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In brief

Get3 captures tail-anchored (TA) proteins
and delivers them to the Get1/2 complex
for ER membrane insertion. Heo et al.
report that Get1/2 forms an aqueous
channel that dynamically opens and
closes but is sealed by Get3. Efficient
insertion of TAs into the membrane
depends on Get1/2 channel dynamics.
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SUMMARY

Tail-anchored (TA) proteins contain a single C-terminal transmembrane domain (TMD) that is captured by the
cytosolic Get3 in yeast (TRC40 in humans). Get3 delivers TA proteins to the Get1/2 complex for insertion into
the endoplasmic reticulum (ER) membrane. How Get1/2 mediates insertion of TMDs of TA proteins into the
membrane is poorly understood. Using bulk fluorescence and microfluidics assays, we show that Get1/2
forms an aqueous channel in reconstituted bilayers. We estimate the channel diameter to be ~2.5 nm
wide, corresponding to the circumference of two Get1/2 complexes. We find that the Get3 binding can
seal the Get1/2 channel, which dynamically opens and closes. Our mutation analysis further shows that
the Get1/2 channel activity is required to release TA proteins from Get3 for insertion into the membrane.
Hence, we propose that the Get1/2 channel functions as an insertase for insertion of TMDs and as a trans-
locase for translocation of C-terminal hydrophilic segments.

INTRODUCTION

More than one-third of cellular mRNAs encode membrane pro-
teins that must be selectively delivered to and inserted into the
lipid bilayer of an intracellular organelle.”? Most of these proteins
are co-translationally targeted and inserted into the endoplasmic
reticulum (ER). The cytosolic signal recognition particle (SRP)
recognizes the first transmembrane domain (TMD) of membrane
proteins and targets the ribosome-nascent chain complex to the
Sec61 translocon in the ER membrane via the SRP receptor.®*
The Sec61 translocon forms an agueous channel that recognizes
an incoming TMD and facilitates its insertion into the lipid
bilayer.>® The key step in this process is thought to involve
movement of a TMD from the interior aqueous pore of the
Sec61 translocon into the hydrophobic core of the lipid bilayer
through a lateral gate.”® Simultaneously, the Sec61 channel
can also open perpendicularly to the ER lumen to transport
hydrophilic nascent polypeptides across the membrane. The
quiescent Sec61 channel is closed by its plug domain, located
on the luminal side of the channel, maintaining the membrane
barrier.°

Recent genetic, biochemical, and structural studies have illus-
trated an alternative post-translational protein insertion pathway
called GET (guided entry of tail-anchored proteins) in yeast and
TMD recognition complex (TRC) in mammals."'~'® Tail-anchored
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(TA) membrane proteins are the main clients of the GET pathway.
They contain a cytosolic N-terminal soluble domain and a single
C-terminal TMD that serves as a membrane anchor and a target-
ing signal. TA proteins comprise up to 5% of the eukaryotic
membrane proteome and have a wide range of important func-
tions, including vesicle fusion, protein translocation, and lipid
transport.’® 2" Newly synthesized TA proteins cannot utilize the
co-translational SRP-mediated targeting pathway because their
C-terminal TMDs remain sequestered by ribosomes when trans-
lation terminates.’®?>?® The cytosolic ATPase, called Get3 in
yeast (TRC40 in mammals), recognizes TMDs of TA sub-
strates.'’"'2?*2% The Get3-bound TA protein complex is then
recruited to the ER membrane by interaction with the long
flexible Get2 cytosolic domain.?”~*? At the membrane, the cyto-
solic Get1 coiled-coil domain facilitates release of the TMD from
Get3 for insertion into the lipid bilayer.®**> Subsequently, ATP
binding displaces Get3 from the Get1/2 complex.?”?%%334 The
Get4/5 complex also prevents rebinding of Get3 to the Get1/2
complex by sequestering the ATP-bound Get3 for another round
of TA protein loading.>*

Despite the molecular level of understanding of TA protein
targeting to the ER membrane, the decisive final step of TA pro-
tein insertion into the ER lipid bilayer remains poorly
understood.*15%¢ Specifically, it is ill defined how the Get1/2
complex reduces the activation energy barrier associated with
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inserting TMDs of TA proteins into the lipid bilayer. The energy
barrier here is twofold. First, the hydrophobic TMD must pass
hydrophilic lipid head groups of the membrane. Second, a TA
protein can have a hydrophilic tail up to 30 amino acids in
length®” that must pass hydrophobic lipid tail groups in the mem-
brane. Biochemical studies have revealed that the TMD of the TA
substrate directly contacts the membrane domains of Get1/2
during its insertion into the ER membrane, suggesting that
Get1/2 functions as an insertase.®> A single-molecule in vitro
study has shown that a heterodimer of Get1/2 is the minimum
functional unit to form a TA protein insertase.®? However, recent
structural studies have revealed the heterotetrameric Get1/2
complex to be bound to the Get3 dimer.*® Moreover, the forma-
tion of Get1/2 heterotetramers appears to be important for inser-
tion of TA proteins into the ER of yeast cells. Interestingly,
analogous to the YidC membrane protein insertase,*® Get1/2
contains a cytosolic hydrophilic vestibule that has been
suggested to aid insertion of TMDs of TA proteins into the
bilayer.38 However, it remains to be determined how the Get1/
2 insertase provides a conduit for TMDs of TA proteins to enter
the bilayer and allows translocation of C-terminal hydrophilic
tails across the hydrophobic bilayer. Well-defined in vitro setups
that directly monitor the dynamics of the insertion machinery on
the ER membrane are required to understand the mechanisms of
TA protein insertion.

To this end, we employed a combination of bulk fluorescence,
microfluidics, and insertion assays to investigate the Get1/2
insertion machinery. We reveal that the reconstituted Get1/2
complex in the membrane conducts ions by forming a heterote-
trameric channel that dynamically opens and closes. Our data
suggest that the cytosolic binding partner Get3 seals the
conductance of the Get1/2 channel, likely maintaining the mem-
brane permeability barrier in cells. Mutagenesis studies reveal
that positively charged amino acids (K150 and K157) in the first
TMD of Get2 contribute to forming the Get1/2 channel. Our
functional reconstitution studies show that channel formation is
required to efficiently release TA substrates from Get3 for
insertion into the membrane. These findings suggest that,
analogous to the Sec61 translocon channel, Get1/2 functions
as an insertase for inserting TMDs into the bilayer and as a trans-
locase for translocation of hydrophilic segments across the ER
membrane.

RESULTS

Get1/2 transports solutes in reconstituted vesicles

To test whether, like the Sec61 translocon, Get1/2 could form a
channel on membranes, we used the conventional fluorescence
quenching assay, in which nitro-2-1,3-benzoxadiazol-4-yl
(NBD)-labeled phospholipids are quenched by sodium dithion-
ite.“>*" When NBD-conjugated lipids are present in the bilayer
of small unilamellar vesicles (SUVs), only outward-facing NBD
dyes are quenched by addition of the membrane-impermeable
sodium dithionite. However, if the bilayer contains a channel
that allows passage of sodium dithionite across the membrane,
then inward- and outward-facing NBD dyes are quenched. We
reconstituted purified recombinant Get1 and Get2 proteins (Fig-
ure S1A) into SUVs using a previously established procedure.*?
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The Get1/2 complex was efficiently incorporated into vesicles,
as observed by little loss of proteins during the reconstitution
procedure (Figure S1B). Digestion of SUVs with proteinase K
suggest that ~18% of Get1 and Get2 were reversely oriented
in the bilayer, as evidenced by the observation of protease-pro-
tected cytosolic domains of Get1 and Get2 (Figures S1C-S1E).
However, it is unlikely that the remaining ~82% of Get1/2 is
correctly oriented in SUVs because proteinase K would also
digest uninserted Get1/2 and Get1/2 stuck on the membrane
surface in addition to digesting correctly oriented Get1/2 in the
membrane. As a negative control, we reconstituted a non-chan-
nel-forming membrane protein, either tSNARE (target soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) or
vesicle-associated VSNARE, into SUVs (Figures 1A and S1F).*
To serve as a positive control for channel formation, we reconsti-
tuted the heptameric toxin a-hemolysin into SUVs.**

Upon addition of sodium dithionite, the NBD fluorescence
reduction was monitored on a plate reader. The relative fluores-
cence decrease is a direct quantification of all NBD-labeled lipids
accessible to the sodium dithionite. We found that the fluores-
cence of protein-free SUVs was reduced to ~40% of the initial
NBD fluorescence (Figure 1B). This result is consistent with im-
mediate quenching of all NBD fluorophores localized on the outer
leaflet, whereas the inner leaflet is not quenched because so-
dium dithionite cannot penetrate the SUVs (Figures 1A and 1B).
We obtained a similar result with SUVs containing tSNARE or
VvSNARE, which is consistent with the observation that
SNARES do not form channels.** Because the bacterial toxin he-
molysin is known to form an oligomeric channel,*® the fluores-
cence was further reduced to ~33% for H2000 SUVs containing
an a-hemolysin-to-lipid ratio of 1:2,000 and reduced to ~25% for
H500 SUVs having an a-hemolysin-to-lipid ratio of 1:500 (Fig-
ure 1B). These results confirm that the inner leaflet of SUVs is
quenched by sodium dithionite only in the presence of a mem-
brane protein channel. Remarkably, the fluorescence of Get1/2
SUVs with a protein-to-lipid ratio of 1:3,500 was significantly
reduced to ~13% (Figure 1B). This result suggests that sodium
dithionite passes through the Get1/2-containing membrane
bilayer and that, like a-hemolysin, Get1/2 complexes can form
membrane channels. It is intriguing that the fluorescence plateau
is not reaching zero for a-hemolysin or Get1/2 samples. This
non-zero plateau shows that some SUVs are not permeable to
dithionite, suggesting that they may not have any channel (Fig-
ure S2; STAR Methods). A final striking result is that, after the
sharp fluorescence decrease upon adding sodium dithionite,
the fluorescence signal remained constant for protein-free and
a-hemolysin samples. In contrast, the NBD fluorescence of
Get1/2 SUVs continued to decrease for 40 min until reaching
the plateau value (Figure 1B). This shows that some SUVs are
initially not permeable but become permeable over time, sug-
gesting that the Get1/2 channels are transient.

