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STRUCTURAL BIOLOGY

The cryo-EM structure of an ERAD protein channel
formed by tetrameric human Derlin-1

Bing Rao'*, Shaobai Li**, Degiang Yao**', Qian Wang?, Ying Xia?, Yi Jia?,

Yafeng Shen?, Yu Cao*3*

Endoplasmic reticulum-associated degradation (ERAD) is a process directing misfolded proteins from the ER
lumen and membrane to the degradation machinery in the cytosol. A key step in ERAD is the translocation of ER
proteins to the cytosol. Derlins are essential for protein translocation in ERAD, but the mechanism remains
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unclear. Here, we solved the structure of human Derlin-1 by cryo-electron microscopy. The structure shows
that Derlin-1 forms a homotetramer that encircles a large tunnel traversing the ER membrane. The tunnel has
a diameter of about 12 to 15 angstroms, large enough to allow an a helix to pass through. The structure also
shows a lateral gate within the membrane, providing access of transmembrane proteins to the tunnel, and
thus, human Derlin-1 forms a protein channel for translocation of misfolded proteins. Our structure is different
from the monomeric yeast Derlin structure previously reported, which forms a semichannel with another protein.

INTRODUCTION

The endoplasmic reticulum (ER) serves as a checkpoint for protein
folding and posttranslational modifications. Efficient cleanup of
misfolded proteins is important for ER homeostasis, and a complex
molecular pathway, ER-associated degradation (ERAD), plays a
major role in the elimination of these ER-retained proteins (1).
Deficiencies in ERAD cause accumulation of misfolded proteins and
lead to diseases such as cystic fibrosis and inclusion body myopathy
(2-4). An important step in ERAD is the transportation of misfolded
proteins from the ER lumen or membrane into the cytosol, a process
known as retrotranslocation (5). The ERAD retrotranslocation is poorly
understood, and the mechanism of protein translocation remains
unknown. Even the proteins that are directly involved in protein
translocation are not clear. Candidate proteins include the Sec61
complex (6), Hrd1-Hrd3 complex (7), Derlin family members (8, 9),
and Hrd1-Derl complex (10).

The Derlin family belongs to the rhomboid superfamily and consists
of three member genes in the human genome, Derlin-1, Derlin-2,
and Derlin-3 (11, 12). Sequence-based prediction and previous
studies in biochemistry/structural biology indicated that they are
multipass membrane proteins with four to six transmembrane
(TM) helices and both N and C termini residing in the cytosol
(10, 12-14). Human Derlins are essential for the degradation of
both secretory and membrane proteins in ERAD, such as class I major
histocompatibility complex (MHC-I), a-1 antitrypsin, and cystic
fibrosis TM conductance regulator (CFTR) (8, 9, 12, 15). There are
two Derlin homologs in Saccharomyces cerevisiae, Derl and Dfm1
(16, 17). Although yeast Derl was studied more extensively in the
structure-function relationship of ERAD, mammalian Derlin proteins
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share more similarity to Dfm1, since they have a small heterodimer
partner (SHP) box at the C-terminal domain serving as a Cdc48p/
Valosin-containing protein (VCP)-binding motif (13, 18), which
is absent in yeast Derl. The existence of this motif implies that an
alternative mechanism might exist for the mammalian Derlin-
mediated and yeast Dfm1-mediated ER retrotranslocation (19, 20).
Here, we purified the human Derlin-1 (hDERL1) protein as a homo-
tetramer and solved its structure by cryo-electron microscopy
(cryo-EM). The structure of hDERLI reveals a tunnel in the center
of the Derlin tetramer, large enough to allow passage of a-helical
peptide across the ER membrane. The structure of hDERL1 demon-
strates a retrotranslocation channel in ERAD.

