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ABSTRACT Get3/4/5 chaperone complex is responsible for targeting C-terminal tail-anchored membrane proteins to the
endoplasmic reticulum. Despite the availability of several crystal structures of independent proteins and partial structures of sub-
complexes, different models of oligomeric states and structural organization have been proposed for the protein complexes
involved. Here, using native mass spectrometry (Native-MS), coupled with intact dissociation, we show that Get4/5 exclusively
forms a tetramer using both Get5/5 and a novel Get4/4 dimerization interface. Addition of Get3 to this leads to a hexameric
(Get3),-(Getd),-(Get5), complex with closed-ring cyclic architecture. We further validate our claims through molecular modeling
and mutational abrogation of the proposed interfaces. Native-MS has become a principal tool to determine the state of oligo-
meric organization of proteins. The work demonstrates that for multiprotein complexes, native-MS, coupled with molecular
modeling and mutational perturbation, can provide an alternative route to render a detailed view of both the oligomeric states
as well as the molecular interfaces involved. This is especially useful for large multiprotein complexes with large unstructured
domains that make it recalcitrant to conventional structure determination approaches.

SIGNIFICANCE Despite years of research, molecular architecture and the oligomeric organization of the multiprotein
GET chaperone complexes remained elusive and controversial. This is owing to the large unstructured region in Get5,
which has proven prohibitively difficult toward structural studies involving the full-length proteins. Addressing this, we have
used native mass spectrometry, combined with intact dissociation study of the full-length intact multimeric complexes. Our
data unambiguously show that both Get4/5 and Get3/4/5 form cyclic ring-like molecular complexes with heterotetrameric
and heterohexameric stoichiometries, respectively. Our work also demonstrates that for multiprotein complexes where
inherent conformational dynamics preclude structure determination, native-MS and intact dissociation, in combination with
integrative molecular modeling, provide a fantastic alternate avenue to obtain structural and mechanistic insights.

INTRODUCTION ated via the signal recognition particle pathway (5,6).
Instead, a significant portion of TAPs, with hydrophobic
C-terminal helix, get inserted into the ER membrane via
the GET pathway (TRC pathway in mammals) (7-12).
Here, the nascent TAP gets transferred from the ribosome
to an upstream chaperone Sgt2 via cytosolic Hsp70 with
the help of J-domain proteins (13). Subsequently, the sub-
strate-bound Sgt2 transfers the TAP to the downstream
chaperone Get3, with the help of two other proteins, Get4
and Get5 (14-18). Finally, TAP-bound Get3 goes to the
ER membrane and delivers the substrate with the help of

Submitted September 29, 2021, and accepted for publication February 15, ER receptor Getl and Get2 (11,19) (19,20). Impairment in

From regulating membrane trafficking to the release of neu-
rotransmitters at the neuronal synapses, C-terminal tail-
anchored membrane proteins (TAPs) play a central role in
eukaryotic biology (1-4). Trafficking of TAPs to their target
physiological membrane follows the usual anterograde traf-
ficking route from the endoplasmic reticulum (ER), where
they are first inserted. Nevertheless, unlike other membrane
proteins, their insertion into the ER membrane is not medi-

2022. the trafficking of the TAPs has been directly implicated in
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Together, this places paramount significance in understand-
ing the mechanism of TAP trafficking by the Get pathway
chaperones. Despite the full-length structure of Get3 (23—
25), and partial structures of Get4-Get5™'"™ (26) and
Get3-Getd-Get5 ™™ complexes (14,27), the hierarchical
structural organization of Get3-Get4-Get5 and how that
controls the fidelity of the substrate transfer to Get3 has re-
mained unanswered. Both the oligomeric state of the Get3/
4/5 complex, as well as its structural organization has re-
mained controversial (for different proposed models, see
Refs. 3,4,14,27,28). This is mostly owing to the large un-
structured region in Get5, which resulted in structural
studies performed on truncated Get5 that does not contain
the C-term dimerization domain (28). This has resulted in
different possible oligomeric architecture being proposed
for the GET pathway protein assemblies (3,14,27-29).

Over the last decade, native mass spectrometry (native-MS)
has emerged as a flagship technique to determine the oligo-
meric states of protein assemblies, with success in detecting
protein complexes as large as the entire ribosome and as dy-
namic as the heat shock protein (HSP) chaperone systems
(30-38). Further, using intact dissociation (often referred to
as complex-up) (39), subunit stoichiometry of several multi-
protein complexes has been unambiguously determined.
(40-45). Here, we show that using native-MS and intact disso-
ciation, beyond stoichiometry, we can further determine inter-
faces and correct structural organization of multiprotein
complexes. The subcomplexes generated through intact MS/
MS analysis can report on the assembly interfaces. These in-
terfaces can be further validated through integrative modeling
and mutational analysis of key interface residues. Native-MS
can be further used to confirm the mutational abrogation of the
oligomeric entities, confirming the proposed structural assem-
bly. Here, we used trapping of protein complexes at the front
end of the MS, between bent and inject flatapole, to effectively
desolvate the multiprotein complexes (46). Subsequently, we
used quadrupole isolation and HCD energy to dissociate the
target protein complex in subcomplexes.