Get1/2-induced membrane permeability is caused by
transient channels

The aforementioned fluorescence quenching experiments in
bulk suggest that Get1/2 can form a transient channel that allows
passage of solutes like sodium dithionite. To characterize the in-
dividual Get1/2 channel, we employed our recently developed



Cell Reports

A
0] (ii) (iii) (iv) v) (vi)

Protein-free tSNARE VvSNARE Hemolysin  Get1/2 Get1/2
vesicle channel channel not channel
¢+ Dithionite

Outer leaflet quenching

obbHBd PG

Inner leaflet quenching
obdbmmnma

¢? CellPress

OPEN ACCESS

B
Dithionite

100 4 =
. 50 |
o L
& i Protein-free vesicle
?é;’ 40— .~ 1:500 tSNARE:Lipid
S ~71:500 vSNARE:Lipid
7] . .
g 30 4 1:2000 of aHL:Lipid
= 7 1:500 of aHL.:Lipid
o
X 20

==1:3500 of Get1/2:Lipid
10 T T T T
0 20 40 60
Time (min)

Figure 1. The Get1/2 complex makes membranes permeable to solutes
(A) Description of the 6 SUV samples used and the expected outcome of the bulk fluorescence quenching experiment.
(B) NBD fluorescence was monitored over 60 min for the indicated samples. 1 mM sodium dithionite is added to SUVs at t = 0. The lipid-to-protein ratio was

defined when they were mixed for setting up reconstitution reactions.

Data represent an average of three independent experiments (except for the H2000 sample in which there were two independent experiments). Error bars indicate

mean + SD. See also Figures S1.

in vitro reconstituted system in which a free-standing membrane
(~100 um in diameter) is suspended between two microfluidics
channels (Figure 2A).*> We flowed protein-free SUVs on the
bottom microfluidics channel and Get1/2 decorated SUVs
(Get1/2:lipid ratio of 1:3,500) on the top microfluidics channel.
A suspended squalene droplet was trapped between the two
microfluidics channels. This results in formation of a Get1/2-con-
taining leaflet on the top side and a protein-free leaflet on the
bottom side of the squalene droplet. Upon absorption of squa-
lene by polydimethylsiloxane (PDMS), the two leaflets contact
and zip to form a bilayer (Figure 2A). Because the Get1/2
complex is inserted in a single leaflet at the buffer/squalene inter-
face, it is energetically favorable to insert with the hydrophilic
cytosolic domains facing the buffer. Membrane formation was
simultaneously monitored by microscope and patch amplifier
(Figure 2A).

We measured current through the membrane by applying a
permanent 100-mV voltage difference between the upper and
lower channels. The membranes exhibited stable readings for
~4 h, after which there is no resistance for the current because
of breakage of the membrane. As expected, absolutely no cur-
rent was observed in the case of the protein-free membrane
for 4 h (Figure 2B). In contrast, in the case of Get1/2 membranes,
spikes of current jumps were observed, indicating that channels
are forming, allowing ions to cross the membrane (Figures 2C,
2D, and S3). The current was not permanently occurring, but
instead it exhibited stepwise increases and decreases until
returning to zero. These observations suggest that transient
Get1/2 channels stochastically form in the membrane. Most of
these current steps were close to 60 pA, but some of them
were larger. We also observed that channels formed for long pe-

riods of time without any current alternating for various durations
(a few seconds to tens of minutes), during which currents
remained non-zero (or only briefly became zero). On average,
these cascades of transient channels occurred ~4-5 times per
hour and existed 15% of the time, which means that they lasted
~2 min on average. However, this average is not a perfect repre-
sentation because a “cascade” may actually be represented by
a single brief channel opening (0.3 s in Figure 2D, left panel) or by
a long series of opening and closing of several channels that can
last for many minutes (Figure 2D, right panel).

The channel is made by two Get1/2 complexes

The current plateaus represent the inner diameter of a single
channel and the number of channels simultaneously opened in
the membrane. We analyzed 301 current plateaus from four
independent membranes suspended in microfluidics chips that
were measured for a combined total of more than 12 h. Most pla-
teaus are found at around 60 pA (Figure 2D). We also noticed that
the smallest plateau above the detection limit is at 20 pA (Fig-
ure 2E), which is sometimes step increased to the typical distinct
plateau around 60 pA. The current distribution of the 301 pla-
teaus does not clearly display two distinct peaks around 20
and 60 pA. This is probably due to the intrinsic noise of the exper-
iment. An alternate analysis is to investigate sudden stepwise
increases and decreases. This approach removes any discrep-
ancy because of variable background. We analyzed 194 current
step increases and 208 current step decreases. The correspond-
ing histograms are provided in Figures 3A and 3B. Four “peaks”
associated with four groups of stepwise current variations and
having mean values of ~124 pA, 184 pA, 250 pA, and 308 pA
can be observed (peaks 3, 4, 5, and 6, respectively, in Figure 3A).
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Figure 2. Get1/2 channel formation in a free-floating membrane

(A) A schematic of the experimental setup. A free-floating membrane is suspended between two microfluidics channels, as described in the text and

STAR Methods.
(B) No current is observed in protein-free membranes until their rupture.

(C) In Get1/2-decorated membranes, transient currents are typically observed in sequential increases and decreases. These currents attest to the presence of
channels in the membrane through which ions can pass upon the action of the voltage applied on the two sides of the membrane. This step increase and decrease
of currents shows that the channels are very dynamic and can open and close. The data were collected from four independent experiments.

(D) Magnification of traces. The left panel shows a channel that opens and reseals in less than 0.5 s. The right panel shows a channel that is intermittently opened
and closed for 100 s (the duration of an acquisition trace is 1,000 s; hence, this channel did not reseal by the end of the trace).

(E) Examples of 20-pA currents. Left panel: a channel corresponding to a 20-pA current is opened and closed twice in less than 10 s. Right panel: a 20-pA channel

remains open for almost a minute, and a transient 60- to 70-pA channel briefly opens during the process on the current trace.

See also Figures S2 and S3.

The increase in current between each successive peak seems
constant and close to 60 pA. Based on the observation that there
are 20-pA and 60-pA plateaus, we fitted the smallest current
steps, including peak 3, with three Gaussians (Figure 3B). We
found the position of the corresponding peaks at 19.6 pA,
55.2 pA, and 123.9 pA (peaks 1, 2, and 3, respectively, in
Figures 3A and 3B). The large error bar on the second peak is
due to the proximity to the first peak.

Two models can be envisioned to explain these stepwise
variations of the current. First, the change in current is due to
opening or closing of pores of a unique size. Second, pores
can change their size by adding or removing Get1/2 complexes.
The two models can be discriminated by plotting the conduc-
tance versus the associated peak number. In the case of a single
channel with increasing size, the conductance varies with the
square of the peak number because the channel area increases
with the square of the channel circumference. In the case of

4 Cell Reports 42, 111921, January 31, 2023

opening of new channels of fixed size, the conductance varies
linearly because the total channel area is proportional to the
number of channels. For Get1/2, the conductance variation is
clearly linear with the peak number (Figure 3C) from peaks 3-6.
Peak 2, obtained by fitting the smallest current steps, also falls
on the same line. This result suggests that Get1/2 forms chan-
nels of precise conductance (i.e., of precise size), and the subse-
quent current plateaus correspond to various numbers of
identical channels that opened simultaneously.

The slope indicates a conductance increase of 0.6 nS per
channel (Figure 3C). This is about 5 times that of an a-hemolysin
channel we measured with the same membrane (0.125 nS). The
conductance is proportional to A// where A and / are the channel
inner area and length, respectively. For o-hemolysin, A is
1.8 nm?, and | is 10 nm. The length of the Get1/2 channel will
be longer than a lipid bilayer (4 nm). The luminal loops and ex-
tremities of Get1 and Get2 are rather short, suggesting that a
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(D) The mean diameter of the additional channel observed between two consecutive peaks is calculated from the conductance variation data collected from four
independent experiments. Error bars indicate mean + SD. As expected, there is no significant difference between the various increases, as indicated in the text.

