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Abstract

Mislocalized tail-anchored (TA) proteins of the outer mitochondrial membrane are cleared by a
newly identified quality control pathway involving the conserved eukaryotic protein Mspl
(ATADL1 in humans). Msp1 is a transmembrane AAA-ATPase but its role in TA protein clearance
is not known. Here, using purified components reconstituted into proteoliposomes we show that
Msp1 is both necessary and sufficient to drive the ATP-dependent extraction of TA proteins from
the membrane. A crystal structure of the Msp1 cytosolic region modeled into a ring hexamer
suggests that active Msp1 contains a conserved membrane-facing surface adjacent to a central
pore. Structure-guided mutagenesis of the pore residues shows they are critical for TA protein
extraction in vitro and for functional complementation of an Msp1 deletion in yeast. Together
these data provide a molecular framework for Mspl-dependent extraction of mislocalized TA
proteins from the outer mitochondrial membrane.

eTOC Blurb

The AAA ATPase Mspl plays a central role in clearing mislocalized tail-anchored proteins from
the outer mitochondrial membrane. Wohlever et al. use a purified, reconstituted system and
structural analysis to show that Msp1 is necessary and sufficient for the ATP-dependent extraction
of fully integrated TA proteins from the bilayer.
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INTRODUCTION

Maintaining the correct intracellular distribution of membrane proteins is essential to the
organization of eukaryotic cells. This is accomplished in part through biosynthetic pathways
that recognize specific signals in nascent proteins and target them to their correct destination
(Chacinska et al., 2009; Heiland and Erdmann, 2005; Inaba and Schnell, 2008; Shao and
Hegde, 2011). When these processes fail, quality control pathways help maintain order by
identifying damaged or mislocalized membrane proteins and targeting them for degradation
(Brodsky and Skach, 2011; Foresti et al., 2014; Hamon et al., 2015; Khmelinskii et al., 2014;
Okiyoneda et al., 2010; Tong et al., 2014).

One example of the interplay between biosynthetic and quality control pathways is given by
tail-anchored (TA) membrane proteins. TA proteins, which play critical roles in many
different cellular processes (Beilharz et al., 2003; Borgese et al., 2007; Wattenberg and
Lithgow, 2001), are defined by the presence of a single transmembrane domain (TMD)
located near the C-terminus (Kutay et al., 1993). Following synthesis, most TA proteins are
initially targeted to the endoplasmic reticulum (ER) or the outer mitochondrial membrane
(OMM). Targeting to the ER is mediated by the evolutionarily conserved GET pathway
(Denic et al., 2013; Hegde and Keenan, 2011; Schuldiner et al., 2008; Stefanovic and Hegde,
2007). Disruption of this pathway results in accumulation of certain ER-destined TA
proteins in the OMM (Chen et al., 2014; Jonikas et al., 2009; Okreglak and Walter, 2014;
Schuldiner et al., 2008).

Two recent studies have identified the yeast AAA ATPase Mspl (ATAD1/Thorase in
metazoans) as part of a new quality control pathway that eliminates these mislocalized TA
proteins from the OMM (Chen et al., 2014; Okreglak and Walter, 2014). Msp1 is a signal-
anchored membrane protein comprising an N-terminal TMD that tethers its soluble AAA
domain to the cytosolic face of the OMM and peroxisomes (Nakai et al., 1993). In yeast,
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simultaneous disruption of Msp1 and the GET pathway leads to severe mitochondrial
damage including loss of mitochondrial proteins and DNA, and altered mitochondrial
morphology. Similarly, depletion of mammalian ATAD1 compromises mitochondrial
function (Chen et al., 2014; Zhang et al., 2011). Nevertheless, how the Msp1 quality control
pathway prevents the accumulation of mislocalized TA proteins in the OMM is not known.
To address this, we combine biochemical reconstitution with structural analysis to show that
a ring hexamer of Mspl is necessary and sufficient for ATP-dependent extraction of TA
proteins from the membrane.

The minimal tail-anchored protein extraction machinery

To investigate whether Mspl extracts integrated TA proteins from the membrane and to
define the minimal number of components required for its activity, we sought to establish an
in vitro assay using purified, recombinant proteins (Figure 1A). For this, we devised
methods to generate proteoliposomes containing TA proteins and Msp1 in the correct
orientation, and a soluble chaperone trap to capture dislocated TA proteins for facile
isolation.

Full-length recombinant S. cerevisiae Mspl and a model ER TA protein (SumoTMD) (Wang
et al., 2010) were co-reconstituted from detergent solution into proteoliposomes with lipid
composition mimicking that of the yeast OMM (Kale et al., 2014) (Figure S1). Carbonate
extraction of the reconstituted proteoliposomes showed that the majority of TA protein
becomes integrated into the bilayer, with only a small amount present in the supernatant
(Figure 1B). This putatively non-integrated population of TA protein was removed from the
proteoliposomes by binding to GST-tagged SGTA, a TMD-binding chaperone of the
eukaryotic cytosol (Wang et al., 2010). Removal of GST-SGTA via a glutathione-affinity
resin resulted in ‘pre-cleared’ proteoliposomes in which the TA protein is quantitatively
resistant to carbonate extraction (Figure 1B), and thus, integrated into the lipid bilayer.

To define the orientation of reconstituted Msp1 and TA protein, we examined the proteinase
K (PK) sensitivity of N- and C-terminal epitope tags in pre-cleared proteoliposomes (Figure
1A). Consistent with its in vivo topology, the N-terminal 6xHis tag of the TA protein was
sensitive to PK digestion in proteoliposomes, while its C-terminal (lumenal) opsin tag was
protected (Figure 1C). Similarly, the C-terminal 6xHis tag of reconstituted Msp1 was
sensitive to PK treatment, consistent with exposure of its AAA ATPase domain on the
vesicle surface. Thus, both Mspl and its TA protein client in the pre-cleared
proteoliposomes are predominately oriented as they would be in the OMM.

With defined proteoliposomes in hand, we next monitored TA protein extraction under
different conditions (Figure 1 and S1). In this assay, dislocated TA protein is captured via its
exposed TMD by excess GST-SGTA and recovered by glutathione affinity resin (Figure 1A).
Proteoliposomes containing only TA protein and ATP showed background levels of
dislocation (~1-2% of input TA protein), but dislocation was stimulated by ~10-fold (to
~10% of input) in proteoliposomes that also contained Mspl (Figure 1D). Dislocation was
strictly dependent on nucleotide hydrolysis, as no substrate capture was observed in the
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absence of ATP or when the hydrolysis-deficient Mspl mutant (E193Q) was used instead of
the wild-type protein (Figure 1D). This is consistent with the observation that yeast
containing E193Q Msp1 fail to clear mislocalized TA proteins from the OMM (Chen et al.,
2014; Okreglak and Walter, 2014).