Applying such approaches on the GET pathway proteins,
we show that Get4/5 exists as a tetrameric complex and has
a novel Get4/4 interface. We subsequently discovered that
Get3/4/5 exists exclusively as a hexameric complex with cy-
clic architecture. We further substantiate our findings
through molecular dynamic simulation and mutational abro-
gation of the proposed assemblies and identified interfaces.
Together, our data reveal the structural organizations of
Get4/5 and Get3/4/5 complex and indicate how Get4/5
maintains the fidelity of access of the transmembrane bind-
ing hydrophobic cavity of Get3 by forming a closed-ring cy-
clic structure around it.

Although the use of native-MS and subsequent MS acti-
vation is slowly becoming routine in determining subunit
stoichiometry of macromolecular protein assemblies, our
integrative approach shows that native-MS can also be
used to unambiguously determine the three-dimensional
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structural organization of complexes, as well as identify
possible novel interfaces.

MATERIALS AND METHODS
Genetic manipulation

The Get5* truncated variant (A138-212) was generated with PCR-based
site-directed mutagenesis. Plasmid Get5-pCDF1b (23) was used as a tem-
plate. The primers (F: TAATCTCGAGTCTGGTAAAGAAACCGC and
R: AGTGAGTTCCTGTGGAGGAGCAGG) were designed to create
Get5 gene coding truncated Get5 protein without the last 36 amino acids,
which formed Get5/5 dimerization domain in full-length protein (29).

Protein expression and purification

6xHIS-TEV site-Get3-pET28 (24) was transformed into Escherichia coli
Rosetta DE3 pLys. 6xHIS-Tev site-Get5-pCDF1b (23) or 6xHIS-Tev site-
Get5*-pCDF1b was co-transformed with Get4-pET28 (23) into E. coli
Rosetta DE3 pLys. The bacteria with mentioned constructs were grown
overnight at 37°C, then the culture was refreshed to OD 0.1 and grew till
OD reached between 0.5 and 0.7. The protein expression was induced
with 0.2 mM IPTG. After the induction, the bacteria were grown for 6 h
at 25°C. The frozen pellets of the bacteria were thawed in the His-tag
wash buffer containing 50 mM Tris-Cl, 500 mM NaCl, 50 mM imidazole,
10% glycerol, and Pierce Protease Inhibitors Mini Tablets (pH 8.0). After
thawing the cells were lysed with Emulsiflex C3 (Avestin). The protein
extract was incubated with HisPur Ni-NTA Superflow (Thermo-Fisher Sci-
entific) on a shaker for 2 h at 4°C. Then the beads were washed four times
with His-tag wash buffer (20x beads volume) (washing: mix, spin 2 min
2000 g, discharge supernatant) and one time with TEV protease buffer
(20x beads volume): 20 mM Tris-Cl, 150 mM Na Cl, ImM DTT (pH
8.0). Next, the sample was incubated with TEV protease overnight at
4°C. After the incubation, the sample was loaded on the gravity column
and the flow-through with Get4/5 was collected. The proteins were stored
at —80°C in TEV protease buffer with 20% glycerol. Get3 was purified
in the same way till the washing step. After that, the beads were loaded
on the gravity column and Get3 was eluted with the His-tag elution buffer:
50 mM Tris-Cl, 500 mM NaCl, 500 mM imidazole, 10% glycerol (pH 8.0).
Then the PD-10 desalting columns (Bio-Rad) were used to transfer the pro-
tein to the storage buffer: 20 mM Tris-Cl, 150 mM Na Cl, 1mM DTT, 20 %
glycerol (pH 8.0). In this buffer, Get3 was stored at —80°C.

To express the human TRC40-TEV-HA, HEK293 cells on one 10-cm?
plate were transfected with 12 pg plasmid and 30 pg Lipofectamine
2000. 24 h after transfection, the cells were scraped in 10 mL of PBS buffer
and centrifuged for 5 min at 2,000 g. To avoid the release of free lipids from
membranes, the pellet was resuspended in 1 mL of hypotonic buffer:
10 mM Hepes (pH 7.4), 2 mM MgCl,, 10% glycerol, and 1x protease inhib-
itor (Pierce Protease Inhibitor Tablets) and passing 15 times via 21-gauge
needle. Next, the buffer was adjusted to 50 mM Hepes (pH 7.4), 300 mM
NaCl, 2 mM MgCl,, 10% glycerol, and 1x protease inhibitor. After centri-
fugation at 70,000 rpm for 30 min in TLA 100.3, the supernatant was incu-
bated for 2 h with mouse anti-HA magnetic beads (Thermo Scientific).
After washing the beads with 50 mM Hepes (pH 7.4), 300 mM NacCl,
2 mM MgCl,, 10% glycerol, they were incubated overnight at 4°C with
TEV protease in buffer: 20 mM Tris-Cl (pH 8.0), 100 mM NaCl, 2 mM
MgCl,, | mM DTT. The supernatant containing TRC40 was then separated
from the beads with the usage of a magnetic rack.