See also Figures S4.

channel cannot extend significantly into the ER lumen. The cyto-
plasmic loops have a length of 83 and 47 residues for Get1 and
Get2, respectively. The cytoplasmic C-terminal of Get1 is 36 res-
idues and the cytoplasmic N-terminal of Get2 is 147 residues.
Apart from these aforementioned loops, the other loops and tails
are short in Get1 and Get2. Hence, it is reasonable to assume
that the channel will not extend much in the cytoplasm:
4-10 nm for the Get1/2 channel length is a probable estimate.
Using the geometrical parameters of «-hemolysin, this indicates
that the inner area of the Get1/2 channel is 3.6-9 nm?; i.e. equiv-
alent to a disk with a diameter of 2.1-3.4 nm (Figure 3D). This is
consistent with the inner area of a channel formed by 12 1-nm
transmembrane o helices forming a dodecamers; i.e., two Get1/
2 complexes (Figure S4; STAR Methods). However, we have to
be cautious because this calculation assumes a perfectly cylin-
drical channel. Hence, we cannot exclude the possibility that
the channel is made of a single Get1/2 complex because a hex-
amer of six 1.3-nm a-helices would form a perfectly cylindrical
channel with a 1.7-nm? open cross-section, which is still in a
reasonable range. Three Get1/2 complexes per channel cannot
be envisioned because an octadecagon made of 18 1-nm o he-
lices would form a perfectly cylindrical channel with a 46-nm?
open cross-section, which is much larger than we measured
(Figure S4; STAR Methods). Intriguingly, the conductance of
the first peak is not aligned with the others (Figure 3C). Also,
the intercept with y = 0 axis is exactly at x = 1. This suggests
that the channel in the first peak is not of the same nature as
the others. Because it often precedes or follows a 60-pA plateau,
it is probably an intermediate state that sometimes forms during
channel formation or closing. This intermediate state has a

conductance corresponding to an ~1.4-nm diameter, which
could correspond to a single Get1/2 complex that may form a
small channel on the pathway to full channel formation or clos-
ing. We do not observe this intermediate state systematically,
either because it may not always occur or because it is too short
lived or too close to our detection limit.

Characterization of the Get1/2 channel

The data above suggest that Get1/2 forms a hydrophilic channel
with a diameter of between 2.1 and 3.4 nm. If this estimation is
the threshold of the pore size, smaller or bigger molecules should
pass through or be blocked by the membrane, respectively. To
test this, we used a conventional content release assay in which
GFP (~3-nm diameter)*® or sulforhodamine B (SRB; ~1-nm
diameter) is encapsulated in the desired SUVs (Figure 4A).
GFP was not released from Get1/2 SUVS, as evidenced by
encapsulated GFP fluorescence not reducing in the presence
of the Get1/2 channel (Figure 4B). Conversely, the SRB
fluorescence was reduced to ~50% for SUVs containing a
Get1/2-to-lipid ratio of 1:3,500 and about ~35% for SUVs having
a Get1/2 to lipid ratio of 1:7,000 (Figure 4C). The electric mea-
surements combined with the dye release suggest that the
Get1/2 channel pore size is 2.5 + 0.4 nm.

To characterize the Get1/2 channel, we sought to identify
mutations in Get1/2 that would disrupt the channel activity.
Recent structural studies suggest that two lysine residues
(K150 and K157) in Get2 TMD1 mediate heterotetramerization
of Get1/2 by binding to phosphatidylinositol (P1).*® We hypothe-
sized that mutating K150 and K157 in Get2 TMD1 to alanine
residues should disrupt the channel activity by inhibiting
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Figure 4. Get1/2 forms a heterotetrameric channel with a defined pore size

(A) Schematic showing GFP or SRB encapsulated in Get1/2 SUVs.

(B and C) GFP or SRB was encapsulated in protein-free SUVS or Get1/2 SUVs with the indicated lipid-to-protein ratio. The retained fluorescence of GFP or SRB
was quantified after removal of exterior free dyes. Data represent an average of two independent experiments. Error bars represent mean + SD.
(D) Diagram illustrating the topology of the Get2-1sc. K150 and K157 in Get2 TMD1 were mutated to alanine residues. The dotted line indicates the linker

sequence that connects the C terminus of Get2 to the N terminus of Get1.
(E) The indicated SUVs were analyzed by Coomassie staining.

(F) NBD fluorescence was monitored for 40 min for the indicated samples. 1 mM sodium dithionite is added to SUVs at t = 0.
Data represent an average of two independent experiments. Error bars represent mean + SD. See also Figures S5 and S6.

heterotetramerization of Get1/2. To exclude the potential for
complex disruption by these mutations, we introduced K150A
and K157A mutations into Get2 of the single-chain (sc) Get2-1
construct (Figure 4D), which is known to be functional in vitro
and in yeast®*®® (Figure 1A). We individually expressed wild-
type Get2-1sc and Get2-1sc (K150A/K157A) and purified them
from E. coli (Figure S5A). We then reconstituted wild-type (WT)
or mutant Get2-1sc into SUVs and carried out a fluorescence
quenching assay, shown in Figure 1B. Similar to Get1/2 SUVs,
~80% of Get2-1sc or ~93% of Get2-1sc (K150A/K157A) is
correctly oriented in SUVs, as judged by a proteinase protection
assay (Figures S5B-S5D). Upon adding sodium dithionite, the
fluorescence of SUVs containing Get1/2 or Get2-1sc was
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reduced to ~20% of the initial NBD fluorescence (Figures 4E
and 4F). In sharp contrast, the fluorescence of SUVs containing
Get2-1sc (K150A/K157A) was only reduced to 40%, similar to
that of protein-free SUVs, demonstrating that the two lysine
residues in TMD1 of Get2 contribute to Get1/2 channel forma-
tion. Because earlier studies suggested that the K150 and
K157 residues in Get2 mediate formation of Get1/2 heterote-
tramers by binding to PI, we examined this by performing chem-
ical crosslinking using a lysine-reactive chemical crosslinker. To
our surprise, proteoliposomes containing Get2-1sc or Get2-1sc
(K150A/K157A) showed a similar level of crosslinked adduct
corresponding to the size of heterotetramers even at the various
protein or crosslinker concentrations (Figures S6A and S6B). A
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Figure 5. Get3 seals the Get1/2 channel

(A) Example of an NBD quenching assay similar to that presented in Figure 1. 2.6 uM or 26 pM Get3 was incubated with Get1/2 SUVs in the presence or absence of
1 mM ATPyS/MgCl,. As a negative control, 5 pM BSA was incubated with Get1/2 SUVs. NBD fluorescence quenching in the inner leaflet is reduced as the
concentration of Get3 is increased. The dotted line indicates the guideline for Get1/2 + Get3 (26 uM). The experiment was repeated independently three times with
less than 5% variation.

(B) Mean relative increase of the fluorescence plateau in (A) as the ratio between the plateau of the considered conditions to that of the reference quenching
obtained with Get1/2 alone (pink curve). Data represent an average of three independent experiments. Error bars represent mean + SD.

(C) Comparison of the frequency of the Get1/2 channel series in microfluidics experiments similar to that presented in Figure 2 but performed with Get3 or BSA
flew in the top channel. This frequency is decreased 10-fold with Get3 but not with BSA.

(D) Comparison of the fraction of the time a Get1/2 channel series in microfluidics experiments similar to that presented in Figure 2, but Get3 or BSA was flowed in
the top channel. This fraction is decreased ~4-fold with Get3 but not with BSA. The experiments shown in Figures 3C and 3D were repeated three times with

similar results.

small fraction of Get2-1sc or its mutant could form a crosslinked
adduct corresponding to hetero-octamers, which suggests that
the heterotetrameric channels can transiently associate with
themselves. Itis unclear why these mutations did not disrupt het-
erotetramerization of Get1/2, as suggested previously, but we
provide possible explanations for this discrepancy in the
Discussion.