Dislocation activity increased as a function of time and Msp1 concentration, and no ATP-
dependent release of Mspl from the membrane was observed (Figure S1). Importantly, a
mixture of separate Msp1- and TA-only proteoliposomes showed no TA protein dislocation
(Figure 1D), illustrating that Msp1 must be in the same membrane as its client. Taken
together, these data indicate that Msp1 is the only membrane protein required for ATP-
dependent dislocation of a TA protein, thereby defining a minimal reconstituted system for
studying this process.

Crystal structure of Mspl

To gain insight into Mspl-mediated extraction of TA proteins, we sought to obtain structural
information. Initial attempts to crystallize the soluble region of S. cerevisiae Mspl in the
presence or absence of nucleotide were unsuccessful. However, a cleaved construct
containing a 3C protease site after residue 345 yielded diffraction quality crystals in the
nucleotide-free state (*‘A1-32+3C’; Figure 2A). Notably, an otherwise full-length construct
of Mspl containing the same C-terminal truncation retained the ability to complement an
Msp1 deletion, indicating that the C-terminal region is not strictly required for function in
vivo (Figure S2). We solved these crystals at 2.6 A resolution by single-wavelength
anomalous dispersion (Table 1) and found a single copy of Msp1 in the asymmetric unit.
Analysis of the crystal packing revealed no hexamer-like interactions.

The structure of the cytosolic Mspl fragment comprises a helical N-domain and an AAA
ATPase domain with characteristic ‘large’ (nucleotide binding) and ‘small” (helical bundle)
subdomains (Figure 2B). Structure-based alignments of the large and small subdomains of
Msp1 identified p97/Cdc48, FtsH and members of the ‘meiotic’ clade of AAA ATPases
including spastin, fidgetin and VVps4 (Frickey and Lupas, 2004) as the closest structural
homologs of Msp1 (Figure S2).

The Msp1 large subdomain contains the canonical Walker A (P-loop) and B motifs and is
connected to the small subdomain by a short flexible loop (Figure 2B). The small subdomain
comprises a four-helix bundle; in some meiotic clade AAA ATPases functionally important
insertions are found between the third and fourth helices of the small subdomain (Peng et al.,
2013; Scott et al., 2005). In Msp1, the third helix protrudes from the bundle by virtue of a ~2
turn extension relative to the corresponding helix in closely related homologs (Figure S2);
however, the functional significance of this remains unclear, since there is little sequence
conservation in this region among Mspl homologs.

In the nucleotide-free, monomeric Msp1l crystal, the small subdomain is rotated ~180° from
its usual position in the ATP-bound state of other AAA ATPases such that the ATP binding
site is not fully formed (Figure S3). The relative orientation of the large and small
subdomains of AAA ATPases typically varies (Stinson et al., 2013), but the ‘open’
conformation observed here is unusual. This may be due to crystal packing forces or
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truncation of the final 17 C-terminal residues. In certain related AAA ATPases (including
spastin and Vps4), these residues pack against the large subdomain; notably, however,
truncation of the Msp1 C-terminus has no effect on hexamerization or in vivo activity
(Figure S2).

A unique structural feature of Mspl is its N-domain (Figures 2B and S2). The first 16
residues of the crystallized construct, which immediately follow the TMD in the full-length
protein, are disordered, likely due to intrinsic flexibility. Residues ~50-80 form a small,
three-helix bundle that packs loosely against the large subdomain, and the remainder of the
N-domain wraps around the large subdomain in a mostly extended conformation. While the
overall sequence conservation of the N-domain is modest, its amphipathic character is
conserved and hydrophobic residues throughout the domain help anchor it against the
surface of the large subdomain.

Model of the Mspl hexameric ring

Most AAA ATPases function as oligomers. To determine the oligomeric state of the Mspl
cytosolic region we used size-exclusion chromatography and multi-angle laser light
scattering. A soluble Msp1 construct lacking the first 32 residues (Figure S4) exists as a
mixture of monomers and dimers in the absence of nucleotide, but forms hexamers in the
presence of saturating concentrations of the non-hydrolyzable ATP analog, ATP-yS (Figure
3A and S4). Likewise, a soluble construct containing the hydrolysis-inactivating mutation
E193Q hexamerizes in the presence of ATP (Figures 3A and S4).

We obtained low resolution structural information on the E193Q hexamer by single-particle
cryo-EM. In the presence of ATP, Mspl hexamers are clearly visible (Figure S4); however,
because the particles are preferentially oriented, we could not generate high resolution 3D
reconstructions. Nevertheless, 2D class averages generated from nearly 10,000 particles
reveal a hexameric ring structure with a diameter of ~13.1 nm and distinctive protrusions
emanating from the central ring (Figure 3B).

To generate a pseudo-atomic model of the Mspl hexamer, we individually superimposed the
large and small subdomains of the monomeric crystal structure onto the corresponding
subdomains of the D2 ring of hexameric p97 [PDB ID 5C18] (Figure S2). The resulting
model contains few inter-subunit steric clashes, and these would presumably be relieved by
subtle conformational changes accompanying ATP binding and hexamer formation. Within
the hexameric assembly, the large and small subdomains are arranged in approximately the
same plane, while the N-domain lies below this plane, along what is likely the membrane
proximal surface of Mspl (Figure 3C). Consistent with the 2D class averages, the elongated
small subdomain protrudes outwards from the center of the ring, giving the overall assembly
a longest dimension of ~13.4 nm. The Msp1 hexamer model has a well-formed ATP binding
site with the characteristic “second region of homology” (SRH) of ‘meiotic clade” AAA
ATPases (Frickey and Lupas, 2004) close to the nucleotide-binding pocket of the adjacent
subunit.

To further validate the model, we sought to disrupt the predicted hexamer interface by site-
directed mutagenesis. We identified a hydrophobic interface between the large subdomain of
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one subunit and the small subdomain of an adjacent subunit (Figure 3D), and introduced a
double leucine-to-aspartate mutation at positions 122 and 123. Using a soluble, ATPase-
deficient construct containing the double mutation, we observed reduced hexamer formation
in the presence of ATP (Figure 3E). Likewise, a full-length Msp1 construct containing the
double mutation was unable to complement an Msp1 deletion in vivo (Figure 3F), and failed
to extract TA substrate in vitro (Figure 3G). Taken together, these data validate the structural
model and indicate that Msp1 functions as a ring hexamer.

To locate functionally important surfaces, electrostatic potential and sequence conservation
from 94 fungal Msp1 homologs were mapped to the surface of the hexamer model. The
positive charge character of the ‘bottom’ surface of the hexamer (including the N-domain) is
compatible with the negatively charged surface of the OMM, supporting assignment of this
face as the membrane proximal surface of the Mspl hexamer (Figure S4). Most of the
hexamer periphery, including the N-domain and small subdomain, shows limited sequence
conservation (Figure 3C). In contrast, the ‘top’ and ‘bottom’ surfaces, particularly towards
the center of the ring, are highly conserved, suggesting a role in the capture and extraction of
TA substrates.