RESULTS

The electron microscopic analysis on hDERL1

Unlike the monomeric form of yeast Der1 in the cryo-EM structure
as in the yeast Hrd1 ubiquitin ligase complex (10), hDERL1 was
reported to form homo-oligomer in an immunoprecipitation assay
(21), which is supported by the in-membrane cross-linking assay on
membrane fractions from human embryonic kidney (HEK) 293T
cells overexpressing hDERL1 (fig. S7). To obtain detailed insights
into the structure of hDERL1, we expressed the full-length hDERL1
with a C-terminal twin-strep tag in Expi293F cells. The protein was
solubilized with lauryl maltose neopentyl glycol (LMNG) and fur-
ther purified by size-exclusion chromatography in glyco-diosgenin
(GDN) (fig. S2). Cryo-EM images of purified sample were collected
using a Titan Krios transmission electron microscope (FEI) operat-
ed at 300 kV, and data processing was performed using RELION-3
and cryoSPARC. Both two-dimensional (2D) and 3D classification
on the hDERLI particles confirmed that hDERL1 forms a homote-
tramer. Initial efforts on 3D refinement using C4 symmetry resulted
in a structural model at an overall resolution of 4.4 A. However,
further examination of the 2D images revealed that a twofold, rather
than fourfold, symmetry might apply to the hDERLI tetramer parti-
cles (fig. S2), and this was confirmed by the subsequent 3D refine-
ment with C2 symmetry setup, which generated maps at an overall
resolution of 3.8 A (Fig. 1A, fig. $3, and Table 1). Further 3D refinement
iteration was conducted using C1 symmetry but resulted in an electron
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Fig. 1. hDERL1 forms tetrameric channels with C2 symmetry. (A and B) hDERL1
cryo-EM map and molecular model viewed from the lumen side of the ER mem-
brane, respectively. The four hDERL1 molecules in the C2 tetramer adapt into two
conformations, A (in red) and B (in blue), and, thus, were designated as Mol. A1,
Mol. A2, Mol. B1, and Mol. B2, respectively. (C and D) hDERL1 cryo-EM map and
molecular model viewed parallel to the ER membrane. (E) Side view of molecular
model for Mol. B1 colored by TM helices and fit in map segment from (C). (F) Car-
toon representation of hDERL1T monomer topology. The TM helices 1 to 6; lumenal
helices a, b, and ¢ were colored according to the same scheme as in (E). The cell
membrane was shown as gray block, and the orientation was labeled according to
the calculation using the PPM server (https://opm.phar.umich.edu/ppm_server).
The unsolved C-terminal loop and SHP motif were shown in dashed lines and frame.
All structure graphs in this and following figures were generated with PyMOL (the
PyMOL Molecular Graphics System, version 1.9, Schroédinger, LLC.) and UCSF Chi-
mera [the University of California, San Francisco (UCSF) Resource for Biocomput-
ing, Visualization, and Informatics, version 1.13.1] (48).

density map with notably lower resolution and similar overall shape
compared with the map with C2 symmetry (fig. S3). The molecular
model for hDERL1 was thus built using the cryo-EM map of C2 sym-
metry, and each Derlin channel is composed of four hDERL1 molecules
in two conformations [molecule A (Mol. A) and Mol. B; Figs. 1B, 2B,
and 3B]. Residues 9 to 198 were resolved in each protomer. Residues
193 to 201 were built as polyalanine (fig. S4). Although Derlin-1 forms a
homotetramer, neighboring protomers have a slight conformational
change that renders the tetramer with C2 symmetry (Figs. 1B and 2B).

The overall architecture of hDERL1 channel

The overall architecture of the tetrameric hDERLI resembles a Maya
temple (Fig. 1, C and D): Lumenal ends of all the TM helices are
closer to the center rotational axis at the angels ranging from 40° to
65°. The central tunnel is lined by TM1, TM2, TM5, and loops 1 and 5.
The tunnel has a wide opening facing the cytoplasm and a relatively
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Fig. 2. The TM pathway in Derlin-1 channel. (A) The permeation pathway formed
by tetrameric hDERL1, as determined by HOLE (22), is shown in the red surface in a
cartoon representation of hDERL1 with the protomer close to observers shown as
transparent model. (B) The intersecting surface of the central tunnel of hDERL1
viewed from the lumen side of the ER membrane. The critical residues at the central
tunnel and the interface between protomers are shown in a stick model rendered
by elements. The distances between P66 residues at diagonal were measured are
and shown in dashed lines. (C) The intersecting surface of the central tunnel of hDERL1
viewed parallel to the ER membrane at two angles, with the radius for inner path-
way calculated by HOLE (22) shown in the right panel. The Mol. A1 and Mol. B1
were removed for a clear observation in left and middle panels, respectively. (D) The
substructure in hDERL1 channel. The hDERL1 tetramer is shown in a surface model
and sliced perpendicular to the membrane surface. Part of the cap of clipping surfac-
es was set to transparent to show the composition of lumenal leaf and cytoplasmic
leaf. (E) NHK dislocation by hDERL1. Left: Inmunoblot of lysates of cells expressing
NHK (control) and coexpressing NHK with hDERL1-strep [wild type (WT) and
mutants]. Right: Immunoblots of Strep-Tactin magnetic beads precipitated material
from cells expressing NHK (control) and coexpressing NHK with hDERL1-strep (wild
type and mutants).

