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    Chapter 12   

 Fluorescent Tools for In Vivo Studies on the Ubiquitin- 
Proteasome System                     

     Olli     Matilainen    ,     Sweta     Jha    , and     Carina     I.     Holmberg      

  Abstract 

   The ubiquitin-proteasome system (UPS) plays a key role in maintaining proteostasis by degrading most of 
the cellular proteins. Traditionally, UPS activity is studied in vitro, in yeast, or in mammalian cell cultures 
by using short-lived GFP-based UPS reporters. Here, we present protocols for two fl uorescent tools facili-
tating real-time imaging of UPS activity in living animals. We have generated transgenic  Caenorhabditis 
elegans  ( C. elegans)  expressing a photoconvertible UbG76V-Dendra2 UPS reporter, which permits mea-
surement of reporter degradation by the proteasome independently of reporter protein synthesis, and a 
fl uorescent polyubiquitin-binding reporter for detection of the endogenous pool of Lys48-linked polyu-
biquitinated proteasomal substrates. These reporter systems facilitate cell- and tissue-specifi c analysis of 
UPS activity especially in young adult animals, but can also be used for studies during development, aging, 
and for example stress conditions.  
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1        Introduction 

 The  ubiquitin-proteasome system (UPS)      is one of the main 
safeguards of protein homeostasis by degrading cellular proteins 
including short-lived regulators, unfolded and damaged proteins. 
In UPS, the substrate is polyubiquitinated through the actions of 
ubiquitin-activating ( E1  ), -conjugating ( E2  ), and -ligating ( E3  ) 
enzymes. The polyubiquitinated substrate is then recognized and 
degraded by the proteasome. The proteasome is a large (over 2.5 
megadaltons) multisubunit protein complex consisting of a barrel- 
shaped 20S core particle capped from one or both ends with 19S 
 regulatory   particles or alternative activators [ 1 ]. Dysfunctions of 
the UPS are associated with severe  proteotoxic conditions   such as 
age-related  neurodegenerative   diseases and some cancers [ 2 ]. In 
addition, changes in proteasomal degradation have been detected 
in  aging   organisms including humans and   C. elegans    [ 3 – 5 ]. 
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 Development of short-lived GFP-based UPS reporters for 
human cell culture studies has provided key tools for investigations 
on UPS-mediated proteolysis [ 6 ,  7 ]. More recently, the  nematode   
 C. elegans  has started to be utilized as a multicellular model system 
to unravel functions of the UPS [ 5 ,  8 ,  9 ].   C. elegans    is a widely 
used model organism in biomedical research and, due to its short 
life-span and conserved signaling pathways, it is also a popular 
model for aging studies. Moreover, the transparent body of  C. 
elegans  makes it highly suitable for  live imaging  . We have created 
two  fl uorescent tools   to study UPS-mediated protein degradation 
in  C. elegans : a photoconvertible UPS reporter and a fl uorescent 
polyubiquitin-binding  reporter   [ 5 ,  10 ]. 

 Our photoconvertible fl uorescent UPS reporter (Fig.  1a ) is 
based on the coral fl uorescent Dendra2 protein, which can be irre-
versibly photoconverted from green-to-red fl uorescent form by 
using 405 nm or 488 nm wavelength [ 11 ]. We have tagged Dendra2 
with the uncleavable ubiquitin molecule UbG76V turning it into 
an ubiquitin fusion degradation (UFD) substrate [ 12 ,  13 ]. This 
N-terminal ubiquitin form cannot be removed by  deubiquitinases   
and functions as an anchor for polyubiquitin chains, thereby target-
ing the complete fusion protein for degradation by the proteasome. 
UbG76V-Dendra2 is expressed under tissue- specifi c promoters in 
  C. elegans   , which enables UPS activity studies in different cell types 
and tissues (Fig.  1b ).  Photoconversion   of UbG76V-Dendra2 from 
a green-to-red state enables quantifi cation of proteasomal turnover 
rate for the subset of photoconverted reporter proteins, thus avoid-
ing the effect of newly synthesized reporter proteins on the experi-
mental outcome. In comparison, constitutively fl uorescent 
GFP-based UPS reporters require expression of a second fl uores-
cent protein (e.g., mRFP, mCherry), preferably in the same tissue 
of the animal, to distinguish whether the observed effect is due to 
changes in degradation rate or rate of protein synthesis.