Functional role of the central pore

Many AAA ATPases translocate polypeptide substrates through their central pore, a process
that involves a highly conserved aromatic-hydrophobic-glycine pore loop motif (Martin et
al., 2008). In Msp1, the central pore is lined with conserved residues from three loops
(Figure 4A). Loop 1 contains the canonical “‘WYG’ sequence and is well defined in the
crystal structure of the Mspl monomer (Figure 4B). In the hexamer, loop 1 lies on the
membrane proximal side, adjacent to the N-domain at the pore entrance. Loop 2, comprising
mostly polar and charged sidechains, lies at the center of the pore. Although residues 200—
205 are disordered in the crystal structure, loop 2 residues contribute to the main constriction
point of the pore, separating the membrane-proximal and cytosolic-facing vestibules. Loop
3, enriched in negatively charged sidechains, lies on the cytosolic-facing side of the ring.

To explore the role of the Msp1 pore loops, we generated two double mutants— W166A/
Y167A in loop 1 and H206 A/E207A in loop 2—and tested their activity. In each case, the
double mutants failed to complement an Msp1 deletion in yeast, although the loop 1 mutant
was more severe than the loop 2 mutant (Figure 4C). Likewise, both mutants failed to extract
TA protein in vitro (Figure 4D). This loss of activity is not due to impaired hexamer
formation, as soluble, ATPase-deficient constructs containing the double pore loop
mutations formed hexamers in the presence of ATP (Figure S4F). Taken together, these data
point to an essential functional role for the central pore, most likely involving TA substrate
translocation during extraction from the membrane.

Functional role of the N-domain

The Mspl N-domain comprises a lumenal sequence of ~10 residues, a ~20 residue TMD
and a cytosolic ~68 residue linker that tethers the AAA domain to the OMM (Figures 2A
and 5A). Residues within these regions are not strongly conserved in Msp1, but the linker
region has been implicated in substrate binding in related AAA ATPases (Monroe and Hill,
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2016; Wohlever et al., 2014). Given this and its location at the entrance to the central pore,
we sought to clarify the role of the Msp1l linker. We constructed a series of deletion mutants
(Figure 5A) and found that the linker region is largely dispensable for function in vivo;
indeed, removing the entire linker (A32-98) resulted in only a slight defect in vivo (Figure
5B) and in vitro (Figure 5C). Thus, consistent with its lack of sequence conservation, the N-
domain linker region of Msp1 is not strictly required for function.

Next, we investigated the role of the N-domain TMD by generating chimeric constructs in
which the Mspl TMD and lumenal region were swapped with the corresponding regions
from yeast Tom70 or human stannin, unrelated single-pass membrane proteins of the OMM
with the same topology as Mspl. The Tom70 chimera localized to the OMM (Figure S5) and
complemented the Mspl deletion in vivo (Figure 5D). In contrast, the stannin chimera failed
to target properly to the OMM (Figure S5), and thus failed to complement in vivo (Figure
5D). However, using the in vitro extraction assay where localization is artificially imposed,
we found that both chimeras were functional for extraction (Figure 5E). Thus, while TA
protein extraction does not appear to depend on the precise sequence of the Mspl TMD, the
TMD is required for proper targeting and anchoring of Mspl to the OMM.

DISCUSSION

Here we provide direct evidence that Mspl extracts TA proteins from the membrane. Using
reconstituted proteoliposomes containing only recombinant Msp1 and an integrated model
ER TA protein, we show that TA proteins are completely extracted from the bilayer in an
ATPase-dependent process (Figure 1). This extraction activity is fully encoded in Mspl, and
does not require additional factors or post-translational modification including ubiquitination
or proteolysis.

Our functional and structural data provide insight into the mechanism of extraction. First,
Mspl appears to function as ATP-dependent ring hexamer. Thus, mutations that disrupt the
Mspl hexamer in vitro also disrupt its ability to extract TA proteins from the membrane
(Figure 3). Whether Msp1 forms a constitutive hexamer in vivo, or assembles in a regulated
process is not clear. An intriguing possibility is that the unusual ‘open’ conformation
observed in the monomeric, nucleotide-free crystal structure of Mspl (Figure 2 and S3)
represents an inactive ground state conformation, allowing for regulated activation of Mspl
through conformational switching.

Second, the central pore appears to play a critical role in TA protein binding and/or
translocation during extraction. Thus, mutations within the conserved pore loops, which do
not impair hexamer formation (Figure S4F), disrupt the ability of Mspl to extract TA
proteins from the bilayer (Figure 4). Third, despite its location near the entrance to the
central pore, the N-domain linker region is largely dispensable for function (Figure 4).
Finally, the N-terminal TMD is minimally required for localization and anchoring of Msp1
to the OMM. The observation that membrane protein extraction can occur in the presence of
a heterologous TMD sequence (Figure 5) is similar to that reported for the bacterial AAA+
protease FtsH (Akiyama and Ito, 2000). Notably, while dispensable for dislocation of
soluble clients, the TMDs of FtsH and the mitochondrial protease m-AAA (Korbel et al.,
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2004) are required for extraction of their integral membrane protein clients. An intriguing
possibility is that the TMDs of these membrane-anchored dislocases form channel-like
structures or perturb the bilayer around a client to facilitate extraction from the bilayer.

How Mspl selects TA membrane protein clients for extraction remains unclear. This is a
challenging task because sequence differences between the TMDs of mislocalized and
endogenous TA proteins are likely to be subtle, and genuine clients are likely to be rare
relative to the number of endogenous TA proteins. Although heterologous sequences can
functionally substitute for the Mspl TMD, the TMD may play an active role in substrate
selection by sensing hydrophobic mismatch or surfaces that become exposed in the absence
of appropriate binding partners. While our data show that Msp1 functions autonomously to
extract TA proteins in vitro, additional factors may play a role in substrate selection in vivo.
Systematic analyses are needed to define how the cell ensures that only genuine substrates
are extracted; these studies will be facilitated by our in vitro assay.

The immediate fate of TA proteins following extraction also remains unclear. During ER-
associated degradation (ERAD), the cytosolic chaperone Bag6 (BCL2-associated
athanogene 6) is recruited to the ER to capture aggregation-prone clients extracted by the
Cdc48/p97 AAA+ ATPase (Claessen and Ploegh, 2011; Kawahara et al., 2013; Lee and Ye,
2013; Wang et al., 2011). Intriguingly, the cytosolic-facing surface of the Mspl hexamer is
conserved, suggesting a potential binding site for a cytosolic chaperone to rapidly engage TA
protein clients during extraction from the membrane.