narrow one facing with ER lumen. The region between residues P66
and F70 is constricted, with the narrowest part of the tunnel located
at residue P66 that forms constriction with a dimension of about
12 A by 18 A in short and long axis as determined by program HOLE
(Fig. 2C) (22). Leading to the narrowest constriction is two large
cavities at both the lumenal and cytoplasmic sides. Neither the lumenal
nor cytoplasmic cavity is fully enclosed at its membrane-facing
surface, and they branch out as a four-leaf structure, respectively
(Fig. 2, A and C). The lumenal leaves of hDERLI are formed by loop
1, a long stretch of residues conserved in the rhomboid protease
family, while at the cytoplasmic side, the leaves are mostly formed
by the outwardly tilted TM bundles, especially TM4, TM5, and loop
4 (Fig. 2D). The tunnel would allow passage of peptide chains in o
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Fig. 3. The lateral gates and gaps on the Derlin-1 tetramer. (A) The EM map of
hDERL1 was sliced parallel to the membrane surface and is viewed from lumen
side of the ER membrane. The clefts on the inner and outer surface of tetrameric
ring are indicated with arrows; they formed TM2-TM5 and TM1-TM3 gates. (B) The
superposition among the structural models of hDERL1 Mol. A (in red), hDERL1
Mol. B (in blue), and yeast Der1 [in brown, edited from coordinate file with Protein
Data Bank (PDB) ID 6VJZ]. (C) Detailed cartoon representation of TM1-TM3 gate
(left) and TM2-TM5 gate (right). The TM helices and loops were colored according
to the same scheme as in Fig. 1E, and the residues lining along the gates are shown
in stick models rendered by elements. (D) A close view to the lumenal gap between
loop 1 from neighboring hDERL1 protomers and the cytoplasmic gap, which is
partially covered by N-terminal loop.

helix, which range from about 5 to 15 A in diameter, depending on
the side chains, indicating that unfolding of the secondary structure
is not required for substrate translocation in ERAD.

The tetrameric hDERL1 ring with C2 symmetry

Although it is unexpected to find a C2 symmetry on the tetrameric
ring of hDERL1s, a higher oligomer with lower symmetry is
precedented in other studies. For example, glycerol aquaporin AQP10
and AQP7 were reported to form a homotetramer, but both have slightly
different conformations among the protomers in the tetramer (23, 24).
hDERLL tetramer is primarily maintained by the interactions between
loops 5 and 1 from neighboring protomers, and very limited interactions
were identified on the TM helices between protomers (Fig. 2B), imply-
ing a loose channel ready to adapt its shape to the substrates of different
sizes (fig. S4). The flexibility of the interface loops could not only adjust
their local conformation to stretch the intersection shape of the central
tunnel, thereby allowing the passage of peptides with large secondary
structures and bulky side chains, but also lower the local resolutions
of the EM map. Lacking the fourfold symmetry, the Derlin channel forms
a central tunnel with a diamond-shaped cross section (Fig. 2B) with
a length of about 20 A (Fig. 2C) along the C2 symmetry axis.
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To further explore the role of tetramerization of hDERLI in its
retrotranslocation activities, we conducted an ERAD processing as-
say using the null Hong Kong variant (NHK), a truncated fragment
of 0-1 antitrypsin as an established ERAD substrate (12). The cells
showed a strong overexpression when transiently transfected with
complementary DNA (cDNA) of NHK, and the coexpression of
NHK with wild-type hDERLI1 resulted in a decreased accumulation
of NHK as determined by Western blotting, indicating an efficient
cleanup by ERAD. When coexpressed with hDERL1 with muta-
tions at the tetrameric interface, the NHK levels in the cells were
substantially higher than that with wild type, implying that the
cleanup capacity of Derlin-1 was impaired, while their expression
levels remained similar to the wild-type Derlin-1 (Fig. 2E). Further
analysis using coprecipitation upon NHK with Derlin-1 variants
showed that the binding between Derlin-1 and NHK was enhanced,
instead of disrupted, by mutations, which indicated that the hDERL1
interface mutations could maintain their ability to recognize and
capture NHK but failed to conduct its TM transport.

