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Failure to eliminate abnormal proteins 
in the cell is associated with numerous 

aggregation diseases. Misfolded proteins 
are normally detected by protein qual-
ity control and either refolded or elimi-
nated. The ubiquitin-proteasome system 
is a major pathway that degrades these 
unwanted proteins. Ubiquitin ligases are 
central to these degradation pathways 
as they recognize aberrant proteins and 
covalently attach a polyubiquitin chain 
to target them to the proteasome. We 
discovered that the Hul5 ubiquitin ligase 
is a major player in a novel protein qual-
ity control pathway that targets cytosolic 
misfolded proteins. Hul5 is required for 
the maintenance of cell fitness and the 
increased ubiquitination of low solubility 
proteins after heat-shock in yeast cells. 
We identified several low-solubility sub-
strates of Hul5, including the prion-like 
protein Pin3. It is now apparent that in 
the cytoplasm, misfolded proteins can be 
targeted by multiple degradation path-
ways. In this extra view, we discuss how 
the Hul5 protein quality control path-
way may specifically target low solubility 
cytosolic proteins in the cell.

Ridding of the Unwanted Proteins 
by Protein Quality Control

Protein misfolding and aggregation can 
threaten cell viability and are linked to 
multiple diseases with a strong prevalence 
in age-related neurodegenerative patholo-
gies, such as Parkinson and Huntington 
diseases. To prevent the cytotoxic accu-
mulation of misfolded proteins, the cell 
has developed protein quality control 
(PQC) pathways that rely on networks 
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of molecular chaperones and proteolytic 
machineries.1,2 PQC can either assist mis-
folded proteins to refold, or eliminate the 
ones that have failed to achieve or main-
tain their native structures. These mis-
folded polypeptides are largely degraded 
by the ubiquitin proteasome system. A 
critical challenge for the cell is to distin-
guish between transiently and terminally 
misfolded proteins and only target the lat-
ter for proteolysis, a harrowing task due 
to the large variability of protein struc-
tures and folding rates. Comprehending 
how PQC separates “the good from the 
bad” is the key to unearthing the under-
lying mechanisms leading to diseases, 
and therefore the development of novel 
therapeutics.3

One line of defense for the cell to com-
bat misfolding is to adapt distinct strategies 
based on the localization of the misfolded 
proteins. For example, endoplasmic retic-
ulum (ER)-localized misfolded proteins 
are degraded by ER-associated protein 
degradation (ERAD) pathway.4 In this 
pathway, misfolded proteins first undergo 
retro-translocation to the cytoplasm, 
followed by the covalent attachment of 
poly-ubiquitin chains for proteasome 
degradation. Polyubiquitination requires 
a series of enzymes: ubiquitin activat-
ing enzyme (E1); ubiquitin conjugating 
enzyme (E2); and ubiquitin ligase (E3).5 
As ubiquitin ligases mediate substrate rec-
ognition, they are the “signature compo-
nents” of the different PQC degradation 
pathways. In yeast, ER misfolded proteins 
are targeted by the conserved Hrd1 and 
Doa10 ERAD ubiquitin ligases,4 while 
aberrant nuclear proteins are ubiquiti-
nated by the San1 ubiquitin ligase.6
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heat-shock ubiquitination response.14 
Hul5 is one of the five ligases containing 
a HECT (homologous to E6AP carboxyl 
terminal) domain in yeast; it interacts 
with proteasome and promotes protea-
somal processivity by elongating ubiquitin 
chains on proteasome substrates.18,19

The ubiquitin ligase activity of Hul5 
is required for its PQC function. Similar 
to HUL5 deletion, we found that muta-
tion of the Hul5 ligase active site in the 
HECT domain leads to both an impaired 
ubiquitination response and reduced cell 
fitness after heat-shock, consistent with a 
function for Hul5 in stress response.14 We 
showed that Hul5 co-immunoprecipitates 
with both Ubc4 and Ubc5, which are 
the two major cytosolic E2 conjugating 
enzymes that are required for the degra-
dation of heat-induced misfolded pro-
teins.20,21 Similarly, we found that the 
increased ubiquitination upon heat-shock 
was completely abolished in cells carrying 
deletions of both the UBC4 and UBC5 
genes.