In addition to extracting mislocalized TA proteins from the OMM, the Msp1l/ATAD1 AAA
ATPases may perform additional functions in the cell. This is suggested by the broad
subcellular distribution of Msp1/ATAD1, including the OMM, peroxisomes, plasma
membrane and the cytosol. By analogy with the membrane-anchored AAA+ proteases FtsH,
i-AAA and m-AAA, whose clients include peripheral and integral membrane protein (Graef
et al., 2007; Ito and Akiyama, 2005; Korbel et al., 2004), Mspl/ADAD1 AAA ATPases
likely act on different classes of substrates. Consistent with this, putative non-TA protein
clients have been identified for yeast Mspl (Chen et al., 2014), while mammalian ATAD1
has been proposed to mediate internalization of AMPA receptor complexes by dissociating a
peripherally associated cytosolic factor from the receptor (Zhang et al., 2011). Future studies
are needed to define how Msp1/ATAD1 family members function in different cellular
contexts.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Robert Keenan (bkeenan@uchicago.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

NovaBlue cells—For cloning, £. coliNovaBlue competent cells were transformed
according to the manual provided by the manufacturer and grown on LB agar plates at 37° C
overnight.
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BL21-DE3 pRIL cells—For protein expression, £. coli BL21(DE3) containing a pRIL
plasmid and a protein expression vector were grown in terrific broth at 37° C until an ODggg
of 0.6-1.0. Cultures were induced with isopropyl-1-thio-p-D-galactopyranoside (IPTG) at a
final concentration of 1 mM and grown at room temperature for an additional 3-4 h.

Selenomethionine (Se-Met) labeled protein was expressed in M9 minimal media with 0.4%
glucose, 2 MM MgSQO,4, and 0.1 mM CaCl,. Culture was grown at 37° C until an ODggg of
0.6, at which point isoleucine, leucine, lysine, phenylalanine, threonine, and valine were
added to a final concentration of 100 mg/L to inhibit methionine biosynthesis (Van Duyne et
al., 1993). Culture was incubated at 37° C for an additional 15 min, before adding IPTG and
Se-Met to a final concentration of 1 mM and 60 mg/L respectively. The culture was grown at
room temperature for an additional 3.5 h.

W303-1a yeast—S. cerevisiae W303-1a (MATa, his3, leu2, metl5, trpl, ura3), with Mspl
and Get3 disrupted by the KanMX4 or natMX4 cassettes respectively, was used in this
study. Standard PCR-based homologous recombination was used to generate all mutant
strains (Wach et al., 1994). Briefly, drug selection cassette (KanMX4 or NatMX4) flanked
with 40-45 bp fragments binding to Msp1 gene or upstream and downstream of Get3 was
PCR amplified and transformed into the wild-type W303-1a (Gietz and Woods, 2002;
Goldstein and McCusker, 1999). Gene deletions were confirmed by PCR. After generating
the double knockout in haploids, cells were mated with W303-1a to form a diploid strain
and transformed with the appropriate vector. Haploid strains containing the double knockout
and plasmid were generated by sporulation and tetrad analysis. Media used in this study was
SD-Ura, which contained 0.5% ammonium sulfate, 0.079% CSM minus Ura, 0.17% yeast
nitrogen base, and 2% of either glucose or glycerol). Yeast strains were grown at 30° C.

METHOD DETAILS

Production of soluble protein constructs

Mspl: The gene encoding the soluble region of S. cerevisiae Mspl (A1-32) was PCR
amplified from genomic DNA and subcloned into a pET28a derivative (Novagen) encoding
an N-terminal 6xHis tag followed by a TEV or 3C protease cleavage site. All insertions and
deletions were performed by standard PCR techniques. Site-specific mutagenesis was
carried out by QuickChange PCR. All constructs were verified by DNA sequencing.

Plasmids encoding the soluble region of S. cerevisiae Mspl (A1-32) or its mutants were
transformed into £. co/i BL21(DE3) containing a pRIL plasmid and expressed in terrific
broth at 37° C until an ODggq of 0.6-1.0, cultures were induced with 1 mM IPTG and grown
at room temperature for an additional 3—4 h. Cells were harvested by centrifugation, and
resuspended in Mspl Lysis Buffer (20 mM Tris pH 7.5, 100 mM NaCl, 20 mM Imidazole,
0.01 mM EDTA, 1 mM DTT) supplemented with 0.05 mg/mL lysozyme (Sigma), 1 mM
phenylmethanesulfonyl fluoride (PMSF) and 500 U of benzonase (Sigma), and lysed by
sonication. The supernatant was isolated by centrifugation for 40 min at 4° C at 18,500 x g
and purified by Ni-NTA affinity chromatography (Novagen) on a gravity column. Ni-NTA
resin was washed with 10 column volumes (CV) of Msp1 Lysis Buffer and then 10 CV of
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Wash Buffer (Msp1 Lysis buffer with 30 mM Imidazole) before elution with Lysis Buffer
supplemented with 250 mM imidazole.

The protein was further purified by size exclusion chromatography (SEC) (Superdex 200
Increase 10/300 GL, GE Healthcare) in 20 mM Tris pH 7.5, 100 mM NacCl, 0.1 mM TCEP.
Peak fractions were pooled, concentrated to 5-15 mg/ml in a 30 kDa MWCQO Amicon Ultra
centrifugal filter (Millipore) and aliquots were flash-frozen in liquid nitrogen and stored at
-80 °C. Protein concentrations were determined by Ajgg using a calculated extinction
coefficient (Expasy) for monomeric samples or a Bradford assay (samples containing
nucleotide). The soluble E193Q construct was purified similarly, but with an additional
overnight dialysis step (against 20 mM Tris pH 7.5, 200 mM NaCl, 0.1 mM EDTA, 1 mM
DTT) to remove any bound nucleotide before SEC.

The crystallization construct (A1-32+3C) was generated by subcloning the soluble region of
S. cerevisiae Mspl (A1-32) into a pET21b derivative containing a C-terminal 6xHis tag, and
then inserting a 3C protease site after residue 345. This construct was expressed and purified
as described above with the following changes. After Ni-NTA purification, 3C protease was
added at a 1:100 molar ratio to Msp1 and dialyzed for 16 h at 4° C against 20 mM Tris pH
7.5, 150 mM NaCl, 5 mM BME. Uncleaved protein and 3C protease were then removed by
subtractive Ni-NTA chromatography. Cleaved protein was further purified by SEC on an
S200 Increase column equilibrated in Buffer B (20 mM Hepes pH 7.5, 100 mM NaCl, 1 mM
DTT). Selenomethionine (Se-Met) labeled protein was purified similarly, except for an
additional 16 h dialysis step against Buffer B after SEC.

