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Doal is a MAD adaptor for Cdc48

Ting Zhang and Yihong Ye
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Dislocation of polypeptides from the mitochondrial outer
membrane by the p97/Cdc48-Ufd1-Npl4 adenosine
triphosphatase complex is essential for mitochondria-
associated degradation and Parkin-mediated mitophagy.
In this issue, Wu et al. (2016. J. Cell Biol. http://dx.doi
.org/10.1083/jcb.201510098) identify Doal as a
pivotal adaptor that recruits substrates to Cdc48 for
processing.

Eukaryotic cells use the ubiquitin proteasome system to elimi-
nate misfolded proteins from diverse subcellular compartments
to maintain protein homeostasis. Once polyubiquitinated,
soluble proteins are readily targeted to the proteasome. How-
ever, the degradation of proteins in lipid bilayer or membrane-
encircled organelles requires additional steps because the mem-
branes render these substrates, at least in part, inaccessible to
the ubiquitin proteasome system. Taking ER-associated degra-
dation (ERAD) as an example, misfolded ER luminal proteins
can only become ubiquitinated after they emerge from the ER
lumen via a retrotranslocation process; the degradation of ubiq-
uitinated substrates embedded in the membrane then requires
their dislocation into the cytosol, a reaction mediated by a con-
served ATPase named p97 in mammals or Cdc48 in Saccha-
romyces cerevisiae (Christianson and Ye, 2014). During this
process, the hexameric barrel-like ATPase p97/Cdc48, assisted
by an array of cofactors, uses the energy from ATP hydrolysis
to extract polypeptides from the membranes for targeting to the
proteasome. Besides ERAD, p97/Cdc48 is also involved in dis-
locating polypeptides from the mitochondrial outer membranes
(MOMs) to facilitate mitochondria-associated degradation
(MAD; Heo et al., 2010; Xu et al., 2011; Hemion et al., 2014).
The MAD process can be used to eliminate aberrant proteins for
regulation of mitochondria protein homeostasis or to degrade
factors (e.g., mitofusin) controlling the turnover of damaged
mitochondria by mitophagy (Tanaka et al., 2010). Intriguingly,
p97 and the heterodimeric cofactor Ufd1-Npl4 accumulate on
the surface of damaged mitochondria, and deficiency in each
of these factors causes a defect in Parkin-mediated mitophagy
(Kimura et al., 2013). These findings suggest a critical role of
p97/Cdc48 in mitochondria homeostasis regulation, but how
substrates are recruited to p97/Cdc48 in MAD is unclear. In this
issue, Wu et al. identify Doal as a critical regulator of Cdc48-
dependent MAD in Saccharomyces cerevisiae (Wu et al., 2016).

The MAD pathway has been poorly characterized in
budding yeast because of a lack of model substrates, so Wu et
al. (2016) first measured the half-life of endogenously tagged
MOM proteins to identify substrates suitable for mechanistic
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characterization of this process. The study revealed four short-
lived proteins (Fzol, Mdm34, Mspl, and Tom70) whose rapid
turnover depends not only on the proteasome but also on Cdc48.
Among these substrates, Tom70, a mitochondrial import recep-
tor, was used to set up a transposon-based genetic screen. The
screen, notwithstanding its limited genome coverage (~15%),
efficiently uncovered four insertion mutants with elevated
Tom70 expression that were likely associated with defects
in MAD because the affected genes encode a proteasome-
associated deubiquitinase (Ubp6), a deubiquitinase-binding
protein (Brol), an E3 ubiquitin ligase (Rsp5), and the Cdc48
adaptor Doal. Because Doal was the only factor required for
efficient degradation of all four MAD substrates, the authors
further characterized its function.