The lateral gates on the hDERL1 channel

The structure shows hDERLI in two conformations that we define
as Mol. A and Mol. B. A superposition of Mol. A and Mol. B and
yeast Der1 is shown in Fig. 3B. The TMs and loops are similar ex-
cept for TM5 and loop 5: TM5 in both conformations from hDERL1
was largely parallel to TM2 to form a lateral gate between the core
of hDERLI and the central tunnel, resembling the open state of
Escherichia coli GlpG (ecGlpG), while the TM5 in yeast Der] titled
toward TM2 at the cytoplasmic side to form a closed conformation
as shown in the structure of Haemophilus influenzae GlpG (hiGlpG)
(10, 25, 26). In hDERLL1 tetramer, the TM2-TM5 gates from four
protomers are located at the inner side of the channel, and Mol. B
opens its TM2-TM5 gate more widely than Mol. A or ecGlpG does
(fig. S1). Loop 5 between TM5 and TM6 was proposed as a blocker,
covering the TM2-TMS5 gate in ecGlpG and hiGlpG, but loop 5 in
either human or yeast Derlin is too short to take this role. Instead,
in hDERLLI, loop 4 between TM4 and TM5 is much longer than
other rhomboid proteins, which extends into the bottom of the cy-
toplasmic cavity underneath the central tunnel, partially sealing the
cytoplasmic end of TM2-TMS5 cleft with the bulky side chains from
W144 and F145 (Fig. 3C).

At the outer side of the Derlin-1 channel, another lateral gate
was identified, composing of TM1, TM3, and loop 1 between TM1
and TM2 (Fig. 3, B and C). At the lumenal side, the leaf of loop 1 is
half-embedded in the lipidic bilayer and positioned in front of the
large cleft between TM1 and TM3. A long-stretched loop 1 sand-
wiched by TM1 and TM3 helices is a typical feature in the rhom-
boid protease family and was once proposed as the entrance for the
substrate to enter the catalytic core of GlpG (27) but then had this
role taken by the TM2-TM5 gate based on subsequent mutations and
structural analysis (25, 28, 29). In our tetrameric structure, the four
TMI1-TM3 gates face the surrounding lipidic environment and, thus,
might serve as the entrances for the ERAD targets, such as an integral
membrane protein with TM helices. Both the TM1-TM3 and TM2-
TMS5 gates in hDERLI1 are decorated with a series of hydrophobic
residues such as W18, V25, 56, F60, 199, L102, and W106 in TM1-TM3
gateand L71, V74, F78, Y82, L155,1159, and F162 in TM2-TM5 gate
(Fig. 3C), mimicking the lipidic environment for a misfolded ER mem-
brane protein substrate (ERAD-M) to facilitate its transition from
the membrane-bound state to Derlin-trapped state.
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The routine for the retrotranslocation of ERAD substrate

For misfolded proteins embedded in the ER membrane, their access
to the central tunnel could be achieved by the opening of the interface
between the protomers. As shown in Figs. 2D and 3D, at neither the
lumenal nor cytoplasmic side of the hDERLI tetramer does an
enclose channel exist. Instead, two sets of four-gap substructures
were observed at both ends, giving the lipid-embedding molecules
access to the central tunnel. On the one hand, the lumenal gaps are
fully open to the surrounding membrane environment and thereby
provide the peripheral proteins access to the central tunnel. On the
other hand, the cytoplasmic gaps are gated by the N-terminal
domain of hDERL1 (Fig. 3D), which is consisted of residues 1 to 11
protruding from TM1 and blocks the gap near the surface of the
membrane, preventing the ERAD substrates from leaving the cyto-
plasmic cavity freely. Furthermore, four loop 4s pointing to the
center of the cytoplasmic cavity might also constrain the substrates,
leaving the central tunnel along with a routine close to the center of
tetramer (Figs. 2C and 4, inset).