Get3 seals the Get1/2 channel

Because the Get1/2 channel allows passage of small molecules,
we wanted to determine how the ER membrane permeability
barrier is maintained to prevent the deleterious effects caused
by exchange of small molecules between the ER and cytosol.
We hypothesized that the cytosolic binding partner Get3 might
regulate channel opening because earlier studies have shown
that Get3 is localized on the ER membrane in yeast and forms
a tight complex with Get1 and Get2.'"?” To investigate this
hypothesis, we first measured fluorescence quenching in bulk

experiments using Get1/2 SUVs in the absence or presence of
2.6 uM Get3, which corresponds to ~300 per Get1/2 complex
(Figure 5A). The NBD fluorescence plateau reached ~30% of
the initial fluorescence in the presence of Get3 (Figure 5A). This
value, when compared with ~15%-20% for Get1/2-only SUVs
(Figures 1D and 5A), indicates that inner leaflet NBD quenching
was reduced by approximately half when Get3 was added, i.e.,
about half of the porous vesicles were resealed by Get3. A
10-fold increase in the concentration of Get3 (26 pM) did not
significantly enhance sealing of the Get1/2 channel, suggesting
that Get3 is not limited in this experiment (Figure 5A). Two plau-
sible explanations follow for why Get3 does not fully close the
Get1/2 channel. First, about 18% of the Get1/2 complexes
cannot bind to Get3 because they are in the reverse orientation
(Figures S1C-S1E). Second, Get3 binding may restrict but not
completely block leakage of sodium dithionite through the chan-
nel. Get3 binding and sealing the Get1/2 channel are specific
because we did not observe any difference between Get1/2
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Figure 6. Get1/2 channel mediates TA protein insertion

(A) Protein-free, Get2-1sc, or Get2-1sc (K150A/K157A) liposomes were incubated with the purified complex of Get3 and VAMP2 with a 13-amino-acid C-terminal
tail. The proteinase K (PK)-protected fragment (PF) represents successful insertion. Proteoliposomes used for the TA protein insertion assay were analyzed by
immunoblotting with anti-Get2 antibodies. Bottom: TA protein insertion was quantified by autoradiography. Data represent an average of two independent
experiments. Error bars represent mean + SD.

(B) TA protein insertion and quantification were conducted as in (A) but using the purified complex of Get3 and VAMP2 bearing a 26-amino-acid C-terminal
hydrophilic tail. Data represent an average of two independent experiments. Error bars represent mean + SD.

(C) Schematic of the TA protein release assay.

(legend continued on next page)
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SUVs with and without bovine serum albumin (BSA). Earlier
studies suggest that ADP-bound Get3 binds tightly to Get1/2,
whereas Get3 is released from Get1/2 when bound to
ATP.2728:3334 \We therefore investigated how ATP binding to
Get3 affects NBD quenching mediated by Get1/2 channels using
bulk experiments in the presence of the ATP analog ATPYS,
which cannot be hydrolyzed. We found that the fluorescence
plateau during dequenching reached ~25% of the initial fluores-
cence, suggesting that the membrane’s impermeability to
solutes is reduced when Get3 is bound to ATPyS (Figure 5B).
Overall, the number of liposomes having their membrane sealed
by Get3 was reduced by about one-third.

We turned to our microfluidics experiments to further support
Get3-mediated sealing of the Get1/2 channel. Using 100 nM
Get3, we observed only three series of channels formed in three
different experiments for a total duration of almost 6 h, corre-
sponding to the frequency (0.5 per hour) of 10 times less than
without Get3 (Figure 5C). Overall, a channel was opened 4% of
the time with Get3 versus 15% without Get3 (Figure 5C). The
average duration of a series of channels cannot be accurately
obtained over such a low number of events but remains in the
same range as the one observed without Get3 (4.5 min versus
2 min). This result suggests that Get3 either binds and seals a
channel or does not bind at all, which could be partially explained
by a population of channels that are reversely oriented and unin-
serted. As a control, we replaced Get3 with BSA at 100 nM (2 ex-
periments for 6 h). We did not observe any difference between
samples with and without BSA (Figures 5C and 5D). Our func-
tional studies at the bulk and single-channel levels provide
evidence that Get3, without TA protein cargo, seals Get1/2 chan-
nels and prevents solute exchange across the membrane. These
studies also provided information about the interaction between
Get1/2 and Get3. Because a quenching reduction can be seenin
the bulk experiment when the Get3 concentration is 2.6 uM and,
to a lesser extent, at a concentration of 260 nM, the affinity of
Get3 to Get1/2 is of the order of 100 nM to 1 uM. This is consis-
tent with the significant reduction of channel opening in the
microfluidics channel in the presence of Get3 at 100 nM.

Efficient insertion of TA proteins relies on Get1/2
channel activity

We hypothesized that formation of the Get1/2 channel might be
required for mediating insertion of TA proteins into the ER mem-
brane. To test this, we assembled and affinity-purified Get3
bound to radiolabeled VAMP2 (a SNARE TA protein that medi-
ates fusion of synaptic vesicles) from in vitro translation
reactions.”” We then incubated the Get3-VAMP2 targeting com-
plex with various concentrations of Get2-1sc or Get2-1sc
(K150A/K157A) containing proteoliposomes and performed a
protease protection assay. Protease-protected fragments of
VAMP2, which represent successful insertion, were recovered
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by immunoprecipitation using antibodies against its C-terminal
epitope. VAMP2 was inserted into Get2-1sc proteoliposomes,
and the insertion efficiency depended on the concentration of
Get2-1sc (Figure 6A). In contrast, VAMP2 insertion into proteoli-
posomes containing Get2-1sc (K150A/K157A) was inefficient at
all concentrations tested. Our data are consistent with the previ-
ous observation that the TA protein Sed5 was mislocalized in
yeast cells expressing Get2-1sc (K150A/K157A).%° We reasoned
that Get1/2 channel activity might be more critical for mediating
insertion of TA proteins with longer C-terminal hydrophilic tails.
Therefore, we prepared a targeting complex containing VAMP2
with the extended C terminus of 26 amino acids and tested for
insertion into proteoliposomes containing WT or Get2-1sc
mutant. Insertion of VAMP2 showed a significant reduction in
K150A/K157A proteoliposomes compared with the WT (Fig-
ure 6B), but the difference was similar to that observed for
VAMP2 with a short tail (Figure 6A). These results indicated
that the insertion defect of Get2-1sc (K150A/K157A) may be
caused by failure to recruit the targeting complex to the mem-
brane or inability to release TA proteins from Get3. The mem-
brane flotation assay revealed that the WT and the mutant could
recruit the Get3-VAMP2 targeting complex to the bilayer (Fig-
ure S7). We next examined TA substrate release from Get3 in
the presence of Get2-1sc or Get2-1sc (K150A/K157A) proteoli-
posomes using a chemical crosslinking assay (Figure 6C).
Get2-1sc proteoliposomes stimulated VAMP2 release from
Get3, as evidenced by reduced crosslinking between Get3 and
VAMP2 even at low concentrations of Get2-1sc (Figure 6D). In
contrast, Get2-1sc (K150A/K157A) exhibited a significant defect
in releasing VAMP2 from Get3 (Figure 6D), which supports the
notion that Get1/2 channel activity is required for release of TA
substrates from Get3.

DISCUSSION

This study provides evidence that the conserved TA protein
insertion machinery Get1/2 forms a hydrophilic channel in the
lipid bilayer. In this discussion, we focus on the stability of the
Get1/2 channel, the cooperativity of multiple Get1/2 channels,
and how opening of the Get1/2 channel is coupled with TA pro-
tein release from Get3 for efficient insertion into the ER
membrane (Figure 7).

Stability of the channel: Closing rate

Spontaneous closing of a channel is an indication that a Get1/2
complex changes conformation. Because there is a series of
opening/closing events, Get1 and Get2 likely remain bound to
each other during these events. We hypothesize that sponta-
neous opening and closing of the Get1/2 channel may also
accelerate the movement of Get1 and Get2 cytosolic domains,
particularly the Get1 coiled coil, which is tightly connected to

(D) The Get3-VAMP2 complex was incubated with liposomes or proteoliposomes containing the indicated concentration of proteins and subjected to chemical
crosslinking and immunoprecipitation with anti-Get3 antibodies. Aliquots of total crosslinking reactions (input) and immunoprecipitation products of the
crosslinking reactions were analyzed by autoradiography. The right panel shows the quantification result of TA protein release from Get3.

Data represent an average of five independent experiments. Error bars represent mean + SD. Statistical analysis of the difference between WT and K150A/K157A
for each concentration was performed using an unpaired t test. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. #, a background crosslinked

band. See also Figure S7.
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Get1/2 forms a heterotetrameric channel that transiently opens and closes. The long and flexible cytosolic domain of Get2 recruits the Get3-TA protein complex
closer to the cytosolic domain of Get1. Get1/2 channel opening and closing in the membrane accelerate the movement of the cytosolic Get1 domain to bind and
release TA substrate from Get3, allowing the substrate to land directly on the channel for insertion into the ER membrane. K150A/K157A mutations in Get2 close
the channel, immobilizing the Get1 coiled-coil domain, inhibiting release of TA substrate from Get3. When the TA protein is inserted into the membrane, Get3

binding to Get1/2 seals the channel until it is released by binding to ATP.

its membrane domain (Figure 7).°”*® Another advantage of
spontaneous closing is preventing perforation of the ER mem-
brane, which would be physiologically damaging. Spontaneous
closing of the Get1/2 channel in the absence of Get3 may be
due to the low hydrophilicity of the inside channel region that is
exposed to the aqueous phase, but the other side faces the
hydrophobic acyl chains in the membranes. Quantitatively, this
should translate into the low resealing energy of the channel.
This energy can be estimated by analyzing the statistics of the
channel lifetime. By pooling all experiments, channels were
open for slightly more than 2 h. During these 2 h, 185 channel
closing events were observed. Hence, the closing rate, Ko, is
about 0.03 per second; i.e., a channel is stable for ~30 s. We
can estimate the energy required for the conformation change
assuming a standard Arrhenius dependency of the closing rate

Kot = e;f", where E,, is the energy barrier for the conformation
change expressed in kgT, and g is a prefactor related to the
shape of the energy landscape and the local viscosity. For nano-
meter-size proteins, 1o is between 0.1 ns and 10 ns. Hence,
Ep, = 24+3kgT. If Get3 added 5 kgT to this value, then the
Get1/2 channel would become stable for more than 1 h; i.e., it
would remain permanently open or closed but sealed by Get3
on the typical timescale of the cell. Conversely, if we destabilize
the channel by removing as little as 5 kgT, then the average
lifetime of the Get1/2 channel would be reduced to 200 ms,
and the ER membrane would be protected from perforation.