Hul5 targets heat-induced misfolded 
proteins for degradation and ubiquitinates 
both newly-synthesized and long-lived 
proteins upon heat-shock. We found that 
the absence of Hul5 strongly impairs the 
degradation of short-lived misfolded pro-
teins using pulse radio labeling.14 Since 
mild heat-stress seems to mainly affect 
short-lived proteins,21 we next determined 
if Hul5 solely targets newly-synthesized 
misfolded proteins in a similar manner 
to Rkr1 ligase. In contrast, we found that 
deletion of HUL5 also affects the ubiq-
uitination of long-lived proteins under 
heat-stress, which indicates that Hul5 
targets misfolded proteins irrespective of 
time since translation. Therefore, Hul5 is 
unlikely to be associated with the transla-
tion apparatus.

Hul5 is also required for the ubiquitina-
tion of misfolded proteins that is caused by 
the inactivation of the major yeast Hsp70 
cytosolic folding machinery. When the 
activities of all four SSA chaperones (Ssa1-
4) are inhibited, we observed an increased 
poly-ubiquitination that is mostly Hul5-
dependent.14 Interestingly, previous stud-
ies showed that the degradation of several 
misfolded proteins is SSA chaperone-
dependent.22-24 For example, the degrada-
tion of the mammalian tumor-suppressor 

approach to further study PQC. Indeed, 
we found that heat-shock stress triggers 
a rapid increase of poly-ubiquitination 
of low solubility proteins in yeast cells. 
Because the increase in ubiquitination 
occurs within minutes, this pathway likely 
requires constitutively expressed compo-
nents that are present in the cell prior to 
the stress (as opposed to induced genes). 
Using quantitative mass spectrometry, 
we discovered that heat-shock primarily 
induces the ubiquitination of cytosolic 
proteins, including New1 and Pin3/Lsb2. 
These two proteins can induce [PSI+] 
prion when overexpressed.15 Why are the 
majority of proteins ubiquitinated after 
heat-shock located in the cytoplasm? One 
possibility is that the ubiquitination of ER 
proteins, which have to be first retrotrans-
located in the cytoplasm, is a slower pro-
cess. As well, it was shown that heat-shock 
induces increased sumoylation (another 
ubiquitin-like post-translation modifica-
tion on lysine residues) mainly of nuclear 
proteins in plant cells, as well as in mam-
malian cells.16,17 Therefore, sumoylation 
may prevent the ubiquitination of mis-
folded proteins in the nucleus by occupy-
ing the exposed lysine residues. Regardless 
of the exact mechanism, our results indi-
cate that there are PQC components that 
mainly target cytosolic misfolded proteins 
after heat-shock.

Hul5 Ubiquitinates Proteins  
after Misfolding

We found that Hul5 is a major ubiquitin 
ligase that participates in the cytosolic 
heat-shock ubiquitination response. To 
identify the ubiquitin ligase that targets 
misfolded proteins after heat-shock, we 
screened over 80 yeast deletion mutant 
strains using a heat-shock ubiquitina-
tion response assay. Each of these mutant 
strains contains a single deletion of a 
known or putative E3 gene. Surprisingly, 
we found that none of the ubiquitin 
ligases with known PQC function con-
tributed significantly to the increased 
ubiquitination detected after heat-shock. 
In contrast, cells that lack the ubiquitin 
ligase Hul5 display significantly reduced 
poly-ubiquitination after heat-shock. This 
suggests that Hul5 is a major ubiquitin 
ligase that participates in the cytosolic 