DISCUSSION

Various proteins have been proposed as candidate molecules for
translocation channels in previous studies on ERAD such as Secé61,
Hrdl, and Derlins. Sec61 complex is known as a peptide channel
facilitating newly synthesized peptide chain to enter the ER lumen
from the cytosol (30) and found involved in the retrotranslocation
of some ERAD substrates along the lumen-to-cytosol direction
(31). However, the protein substrates for Sec61-dependent retro-
translocation are limited, and alternative channels might exist with a
more generalized function. Hrdl, also known as Syvnl in mammals,
was first identified as a RING-type ubiquitin E3 ligase, transferring
ubiquitin from the E2, Ubiquitin-conjugating enzyme E2 7 (UBC?), to the
ERAD substrates extracted from ER and prompting degradation (32, 33).
In recent functional studies by Baldridge and Rapoport (34), Hrd1 was
found to mediate the retrotranslocation of ERAD substrates in vitro,
which was further supported by the EM study on Hrd1-Hrd3 com-
plex, showing a half TM tunnel formed by TM3, TM4, TM6, TM?7,
and TMS from dimeric Hrd1 (7). However, the molecular mechanism
for Hrd1-mediated retrotranslocation remains to be elucidated; the
energy driving the protein transportation by Hrd1 is unclear since the
interaction between Hrdl and VCP, the major AAA" adenosine
triphosphatase (ATPase) in ERAD, has not been well established
mechanistically. A functional assay using lipid membrane reconstituted
with purified Hrd1 shows its autoubiquitination on RING domain
could induce an open conformation of Hrd1 and higher affinity to
unfolded proteins, implying a retrotranslocation potentially driven
by ubiquitination (35). The half TM tunnel in the Hrd1 structure
requires a relatively substantial conformational change for substrate
peptide chain passage, including a series of helix rearrangements and
resets, implying slow and energy-consuming transportation con-
ducted by Hrd1. In a recent report by the same group, the structure
of a yeast ERAD complex comprising Hrd1, Derl, and Usal was
determined by cryo-EM, where the yeast Hrd1 binds to Derl to
function as a heterodimer (10). The interface between Hrd1-Derl
forms two “half channels,” thinning and distorting the local bilayer
membrane to allow proteins to travel across the ER membrane.
In both the Hrdl homodimer model and Hrd1-Derl heterodimer
model, there is no substrate conductance pore formed in the retro-
translocation complex, and a detailed mechanism underling the
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Fig. 4. The mechanistic model for retrotranslocation by Derlin-1 channel. Derlin-1
channel was shown in a mixed model with three hDERL1 protomer in surface model
and one as cylinder loop model in four conformations proposed in retrotranslocation.
The conformations “Mol. A”and “Mol. B” were solved in the EM structure of hDERL1,
while the conformations “partial open” and “full open” were hypothetical states.
Inset: The entrance and exit routine of ERAD substrates in our mechanistic model.
The cryo-EM map segment for Mol. A1 was removed to show the central tunnel
and substructures near to the routine.

driving force by VCP/p97 for the transportation across the membrane
is elusive.

One of the biggest challenges in the retrotranslocation of ERAD-M
substrates is extracting the TM portion of the substrate proteins from
the lipid bilayer, since the hydrophobic interactions between membrane
lipids and the lipophilic side chains of ERAD-M substrates make an
energy barrier stabilizing them within the ER membrane. Precedent
studies provide experimental evidence, indicating that the critical
function of Derlin-1 in retrotranslocation and the disruption on
hDERLI expression level will lead to accumulation of ERAD substrates
such as CFTR AF508 (15), MHC-I heavy chain (8, 9), apolipoprotein B
(36), and sodium channel ENaC (37). Although the functional data
suggest that hDERLL is required in substrate recognition and initiation
of dislocation, lacking structural model makes it difficult to define
a specific role for the Derlin-1 protein in retrotranslocation. Our
cryo-EM structure for hDERLI1 tetramer implies several important
features for it to function as an ERAD-M channel. First, instead of
forming a membrane-spanning full-tunnel structure, hDERLI adapts
to a short central tunnel connecting to a large lumenal cavity with
gaps laterally open to the lipid environment, allowing the peripher-
al membrane proteins embedded at the lumenal surface of the ER
membrane to enter the central tunnel with no need to reenter the
ER lumen first. Second, the two gates at the outer and inner surfaces
of Derlin channels, formed respectively by the clefts between TM1-
TM3 (outer gate) and TM2-TM5 (inner gate), suggest a potential
routine for the TM helices of ERAD-M substrates to travel through
the tetrameric ring and enter the central tunnel (Fig. 4). Despite of
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the low sequence similarity, both mammalian and yeast Derlin pro-
teins share high homology among their structures, implying common
features between intramembrane proteolysis and retrotranslocation
of ERAD (12), especially a rearrangement within TM helices to allow
the access of a proteolysis/dislocation substrate to the center of the
rhomboid protein. In rhomboid proteases, the TM2-TM5 gate controls
the entrance of substrate to the catalytic triad and the exit of the
proteolysis products (26, 28). As observed through the TM1-TM3
and TM2-TMS5 gates (Fig. 3C), in the hDERLLI structure, the TM4
sits in the center of the hDERL1 protomer and blocks the passage
between the two gates, implying a displacement for TM4 during the
retrotranslocation to allow the passage of substrate. In our hDERL1
structure, the two longest loops at lumenal and cytoplasmic sides,
loops 1 and 4, were found to partially cover the outer and inner
gates, respectively, serving as controlling switches for the pathway
from ER membrane to the central tunnel.