GST-SGTA: GST-tagged SGTA was expressed and purified as described previously (Mateja
etal., 2015; Wang et al., 2010). Briefly, cells were harvested by centrifugation, and
resuspended in SGTA Lysis Buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 0.01 mM EDTA,
1 mM DTT, 10% glycerol) supplemented with 0.05 mg/mL lysozyme (Sigma), 1 mM PMSF
and 500 U of benzonase (Sigma), and lysed by sonication. The supernatant was isolated by
centrifugation for 40 min at 4° C at 18,500 x g and purified by Glutathione affinity
chromatography (Gold Bio) on a gravity column. Resin was washed with 20 column
volumes (CV) of SGTA Lysis Buffer and then eluted with 3 CV of SGTA Lysis Buffer
supplemented with 10 mM reduced glutathione. The protein was further purified by size
exclusion chromatography (SEC) (Superdex 200 Increase 10/300 GL, GE Healthcare) in 20
mM Tris pH 7.5, 100 mM NaCl, 0.1 mM TCEP. Peak fractions were pooled, concentrated to
10 mg/ml in a 50 kDa MWCO Amicon Ultra centrifugal filter (Milipore) and aliquots were
flash-frozen in liquid nitrogen and stored at =80 °C. Protein concentrations were determined
by Aygg using a calculated extinction coefficient (Expasy).

Crystallization and data collection—Native and selenomethioine-containing Msp1
crystals were grown at room temperature by hanging drop vapor diffusion. A protein
solution containing ~9 mg/mL protein was mixed in a 1:1 (2:1 for Se-Met) ratio with a
reservoir solution containing 16% PEG 3350 and 0.6 M Sodium Thiocyanate. Crystals were
cryoprotected in 16% PEG 3350, 0.6 M Sodium Thiocyanate, 20% ethylene glycol, and
flash frozen in liquid nitrogen.
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Native and selenium SAD data were collected at 100K at APS beamline 24-IDC (1 = 0.
97918 A) on a Pilatus 6M pixel-array detector. Data were processed using the xia2 DIALS
pipeline (Evans, 2006; Winter, 2010); data collection and processing statistics are listed in
Table 1.

Structure determination, refinement and analysis—The 2.6 A structure of the Msp1
soluble region (A1-32+3C) was determined by SAD using PHENIX (Adams et al., 2010);
after phasing and density modification the resulting electron density maps were of good
quality, allowing 242 residues to be placed automatically using Autobuild. The initial model
was improved by manual building and refinement with COOT (Emsley et al., 2010) and
PHENIX. The final model contains one Msp1 and 11 water molecules; no electron density
was observed for residues 33-49 and 200-205. Refinement and validation statistics are listed
in Table 1.

Sequence conservation was analyzed from an alignment of 94 fungal Msp1 homologues
identified by a BLASTp search (NCBI) using S. cerevisiae Mspl as the search sequence.
After aligning in Clustal Omega (Sievers et al., 2011) (http://www.ebi.ac.uk/), sequence
conservation was mapped to the surface of Msp1 using the ConSurf server (Glaser et al.,
2003) (http://consurf.tau.ac.il). Structure figures were generated with PyMOL (http://
www.pymol.org).

Electron microscopy and image analysis—For cryo-EM, 2 pl of soluble (A1-32) S.
cerevisiae Mspl E193Q at 1 mg/ml was incubated for 30 seconds on glow discharged C-Flat
holey carbon grids (CF-1.2/1.3-2C, EMS), blotted for 10 seconds at 100% humidity and
plunge frozen in liquid ethane using an FEI Vitrobot. Cryo-EM samples were imaged using
a JEOL 3200FS operating at 300 KeV, equipped with a K2 direct electron detector camera
(Gatan). Images were collected manually at a nominal magnification of 30,000x with a pixel
size of 1.19A and defocus range of 2—4 pm. Total exposure time was 4 s with an
accumulated dose of 48 e/AZ2. Particle selection, CTF correction, 2D class averaging, and
measurements were performed in EMAN 2.1 (Bell et al., 2016) on the University of Chicago
Midway computing cluster. Cryo-EM 2D class averages were calculated from 9,897
particles picked from 77 micrographs. Diameter measurements were made automatically
with ImageJ (Schneider et al., 2012) after highlighting by applying a greyscale threshold to
the class averages.

Size analysis by size exclusion chromatography and multi-angle laser light
scattering—Analytical SEC was carried out on a Superdex 200 Increase 10/300 GL
column (GE Healthcare) with 500 pL of 2 mg/mL protein supplemented with 2 mM of the
appropriate nucleotide and 2 mM MgCl,, as needed. Unless indicated otherwise, the column
was equilibrated in 20 mM Tris pH 7.5, 100 mM NacCl, 0.1 mM TCEP; nucleotide and
MgCl, were not present in the SEC running buffer.

For size analysis by SEC-MALS, 100 uL of 10 mg/mL protein sample were injected onto a
Superdex 200 10/300 GL column (GE Healthcare) equilibrated in 20 mM Tris pH 7.5, 100
mM NacCl, 0.1 mM TCEP. The purification system was coupled to an online, static, light
scattering detector (Dawn HELEOS 11, Wyatt Technology), a refractive-index detector

Mol Cell. Author manuscript; available in PMC 2018 July 20.


http://www.ebi.ac.uk/
http://consurf.tau.ac.il
http://www.pymol.org
http://www.pymol.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wohlever et al.

Page 12

(Optilab rEX, Wyatt Technology), and an ultraviolet-light detector (UPC-900, GE
Healthcare). Absolute weight-averaged molar masses were calculated using the ASTRA
software (Wyatt Technology).

Yeast studies

Complementation assay: For complementation assays in S. cerevisiae, full-length Mspl
with the flanking upstream and downstream 1000 bp was amplified from genomic DNA and
subcloned into a YCplac33 vector. For cellular localization studies, msGFP (Fitzgerald and
Glick, 2014) was cloned onto the C-terminus of Mspl in a YCplac33 vector modified to
include AsiSI and Notl restriction sites in frame with the C-terminus of Msp1.

Complementation was performed essentially as described (Chen et al., 2014). Briefly,
haploid W303-1 cells containing the appropriate plasmid were grown overnight in SD-Ura
with 2% glucose. Cultures were diluted to the same ODgqq, serially diluted 3x or 4x in SD-
Ura with 2% glucose, stamped onto SD-Ura plates containing either 2% glucose or 2%
glycerol, and grown at 30° C. To control for variability in the assay, a positive control (wild-
type) and negative control (empty vector) were included on every plate. Images are
representative of N > 2 trials.