10 Cell Reports 42, 111921, January 31, 2023

Hence, 24 + 3 kgT is ideal to keep the channel relatively stable
(30 s) and make it permanently closed or permanently open
upon Get3 binding.

We speculate that the Get3-mediated sealing of the transiently
opened Get1/2 channel is physiologically crucial for maintaining
the membrane permeability barrier in vivo. We show that Get3-
mediated sealing of the Get1/2 channel can be partially released
in the presence of a non-hydrolyzable ATP. In addition to binding
to ATP, complete release of Get3 from Get1/2 likely requires as-
sociation with Get4/5.°* Alternatively, ATP-bound Get3 is loosely
attached to the Get1/2 channel until arrival of the Get3-TA pro-
tein complex, which may have a higher affinity to displace
ATP-bound Get3 from the channel. The sealing function of
Get3 would explain why the endogenous Get3 is always associ-
ated with Get1/2 and highly enriched at the ER membrane in
yeast cells.' 274647

Several channels can open and close cooperatively

270 of the 355 current steps in peaks 2-6 (170 opening events
and 185 closing events) correspond to a single channel (Fig-
ure 3A). However, the remaining 85 steps correspond to several
channels (up to 6) opening or closing simultaneously. This points
to direct interactions between a few Get1/2 channels, which is
partly supported by observation of Get1/2 crosslinked adducts
larger than heterotetramers (Figure S6). In our in vitro setup,
the most likely explanation is that these individual channels are
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bound to each other and are forming a group of channels sensi-
tive to the open or close state of the other channels in the group.
Alternate explanations are unlikely because randomly distrib-
uted channels are too far apart to directly interact in the large
surface area of the membrane, 10,000 pm?. Hence, we hypoth-
esize that clusters composed of a few Get1/2 complexes sto-
chastically and sometimes cooperatively form channels. With
the conditions we used, these clusters form every ~15 min and
last for ~2 min on average. However, it remains to be determined
whether such clusters exist in vivo.

The Get1/2 channel forms at the heterotetramer
interface

Our channel recording and chemical crosslinking data suggest
that two heterodimers of Get1/2 form the channel. The mutation
studies suggest that the two lysine residues (K150 and K157 in
Get2 TMD1) localized in the interface of Get1/2 heterotetramer®
contribute to formation of a hydrophilic pore. The presented data
suggest that the Get1/2 channel opens and closes dynamically
but that it is permanently closed when the pore-forming K150
and K157 residues are mutated to hydrophobic alanine residues.
These mutations likely enhance the hydrophobic interactions
between the TMDs, closing the Get1/2 channel permanently.
The same K150 and K157 residues that contribute to channel
formation have been implicated in binding to PIl, promoting
heterotetramerization of Get1/2 in the presence of Get3.*®
However, our crosslinking data suggest that WT Get2-1sc and
Get2-1sc (K150A and K157A) similarly form heterotetramers in
proteoliposomes even without Get3. Our proteoliposomes
were prepared without PI, but still, we could detect heterote-
tramers of Get1/2 by channel recordings and chemical crosslink-
ing. However, we cannot exclude the possibility that Pl binding to
Get1/2 survived during purification of Get2-1sc from E. coli. One
possible explanation for Pl binding to the pore-forming K150 and
K157 residues is that it occludes the channel from leakage of
small molecules through the Get1/2 channel. Pl binding to the
Get1/2 channel may be analogous to phospholipids entering
into the Sec61 translocon channel that is partially opened by
Sec63 in the absence of Sec62.*® Another intriguing possibility
is that Pl binding could suppress Get1/2 channel activity to
regulate insertion of TA proteins under certain physiological or
pathological conditions. Further work is required to test these
possibilities and determine the nature and role of PI binding to
Get1/2.

Get1/2 channel formation is required for TA protein
release from Get3

Earlier biochemical and structural studies suggested a symmet-
ric model where the long and flexible Get2 cytosolic domains
bind on opposite sides of the Get3 dimer bound to a TA protein
and bring it to the site of insertion.””*® When recruited, the cyto-
solic Get1 coiled-coil domains now bind on opposite sides of the
Get3 dimer, inducing the Get3 open conformation and disrupting
the TA binding site. Recent studies supported this model by solv-
ing the structure of the heterotetrameric Get1/2 complex.*®
Recent single-molecule fluorescence studies suggest that the
heterodimer of the Get1/2 complex forms a minimal functional
unit that mediates insertion of TA proteins by asymmetrically
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binding to opposites sides of the Get3 homodimer.>’ However,
it remains unclear how this asymmetric binding drives opening
of the Get3 dimer to release TA substrates from Get3. Recent
work suggests that the cytosolic domain of Get2 not only brings
the targeting complex closer to the membrane but also initiates
opening of Get3, which is then further opened by binding to the
Get1 coiled coil.”® Our studies are in line with the heterotetra-
meric Get1/2 model because the mutations of lysine residues
in the heterotetramer interface disrupt the channel formation
and thereby reduce TA protein insertion into the membrane.
The substrate release assay reveals that the insertion defect of
Get2-1sc (K150A and K157A) was caused by its inability to effi-
ciently release TA substrates from Get3. This finding is consis-
tent with the earlier observation that substrate release from
Get3 is compromised by genetic disruptions of the Get1/2
TMDs.*® We speculate that the channel-defective mutant inhibits
movement of the cytosolic Get1 coiled-coil domains that are
tightly linked to the membrane domains, whereas the channel
dynamics would have little effect on long and flexible Get2
tethers. Thus, we suggest a model where opening and closing
of the Get1/2 channel in the membrane accelerate movement
of the cytosolic Get1 coiled-coil domain to bind and release
TA substrate from Get3, allowing the substrate to directly land
on the channel for insertion into the ER membrane (Figure 7).
The calculated Get1/2 pore size of ~2.5 nm would easily accom-
modate a typical o helix TMD diameter of 1.0 nm°° for insertion
into the membrane.

Recent structural studies uncovered a membrane-embedded
hydrophilic cavity on the cytosolic face of the Get1/2 struc-
ture.®® Because this hydrophilic cavity resembles the cavity
found in the YidC insertase,*” it was proposed that the C-termi-
nal hydrophilic tail of the TA protein is initially brought into the
membrane via interactions with the hydrophilic cavity of the
Get1/2 complex.®® In light of our channel discovery, we pro-
pose that the hydrophilic cavity on the Get1/2 structure may
provide a path for the TA TMD and its C-terminal segment to
enter the channel, from which the TMD could laterally exit
through the Get1/2 heterotetramer interface into the bilayer
with concomitant translocation of their C-terminal tails into
the lumen.

Limitations of the study

There are multiple caveats associated with this study. (1) The
presented results do not exclude the possibility that the Get1/
2 heterodimer is sufficient for mediating TA protein insertion
because our studies lack Get1/2 mutants that selectively
disrupt formation of Get1/2 heterotetramers. (2) The TA protein
release assay used in this study cannot discriminate whether
the defect in TA protein release from Get3 is due to the defec-
tive Get1/2 channel or whether Get3 recaptures the released
TA protein because of the defective channel’s inability to
efficiently insert TA proteins. Future work using a TA protein
trap is needed to discriminate these two models. (3) Our
conclusion of forming a heterotetrameric Get1/2 channel
required for efficient TA protein release/insertion is derived
from the engineered Get2/Get1sc construct. More studies us-
ing WT Get1/2 proteins are warranted to support this conclu-
sion. Last, our data do not show whether the Get1/2 channel
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also provides a path for the TMD of the TA substrate to access
the lipid bilayer. Structure-guided mutagenesis studies com-
bined with functional insertion assays are needed to test this
possibility.
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Other
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources/reagents should be directed to and will be fulfilled by Malaiyalam Mariappan

(malaiyalam.mariappan@yale.edu).

Materials availability

Image files and the mold for the microfluidic device fabrication are available from the lead contact with a completed Materials Trans-

fer Agreement.

Data and code availability

o All data reported in this study will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Proteins used for in vitro experiments were overexpressed and purified from E. coli of the BL21-DE3 (Merck), Rosetta2/pLysS
(Merck), or LOBSTR-BL2 strain (Kerafast) listed in the key resources table. Cells were cultured in Luria Broth (LB) or Terrific Broth
(TB) at 37°C or 17°C, as described in method details.