DOAI (also named UFD3) was initially reported in a ge-
netic screen that searched for genes required for efficient degra-
dation of a f-galactosidase fusion protein containing a ubiquitin
moiety at the N terminus. The screen identified five mutants,
namely, ufdl-5 (ubiquitin fusion degradation; Johnson et al.,
1995). Subsequent studies established several of these UFD
proteins as key Cdc48-binding proteins required for Cdc48§-
dependent degradation. These include a substrate-recruiting
adaptor (Ufdl) and a substrate-processing cofactor (Ufd2;
Koegl et al., 1999; Meyer et al., 2000; Bohm et al., 2011). The
WD domain—containing Doal was also shown to bind Cdc48,
but it competes with Ufd2 in binding to the C terminus of Cdc48,
and therefore was proposed to antagonize Ufd2 functionally in
Cdc48-mediated degradation (Rumpf and Jentsch, 2006). How-
ever, because DOA deficiency also causes a reduction in the
level of endogenous ubiquitin, which could indirectly stabilize
proteasome substrates (Johnson et al., 1995), whether Doal neg-
atively regulates Cdc48-mediated degradation has been unclear.
Strikingly, Wu et al. (2016) showed that in the case of MAD,
reexpression of ubiquitin in DOAI null cells did not restore deg-
radation. Thus, Wu et al. (2016) for the first time reveal a role
of Doal in Cdc48-dependent degradation that is unrelated to
its function in ubiquitin homeostasis regulation. Doal contains
an N-terminal WD domain that has a strong ubiquitin-binding
activity (Pashkova et al., 2010), a weak ubiquitin-binding PFU
domain (Fu et al., 2009), and a C-terminal Cdc48-binding PUL
domain (Ghislain et al., 1996; Mullally et al., 2006; Zhao et al.,
2009; Qiu et al., 2010). Wu et al. (2016) performed comple-
mentation experiments with a series of Doal truncation mutants
and showed that the WD domain and the PUL domain of Doal
are indispensable for MAD, whereas the PFU domain is only
required for degradation of a subset of MAD substrates.
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In ERAD, Cdc48/p97 is known to interact with ubiqg-
uitinated substrates and extract them from the ER membranes
(Ye et al., 2001). Cdc48-Doal may act similarly in MAD be-
cause an interaction between Cdc48 and MAD substrates was
observed by coimmunoprecipitation and because deletion of
DOA] caused MAD substrates to accumulate on mitochondrial
membranes. Furthermore, biochemical fractionation showed
that in cells bearing a temperature-sensitive cdc48 allele or
lacking DOA1, MAD substrates enriched in the mitochondrial
fraction are highly ubiquitinated.

Comprehensive analyses of other known Cdc48 cofac-
tors showed that in addition to Doal, the Ufd1-Npl4 complex
is also required for degradation of Cdc48 substrates at the mi-
tochondria. As Ufd1-Npl4 binds to Cdc48 via its N-terminal
domain, whereas Doal interacts with the C-terminal tail of
Cdc48, a multiprotein complex consisting of Cdc48, Ufdl,
Npl4, and Doal could be detected by coimmunoprecipitation.
Genetic studies showed that both Doal and Npl4 are required
for substrate interaction with Cdc48 in MAD, suggesting that
these factors may function as a substrate-recruiting cofactor.
Interestingly, the interaction of Doal with ubiquitinated MAD
substrates, while being mediated by its WD40 domain, is also
dependent on Cdc48: in cdc48-3 mutant cells, Doal accumu-
lates on the mitochondrial membranes and binds MAD sub-
strates more efficiently, yet deletion of the Cdc48-interacting
domain reduced the interaction of Doal with MAD substrates.
These results suggest that Doal may facilitate substrate re-
cruitment to Cdc48 only when it is bound to Cdc48; but upon
Cdc48-mediated extraction, substrates are released from
this complex (Fig. 1).

The function of Doal in targeting proteins for degrada-
tion by the proteasome appears specific to MAD as deletion of
DOAI either had no effect on degradation of nonmitochondrial
substrates or, in the case of the ERAD substrate CPY*, the sta-
bilizing effect of DOAI deletion could be attributed to the de-
ficiency in ubiquitin. Moreover, unlike Ufd2, DOAI deficiency
did not sensitize cells to ER stress triggered by deletion of the
IRE1 component of the unfolded protein response. In contrast,
the growth of cells under increased mitochondrial oxidative
stress conditions, such as superoxide dismutase deficiency, was
compromised by deletion of the DOA gene, and this phenotype
could be rescued by wild-type Doal, but not by Doal mutants
lacking either the WD or the Cdc48-binding PUL domain.

Overall, Wu et al. (2016) convincingly establish Doal as
a key regulator of MAD in S. cerevisiae, but whether Doal’s
mammalian homologue phospholipase A2 activating protein
is similarly involved in MAD as well as in Parkin-mediated
mitophagy remains to be tested. Because Doal binds to Cdc48
at a site close to the hexameric ring formed by the second
ATPase domain (D2; Mullally et al., 2006; Rumpf and Jentsch,
2006; Zhao et al., 2009; Qiu et al., 2010), these findings fur-
ther suggest that Cdc48 and perhaps its mammalian homologue
p97 might first engage substrate using the D2 domain, as pro-
posed previously (DeLaBarre et al., 2006). Intriguingly, the N
domain-binding cofactor Ufd1-Npl4 is also required for sub-
strate interaction with Cdc48/p97 in MAD. It is unclear how
substrate recruitment to Cdc48/p97 could simultaneously in-
volve two spatially separated adaptors. One possibility is that
Ufd1-Npl4 may indirectly promote substrate binding by al-
losterically activating Cdc48/p97 or Doal. Alternatively, these
adaptors may relay substrate for targeting to Cdc48. The key
to distinguish between these models lies in better assays that
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Figure 1. Cdc48-Doal-dependent degradation of MOM proteins. A
MOM protein (red) is ubiquitinated by an E3 ubiquitin ligase. The ubiqui-
tin chain is then recognized by the ubiquitin-binding WD domain of Doal
(light green), which recruits the substrate to the Cdc48-Ufd1-Npl4 com-
plex through an interaction between its PUL domain (gray) and the Cdc48
C terminus. Upon ATP hydrolysis, Cdc48-Ufd 1-Npl4 extracts ubiquitinated
substrate from the MOM and brings it to the proteasome for degradation.

