6.	 Prasher DC, Eckenrode VK, Ward WW, Prendergast 
FG, Cormier MJ. Primary structure of the 
Aequorea victoria green-fluorescent protein. Gene 
1992; 111:229-33; PMID:1347277; http://dx.doi.
org/10.1016/0378-1119(92)90691-H.

7.	 Kedersha N, Cho MR, Li W, Yacono PW, Chen 
S, Gilks N, et al. Dynamic shuttling of TIA-1 
accompanies the recruitment of mRNA to mam-
malian stress granules. J Cell Biol 2000; 151:1257-
68; PMID:11121440; http://dx.doi.org/10.1083/
jcb.151.6.1257.

recruitment and sequestration, generally 
overlook the concept of mobility and pri-
marily focus on the assessment of steady-
state localization by immunofluorescence 
microscopy of fixed cells. While the prev-
alent historical belief was that “targeted/
recruited/sequestered” molecules were not 
dynamic and remained associated with 
their specific subcellular domains, recent 
studies have shown that most subcellular 
compartments are fluid structures com-
posed of proteins that are rapidly entering 
and exiting the region.7,11,32 Second, the 
purpose of nucleolar detention appears 
to differ from other forms of subcellular 
trafficking. In many cases, molecules are 
targeted to a particular region in order 
to perform a specific cellular function. 
Conversely, nucleolar detention functions 
by removing important factors from their 
active sites, thereby disrupting molecular 
networks through the temporary impris-
onment of key cellular factors within the 
nucleolus (Fig. 1).

Nucleolar Detention Signal 
as a Molecular Marker

The identification of proteins targeted 
to the nucleolus has historically been 
problematic, as most localization signals 
(NoLS) generally contain a seemingly 
random series of charged arginine and 
lysine residues.33 In contrast, the nucleo-
lar detention signal (NoDS) is character-
ized by a position-independent consensus 
sequence, consisting of at least one argi-
nine motif (RRI/

L
) and a minimum of two 

hydrophobic triplets LhL/
v
 (where h rep-

resents a hydrophobic residue).34 While 
discreet, this motif is strongly predictive 
of NoDP activity. To date, localization 
and mobility studies have confirmed that 
18 of 18 molecules tested are validated 
targets of nucleolar detention.21,24,34-36 In 
addition, analysis of the literature has 
found several putative NoDS-containing 
proteins that undergo stimuli-induced 
“sequestration” within the nucleolus, 
DAXX,37 SENP5,38 PML,39 TERT40 and 
TIP5,41 though their mobility has yet 
to be reported. Bioinformatic analysis 
using this motif has yielded numerous 
additional NoDP candidates, suggesting 
that the number of putative targets will 
increase substantially.



© 2012 Landes Bioscience.

Do not distribute.

2062	 Cell Cycle	V olume 11 Issue 11

37.	 Ivanchuk SM, Mondal S, Rutka JT. p14ARF interacts 
with DAXX: effects on HDM2 and p53. Cell Cycle 
2008; 7:1836-50; PMID:18583933; http://dx.doi.
org/10.4161/cc.7.12.6025.

38.	 Di Bacco A, Ouyang J, Lee HY, Catic A, Ploegh 
H, Gill G. The SUMO-specific protease SENP5 
is required for cell division. Mol Cell Biol 2006; 
26:4489-98; PMID:16738315; http://dx.doi.
org/10.1128/MCB.02301-05.

39.	 Mattsson K, Pokrovskaja K, Kiss C, Klein G, Szekely 
L. Proteins associated with the promyelocytic leuke-
mia gene product (PML)-containing nuclear body 
move to the nucleolus upon inhibition of protea-
some-dependent protein degradation. Proc Natl Acad 
Sci USA 2001; 98:1012-7; PMID:11158586; http://
dx.doi.org/10.1073/pnas.031566998.

40.	 Wong JM, Kusdra L, Collins K. Subnuclear shuttling 
of human telomerase induced by transformation 
and DNA damage. Nat Cell Biol 2002; 4:731-
6; PMID:12198499; http://dx.doi.org/10.1038/
ncb846.