METHOD DETAILS

DNA constructs

cDNAs encoding full-length Get1, Get2, and Get3 were cloned into pET28 vectors carrying an N-terminal His-tag using a stan-
dard cloning procedure. K150A and K157A mutations in Get2 were introduced into the Get2-1sc construct® using the Phusion site-
directed mutagenesis protocol. The cDNA encoding human Sec61p cytosolic domain and the TMD of rat VAMP2 flanked by a 13
amino acid hydrophilic segment including the 3F4 epitope (TGTNMKHMAGAAA)*? was cloned into the Sp64 vector. The Sp64
construct containing the coding region of Sec61p3-VAMP2 TMD with a 26 amino acid hydrophilic segment (TGSEEDYSCPML
RYTNKTNMKHMAAA) was generated with the use of phosphorylated primers and Phusion DNA polymerase (NEB).

27,51

Purification of recombinant proteins
His-Get1 and His-Get2 were individually transformed into E. coli Rosetta2/pLysS (Novagen). A single colony from LB/agar plates was
inoculated into 10 mL Luria broth (LB) containing 50 ng/mL kanamycin and 34 pg/mL chloramphenicol and grown overnight. The pre-
culture was used to inoculate 2 L of prewarmed homemade TB autoinduction medium®® with an ODggo of ~0.1, and the cells were
grown for 18 h at 37°C and 200 rpm. The cells were then harvested by centrifugation using a JL10 rotor at 3000 g for 20 min at 4°C.
Cell pellet was resuspended in 50 mL of Buffer A (50mM HEPES, pH 8.0, 500mM NaCl, 5% glycerol) supplemented with 10 mM imid-
azole and 1TmM PMSF and homogenized using a PTFE/glass homogenizer with 10 passes. Cell suspension was subsequently lysed
using a microfluidizer by passing through five times. After removal of cell debris by centrifugation (10,000 x g at 4°C for 20), the
supernatant was centrifuged (Ti45 rotor at 40,000 rpm at 4°C for 1hr) to pellet the membranes, which were solubilized in Buffer A
supplemented with 30mM imidazole and 0.5% n-dodecyl-N, N-dimethylamine-N-oxide (LDAO) for 1 h at 4°C. The membrane extract
was cleared by centrifugation at 35,000 rpm for 40 min using a Ti45 rotor, and the supernatant was incubated with Ni-NTA beads at
4°C for 1hr. After collecting the flow-through, Ni-NTA beads were extensively washed with Buffer A supplemented with 0.1 LDAO and
30mM imidazole. Protein was eluted in buffer A containing 200 mM imidazole and 0.1% LDAO. The peak fractions analyzed by Coo-
massie staining were pooled and the concentration was determined by calculated Aygy extinction coefficients. Get1 and Get2
proteins are mixed at equal molar concentrations and the aliquots were flash-frozen in liquid nitrogen and stored at —80°C.
pET28 His-Get3 was transformed into BL21 (DE3) cells and plated onto a kanamycin (50ug/mL) LB/agar plate. A fresh single colony
was inoculated into a 100 mL LB supplemented with 30 pg/mL Kanamycin and incubated overnight in a 37°C shaker. The overnight
culture of ODggp = 4.0 was added to 2L LB with 30 pg/mL Kanamycin with a starting ODggg of ~0.1 and incubated at 37°C and
250 rpm. When OD reached 0.9, the cells were induced with 0.1mM IPTG. Cells were harvested by centrifugation (JL10 rotor at
3000 g for 20 min at 4°C) after 3.5h of induction. Cell pellets were resuspended in Buffer T (50mM Tris-HCI pH 7.5, 500mM NaCl,
5% glycerol, 5mM BME, 10mM Imidazole) supplemented with 1mM PMSF and stirred for 15 min at 4°C. Cell suspension was lysed
by passing 2x through a microfluidizer. Cell lysates were centrifuged at 15,000 rpm for 30 min using a JLA 17 rotor, and the super-
natant was subjected to 5mL of Hi-Trap Ni-Sepharose column. The flow-through was collected and the column was sequentially
washed with 50mL of Buffer T, and 50mL of Buffer T with 35mM imidazole. Get3 was eluted with Buffer T with 200mM imidazole.
Peak Get3 fractions analyzed by Coomassie stain were pooled and dialyzed against 10mM Tris pH 7.5, 100mM NaCl, 40% glycerol,
and 2mM DTT. Dialyzed Get3 was aliquoted, flash-frozen, and stored at —80°C.

The single-chain Get2-1 or Get2-1 (KK/AA) was purified using the published protocol”~ with the following modifications. pET29b
Get2-1sc or Get2-1sc carrying K150A and K157A mutations in Get2 was transformed into LOBSTR-BL2 (DE3)-RIL cells (Kerafast). A
single colony was inoculated into 50mL of LB containing 50 mg/L kanamycin and 34 mg/L chloramphenicol and grown overnight at
37°C with shaking at 200 rpm. The TB for Get2-1sc expression was prepared by mixing 50 g/L Fisher LB and 0.5% (w/v) glycerol and
sterilized by autoclaving. Before use, 1x potassium phosphate buffer was added to the TB from 10x stock (170 mM potassium phos-
phate and 720 mM dipotassium phosphate) along with antibiotics. 10 mL preculture OD600 of 1.5-2 was transferred to the pre-
warmed 2L TB and incubated at 37 °C at 200 rpm and grown until OD reached 0.6 to 0.7. The cultures were then moved to a
17°C incubator at 180 rpm. After 1hr, the cells were induced with 0.4 mM IPTG and grown for 17 h at 17 °C at 180 rpm. Cells
were centrifuged with a JL10 rotor at 3000 g for 20 min at 4°C. Cell pellets from 2 L culture were resuspended in 50 mL Buffer B
(50 mM HEPES, pH 8.0, 500 mM NaCl, and 10% glycerol) supplemented with 5 mM BME, 1 mM PMSF, 25 pg/mL DNase, and
2 mM MgAc?2 at 4°C. Cell pellets were scraped using a glass homogenizer rod and homogenized with 10 pumps in the 30 mL
PTFE/glass homogenizer. Cells were lysed by passing through a microfluidizer with a pressure between 15 and 18K for 5 times.
Cell lysates were spun at 10,000 x g at 4°C for 20 min to remove cell debris. Supernatants were spun again at 40,000 Ti45 rotor
at 4°C for 2 h. Membrane pellets were resuspended with a paintbrush in 25 mL of DDM buffer (Buffer B supplemented with
25 mM imidazole, 5 mM BME, and 1% DDM).

|32
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Membrane suspension was further homogenized using a glass homogenizer with 5 passes. This suspension was ultracentrifuged
for 1 hiin a Ti45 rotor at 40,000 rpm at 4°C. Ni-NTA beads (2mL slurry for 2 L culture) were prewashed (2x rinse) with Buffer B (25 mM
imidazole, 5 mM BME, and 0.3% DDM), and the washed beads were incubated with membrane extracts and gently rotated on a
wheel at 4°C for 2h in a 50 mL falcon tube. Beads were washed for 3x with 40mL of Buffer B supplemented with 0.3% DDM buffer
with 25 mM imidazole + 5mM BME. Beads were then transferred to a 10 mL column using 10mL of wash buffer. The column was
washed twice again with 10 mL of the wash buffer with the following changes: (i) 300 mM NaCl and 25 mM imidazole; (ii) 150 mM
NaCl and 50 mM imidazole. The Ni-NTA bound Get2-1sc was eluted with 8 successive 1 mL of Buffer B supplemented with 0.3%
DDM, 5 mM BME, and 200 mM imidazole. Ni-NTA elutions were analyzed by 7.5% Tris-Tricine gels for Coomassie staining. Peak
fractions of about 4 mL containing Get2-1sc were pooled and mixed with 1 mM EDTA and 0.1% n-Dodecyl-N, NDimethylamine-
N-Oxide (LDAO). 15 mL Amicon filter with a 50 kDa cut-off was wet with 500 pL Buffer B containing 0.3% DDM and 0.1% LDAO buffer
and spun for 2 min at 3000 g. 4 mL of Ni-NTA elution were added to the filter and spun for 10min 4°C, and the spinning was repeated
until 500 pL remained. Concentrated samples were subjected to gel filtration using a Superdex 200 10/300 column equilibrated with
50 mM HEPES -KOH, pH 7.5, 200 mM NaCl, 5% glycerol, 0.1% LDAO, and 1 mM TCEP. Peak fractions were pooled and concen-
trated to ~2 mg/mL. Protein concentration was determined using a calculated extinction coefficient of Get2-1sc at Asgp. 50Ul
aliquots were flash-frozen in liquid nitrogen and stored at —80°C.