The hDERLI-carrying mutations at the tetrameric interface showed
a reduced ERAD activity on NHK but a higher binding capacity
(Fig. 2E), implying that the impaired tetramerization could block
the retrotranslocation at the pretransport state and, thus, result in
an accumulation of hDERL1-substrate complex. This supports the
transport mechanism we proposed in Fig. 4, which shows that the
hDERL1 monomer is the functional unit for substrate capture, while
the hDERLLI tetramer functions as the core unit for the TM trans-
port of ERAD substrates.

Direct clues to the molecular mechanism underlying the confor-
mational change during the entrance of ERAD-M into the central
tunnel are limited, since the lack of structural information on the
C-terminal SHP motif makes it difficult to analyze the interaction
between hDERL1 and VCP/p97, the major ATPase and, thus,
potential energy supplier in ERAD. Nevertheless, the electron den-
sity corresponding to the C terminus of hDERLI indicates that the
unsolved SHP motifs locate underneath the cytoplasmic surface of
Derlin-1 tetramer. Previous studies showed that the SHP motif of
hDERLI served as a docking site for VCP/p97 (8, 9, 18), and, in our
retrotranslocation model, the displacement of the N-terminal domain
of VCP/p97 upon the adenosine 5'-triphosphate hydrolysis could
drive a big movement on SHP motifs, thereby resulting in a con-
formational change on the C terminus of hDERLI and, in turn,
the rearrangements of hDERL1 TMs to open/close the inner path
between the TM1-TM3 and TM2-TMS5 gates. In addition to the
energy supplier of retrotranslocation, VCP/p97 might also serve as
a blocker for the channel, since it could bind to the C-terminal loop
of hDERLI and result in large steric hindrance at the open to the
cytoplasmic cavity of Derlin-1 channel, thus preventing ion or small
molecule in ER lumen from leaking into the cytosol through the
central funnel.

In a summary, the structure of a tetrameric hDERLI indicates
that hDERLI might form a retrotranslocation channel in ERAD. The
difference between the structure of hDERL1 and yeast Derl might
reflect the distinction on their functions in ERAD, and thus, Dfm],
another Derlin ortholog in yeast, might represent an important and
underestimated molecule in studying ERAD in yeast model, since
Dfm]l, in comparison to Derl, resembles human hDERL1 better for
its SHP motif and direct interaction with Cdc48, the ortholog for
VCP/p97 in yeast. To conduct a continuous and efficient retro-
translocation, Derlin-1 channels might use the ATPase activity of
VCP/p97 to power the permeation of ERAD-M substrates, and thus,
we expect that a further structural study on the complex between
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hDERL1 and VCP/p97 would give us more insights into the mech-
anism of ERAD process.

MATERIALS AND METHODS

Protein purification and expression

The cDNA of human DERL1 (National Center for Biotechnology
Information reference sequence: NM_024295.6) was cloned into a
modified pcDNA3.4 vector, which contains a PreScission Protease
cleavage site and a C-terminal twin strep tag. Expi293F cells (Thermo
Fisher Scientific, A14527) were cultured in a chemically defined
Union-293 medium (Union-Biotech, UP0050) at 37°C, supplied
with 5% CO,. When cell density reached 2.0 x 10° cells/ml, the cells
were transiently transfected with the expression plasmids using
PEI MAX (Polysciences), and the transfected cells were cultured for
60 to 72 hours before harvest.