Localization Studies: Localization studies were performed with GFP-tagged Mspl on a
YCplac33 plasmid in diploid W303-1 S. cerevisiae, which were haploid for chromosomal
Mspl and Get3. Yeast cultures were grown in SD-Ura medium overnight and then 1 mL of
culture was mixed with 10 pL of 10 uM MitoTracker Red CMXRos (Thermo Scientific).
Culture was incubated at 30° C for 15 min, pelleted, washed in SD-Ura, and then
resuspended in SD-Ura. Static images were captured with living cells that were compressed
beneath a coverslip without fixation and then immediately viewed. To capture static images
by widefield microscopy, we used an Axioplan2 epifluorescence microscope (Zeiss)
equipped with a 1.4-NA 100x Plan Apo objective and a digital camera (Hamamatsu)
(Papanikou et al., 2015). ImageJ (Schneider et al., 2012) was used to colorize, adjust
brightness, and merge the images.

Production of membrane proteins

SumoTMD: The vector for bacterial expression of SumoTMD (Sec22 TMD fused to Sumo)
was a gift from Vlad Denic, and was expressed and purified as previously described (Mateja
etal., 2015; Wang et al., 2010). Briefly, after transforming the SumoTMD plasmid into £.
coli BL21(DE3)/pRIL, the cells were grown in terrific broth at 37° C until an ODggq of 0.6—
0.8, and then induced with 0.4 mM IPTG and grown at 37° C for an additional 3—4 h. Cells
were harvested by centrifugation, and resuspended in SumoTMD Lysis Buffer (50 mM Tris
pH 7.5, 300 mM NacCl, 10 mM MgCl,, 10 mM Imidazole, 10% glycerol) supplemented with
0.05 mg/mL lysozyme (Sigma), 1 mM PMSF and 500 U of benzonase (Sigma), and lysed by
sonication. Membrane proteins were solubilized by addition of n-dodecyl-B-D-maltoside
(DDM) to a final concentration of 1% and rocked at 4° C for 30. Lysate was cleared by
centrifugation for at 4° C for 1 h at 35,000 x g and purified by Ni-NTA affinity
chromatography.

Mol Cell. Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wohlever et al.

Page 13

Ni-NTA resin was washed with 10 column volumes (CV) of SumoTMD Wash Buffer 1 (50
mM Tris pH 7.5, 500 mM NaCl, 10 mM MgCl,, 10 mM imidazole, 5 mM -
mercaptoethanol (BME), 10% glycerol, 0.1% DDM). Resin was then washed with 10 CV of
SumoTMD Wash Buffer 2 (same as Wash Buffer 1 except with 300 mM NaCl and 25 mM
imidazole) and 10 CV of SumoTMD Wash Buffer 3 (same as Wash Buffer 1 with 150 mM
NaCl and 50 mM imidazole) and then eluted with 3 CV of SumoTMD Elution Buffer (same
as Wash Buffer 3 except with 250 mM imidazole).

The protein was further purified by size exclusion chromatography (SEC) (Superdex 200
Increase 10/300 GL, GE Healthcare) in 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCly,
5 mM BME, 10% glycerol, 0.1% DDM. Peak fractions were pooled, aliquots were flash-
frozen in liquid nitrogen and stored at =80 °C. Protein concentrations were determined by
Avgp using a calculated extinction coefficient (Expasy).

Mspl: Full-length S. cerevisiae Mspl was PCR amplified from genomic DNA, subcloned
into a pET21b derivative with a C-terminal 6xHis tag and expressed as described above for
the soluble constructs. Cells were lysed by passing three times through a high-pressure
microfluidizer and the insoluble fraction was harvested by centrifugation for 1 h at 4° C at
140,000 x g. After resolubilizing for 16 h in Mspl Lysis Buffer containing 1% DDM
(Bioworld), the detergent-soluble supernatant was isolated by centrifugation for 45 min at
140,000 x g and purified by Ni-NTA affinity chromatrography and SEC as described above
for the soluble constructs, except that all buffers contained 0.05% DDM. Peak fractions were
concentrated in 100 kDa MWCO Amicon Ultra centrifugal filter (Millipore). Protein
concentrations were determined by Ajgg using a calculated extinction coefficient (Expasy)
and aliquots were flash frozen in liquid nitrogen.

Reconstitution of Mspl activity in proteoliposomes

Liposome preparation: Liposomes mimicking the lipid composition of the yeast outer
mitochondrial membrane were prepared as described(Kale et al., 2014). Briefly, a 25 mg
lipid film was prepared by mixing chloroform stocks of chicken egg phosphatidyl choline
(Avanti 840051C), chicken egg phosphatidyl ethanolamine (Avanti 840021C), bovine liver
phosphatidyl inositol (Avanti 840042C), synthetic DOPS (Avanti 840035C), and synthetic
TOCL (Avanti 710335C) at a 48:28:10:10:4 molar ratio with 1 mg of DTT. Chloroform was
evaporated under a gentle steam of nitrogen and then left on a vacuum (<1 mTorr) overnight.
Lipid film was resuspended in Liposome Buffer (50 mM Hepes KOH pH 7.5, 15% glycerol,
1 mM DTT) to a final concentration of 20 mg/mL and then subjected to five freeze-thaw
cycles with liquid nitrogen. Liposomes were extruded 15 times through a 200 nm filter at
60° C, distributed into single use aliquots, and flash frozen in liquid nitrogen.

Proteoliposome preparation: Proteoliposomes were prepared by mixing 800 nM Msp1,
670 nM TA protein (SumoTMD), and 2 mg/mL liposomes in Reconstitution Buffer (50 mM
Hepes KOH pH 7.5, 200 mM potassium acetate, 7 mM magnesium acetate, 2 mM DTT,
10% sucrose, 0.01% sodium azide, and 0.1% deoxy big chaps)(Zhang et al., 2013).
Detergent was removed by adding 25 mg of biobeads and rotating the samples for 16 h at 4°
C. After removing biobeads, unincorporated TA protein was pre-cleared by incubating the
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reconstituted material with excess (5 puM) GST-SGTA and passing over a glutathione spin
column (Pierce #16103); the flow through was collected and used immediately for
dislocation assays. Reconstitution efficiency of Mspl and TA protein was monitored by
SDS-PAGE and anti-His western blot, and found to vary by ~3-fold and ~2-fold for Msp1
and TA protein, respectively (Figure S1A).

Dislocation Assay: Dislocation assays contained 60 pL of pre-cleared proteoliposomes, 5
UM GST-SGTA, and 2 mM ATP and the final volume was adjusted to 200 pL with
Extraction Buffer (50 mM Hepes KOH pH 7.5, 200 mM potassium acetate, 7 mM
magnesium acetate, 2 mM DTT). Samples were incubated at 30° C for 35 min and then
loaded onto a glutathioine spin column. Columns were washed 4x with Extraction Buffer
and eluted with the same buffer supplemented with 20 mM glutathione pH 8.5. Samples
were loaded onto stain free gels, imaged, and then transferred to a PVDF membrane and
blotted as indicated in the key resource table. Load volumes were normalized by the amount
of reconstituted Mspl (Figure S1A). To account for variability in reconstitution efficiency
and western blotting, a new reconstitution and dislocation assay with wild-type Mspl was
done in parallel with each mutant Mspl. Figures are representative of N > 3 separate
reconstitutions. Dislocation efficiencies were estimated using ImageJ (Schneider et al.,
2012).