Reconstitution of Get1/2 proteins into small unilamellar vesicles (SUVs)

Small unilamellar vesicles (SUVs) containing Get1/2 proteins were used for inner leaflet quenching assay and as carriers to form Get1/
2 suspended membrane in the microfluidic device. All lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (DOPS), cholesterol (Chol), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-PS), were purchased from Avanti Polar lipids. Typically,
100uL of 3 mM of the lipid mixture (DOPC:DOPS:Chol:DOPE at 45:10:5:40 in mol%) was dried under nitrogen, rehydrated with
the desired volume of HK buffer (25 mM HEPES, 150 mM KCI, pH7.4) supplemented with 1% n-octyl-B-D-glucoside (OG) and
Get1/2 at a 1:3500 protein: lipid ratio. For the inner leaflet quenching assay, 1.5 mol% of NBD-PS and 43.5 mol% of DOPC were
used. After incubation for 30 min at 24°C, two times the initial volume of the HK buffer was added to the mixture to lower %0OG below
its critical micelle concentration. The remaining OG was removed by dialysis against 1 L HK buffer containing 0.1% w/v of SM2 Bio
bead (Biorad) using a 10 kDa cut-off dialysis cassette (Thermo scientific). ~200pL of dialyzed proteoliposomes were retrieved from
the cassette and mixed with ~200uL of 60% (OptiPrep, #D1556 from Sigma-Aldrich) in an ultracentrifuge tube. 150uL of 25%
Optiprep was subsequently layered on the top of the 30%. Finally, 120uL of HK buffer was layered and centrifuged at 40000 rpm
for 5 h SW41 Ti rotor at 4°C. The supernatant was collected and the presence of the incorporated Get1/2 proteins in SUVs was
confirmed by running SDS-PAGE gel. The reconstitution process was the same for the other membrane proteins, tSNARE, vSNARE,
a-hemolysin, Get2-1sc, and Get2-1sc (K150A/K157A), except for the lipid-to-protein ratio as indicated in the figure legends.

Analysis of Get1/2 orientation in SUVs

Get1/2, Get2-1sc, or Get2-1sc (K150A/K157A) SUVs were treated with or without 0.5 mg/mL proteinase K (PK) either in the presence
or absence of 1% Triton X-100. Samples were incubated for 1h on ice followed by incubation with 5mM PMSF for 10min. PK was
further inactivated by directly pipetting into boiling 2X SDS sample buffer and analyzed by immunoblotting with anti-Get1 antibodies
raised against an epitope (AQDNYAKWTKNNRK) present in the cytosolic domain of Get1 or anti-Get2 antibodies raised against the
Get2 N-terminal epitope (SELTEAEKRRL).?”

GFP and SRP encapsulation and leakage assay

For GFP encapsulation, the lipid film was prepared as above and dissolved in HK buffer containing 50 uM GFP at a final lipid
concentration of 20 mM. The mixture was frozen in liquid nitrogen and thawed in a water bath at 45°C for 1 min. After one more repeat
of this cycle, the sample was extruded through a 100 nm polycarbonate filter (Avanti Polar Lipids). The Get1/2 complex was mixed
with the GFP-liposome at the desired lipid to protein ratio by keeping ~1% OG. For SRB encapsulation, the lipid film was dissolved in
HK buffer containing 1% OG, 10 mM SRB, and Get1/2 at the desired lipid to protein ratio at a final lipid concentration of 3mM. The
detergent removal and liposome isolation steps for both GFP and SRB cases were carried out as described in the previous section.
Aliquots of isolated SUVs in 100 uM of lipid concentration were placed in a 96 well plate, and the GFP or SRB signal was measured for
10 min at 24°C.

Inner leaflet quenching assay

The Reduction of NBD emission signal was measured using a spectrometer (plate-reader).*® Aliquots of Get1/2-SUVs in 100 uM of
lipid concentration were placed in a 96 well plate, and the initial NBD signal was measured for 10 min at 24°C. 2ulL of sodium dithionite
stock solution (50 mM Tris-HCI, 2.5 mM sodium dithionite, pH 10.0) was added to the sample, and immediately NBD reduction signal
was measured for 60 min at 24°C. Note that lowest NBD signal was negligible since 1-2% of the maximum NBD signal still remained
even when SUVs were completely destroyed by a detergent. The sealing effect of Get3 was measured by adding Get3 (2.6 uM or
26 pM final concentration) to the well-containing Get1/2-SUVs for 20 min at 24°C. To test the effect of ATP, ATPyS, MgCl,, (both
at 1 mM final concentration) and Get3 were added to Get1/2 SUVs before the NBD measurement.
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Protein-free liposome preparation

5 mM lipids of DOPC:DOPS:Chol:DOPE at 45:10:5:40 in mol% were dried under nitrogen and rehydrated with the desired volume of
HK buffer. By keeping the mixture at 4°C, the tip of sonicator was directly immersed in the sample, and single pulse cycles of 5 s pulse
and 5 s pause for 4 min were repeated three times with a pause of =2 min break between each pulse cycle. After formation, SUVs
were kept at 4°C.

Formation of support-free suspended membrane containing Get1/2 proteins

We prepared free-standing membrane containing Get1/2 using our recently developed method.*® Briefly, the tip of syringe tube con-
nected to the top microfluidic channel (resp. the bottom channel) contained 2 uL of the mixture composed of sonicated SUVs and the
desired amount of Get1/2-SUVs (resp. 2 puL of sonicated SUVs only for the bottom channel) and the rest of the syringes was filled with
HK buffer. The PDMS microfluidic device*® was filled up with squalene and the two tubes were connected to the corresponding chan-
nel inlet. Then the device was carefully placed on the microscope stage of a confocal microscope (Eclipse Ti, Nikon) with add-ons of
spinning disk (CSU-X, Yokogawa), image splitter (TuCam, Andor), and two cameras (iXon Ultra, Andor). To measure the electrical
signals, two electrodes that are connected to the head-stage of the patch amplifier (EPC10 USB, HEKA) were inserted in the outlets
of top and bottom channels. Each syringe injected the corresponding solution of 0.01 pL/s sequentially in the bottom and to channels.
Consequently, ~1 nL of squalene droplet was trapped in the cylindrical hole where the support-free suspended membrane will be
formed. Once the two electrodes were immersed in solution, the flow rate in each channel was reduced to 0.0012 ul/s. For an
hour, two independent monolayers were formed at the two solution/squalene interfaces at the top and bottom of the squalene droplet
by spontaneous fusion of SUVs. Upon Get1/2-SUVs spreading on top of the squalene droplet, it is expected that the hydrophilic cyto-
solic domains of Get1/2 remain in the aqueous HK buffer, while the hydrophobic TMDs inserts in the oil. Upon absorption of squalene
by PDMS, the two leaflets contact and zip to form a bilayer. After bilayer zipping, hydrophilic cytosolic domains cannot cross the
bilayer and will only be facing the channel in which the Get1/2-SUVs were flowed, indicating that, in theory, the orientation of
Get1/2 can be controlled. The membrane formation was simultaneously monitored by capacitance measurement and microscopic
observation of phase separation. Before the membrane formation, there were no remarkable signals in both optical and electrical
observations. When the membrane was nucleated by a meeting of the two monolayers at the center of the hole, the capacitance
started to increase. After the capacitance reached a plateau and the membrane was optically fully expanded, the Get1/2-membrane
was stable for 3—4 h.

Membrane conductance measurement

When the capacitance reached a plateau, a 100 mV voltage difference from top to bottom channel was applied, and the ionic current
flow across the membrane was measured in 2 ms interval. Get1/2 channel formation was attested by stepwise conductance
increase, as we measured previously for the pore formation by a-Synuclein.®*

Preparation of radiolabeled VAMP2 and Get3 complex

The PCR products encoding the 2x-Strep-tagged Sec61p-VAMP2 TMD?” were synthesized by PCR using a 5’ primer that encodes
the 2x-Strep-tag, T7 promoter sequence, and start codon. This template was in vitro transcribed and translated in rabbit reticulocyte
lysate supplemented with 3*S-methionine in the presence of 0.2 mg/mL His-Get3 (added from a 22 mg/mL stock in 10 mM Tris-HCI
pH 7.5, 100 mM NaCl and 40% glycerol). A 1.5 mL translation reaction was diluted two-fold with ice-cold column buffer (20 mM
HEPES-KOH, pH 7.4, 100 mM potassium acetate, 2 mM magnesium acetate, 1 mM DTT) and centrifuged for 30 min at
100,000 rpm in a TLA100.3 rotor at 4°C. The post-ribosomal supernatant was bound to a 300 uL DEAE-Sepharose fast flow column
at 4°C, washed with 1 mL of column buffer, and eluted with a buffer containing 50 mM HEPES-KOH, pH7.4, 350 mM potassium ac-
etate, 7 mM magnesium acetate, and 1 mM DTT. The elution was passed over 250 uL Strep-Tactin agarose (IBA, Germany) three
times. After washing one time with 0.3 mL of column buffer and 0.3mL with Strep-Tactin buffer (SB: 50 mM HEPES-KOH, pH 7.4,
10% glycerol, 150 mM potassium acetate, 7 mM magnesium acetate, 1 mM DTT) at 4°C, the complex was eluted five times with
150 pL of SB containing 10 mM Desthiobiotin (Novagen). The peak fractions, measured by counting radioactivity, were pooled.
The final sample contained ~7000 to 10,000 cpm/uL. The complex was either used immediately or frozen in aliquots in liquid nitrogen
and stored at —80°C. The targeting complex containing Sec61p-VAMP2 TMD with a longer C-terminal segment (26 amino acids) was
similarly prepared.