It is becoming apparent that in the 
cytoplasm, the epicenter of protein syn-
thesis and folding, the cell can deploy 
a variety of different degradative PQC 
pathways. The CHIP (carboxy terminus 
of Hsp70-interacting protein) is a major 
PQC ubiquitin ligase in metazoans that 
selectively ubiquitinates chaperone-tar-
geted misfolded proteins for proteasomal 
degradation.7,8 CHIP, which is not con-
served in lower eukaryotes like yeast, is 
not the sole E3 that targets cytosolic mis-
folded proteins to the proteasome. For 
instance, the N-end rule Ubr1 ubiquitin 
ligase not only targets polypeptides with 
destabilizing N-terminal amino acids 
(e.g., arginine) for degradation, but also 
mediates chaperone-dependent ubiquiti-
nation of cytosolic proteins that are inter-
nally misfolded.9,10 In mammalian cells, 
the Ubr1 and CHIP pathways are redun-
dant (at least for a subset of misfolded 
proteins).11 In yeast, Ubr1 can function 
together with the Ubr2 or the nuclear-
localized San1 ubiquitin ligases.9,10,12 
Another PQC pathway in the cytoplasm 
requires the ubiquitin ligase Rkr1/Ltn1 
that directly associates with ribosomes to 
specifically target aberrant newly synthe-
sized polypeptides that contain a trans-
lated poly(A) tail due to the absence or 
missed-stop codon.13

We hypothesized that additional 
PQC pathways may target misfolded 
cytosolic proteins. The yeast and human 
genomes are estimated to encode 90 and 
600 ubiquitin ligases, respectively, with 
most remaining uncharacterized. Thus, 
to uncover novel players of the cytosolic 
PQC, we characterized the heat-shock 
induced ubiquitination response and iden-
tified a novel pathway dependent on Hul5 
(HECT ubiquitin ligase 5),14 which is the 
focus of this extra view.

Heat-Shock Leads to the  
Ubiquitination of Cytosolic  

Proteins

Knowledge of yeast PQC is mainly based 
on the studies of model substrates that may 
not fully encapsulate the whole spectrum 
of physiological substrates. We reasoned 
that cellular stresses, such as transient and 
acute heat-stress that causes protein mis-
folding, could be used as a complementary 
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well, Hul5 may be recruited together with 
the proteasome to the aggregation sites, 
since the proteasome has been shown to 
co-localize with the aggregates26 and Hul5 
interacts with the proteasome.18 Whether 
specific proteins promote Hul5 re-distri-
bution and whether the PQC function of 
Hul5 depends on its interaction with the 
proteasome needs to be further studied. 
Since Hul5 promotes proteasome proces-
sivity,19 its activity may also further assist 
substrate unfolding by increasing their 
affinity to the proteasome. Therefore, 
ubiquitination by Hul5 may facilitate the 
disaggregation of the low solubility pro-
teins prior to their degradation.

Recognition of Hul5 Substrates

A key question is how the Hul5-PQC rec-
ognizes misfolded proteins to be degraded. 
In addition to a possible Hul5 recruitment 
to protein aggregation sites, a specific rec-
ognition mechanism for Hul5 substrates 
must exist. One possibility is that Hul5 
directly recognizes and binds to misfolded 
polypeptides (Fig. 1B), similarly to the 
San1 E3 ligase that contains intrinsically-
disordered regions that bind to misfolded 
domains.27 Intriguingly, few nuclear pro-
teins are targeted by Hul5 in unstressed 
cells, while Hul5 is mostly nuclear. 
Another factor, which specifically local-
izes in the cytoplasm, may be required to 
assist Hul5. This factor could either tether 
the misfolded substrates to Hul5 (Fig. 1C) 
or be another ubiquitin ligase (Fig. 1D). 
Indeed, several Hul5 substrates that we 
verified remain mono-ubiquitinated in 
the absence of Hul5,14 suggesting that 
another E3 is involved in the process, and 
that Hul5 may work primarily as an ubiq-
uitin chain assembly factor (also called 
E4), as previously suggested in reference 
28. These three models are not mutually 
exclusive, and different combinations may 
be used for different substrates.