   The stability of ubiquitin-tagged UPS reporters is not only 
affected by proteasome activity, but also by the activity of upstream 
UPS components such as  E3   ligase(s). We therefore used an alter-
native approach to design another UPS reporter for  live imaging   of 
the cellular pool of endogenous  Lys48-linked polyubiquitinated   
proteins in   C. elegans   . This  polyubiquitin-binding reporter   has two 
 ubiquitin-interacting motif (UIM)   domains derived from the  C. 
elegans  proteasome subunit RPN-10 fused to the N-terminus of 
the commercially available  ZsProSensor-1   fl uorescent reporter 
(Fig.  1c ) [ 10 ].  ZsProSensor-1   composes of the fl uorescent ZsGreen 
protein couple in the C-terminus to the mouse ornithine decar-
boxylase (MODC) domain, leading to a short-lived fusion protein 
targeted for ubiquitin-independent degradation by the protea-
some. Accordingly, expression of  ZsProSensor-1   in   C. elegans    
intestinal cells did not result in detectable reporter fl uorescence. 
The UIM-domains capture  Lys48-linked polyubiquitinated   
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  Fig. 1    In vivo UPS reporter systems. ( a ) UPS reporter for direct measurement of proteasome-mediated protein 
degradation. The UbG76V-Dendra2 UPS reporter can be irreversibly photoconverted from a green to a red fl uo-
rescent state by exposure to intense light (e.g., 405 nm). The UbG76V-Dendra2 is degraded by the proteasome 
in a polyubiquitin-dependent manner. ( b ) Animal model reporting on cell or tissue-specifi c UPS activity. 
Transgenic   C. elegans    expressing UbG76V-Dendra2 in for example intestinal cells can be exposed to single-
cell  photoconversion  . Normal, enhanced or impaired proteasomal degradation of the photoconverted reporter 
can be measured independently of new reporter synthesis in a living animal. ( c ) Animal model for detection of 
the cellular pool of endogenous polyubiquitinated proteins. The  polyubiquitin-binding reporter   is stabilized 
upon binding to  Lys48-linked polyubiquitinated   substrates in the cell. The polyubiquitin-binding reporter is 
targeted for ubiquitin-independent proteasomal degradation via the mouse ornithine decarboxylase degrada-
tion domain (MODC domain) fused to the fl uorescent ZsGreen protein. The reporter binds polyubiquitinated 
endogenous substrates via the  ubiquitin-interacting motif (UIM)   domains of the  C. elegans  proteasome subunit 
RPN-10. Impaired proteasomal degradation results in accumulation of polyubiquitinated proteins and increased 
reporter fl uorescence       
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endogenous substrates in the cell, thus stabilizing the reporter and 
leading to fl uorescent worms. As a readout, increased fl uorescence 
can be interpreted as an accumulation of polyubiquitinated pro-
teins due to impaired proteasome-mediated degradation. 
Polyubiquitin-binding domains have previously been used as tools 
for capturing the cellular pool of polyubiquitin chains from  mam-
malian   cell lysates [ 14 ] and for visualizing polyubiquitinated pro-
teins in mammalian cells [ 15 ]. 

 The experimental procedures and equipment requirements 
differ between the above described reporters, as UbG76V-Dendra2 
reporter worms should preferably be individually imaged with con-
focal microscope, whereas the polyubiquitin reporter worms can 
be imaged with standard fl uorescence microscope. This protocol 
description focuses on providing key points in the UbG76V- 
Dendra2 reporter animal analysis, as well as a brief description of 
imaging of the polyubiquitin reporter worms. By using these com-
plementing in vivo UPS reporter systems, we have been able to 
start unravelling cell-type- and  aging  -specifi c changes in UPS activ-
ities in   C. elegans    ,  as well as identifi ed tissue-specifi c regulatory 
mechanisms of the UPS [ 5 ,  10 ,  16 ].  

2    Materials 

   Transgenic  C. elegans  strains expressing UbG76V-Dendra2 or the 
polyubiquitin- binding   reporter in body wall muscle cells, neurons, 
or intestinal cells [ 5 ,  10 ,  16 ].  

