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Quality control machinery in the endoplasmic reticulum (ER)
helps ensure that only properly folded and assembledproteins accu-
mulate in the ER or continue along the secretory pathway. Aberrant
proteins are retrotranslocated to the cytosol and degraded by the
proteasome, a process called ER-associated degradation. Doa10, a
transmembrane protein of the ER/nuclear envelope, is one of the
primary ubiquitin ligases (E3s) participating in ER-associated deg-
radation in Saccharomyces cerevisiae. Here we report the mem-
brane organization of the 1319-residue Doa10 polypeptide. The
topologywasdeterminedby fusing adual-topology reporter after 16
different Doa10 fragments. Our results indicate that Doa10 con-
tains 14 transmembrane helices (TMs). Based on protease digestion
of yeast microsomes, both the N-terminal RING-CH domain and
theC terminus face the cytosol.Notably, the experimentally derived
topology was not predicted correctly by any of the generally avail-
able TM prediction algorithms. Bioinformatic analysis and in silico
mutagenesis guided the topological studies through problematic
regions. The conserved TD domain in Doa10 includes three TMs.
These TMs might function in cofactor binding or substrate recog-
nition, or they might be part of a retrotranslocation channel. The
Derlins were previously proposed to provide such channels, but we
show that the two yeast Derlins are not required for degradation of
Doa10 membrane substrates, as was found before for the Sec61
translocon. Finally, we provide evidence that the likely human
Doa10 ortholog, TEB4 (MARCH-VI), adopts a topology similar to
that of Doa10.

In eukaryotes, most proteins that must traverse or insert into a lipid
bilayer are first translocated from the cytoplasm into or through the ER2

membrane, after which they are sorted to various cellular compart-
ments. A resident quality control machinery surveys the ER and elimi-
nates misfolded, unassembled, or aberrantly modified proteins by the
ERAD system (for review, see Refs. 1–3). In addition to its role in quality
control, ERAD is also employed in the physiologically regulated degra-
dation of normal ER proteins, such as the rate-limiting enzyme for sterol
biosynthesis, hydroxymethylglutaryl-coenzyme A reductase (4). Activ-

ity of the ERADsystemcan sometimes also have deleterious effects, as in
cystic fibrosis in humans. The most common mutation causing this
disease is a single amino acid deletion (�F508) in the cystic fibrosis
conductance regulator protein, which triggers the rapid proteasome-
dependent degradation of the protein at the ER (5).
ERAD substrates are retrotranslocated from the ER lumen or ER

membrane to the cytosol before or concomitantwith degradation by the
26 S proteasome (6, 7). Ubiquitination of the substrate is generally
required for both efficient retrotranslocation and degradation by the
proteasome (3). Ubiquitination involves the conjugation of ubiquitin
polymers to a substrate protein (8), which is accomplished through a
linked series of enzymatic reactions catalyzed by three classes of
enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating
enzymes (E2s), and ubiquitin-protein ligases (E3s). E3s facilitate transfer
of ubiquitin from an E2 to a substrate protein, and they are the main
determinants of substrate binding and specificity. Within the ERAD
pathway, ubiquitination of substrates appears to take place at the cyto-
solic face of the ER membrane during or prior to retrotranslocation (3).
To date, two ER-localized E3 ligases have been identified in the yeast

Saccharomyces cerevisiae, Hrd1/Der3 (9, 10) and Doa10 (11). Both are
multispanningmembrane proteins, and both are members of the RING
family of E3s. Ubc6 and Ubc7, the E2s that function with these E3s, are
also either embedded in or bound to the ER membrane. Interestingly,
Doa10 was initially found as an E3 that functions in the degradation of
the soluble Mat�2 transcriptional repressor (11). The identification of
ER-localized transmembrane substrates of Doa10, such as Ubc6 (11), a
mutant form of the ATP-binding cassette transporter Ste6 (12, 13), and
a mutant Pma1 plasma membrane H�-ATPase (14), directly linked
Doa10 to the ERAD pathway. Loss of Doa10 causes a mild induction of
the ER unfolded protein response, an effect greatly exacerbated by
simultaneous deletion of Hrd1. The doa10� hrd1� double mutant is
also extremely sensitive to the heavy metal cadmium, a common defect
in ERAD mutants (11). These results indicate that Doa10 is a central
component of the yeast ER stress response and ERAD pathways.
Genes encoding presumptive Doa10 orthologs are found in all fully

sequenced eukaryotic genomes. These orthologs include the human
protein TEB4 (also called MARCH-VI or KIAA0597) (11, 15, 16). All
contain a variant zinc-coordinating RING motif at their N termini
called a RING-CH domain (11, 17). The well conserved RING-CH
domain defines a subfamily of RING-type E3s which encompasses a
number of viral proteins and at least eleven different human proteins.
Nine of the human proteins were noted previously and called mem-
brane-anchored RING-CH or MARCH proteins (15). Our more recent
searches identified two additional human RING-CH proteins, one that
is also predicted to be a transmembrane protein (GenBankTM

XP_496738) and one that is not (GenBankTM NP_689811). In addition
to the more widespread RING-CH motif, all of the presumptive Doa10
orthologs are predicted to have at least 10 transmembrane segments
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□S The online version of this article (available at http://www.jbc.org) contains supple-
mental Figs. S1 and S2.
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