The Hul5-pathway may only target 
proteins that are misfolded or aggregated 
for an extended period of time. It was sug-
gested that the deubiquitinating enzyme 
Ubp6 and Hul5 have antagonistic activi-
ties.18 Interestingly, inhibition and muta-
tion of the yeast Ubp6 and its mammalian 
Usp14 ortholog accelerate the degradation 
of aberrant proteins.29,30 Taken together, 

Cytosolic Localization of Hul5  
is Required for its PQC Function

Hul5 needs to be localized in the cyto-
plasm to target misfolded proteins and 
maintain cell fitness. Since a large portion 
of Hul5 localizes in the nucleus,25 a major 
question was why the majority of Hul5 
substrates we identified are cytosolic. For 
instance, does the Hul5-pathway require 
the shuttling of misfolded proteins to the 
nucleus similar to the Ubr1-San1 path-
way? We found instead that the Hul5 
ligase itself relocates from the nucleus to 
the cytoplasm in response to heat-shock.14 
By adding a nuclear localization signal 
(NLS) sequence to Hul5, we restricted 
Hul5 to the nucleus (both in unstressed 
and stressed cells). Constraint of Hul5 
localization in the nucleus leads to a 
reduced ubiquitination response, reduced 
cell fitness after heat-shock and the sta-
bilization of a Hul5 substrate, which are 
similar to the phenotypes observed in the 
HUL5 deletion strain. These results indi-
cate that Hul5 cytosolic localization is 
required for its PQC function, and that 
the ubiquitination of Hul5 substrates 
occurs in the cytoplasm. One possibility 
is that Hul5 re-distribution may allow it 
to rapidly target a large number of cyto-
solic misfolded proteins after heat-shock. 
In contrast, maintaining low levels of 
Hul5 in the cytoplasm in unstressed cells 
may prevent the premature degradation of 
transiently misfolded proteins.

Recruiting Hul5 to Low-Solubility 
Cytosolic Proteins

How is Hul5 recruited to the low-solu-
bility cytosolic proteins? We found that 
Hul5 is enriched in the low solubility 
cellular fraction after heat-shock (Fang 
N.N. and Mayor T., unpublished data) 
suggesting that Hul5 may be directly 
recruited to protein aggregation sites in 
the cytoplasm (Fig. 1A). Inhibition of the 
nuclear export machinery, using a Crm1/
Xpo1 mutant, does not prevent the re-dis-
tribution of Hul5 in the cytoplasm (Fang 
N.N., Measday V. and Mayor T., unpub-
lished data). One possibility is that Hul5 
constantly shuffles between the cytoplasm 
and the nucleus, and Hul5 nuclear import 
is blocked after heat-shock (Fig. 1A). As 

protein VHL (von Hippel-Lindau) in 
yeast requires the SSA chaperones and 
the Sti1 and Sse1 co-factors.22 In this 
case, the SSA chaperones may promote 
the ubiquitination of misfolded proteins. 
Interestingly, the increased ubiquitina-
tion occurs in the absence of SSA activity 
in our experiments. Therefore, the Hul5 
PQC pathway may not be dependent on 
the SSA chaperones, at least for a subset of 
targets. Collectively, we found that Hul5 
is important for the ubiquitination and 
degradation of misfolded proteins and is 
part of a novel PQC pathway.

Hul5 Ubiquitinates Low-Solubility 
Cytosolic Proteins

We reasoned that misfolded proteins were 
more likely to be insoluble and found that 
Hul5 specifically targets cytosolic pro-
teins that are found in the low-solubility 
cellular fraction. Using quantitative mass 
spectrometry, we next sought to identify 
which proteins are ubiquitinated by Hul5. 
More specifically, we compared two cell 
populations to identify which proteins are 
less ubiquitinated in the absence of Hul5 
(i.e., corresponding to its substrates).14 
We performed this experiment both after 
heat-shock and in unstressed cells, and we 
deduced the following three conclusions. 
First, the Hul5-candidate substrates we 
identified are mainly cytosolic proteins, 
which confirms that Hul5 plays a major 
role in a cytosolic PQC pathway. Second, 
Hul5-candidate substrates were also iden-
tified in the absence of heat-shock, which 
indicates that Hul5 function is also impor-
tant in unstressed conditions. Lastly, the 
absence of Hul5 specifically affects the 
ubiquitination of low-solubility proteins 
but does not significantly affect the over-
all ubiquitination levels in the whole pro-
teome (in both stressed and unstressed 
cells). We verified this observation by test-
ing several candidate substrates of Hul5 
such as the Pin3 prion-like protein. We 
found that after heat-shock, the majority 
of Pin3 becomes insoluble and that Pin3 
Hul5-dependent ubiquitination is only 
detected in the insoluble fraction. Taken 
together, these data suggest that Hul5 has 
a housekeeping role to specifically ubiqui-
tinate low solubility cytosolic misfolded 
proteins.
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in targeting misfolded proteins in mam-
malian cells.
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the Hul5 protein remains uncharacterized 
and future studies will have to focus on 
determining other functional domains. 
Moreover, it will be key to establish how 
Hul5 recognizes its PQC substrates.