For the dislocation time course (Figure S1C), start times for the assay were staggered such
that all assays ended at 30 min. Samples were kept on ice until ATP was added to initiate the
assay, at which point samples were incubated at 30° C.

Carbonate Extraction Assay: For carbonate extraction, Mspl and TA protein were co-
reconstituted into liposomes as described above. After removing biobeads, samples were
treated as described Figure 1, diluted 2x with 100 mM sodium carbonate pH 11.5 and
incubated on ice for 15 min. The membrane-associated fraction was pelleted by spinning for
45 min at 100,000 rpm in a TLA 120.1 rotor. The pellet was resuspended in an equal volume
of 1% SDS.

Protease Protection Assay: Protease protection assay was carried out in a 10 L total
volume with 8 L of pre-cleared proteoliposomes, 1 uL of 5 mg/mL proteinase K and 0.05%
DDM (where indicated). Samples were incubated on ice for 1 h and then 0.5 pL of freshly
prepared 500 mM PMSF was added. The 10 L reaction was then reverse quenched into 90
uL of boiling 1% SDS and incubated at 95° C for 10 min.

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot band intensities were estimated using ImageJ (Schneider et al., 2012).
Reconstitution efficiency of Mspl and TA protein was monitored by SDS-PAGE and anti-
His western blot and found to vary by ~3-fold and ~2-fold respectively (Figure S1A). To
account for variability in reconstitution efficiency and western blotting, a new reconstitution
and dislocation assay with wild-type Mspl was done in parallel with each Mspl mutant.
Figures are representative of N > 3 separate reconstitutions. Dislocation efficiency was
quantified by comparing the amount TA protein in the “elution” lane with the amount of
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substrate in the “input” lane. Note that the “input” lane is diluted 5x relative to the “elution”
lane.

To control for variability in the yeast complementation assay, a positive control (wild-type)
and a negative control (empty vector) were included on every plate. Images for yeast
complementation assays are representative of N > 2 trials.

DATA AND SOFTWARE AVAILABILITY

The unprocessed image files used to prepare the figures in this manuscript are deposited in
Mendeley Data and are available at doi:10.17632/5xyf82bz5z.1. The atomic coordinates and
structure factors for the soluble S. cerevisiae Msp1l monomer are deposited in the Protein
Data Bank with accession code 5WOT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Msp1 is necessary and sufficient to dislocate TA proteins from membranes
The AAA domain of Mspl forms ATP-dependent hexamers in solution

Conserved residues in the central pore of Mspl are essential for TA protein
extraction

Heterologous TMD sequences can functionally substitute for the Mspl TMD.
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Figure 1. Msp1 drives ATPase-dependent TA protein dislocation in a purified system
(A) Assay design. Following co-reconstitution, non-integrated TA proteins are removed by

incubation with GST-tagged SGTA and passage over a glutathione-affinity resin. These ‘pre-
cleared’ proteoliposomes (PLs) are incubated with ATP and SGTA. SGTA-TA complexes
are isolated by glutathione pull-down and analyzed by SDS-PAGE and western blotting.
Epitope tags on Mspl and TA protein are indicated (see also Figure S1). (B) The presence of
non-integrated TA protein before and after pre-clearing was monitored by carbonate
extraction, SDS-PAGE and western blotting. A small amount of non-integrated TA protein is
present in the carbonate extraction supernatant immediately following co-reconstitution but
not after GST-SGTA pre-clearing. (C) The orientation of co-reconstituted TA protein and
Msp1l in pre-cleared PLs was defined by proteinase K (PK) digestion in the presence or
absence of detergent (DDM); products were analyzed by SDS-PAGE and western blotting.
In vesicles, the N-terminal 6xHis tag of the TA protein and the C-terminal 6xHis tag of
Mspl are sensitive to digestion, while the C-terminal opsin tag of the TA protein remains
protected (PF); this is diagnostic of proper orientation in the proteoliposomes. The red
asterisk indicates a minor population of TA protein oriented with its N-terminus facing the
vesicle lumen. (D) TA protein dislocation under different conditions. Samples were analyzed
by SDS-PAGE and either western blotting (for TA protein) or stain-free gel (for GST-
SGTA); the elution and wash fractions correspond to 5x volume equivalents of the input and
flow-through fractions. Dislocation efficiencies were estimated using ImageJ. See also
Figure S1.
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Figure 2. Crystal structure of soluble, nucleotide-free S. cerevisiae Mspl

N-domain

(A) Domain organization of full-length Mspl (WT), a soluble construct lacking the
transmembrane domain (A1-32), and the construct used for crystallization (A1-32+3C),
which contains a 3C protease cleavage site after residue 345; following cleavage, the protein
retains an 8-residue scar (grey). (B) Crystal structure of soluble Msp1 determined in its
nucleotide-free, monomeric state. The protein is colored as in (A). The three ‘pore loops’ are
highlighted; disordered residues in pore loop 2 are indicated by dotted line. See also Figures

S2, S3 and Table 1.
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Figure 3. Mspl functions as a ring hexamer
(A) Size exclusion chromatography of wild-type (WT) A1-32 Mspl and its ATPase-deficient

mutant (E193Q) demonstrates ATP-yS- and ATP-dependent hexamer formation (see also
Figure S4). (B) Cryo-EM 2D class averages of 1 mg/ml A1-32 Msp1E193Q incubated with
Mg2*ATP reveal a hexameric structure with distinct protrusions emanating from the central
ring. (C) A hexameric model generated by separately superimposing the large and small
subdomains of Msp1 with the corresponding subdomains in the D2 ring of hexameric, ATP-
bound human p97 (PDB ID 5C18) (see also Figures S2—4); colored as in Figure 2. At right,
the sequence conservation of 94 fungal Msp1 proteins is mapped to the molecular surface of
the Mspl hexamer model from most (magenta) to least (cyan) conserved. Note the sequence
conservation is strongest on the ‘bottom’ (membrane proximal) face of the hexamer and in
the central pore. (D) Closeup of a portion of the predicted hexamer interface between
hydrophobic residues in the large subdomain of one subunit (cyan) and the small subdomain
of a second subunit (yellow). (E) SEC analysis shows that a double mutation within this
interface (L122D/L123D) disrupts hexamerization of the soluble E193Q construct. (F) The
corresponding mutations in full-length, wild-type Msp1 also disrupt function in yeast and
(G) in vitro. See also Figure S4.
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Figure 4. Central pore loop mutations disrupt TA protein dislocation
(A) Alignment of pore loop sequences in homologs from yeast Msp1 to human ATAD1. The

most conserved residues are highlighted in grey; residues mutated for functional analysis in
yeast Mspl are in red. (B) Cutaway of the central pore in the hexamer model. Three subunits
are shown, two in surface representation (grey), and the third in cartoon with pore loop
residues shown as spheres. Note the constriction in center of the pore by residues in pore
loop 2 (some of which are disordered in the crystal, and thus not shown); this constriction
separates the membrane proximal and cytosolic faces of Mspl. (C) Mutation of conserved
residues in pore loops 1 and 2 disrupts activity of full-length Msp1 in vivo and (D) in vitro,
but does not disrupt ATP-dependent hexamer formation by the soluble domain. See also