For the purification of Derlin-1, the transfected Expi293F cells were
collected and resuspended in lysis buffer containing 25 mM tris (pH 8.0),
150 mM NaCl, 10% glycerol, 10 mM MgCl,, deoxyribonuclease I
(DNase I; 0.5 mg/ml), and 1 x protease inhibitor (MCE). The entire
purification procedures were performed at 4°C. After sonication on
ice, the membrane fraction was solubilized at 4°C for 2 hours with
lysis buffer supplemented with 1% (w/v) LMNG (Anatrace). After
centrifugation at 48,000¢ for 45 min, the supernatant was collected
and subjected to affinity chromatography with Strep-Tactin resin (IBA).
The resin was then rinsed with wash buffer (buffer W) containing
25 mM tris (pH 8.0), 150 mM NaCl, 10% glycerol, and 0.04% GDN.
The protein was eluted with buffer W supplemented with 5 mM
p-desthiobiotin. After the removal of the C-terminal affinity tag
with PreScission Protease, Derlin-1 was concentrated and further
purified by size-exclusion chromatography using Superdex 200
Increase 10/300 GL (GE Healthcare) preequilibrated in buffer con-
taining 25 mM tris (pH 8.0), 150 mM NaCl, and 0.02% GDN. The
peak fractions were pooled and concentrated to approximately
1.5 mg/ml for cryosample preparation.

cryo-EM sample preparation and data collection
Three-microliter aliquots of the samples were applied to glow-
discharged holey carbon grids (Quantifoil R1.2/1.3 Au, 300 mesh),
and after 15-s incubation, the grids were blot for 2.5 s and rapidly
plunged into liquid ethane cooled by liquid nitrogen, using a Vitrobot
Mark IV (FEI) operated at 10°C and 100% humidity. The grids were
imaged using a Titan Krios transmission electron microscope (FEI)
operated at 300 kV, with the specimen maintained at liquid nitrogen
temperatures. Images were automatically collected with EPU soft-
ware (FEI) on a K3 camera (Gatan) operated in superresolution
counting mode, placed at the end of a GIF Quantum energy filter
(Gatan), functioning in zero-energy loss mode with a slit width of
15 eV. Data were typically collected at a nominal magnification of
105,000x (corresponding to a physical pixel size of 0.86 A), with a
defocus range between —1.0 and —2.5 um. The dose rate was set to
~18.2 electrons/A? per s, and the total exposure time was 2.7 s, result-
ing in a total dose of 50 electrons/A?, fractionated into 32 frames.

cryo-EM data processing

A total of 15,752 cryo-EM images were collected, and motion cor-
rection was performed on the dose-fractioned image stacks using
MotionCor2 with dose weighting (38, 39). The contrast transfer
function (CTF) parameters of each image were determined with
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Table 1. Cryo-EM data collection, processing, model refinement, and
validation statistics. RMS, root mean square.

Data collection and processing

Microscope Titan Krios G3i
Detector Gatan K3 camera
Nominal magnification 105,000
Voltage (kV) 300
Energy filter slit width 15eV
Pixel size (A per pixel) 0.86
Electron exposure (e‘/AZ) 50
Defocus range (um) -1.0t0 2.5
Symmetry imposed C2
Number of movies 15,752
Final particle numbers 71,761
Map resolution (A) 3.85
Fourier shell correlation (FSC) threshold 0.143
Map sharpening B factor (A%) -162.4
Model building and refinement

Model composition

Protein residues 776
Ligands 0
RMS deviations from ideal

Bond lengths (A) 0.009
Bond angles (°) 1.328
Validation

MolProbity score 2.06
Clashscore 6.93
Rotamer outliers (%) 1.10
Ramachandran plot

Favored (%) 85.68
Allowed (%) 14.32
Outlier (%) 0.00

Gectf (40), and automatic particle picking was carried out using
Gautomatch v0.56 (www2.mrc-lmb.cam.ac.uk/research/locally-
developed-software/zhang-software/#gauto) on the basis of templates
generated from a few hundred manually picked particles. Subsequent
image processing steps were performed with RELION-3 (41) and
cryoSPARC (42). An overview of the data processing procedure is
shown in figs. S2 and S3. The particles were first extracted with 2x
binning (1.72 A per pixel), and junk particles were removed by two
rounds of 2D classifications. The remaining particles were subjected
to 3D classification with C4 symmetry imposed, using an initial ref-
erence generated by cryoSPARC. The particles corresponding to
the best class were reextracted without binning (0.86 A per pixel)
and further processed with 3D autorefinement and solvent-masked
postprocessing, which generated a cryo-EM density map with an
overall resolution of 4.7 A. Bayesian polishing and CTF refinement
were then applied, which improved the overall resolution to
4.4 A. However, further analysis of 2D class averages suggested a C2