   3–5 % melted agarose in H 2 O.  

   1 mm × 26 mm × 76 mm (thickness, lenght, width) glass slides and 
0.13 – 0.16 mm × 20 mm × 20 mm (thickness, lenght, width) cover 
slips. 

    0.5–1 mM in M9 buffer (22 mM KH 2 PO 4 , 41 mM Na 2 HPO 4 , 
8.5 mM NaCl, and 19 mM  NH 4 Cl  ). If worms are not paralyzed, 
the concentration can be carefully increased.  

   For UbG76V-Dendra2   C. elegans    imaging, we preferably like to 
use motorized Zeiss Axio Observer Z1 inverted confocal micro-
scope with LSM 5 Live line scanner and LSM AIM software Rel. 
4.2. 518F immersion oil (Zeiss) is used with 63× objective. 
However, by optimizing  photoconversion  , also other confocal 
microscopes can be used.  Live imaging   of  polyubiquitin-binding 
reporter   strains can be performed with Zeiss Axioplan microscope 
or any other equivalent fl uorescent microscope.   

2.1  Transgenic
  C. elegans   

2.2  Agarose (Fischer 
Scientifi c)

2.3  Glass Slides 
and Cover Slips 
(Thermo Scientifi c)

2.4  Levamisole 
Hydrochloride 
(Sigma-Aldrich)

2.5  Microscopes
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3    Methods 

   Use 3–5 % melted agarose to prepare thick agarose pads for worm 
mounting. Thick agarose pads can be prepared by placing spacers, 
e.g., two glass slides of 1 mm on top of each other, on each side of 
the sample slide to which ~400 μl melted agarose is added. A glass 
slide is then temporarily placed on the melted agarose and the 
spacers to generate a fl attened 1 mm thick agarose pad. The top 
glass slide is then removed and the pad is placed in a humidifi ed 
box for immediate use.  

       1.    Transgenic  C. elegans  strains are grown under standard condi-
tions [ 17 ] at 20 °C ( see   Note    1  ). Worms can be imaged at any 
time during their life. However, UbG76V-Dendra2 strains 
tend to loose fl uorescence upon  aging  , and therefore it is rec-
ommended to image them as young adult worms when 
possible.      

       1.    For imaging, worms are mounted on agarose pads with a drop 
of 1 mM levamisole and topped with a cover slip. It is recom-
mendable to use a 1 mm thick agarose pad, as it functions as a 
cushion, and the worm does not fl atten when the cover slip is 
placed on top of it. The mounted worms should be used for 
immediate imaging.   

   2.    At its unconverted state, Dendra2 has excitation and emission 
maxima at 490 and 507 nm, respectively, and at its photocon-
verted state, the excitation and emission maxima are at 553 and 
573 nm, respectively. After the worm has been localized under 
the microscope, fast scanning with the GFP channel should be 
used to identify and focus the cell for  photoconversion  . Images 
are acquired with 63× 1.4 NA plan-apochromat objective and 
518F immersion oil. Before  the   photoconversion, one scan 
should be taken and saved with both green and red channels to 
serve as a “before photoconversion” time point. For  photocon-
version   we use 405 nm diode laser. Dendra2 can also be photo-
converted, but less effi ciently, with 488 nm laser. After selecting 
the target cell, photoconversions are done by using 25–50 itera-
tions (scanning speed 1.6 μs per pixel) with 100 % laser output. 
In addition to single cells, whole tissues and worms can also be 
photoconverted and images acquired with 10× 0.45 NA plan- 
apochromat objective ( see   Notes    2   and   3  ).   

   3.    After acquiring the image “after  photoconversion,  ” the worm 
should be removed from the pad to recover on NGM-agar 
plate before later time-point imaging. If the worm will be used 
in time-lapse imaging with short intervals, it can be kept on the 
agarose pad for 2–3 h. In this case, it is good to check that the 
worm does not dry out. This can be prevented by sealing the 

3.1  Agarose Pads

3.2  Transgenic 
  C. elegans    
Maintenance

3.3    Live Imaging  
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cover slip with agarose. For measurements of UbG76V- 
Dendra2 proteasomal degradation in the dorsorectal ganglion, 
we have imaged the worm every 10 min for up to 3 h, while 
imaging of the UPS reporter in dopaminergic neurons, body 
wall muscle cells, and intestinal cells has been performed at 3, 
6, 12, and 24 h after  photoconversion   due to slower degrada-
tion rates. For time-lapse imaging manual focusing is required 
at each time-point, as the worm may slightly twist or subside in 
the agarose during microscopy ( see   Notes    4   and   5  ).   