Increased ubiquitination in mamma-
lian cells upon heat-shock was observed 
over 25 years ago by the Rechteiner lab, 
but no enzymes have been characterized 
in this pathway. The human UBE3B and 
UBE3C ubiquitin ligases are two homo-
logs that share the highest sequence simi-
larity with Hul5. UBE3C (also called 
RAUL) is associated with nasal polyposis32 
and with the interferon response.33 Future 
work is needed to investigate whether 
these two homologs of Hul5 also function 

multiple steps in the ubiquitination of the 
low solubility proteins may act as a “timer” 
to ensure that only terminally misfolded 
proteins are targeted for degradation 
(Fig.  1E). In this model, misfolded pro-
teins are first ubiquitinated by another E3. 
Proteins that can refold or that are not per-
manently present in aggregation sites are 
de-ubiquitinated. In contrast, long-lasting 
low–solubility proteins are eventually fur-
ther ubiquitinated by Hul5 (due to its E4 
activity) and targeted to the proteasome.

The Pin3 Case

Pin3/Lsb2 was identified as a putative 
Hul5 substrate by mass spectrometry.14 We 
observed that heat-shock induces aggrega-
tion of Pin3, along with increased poly-
ubiquitination that is Hul5-dependent. 
Pin3 is a prion-like protein that contains 
short stretches of glutamine residues and 
binds to actin patches. Overexpression 
of Pin3 promotes the conversion of the 
translation termination factor Sup35 into 
its prion form [PSI+]; while deletion of 
PIN3 destabilizes [PSI+].31 Rsp5, another 
HECT domain-ubiquitin ligase, was 
shown to ubiquitinate Pin3 through a PY 
Rsp5-binding motif on Pin3. In this case, 
ubiquitination of Pin3 by Rsp5 reduces its 
ability to induce [PSI+] formation.31 We 
confirmed that deletions of either HUL5 
or RSP5 lead to the same phenotype after 
heat-shock, in which Pin3 poly-ubiquitina-
tion is abrogated (Fang NN and Mayor T, 
unpublished data). Therefore, Pin3 is likely 
first ubiquitinated by Rsp5 and then fur-
ther ubiquitinated by the Hul5 E4 ligase. 
It will be interesting to determine whether 
the targeting of Pin3 by Hul5 requires 
Rsp5 itself, or only the ubiquitin attached 
to Pin3. Nevertheless, Rsp5 is most likely 
not the only ligase that adds the first ubiq-
uitin moieties on all Hul5 substrates, since 
only a small portion of putative Hul5 sub-
strates contains a PY motif.

Conclusion

The discovery of a Hul5-dependent PQC 
pathway confirms that multiple cellular 
strategies are in place to target cytosolic 
misfolded proteins. Hul5 is a 910-amino-
acid-long protein with a C-terminal 
HECT domain. Around two-thirds of 

Figure 1. (A) Schematic representation of Hul5 redistribution in the cell in response to heat-shock. 
(B–D) Schematic representations of the possible substrate recognition mechanisms by Hul5: Hul5 
could directly recognize misfolded domains (B); an adaptor protein could tether the misfolded 
protein to Hul5 (C); and/or Hul5 could act as an E4 ligase by further ubiquitinating misfolded 
proteins first targeted by another E3 ligase (D). (E) A two-step ubiquitination of Hul5 substrates 
could act as a timer to only target proteins that are misfolded for an extended period of time for 
proteasomal degradation.
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