would allow the mapping of direct interactions between Cdc48
and MAD substrates in the presence or absence of these adap-
tors. The precise signal for substrate recognition in Cdc48p—
Doal-mediated MAD also remains to be elucidated. Despite
these unresolved issues, the newly identified substrates and
the demonstration that Doal is the MAD adaptor for Cdc48 by
Wau et al. (2016) should provide a new handle to advance our
understanding of this important yet poorly studied pathway.

Acknowledgments
The authors declare no competing financial interests.

Submitted: 23 March 2016
Accepted: 23 March 2016

References

Bohm, S., G. Lamberti, V. Fernandez-Saiz, C. Stapf, and A. Buchberger. 2011.
Cellular functions of Ufd2 and Ufd3 in proteasomal protein degradation
depend on Cdc48 binding. Mol. Cell. Biol. 31:1528-1539. http://dx.doi
.org/10.1128/MCB.00962-10


http://dx.doi.org/10.1128/MCB.00962-10
http://dx.doi.org/10.1128/MCB.00962-10

Christianson, J.C., and Y. Ye. 2014. Cleaning up in the endoplasmic reticulum:
ubiquitin in charge. Nat. Struct. Mol. Biol. 21:325-335. http://dx.doi.org
/10.1038/nsmb.2793

DeLaBarre, B., J.C. Christianson, R.R. Kopito, and A.T. Brunger. 2006. Central
pore residues mediate the p97/VCP activity required for ERAD. Mol.
Cell. 22:451-462. http://dx.doi.org/10.1016/j.molcel.2006.03.036

Fu, Q.S., CJ. Zhou, H.C. Gao, YJ. Jiang, Z.R. Zhou, J. Hong, W.M. Yao,
A.X. Song, D.H. Lin, and H.Y. Hu. 2009. Structural basis for ubiquitin
recognition by a novel domain from human phospholipase A2-activating
protein. J. Biol. Chem. 284:19043—19052. http://dx.doi.org/10.1074/jbc
.M109.009126

Ghislain, M., R.J. Dohmen, F. Levy, and A. Varshavsky. 1996. Cdc48p interacts
with Ufd3p, a WD repeat protein required for ubiquitin-mediated proteol-
ysis in Saccharomyces cerevisiae. EMBO J. 15:4884-4899.

Hemion, C., J. Flammer, and A. Neutzner. 2014. Quality control of oxidatively
damaged mitochondrial proteins is mediated by p97 and the proteasome.
Free Radic. Biol. Med. 75:121-128. http://dx.doi.org/10.1016/j
freeradbiomed.2014.07.016

Heo, J.M., N. Livnat-Levanon, E.B. Taylor, K.T. Jones, N. Dephoure, J. Ring,
J. Xie, J.L. Brodsky, F. Madeo, S.P. Gygi, et al. 2010. A stress-responsive
system for mitochondrial protein degradation. Mol. Cell. 40:465-480.
http://dx.doi.org/10.1016/j.molcel.2010.10.021

Johnson, E.S., P.C. Ma, LM. Ota, and A. Varshavsky. 1995. A proteolytic
pathway that recognizes ubiquitin as a degradation signal. J. Biol. Chem.
270:17442-17456. http://dx.doi.org/10.1074/jbc.270.29.17442

Kimura, Y., J. Fukushi, S. Hori, N. Matsuda, K. Okatsu, Y. Kakiyama,
J. Kawawaki, A. Kakizuka, and K. Tanaka. 2013. Different dynamic
movements of wild-type and pathogenic VCPs and their cofactors to
damaged mitochondria in a Parkin-mediated mitochondrial quality
control system. Genes Cells. 18:1131-1143. http://dx.doi.org/10.1111/
gtc.12103

Koegl, M., T. Hoppe, S. Schlenker, H.D. Ulrich, T.U. Mayer, and S. Jentsch.
1999. A novel ubiquitination factor, E4, is involved in multiubiquitin
chain assembly. Cell. 96:635-644. http://dx.doi.org/10.1016/S0092
-8674(00)80574-7