   4.    We have used LSM AIM software Rel. 4.2 to analyze signal 
intensities. For analysis, we have quantifi ed similar pixel amount 
at each image from different time points. To calculate the rela-
tive intensities, the absolute values of fl uorescence before and 
right after  photoconversion   are set as 100 % for the green and 
red fl uorescence signals, respectively.   

   5.    For analysis of  polyubiquitin-binding reporter   worms, the 
worms are immobilized with levamisole on similar agarose 
pads as UbG76V-Dendra2 worms, and imaged with Zeiss 
Axioplan microscope, or any other equivalent fl uorescent 
microscope. Alternatively, worms can be immobilized with 
levamisole on a foodless agar growth plate, and imaged by 
using standard fl uorescent stereomicroscope used for normal 
fl uorescence worm maintenance. Fluorescent intensities can be 
quantifi ed by using ImageJ.           

4         Notes 

     1.    Detailed information on worm maintenance and generation of 
transgenic animals are described in the online published 
WormBook at   www.wormbook.org    .   

   2.    Depending on the cell-type of expression, the short-lived 
UbG76V-Dendra2 may not be visible in all cells of the same 
tissue in the worm. Especially  extrachromosomal arrays   give 
mosaic expression, which can be avoided by transgene integra-
tion. For example, an  extrachromosomal array   with intestinal 
expression does not usually show UbG76V-Dendra2 fl uores-
cence in every intestinal cell. In addition, in worms with 
 stronger UPS activity than in the wild-type (N2) background, 
such as the long-lived  daf-2(e1370)  mutants, it may be diffi cult 
to fi nd young adults with fl uorescent intestinal cells. Worms 
exhibiting mosaic reporter expression can also be taken advan-
tage of by investigating if variation in reporter expression lev-
els, as refl ected by differences in fl uorescence intensity, affects 
its degradation rate. For  photoconversion  , it is recommended 
to pick worms with fl uorescence in at least two cells, because 
depending on the orientation of the worm, the other cell may 
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not come into clear focus. This is affected by the position of 
the gonad: if the gonad is above the cell being photoconver-
ted, it hampers focusing. It is very important to keep the same 
lateral orientation of the worm during  photoconversion   and 
imaging at the later timepoint(s), i.e., when the worm previ-
ously exposed to photoconverison is placed back on the aga-
rose pad after a recovery period in the normal growth plate. If 
the photoconverted cell resides on the other side of the worm 
compared to it its position during photoconversion, it will 
reduce the fl uorescence intensity due to the lack of focus. The 
lateral orientation is convenient to check, e.g., from the posi-
tion of the vulva (left vs. right) in relation to head of the worm.   

   3.    At the start of  photoconversion  , when searching for the worm 
on the pad under the confocal microscope, it is recommended 
to avoid using the fl uorescence light source and use only trans-
mitted light. Especially with high magnifi cation objectives 
(40× and 63×) the fl uorescent light easily photoconverts the 
whole worm. Scanning speed and number of iterations for the 
 photoconversion   step should be determined separately for 
each microscope. In our Dendra2 experiments, we have used 
Zeiss LSM 5 Duo confocal microscope and its fast line-scanner 
LSM 5 Live. We have noticed that confocal microscopes with 
slow scanning speed are not suitable for the  photoconversion 
  experiments described here.   

   4.    It is important to notice that lasers on confocal microscopes can 
heat up when they are kept on for several hours. Laser heating 
increases the signal intensity and can affect the results. For 
example, it is common that the imaging lasers produce a stron-
ger signal in the afternoon compared to the signal right after 
the  photoconversion   in the morning, if the lasers have been on 
the whole day. This problem can be avoided by keeping the 
lasers on for a while before starting the photoconversion.   

   5.    It is always important to choose healthy looking age- 
synchronized worms for experiments.           
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