Reconstitution of Get1/2 into proteoliposomes for TA protein insertion

Lipid solutions containing PC:PE: Rhodamine PE at a mass ratio of 8:1.9:0.1 were adjusted to 10 mM DTT and dried in a glass vial with
a nitrogen flow for 15min and incubated under vacuum for 2h. Dried lipid films were rehydrated to a final concentration of 20 mg/mL in
lipid buffer (50 mM HEPES-KOH, pH 7.4, 15% glycerol) and mixed for 2 h with intermittent vortexing. The lipid suspension was sub-
jected to freeze-thaw cycles 10 times (freeze in liquid nitrogen; thaw at 50°C) and extruded at room temperature 21 times through
200-nm polycarbonate membranes using an Avanti mini-extruder. 100 uL single-use aliquots of the final clear liposome were
flash-frozen in liquid nitrogen and stored at —80°C. For a standard reconstitution reaction, 100 pL of reconstitution buffer (RB:
50 mM HEPES-KOH, pH 7.4, 500 mM potassium acetate, 5 mM magnesium acetate, 250 mM sucrose, 1 mM DTT, 0.26% DBC)
was mixed with 10 pL of liposome (200 pg) and purified Get2-1sc or Get2-1sc (KK/AA) at the desired concentration. Proteins
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were excluded for the preparation of protein-free liposomes. This mixture was added to ~30 mg of Biobeads in a 0.5mL tube and
incubated for ~16 h at 4°C with end-over-end mixing. The fluid phase was recovered and mixed with a five-volume of ice-cold
20 mM HEPES pH 7.4 to dilute the residual detergent. The diluted liposomes were then sedimented in a TLA100.3 rotor in 1.5 mL
micro-test tubes at 75,000 rpm for 30 min at 4°C. The proteoliposomes were resuspended in 25 uL. of membrane buffer containing
50 mM HEPES-KOH, pH 7.4, 100 mM potassium acetate, 5 mM magnesium acetate, 250 mM sucrose, and 1 mM DTT.

TA protein insertion assay

Typically, 8 uL of purified targeting complex was mixed with 1 pL of 20 mM ATP and 1 pL of either liposomes or reconstituted pro-
teoliposomes. The reaction was incubated at 32°C for 30 min. After incubation, the samples were treated with proteinase K (0.5 mg/
mL) for 60 min on ice, and the protease digestion terminated with 5 mM PMSF for 10 min on ice and further inactivated by transferring
to 10-volumes of boiling 1% SDS/0.1M Tris pH 8.0 and boiled for 5min. The samples were diluted with 1mL of IP buffer (50 mM Tris-
HCI pH 8.0, 150mM NaCl, and 1% Triton X-100. The protease-protected fragments (PFs) were then immunoprecipitated using anti-
3F4 antibodies directed against the C-terminus (KTNMKHMAAA) of TMDs of TA protein constructs. Immunoprecipitated products
were analyzed by 12% Tris-Tricine SDS-PAGE and imaged by phosphorimaging. The bands were quantified by ImagedJ (NIH).

Chemical crosslinking to monitor TA protein release from Get3

The radiolabeled Get3-substrate complex was incubated with Get2-1sc or Get2-1sc (KK/AA) proteoliposomes as indicated in the
figure legends for 30 min at 32°C. After incubation, the reactions were subjected to crosslinking with 0.2 mM disuccinimidyl suberate
(DSS) for 30 min at room temperature. The reactions were quenched with 20 mM Tris-HCI pH 8.0 for 10 min. The samples were
adjusted to 2x SDS sample buffer and analyzed by 10% SDS-PAGE/autoradiography after boiling. The remaining sample was diluted
10-fold in IP buffer and subjected to immunoprecipitation using anti-Get3 antibodies. The Get3-substrate crosslink was visualized by
SDS-PAGE/autoradiography.

Membrane flotation assay

The membrane floatation assay was modified from a previous protocol.>® The radiolabeled Get3-substrate complex was incubated
with protein-free liposomes, Get2-1sc proteoliposomes, or Get2-1sc (KK/AA) proteoliposomes for 10 min at room temperature. The
reactions were then adjusted to 100 pl with 1x salt buffer (HEPES-KOH, pH 7.4, 100 mM potassium acetate, 2 mM magnesium
acetate) and mixed with an equal volume of 60% sucrose. 200ul of 30% sucrose containing vesicles and the targeting complex
was layered on a 1mL polycarbonate tube followed by 250ul of 25% sucrose and 50ul of 1x salt buffer. The samples were centrifuged
for 1h at 70,000 rpm on a TLA120.2 rotor with slower acceleration/deacceleration forces. 100ul (top), 200ul (middle), and 200ul (bot-
tom) fractions were collected, TCA precipitated, and analyzed by autoradiography for VAMP2 and immunoblotting for Get2-1sc and
Get3. The bands were quantified by ImageJ.

Predicted fraction of protein-free SUVs

A heptamer of a-hemolysin oriented in the same direction forms a channel through the membrane. Approximately 60% of H500 SUVs
and 75% of H2000 SUVs do not have channels (see Figure 1B). Because proteins are likely lost/inactivated during the process, the
actual lipid: active protein ratio in the SUV populations are expected to be lower than the input ones. Making the rough assumption
that the proteins insert randomly without any cooperativity or interaction with a random orientation, it is possible to estimate these
actual values since the fraction of SUVs without any channel can be expressed as: __ Pn.Ppore () , Where P, is the probability that
an SUV contains n a-hemolysin molecules and Ppore (1) the probability that an SUV with n a-hemolysin can have at least one channel,
i.e. 7 a-hemolysin oriented in the same direction. P, follows a Poisson distribution: P, = ”,j—!"e*’", where m is the average number of

a-hemolysin per SUV. Ppore(n) = 0forn<7, Ppore(n) = 22’,1;2 (Z) for 7 <n <12 and Ppoe(n) = 1 forn>12. The results displayed

in Figure S2 show that the final lipid:hemolysin ratio is ~2,300 for the H500 sample and ~3,000 for the H2000 sample, corresponding
to a loss of 30%-80% of the proteins during the SUV preparation process, and proteins that are uninserted or simply stuck on the
membrane surface.

Itis possible to perform the reverse process and estimate the number i of Get1/2 complex per channel. Assuming up to 80% loss of
Get1/2 during the SUV preparation process, the final lipid to Get1/2 ratio is between 3,500 and 20,000, i.e. m is between 1 and 6. The

expression of Ppore () will depend on i and can be expressed as: Ppore(n) = 0forn<i, Ppore(n) = 222;’0 (Z) fori<n<2i — 2and
Ppore(n) = 1forn>2i — 2. The corresponding curves fori = 1,2 and 3 are presented in Figure S2 and show that even though having 2

Get1/2 complex per channel is in the center of the acceptable range, a single or 3 Get1/2 complexes per channel is also possible.

Open section of a polygon made of «-helices

Our assumption is that a channel is made by a fixed number of Get1/2 complexes that form a regular polygon. The open area of a
channel made by a-helices forming such regular polygon (yellow shaded region in Figure S4) can be estimated through basic
geometry. Get1 and Get2 both contain 3 transmembrane domains, hence a single, two or three complexes will respectively
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form a hexagon, a dodecagon and an octadecagon. The diameter of an a-helix is in the range 1-1.3 nm. The open area of the
cross-section of each polygon minus the area occupied by the a-helices (yellow shaded area in Figure S4) can be calculated
(3vV3 -7

from simple geometry and is directly related to the diameter of the a-helices, d: f"? for the hexagon, w for
4r) _ 2
the dodecagon, w for the octadecagon. Varying d between 1 and 1.3 nm provides the range of predicted area for

each case. These ranges can be compared to the measured area. Clearly the octadecagon is not acceptable because the
area would be much too large compared to the actual. Hence the perimeter of the channel is made by less than three Get1/2
complexes. The area predicted by the dodecagon matches perfectly the measured area of the Get1/2 channel. The case of
the hexagon is more complicated. The predicted area is smaller than the measured one (about half) but the prediction is based
on a channel represented by a perfect cylinder with a regular hexagon cross-section. This is just an approximation. Hence, even
though we favor a channel formed by two Get1/2 complexes, we cannot exclude that it is made by a single Get1/2 complex.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details regarding the statistical analysis of the data can be found within figure legends, as well as the method details section. Quan-
tification of bands from immunoblots or autoradiographs was performed using Imaged. Relative insertion in Figures 6A and 6B was
calculated by dividing the amount of the protease-protected fragment by the sample with the maximum protease-protected frag-
ment. The percentage of TA protein release shown in Figure 6D was calculated from input autoradiograph by dividing the signal
for Get3 x VAMP2 by the sum of the signals for Get3 x VAMP2 and uncrosslinked VAMP2. The percentage of PK-protected Get1
or Get2 fragments in Figures S1C, S1D and S5B, S5C was calculated by dividing the intensity of the PK-protected fragment by
the total undigested band. The percentage shown underneath each fraction in Figure S7 was calculated by dividing the sum of signals
from the top, middle, and bottom fractions.
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