Rao etal., Sci. Adv. 2021; 7 : eabe8591 3 March 2021

symmetry rather than C4 symmetry might apply. After 3D classifi-
cation with C2 symmetry imposed, particles corresponding to the
best class were reextracted without binning and further processed
with 3D autorefinement, Bayesian polishing, and CTF refinement,
resulting in an overall resolution of 4.5 A. To further improve the
resolution and the map quality, 3D classification without alignment
was performed (K = 6 and T = 12), yielding a total of 71,761 parti-
cles, which generated a reconstruction with an overall resolution of
4.1 A after 3D autorefinement, Bayesian polishing, and CTF refine-
ment. Alternatively, the subset of 71,761 particles was imported into
cryoSPARC followed by a nonuniform refinement with C2 symmetry
and an adaptive solvent mask (43) and thereby yielded a map with
an overall resolution of 3.8 A. Local resolution estimation was per-
formed by cryoSPARC, and all the resolutions were estimated with
the gold-standard Fourier shell correlation of 0.143 criteria with
high-resolution noise substitution (44-46).

Model building and refinement

The cryo-EM structure model of yeast Derl (PDB ID 6V]JZ) was
used as reference for initial model building using Phenix (47). The
initial model was then docked into the electron density map using
Chimera (48), followed by iterative manual adjustment in COOT
(49) and real-space refinement using Phenix.

Cell culture, transfections, affinity capture,

and immunoblotting

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (ExCell
Bio, catalog no. FSP500, lot no.11F364) at 37°C with 5% CO,. Cells
were cotransfected with 4 pg of pcDNA3.4-NHK with a C-terminal
flag tag and 4 pg of modified pcDNA3.4-Derlin-1 with a C-terminal
twin-strep tag, encoding wild type or mutants or the empty vector
per 6-cm dish using Lipofectamine 2000 (Thermo Fisher Scientific),
according to the manufacturer’s instruction, and incubated for 6 hours
at 37°C. Subsequently, transfection media were replaced with fresh
culture media, and cells were incubated at 37°C for 48 hours before
harvest. HEK293T cells were collected by centrifugation and washed
with phosphate-buffered saline (PBS). The entire purification pro-
cess was carried out at 4°C. Cells were resuspended in 2 ml of buffer
containing 20 mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, 5 mM
MgCl,, DNase I (0.5 mg/ml), and 1x protease inhibitor (MCE)
and then solubilized at 4°C for 4 hours with 2% (w/v) digitonin
(Sigma-Aldrich). After centrifugation at 21,000g for 40 min, the super-
natant was collected and applied to Strep-Tactin XT-coated magnetic
beads (IBA). The beads were rinsed with wash buffer containing 20 mM
Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, and 0.06% digitonin.
The magnetic beads with Strep-tagged proteins were resuspended in
loading buffer and then were run on uniform SDS-polyacrylamide
gel electrophoresis (PAGE) gels before transferred to polyvinylidene
difluoride membranes for immunoblotting.

In-membrane cross-linking of hDERL1 proteins

The ¢cDNAs for human DERLI or its mutants were cloned into a
modified pcDNA3.4 plasmids, transfected into HEK293T cells
using Lipofectamine 2000, according to the manufacturer’s instruc-
tion, and incubated for 6 hours at 37°C. Subsequently, transfection
media were replaced with fresh culture media, and cells were incu-
bated at 37°C for 48 hours before harvest. HEK293T cells were collected
by centrifugation and washed with PBS. Cells were resuspended in

60f8


https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/#gauto
https://www2.mrc-lmb.cam.ac.uk/research/locally-developed-software/zhang-software/#gauto

SCIENCE ADVANCES | RESEARCH ARTICLE

buffer containing PBS (pH 7.2) and 1x protease inhibitor (MCE).
After sonication on ice, 20 ul of membrane fraction was mixed with
1 mM 1,11-bismaleimido-triethyleneglycol (Thermo Fisher Scientific)
or dimethyl sulfoxide as solvent control. Cross-linking reactions were
performed on ice for 2 hours and then quenched on ice for 30 min
with 50 mM dithiothreitol. The samples were subjected to SDS-PAGE
and then immunoblotting with antibody to hDERLI.

Antibodies

The following antibodies were used: anti-NHK [SERPINA1 rabbit
polyclonal antibody (pAb); ABclonal, A1015], anti-Derlin-1 (Derlin-1
rabbit pAb; Abcam, ab176732), anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (GAPDH mouse monoclonal antibody;
ProteinTech, 60004-1-Ig).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabe8591/DC1

View/request a protocol for this paper from Bio-protocol.
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