Figure S4.
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Figure 5. Role of the N-domain linker and TM regions
(A) Schematic of the N-domain constructs used for functional analysis. (B) Progressive

deletion of the N-domain linker (‘Alinker’) connecting the Mspl AAA domain to its TM has
little effect on in vivo or (C) in vitro activity; a slight reduction in activity is observed for the
longest deletion (A32-98). Note that all samples were grown on the same plate. (D) Chimeric
constructs (“TM swaps’) in which the Mspl TM sequence is scrambled or swapped with the
TM from yeast Tom70 or human Stannin, show differing effects on activity in vivo: whereas
the scrambled and Tom70 TM chimeras are functional, the Stannin chimera mislocalizes
(Figure S5) and thus fails to complement. (E) In vitro, however, the Tom70 and Stannin
chimeras are both functional for extraction. See also Figure S5.
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Data collection and refinement statistics

Selenomet-Msp1l (A1-32+3C)

Data collection
Space group
Cell dimensions
a b cA)
a,p y()
Wavelength (&)
Resolution (A)

Redundancy
Completeness (%)
ol
Rpim (%)
CCy2 (%)
Refinement
Resolution range (A)
No. Unique Reflections
Ruork! Riree (%)
No. of non-H atoms
Protein
Ligands
Solvent
Average B (A?)
Protein
Ligands
Solvent
R.M.S. Deviations
Bond lengths (A)
Bond angles (°)
Ramachandran analysis
Favored (%)
Allowed (%)
Outliers (%)

3,12

56.4, 56.4, 206.7
90, 90, 120
0.9792

48.8-2.63 (2.72-2.63) "
17.4 (9.4)

99 (100)

9.7 (1.2)

7.6 (77.1)

99.5 (52.6)

48.8-2.63
11555
23.0/26.0

2362
21
11

76.7
63.1
58.0

0.002
0.56

97.0
2.7
0.0

Data were obtained from a single crystal.

*
Values in parentheses refer to the high-resolution shell.
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KEY RESOURCES TABLE

Page 26

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Flag (1:12,000 dilution) Sigma-Aldrich Cat. # F7425
Bovine polyclonal HRP anti-Rabbit (1:10,000 dilution) Santa Cruz Cat. #sc-2370
Mouse monoclonal HRP anti-Penta-His (1:1,500 Qiagen Cat. #34460
dilution)

Mouse monoclonal anti-Opsin (1:4,000 dilution) Abcam Cat. #abh98887
Rabbit polyclonal anti-Mouse (1:5,000 dilution) Abcam Cat. #ab6728
Bacterial and Virus Strains

E. coliNovaBlue competent cells Novagen Cat. # 70181
E. coliBL21 (DE3) pRIL competent cells Agilent Cat. #230245
Biological Samples

nfa

Chemicals, Peptides, and Recombinant Proteins

Criterion Gels, TGX Stain Free, 4-20% 26 wells BioRad Cat. #5678095
Immobilon-P Transfer Membrane (PVDF) Millipore Cat. #IPVH00010
Pierce ECL Western Blotting Substrate Thermo Scientific Cat. #32106
SuperSignal West Femto Maximum Senstivity Substrate | Thermo Scientific Cat. #34095
n-dodecyl-p-D-maltoside Bioworld Cat. #40430017
Deoxy Big Chaps Anatrace Cat. #B310
Chicken egg phosphatidyl choline Avanti Cat. #840051C
Chicken egg phosphatidyl ethanolamine Avanti Cat. #840021C
Bovine liver phosphatidyl inositol Avanti Cat. #840042C
Synthetic DOPS Avanti Cat. #840035C
Synthetic TOCL Avanti Cat. #710335C

Glutathione Agarose Spin Columns

Thermo Scientific

Cat. #P116103

Seleno-DL-methionine Sigma Aldrich Cat. #S3875
50% PEG 3350 Hampton Cat. #HR2-527
8 M Sodium Thiocyanate Hampton Cat. #HR2-245
C-Flat holey carbon grids (CF-1.2/1.3-2C) EMS Cat. #CF213-25
Adenosine-5 ft.-O-(3-Thiotriphosphate), tetralithium salt | EMD Millipore Cat. #119120
Adenosine 5" Triphosphate disodium salt Acros Organics Cat. #102800100
MitoTracker Red CMXRos Thermo Scientific Cat. #M7512

Biobeads BioRad Cat. #152-3920

Critical Commercial Assays

n/a

Deposited Data

Atomic coordinates and structure factors This study PDB ID 5W0T

Raw data (gels, blots, plates, microscopy) This study doi:10.17632/5xyf82bz5z.1
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Experimental Models: Cell Lines

n/a |
Experimental Models: Organisms/Strains

S. cerevisiae. W303-1, Get3::NAT, Mspl::KanMX, | This Study | nfa
Oligonucleotides

n/a |
Recombinant DNA

Hisg-TEV-A1-32 Mspl (pET28a) This Study nfa
A1-32+3C Mspl-Hisg (PET21b) This Study nfa
Msp1-Hisg (pPET21b) This Study nla
Mspl +/- 1 kb (YCplac33) This Study n/a
Msp1-GFP +/- 1 kb (YCplac33) This Study nla
Hisg-Flags-Sumo-Sec22 TMD-Opsin (pET28a) Wang et al. 2010 n/a
GST-SGTA (pGEX6p1) Mateja et al. 2015 n/a

Software and Algorithms

Xia2 DIALS Evans, 2006 http://dials.diamond.ac.uk
Winter, 2010
PHENIX Adams et al. 2010 http://www.phenix-online.org/
cooT EMSLEY ET AL, https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/

2010

Clustal Omega

Sievers et al, 2011

http://www.ebi.ac.uk/

Consurf Glaser et al. 2003 http://consurf.tau.ac.il

Pymol http://www.pymol.org

ImageJ Schneider et al., 2012 http://imagej.nih.gov/ij/

Eman 2.1 Bell et al. 2016 http://blake.bcm.edu/emanwiki/EMAN2
Expasy WWW.expasy.org

Other

n/a
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