41.	 Mayer C, Schmitz KM, Li J, Grummt I, Santoro 
R. Intergenic transcripts regulate the epigenetic 
state of rRNA genes. Mol Cell 2006; 22:351-61; 
PMID:16678107; http://dx.doi.org/10.1016/j.mol-
cel.2006.03.028.

31.	 Peddibhotla S, Wei Z, Papineni R, Lam MH, Rosen 
JM, Zhang P. The DNA damage effector Chk1 
kinase regulates Cdc14B nucleolar shuttling during 
cell cycle progression. Cell Cycle 2011; 10:671-
9; PMID:21301228; http://dx.doi.org/10.4161/
cc.10.4.14901.

32.	 Andersen JS, Lam YW, Leung AK, Ong SE, Lyon 
CE, Lamond AI, et al. Nucleolar proteome dynamics. 
Nature 2005; 433:77-83; PMID:15635413; http://
dx.doi.org/10.1038/nature03207.

33.	 Emmott E, Hiscox JA. Nucleolar targeting: the 
hub of the matter. EMBO Rep 2009; 10:231-
8; PMID:19229283; http://dx.doi.org/10.1038/
embor.2009.14.

34.	 Mekhail K, Rivero-Lopez L, Al-Masri A, Brandon 
C, Khacho M, Lee S. Identification of a com-
mon subnuclear localization signal. Mol Biol Cell 
2007; 18:3966-77; PMID:17652456; http://dx.doi.
org/10.1091/mbc.E07-03-0295.

35.	 Mekhail K, Gunaratnam L, Bonicalzi ME, Lee S. 
HIF activation by pH-dependent nucleolar seques-
tration of VHL. Nat Cell Biol 2004; 6:642-7; 
PMID:15181450 ; http://dx.doi.org/10.1038/
ncb1144.

36.	 Mekhail K, Rivero-Lopez L, Khacho M, Lee S. 
Restriction of rRNA synthesis by VHL maintains 
energy equilibrium under hypoxia. Cell Cycle 
2006; 5:2401-13; PMID:17102617; http://dx.doi.
org/10.4161/cc.5.20.3387.

24.	 Audas TE, Jacob MD, Lee S. Immobilization of 
proteins in the nucleolus by ribosomal intergenic 
spacer noncoding RNA. Mol Cell 2012; 45:147-57; 
PMID:22284675; http://dx.doi.org/10.1016/j.mol-
cel.2011.12.012.

25.	 Fayolle C, Pourchet J, Cohen A, Pedeux R, Puisieux 
A, de Fromentel CC, et al. UVB-induced G

2
 arrest 

of human melanocytes involves Cdc2 sequestra-
tion by Gadd45a in nuclear speckles. Cell Cycle 
2006; 5:1859-64; PMID:16931908; http://dx.doi.
org/10.4161/cc.5.16.3119.

26.	 Stark LA, Dunlop MG. Nucleolar sequestration of 
RelA (p65) regulates NFkappaB-driven transcrip-
tion and apoptosis. Mol Cell Biol 2005; 25:5985-
6004; PMID:15988014; http://dx.doi.org/10.1128/
MCB.25.14.5985-6004.2005.

27.	 Welch WJ, Feramisco JR. Nuclear and nucleolar 
localization of the 72,000-dalton heat shock protein 
in heat-shocked mammalian cells. J Biol Chem 1984; 
259:4501-13; PMID:6368558.

28.	 Audas TE, Li Y, Liang G, Lu R. A novel protein, 
Luman/CREB3 recruitment factor, inhibits Luman 
activation of the unfolded protein response. Mol Cell 
Biol 2008; 28:3952-66; PMID:18391022; http://
dx.doi.org/10.1128/MCB.01439-07.

29.	 Takahashi K, Yoshida N, Murakami N, Kawata K, 
Ishizaki H, Tanaka-Okamoto M, et al. Dynamic 
regulation of p53 subnuclear localization and senes-
cence by MORC3. Mol Biol Cell 2007; 18:1701-9; 
PMID:17332504; http://dx.doi.org/10.1091/mbc.
E06-08-0747.

30.	 Strauss C, Goldberg M. Recruitment of proteins 
to DNA double-strand breaks: MDC1 direct-
ly recruits RAP80. Cell Cycle 2011; 10:2850-7; 
PMID:21857162; http://dx.doi.org/10.4161/
cc.10.17.17341.