Meyer, H.H., J.G. Shorter, J. Seemann, D. Pappin, and G. Warren. 2000. A
complex of mammalian ufdl and npl4 links the AAA-ATPase, p97, to
ubiquitin and nuclear transport pathways. EMBO J. 19:2181-2192.
http://dx.doi.org/10.1093/emboj/19.10.2181

Mullally, J.E., T. Chernova, and K.D. Wilkinson. 2006. Doal is a Cdc48 adapter
that possesses a novel ubiquitin binding domain. Mol. Cell. Biol. 26:822—
830. http://dx.doi.org/10.1128/MCB.26.3.822-830.2006

Pashkova, N., L. Gakhar, S.C. Winistorfer, L. Yu, S. Ramaswamy, and R.C. Piper.
2010. WD40 repeat propellers define a ubiquitin-binding domain that
regulates turnover of F box proteins. Mol. Cell. 40:433-443. http://dx.doi
.org/10.1016/j.molcel.2010.10.018

Qiu, L., N. Pashkova, J.R. Walker, S. Winistorfer, A. Allali-Hassani, M. Akutsu,
R. Piper, and S. Dhe-Paganon. 2010. Structure and function of the PLAA/
Ufd3-p97/Cdc48 complex. J. Biol. Chem. 285:365-372. http://dx.doi.org
/10.1074/jbc.M109.044685

Rumpf, S., and S. Jentsch. 2006. Functional division of substrate processing
cofactors of the ubiquitin-selective Cdc48 chaperone. Mol. Cell. 21:261-
269. http://dx.doi.org/10.1016/j.molcel.2005.12.014

Tanaka, A., M.M. Cleland, S. Xu, D.P. Narendra, D.F. Suen, M. Karbowski, and
R.J. Youle. 2010. Proteasome and p97 mediate mitophagy and degradation
of mitofusins induced by Parkin. J. Cell Biol. 191:1367-1380. http://dx
.doi.org/10.1083/jcb.201007013

Wu, X., L. Li, and H. Jiang. 2016. Doal targets ubiquitinated substrates for
mitochondria-associated degradation. J. Cell Biol. http://dx.doi.org/10
.1083/jcb.201510098.

Xu, S., G. Peng, Y. Wang, S. Fang, and M. Karbowski. 2011. The AAA-ATPase
p97 is essential for outer mitochondrial membrane protein turnover. Mol.
Biol. Cell. 22:291-300. http://dx.doi.org/10.1091/mbc.E10-09-0748

Ye, Y., H.H. Meyer, and T.A. Rapoport. 2001. The AAA ATPase Cdc48/p97
and its partners transport proteins from the ER into the cytosol. Nature.
414:652-656. http://dx.doi.org/10.1038/414652a

Zhao, G., G. Li, H. Schindelin, and W.J. Lennarz. 2009. An Armadillo motif
in Ufd3 interacts with Cdc48 and is involved in ubiquitin homeostasis
and protein degradation. Proc. Natl. Acad. Sci. USA. 106:16197-16202.
http://dx.doi.org/10.1073/pnas.0908321106

Doa1 is a Cdcd8 adaptor in MAD « Zhang and Ye

S}


http://dx.doi.org/10.1038/nsmb.2793
http://dx.doi.org/10.1038/nsmb.2793
http://dx.doi.org/10.1016/j.molcel.2006.03.036
http://dx.doi.org/10.1074/jbc.M109.009126
http://dx.doi.org/10.1074/jbc.M109.009126
http://dx.doi.org/10.1016/j.freeradbiomed.2014.07.016
http://dx.doi.org/10.1016/j.freeradbiomed.2014.07.016
http://dx.doi.org/10.1016/j.molcel.2010.10.021
http://dx.doi.org/10.1074/jbc.270.29.17442
http://dx.doi.org/10.1111/gtc.12103
http://dx.doi.org/10.1111/gtc.12103
http://dx.doi.org/10.1016/S0092-8674(00)80574-7
http://dx.doi.org/10.1016/S0092-8674(00)80574-7
http://dx.doi.org/10.1093/emboj/19.10.2181
http://dx.doi.org/10.1128/MCB.26.3.822-830.2006
http://dx.doi.org/10.1016/j.molcel.2010.10.018
http://dx.doi.org/10.1016/j.molcel.2010.10.018
http://dx.doi.org/10.1074/jbc.M109.044685
http://dx.doi.org/10.1074/jbc.M109.044685
http://dx.doi.org/10.1016/j.molcel.2005.12.014
http://dx.doi.org/10.1083/jcb.201007013
http://dx.doi.org/10.1083/jcb.201007013
http://dx.doi.org/10.1083/jcb.201510098
http://dx.doi.org/10.1083/jcb.201510098
http://dx.doi.org/10.1091/mbc.E10-09-0748
http://dx.doi.org/10.1038/414652a
http://dx.doi.org/10.1073/pnas.0908321106

