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Functional regulation of E3s by the nucleolus has also
been observed in the von Hippel-Lindau (VHL) tumor suppres-
sor/hypoxia-inducible factor (HIF) system (for review see Kae-
lin, 2002; Mekhail et al., 2004a). HIF activates an array of
genes that mediate cellular response to low oxygen availability
(Semenza, 2000). In the presence of oxygen, the 
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 subunit
of HIF (HIF

 

�

 

) is post-translationally modified by enzymes
known as prolyl hydroxylases (PHDs). This allows the VHL
tumor suppressor, the particle recognition motif of an elongin
C/Cullin-2 ubiquitin ligase, to recognize HIF

 

�

 

 and target it for
nuclear ubiquitylation. VHL-mediated shuttling of HIF

 

�

 

 to the
cytoplasm then results in its destruction by the 26S proteasome
(Lee et al., 1999; Groulx and Lee, 2002) in a manner reminis-
cent of the MDM2/p53 system. Several physiological cues can
modulate the function of VHL within this setting. PHDs re-
quire molecular oxygen and hypoxia prevents hydroxylation of
HIF, allowing it to evade recognition by VHL and degradation.
In addition, we previously reported that a decrease in environ-
mental pH triggers the relocation of VHL to the nucleolus, neu-
tralizing its ability to degrade nuclear HIF even in the presence
of oxygen (Mekhail et al., 2004a,b).

The nucleolus has traditionally been viewed as a factory
for the production of ribosomes (Lam et al., 2005). More re-
cently, this nuclear compartment has been linked to numerous
cellular activities including cell cycle control (Shou et al.,
1999, 2001; Visintin et al., 1999; Azzam et al., 2004), DNA
damage repair (van den Boom et al., 2004), and tRNA process-
ing (Paushkin et al., 2004). Although the nucleolus has a dis-
tinct set of “resident” proteins, it is now clear that these pro-
teins are in continuous flux between the nucleolus and other
cellular compartments (Dundr et al., 2000, 2002; Phair and
Misteli, 2000; Chen and Huang, 2001; Misteli, 2001; Carmo-
Fonseca, 2002; Andersen et al., 2005; Tsai and McKay, 2005).
This dynamic nature is facilitated by a fundamental character-
istic of nuclear compartments; that is the lack of a delineating
membrane. For example, thousands of molecules of the rRNA
processing factor fibrillarin (FIB), which displays steady-state
nucleolar localization, exit the nucleolus each second (Phair
and Misteli, 2000). The highly dynamic properties of proteins
in the nucleus follow a stochastic model of high molecular mo-
bility to ensure efficient functional interactions (Misteli, 2001).
An advantage of such probabilistic movement is the ability to
achieve rapid responses to signaling cues. For example, a slight
increase in the quantity of a modified protein results in a rela-
tively high probability of encountering its target. As mentioned
above, resident nucleolar proteins are dynamic molecules that
can functionally engage in subcellular trafficking between the
nucleolus and other cellular compartments. Therefore, it re-
mains unclear how the highly dynamic nucleolus inactivates
the function of E3 enzymes, as these macromolecules would be
predicted to retain their dynamic nature and maintain func-
tional molecular interactions.

Here, we report the unexpected observation that the nu-
cleolar architecture is able to reversibly capture and alter the
dynamic properties of ubiquitin ligases. We show that VHL
and MDM2 are highly mobile proteins that can be statically de-
tained by the nucleolus to prevent functionally required molec-

Figure 1. pH-dependent kinetics of VHL subcellular trafficking. (A) C2C12-
differentiated myotubes were cultured in standard (SD) media and infected
to express adenovirus-introduced VHL-GFP. Cells were replenished with
either fresh SD media (pH 7.2) or different AP media (initial pH 7.2) that
allow maximal extracellular acidification to pH 6.9, 6.6, 6.4, 6.2, or 6.0
(see Materials and methods). Cells were transferred to hypoxia (1% O2)
for 18 h. VHL redistributed to nucleoli only in conditions of pH 6.4 or
lower (images of pH 6.2 and 6.0 are not depicted). Extracellular pH is in-
dicated on each panel. Insets show Hoechst staining of DNA. Bars (A, B,
and E), 10 �m. (B) After localization of VHL-GFP to the nucleolus, myo-
tubes were replenished with AP media previously maximally acidified to
indicated pH levels, or with fresh SD media. VHL reverted to nucleo-cyto-
plasmic distribution only when the pH of the media was higher than 6.4.
(C) Different cell types were treated as in A and B to identify the pH thresh-
olds required for nucleolar targeting of VHL (n � 40 for each tested pH
value). (D) Kinetics of VHL nucleolar localization in acidosis and release
after neutralization in differentiated myotubes. Cells were exposed to dif-
ferent AP media as in A to induce VHL nucleolar redistribution, and all me-
dia were neutralized to pH 7.2 by addition of NaOH (arrow). Time zero
indicates time at which the pH of AP media reached 6.4. For the 6.5 and
6.7 sets, time zero is matched to that of the pH 6.4 set. (E) Cells were in-
cubated in AP media (initial pH 7.2) that blocks acidification beyond pH
6.0. After reaching the acidification level matching the pH threshold re-
quired to trigger nucleolar targeting of any given cell-type (time zero), the
localization of VHL-GFP was monitored over time. Upon reaching the pH
threshold, VHL shifts from mainly cytoplasmic to mainly nucleoplasmic
before triggering nucleolar localization.
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