In vitro reconstitution of Get3/4/5 complex

The Get3/4/5 complex was reconstituted in vitro (according to Ref. (27))
with some modification. Zeba Spin Desalting Columns (Thermo-Fisher



Scientific) were used to transfer Get3 and Get4/5 into the buffer: 20 mM
Tris-Cl, 10 mM NaCl, 2 mm DTT (pH 8.0). Next 50 uL of Get3 at concen-
tration 50 uM was incubated with 1 mM ATP and 1 mM MgCI2 for 5 min at
room temperature. Then the mixture was mixed with 50 pL of Get4/5 at a
concentration of 25 uM. The sample was incubated on ice for 1 h to allow
the complex formation to happen.

Mass spectrometry analysis

All the proteins or protein complexes were buffer exchanged to 200 mM
ammonium acetate (MP Biomedicals), 2 mM DTT with Zeba Spin Desalt-
ing Columns (Thermo-Fisher Scientific). The protein concentration in the
analyzed sample was in the range between 5 M and 10 pM. Native-MS
was performed on Q Exactive UHMR (Thermo-Fisher Scientific) using
in-house nano-emitter capillaries. The tips in the capillaries were formed
by pulling borosilicate glass capillaries (OD: 1.2 mm, ID: 0.69 mm, length:
10 cm, Sutter Instruments) using a Flaming/Brown micropipette puller
(ModelP-1000, Sutter Instruments). Then the nano-emitters were coated
with gold using rotary pumped coater Q150R Plus (Quorum Technologies).
To perform the measurement the emitter filled with the sample was installed
into Nanospray Flex Ion Source (Thermo-Fisher Scientific). MS parameters
for the analysis of the proteins or protein complexes include spray voltage
1.3-1.5 kV, capillary temperature 275°C, resolving power 6250 (for Get3
dimer) and 3125 (for the rest of the MS analysis) at m/z of 400, ultrahigh
vacuum pressure 4.6e-10-8.18e-10, in-source trapping between —100 V
and —300 V. For the MS/MS analysis the main charge state of Get4/5
and Get4/5* was isolated in quadrupole and fragmented in HCD cell. Dur-
ing MS/MS, the HCD energy was set to 100 V or 200 V. To perform the
HCD dissociation of the GET3/4/5 complex, first the spectra were obtained
with the in-source trapping energy of —300 V and with the HCD cell set at
—1 V. Next, the 297 charge state of the complex was quadrupole isolated.
Finally, this isolated charge state was dissociated by increasing the HCD
to 250 V. MS/MS analysis of Get4/5, Getd/5*, and GET3/4/5 was per-
formed at resolving power 1563 at m/z 400. Nitrogen was used as the colli-
sional gas. Data were visualized with the Xcalibur software and analyzed
using UniDec (47) and assembled into figures using Adobe Illustrator.

Structural modeling of the Get3/4/5 complex

Structural information on the Get3/4/5 complex with full-length Get5 is not
available. However, crystal structures for Get3/Get4/Get5,_s, with N-termi-
nal part of Get5 (residues 1-54) exist. We stitched together the structure of
Get3/Get4/Get5;.s4 with the model of full-length Get5 to build a structural
model for the full-length GET3/4/5 complex using homology modeling
(MODELLER (48)) and manual modeling (Coot (49)). The structure of
Get3/4 in complex with an N-terminal fragment of Get5 (residue number
1-54 in Q12285) is available (PDB: 4PWX). This structure reveals a
Get3 dimer, with the one subunit of Get4 attached to each Get3 subunit
(Get3,Get4,). The C-terminal domain of Get5 (residue number 177-212
in Q12285; PDB: 3VEJ) forms a homodimer in the crystal structure. In
addition, the structure of the ubiquitin-like domain (Ubl) of Get5 (residue
number 70-152 in Q12285; PDB: 4A20) is also available. We built the
full-length Get5 structure by homology modeling using MODELER (48)
and the N-terminal fragment from 4PWX, the Ubl domain from 4A20,
and the C-terminal domain from 3VEJ as templates. The unstructured linker
regions between these three domains were built and refined using MODEL-
LER. These full-length Get5 models were then superposed on 4PWX using
the two N-terminal fragments of Get5. The dimeric interface between the
C-terminal domain of Get5 is modeled based on the crystal structure
3VEIJ. The closed-ring hexameric Get3/4/5 model was obtained by manu-
ally refining the unstructured linker connecting the Get5 Ubl and C-termi-
nal domains in using Coot (49). This model was used as a starting structure
for successive rounds of energy minimization and molecular dynamics
simulations.

Molecular organization of GET chaperones

All-atom molecular dynamics simulations

The molecular dynamics (MD) trajectories were generated using Amber18
(50). The MD simulations were performed on Extreme Science and Engi-
neering Discovery Environment (XSEDE) using the Comet-GPU nodes
(51). The ff14SB (52) force field was used for all the calculations. MD sim-
ulations were carried out in water using the TIP3P water model, and counter
ions (Na™ in this case) were added to neutralize the net charges on the sys-
tem. Energy minimization was performed in three steps. The water mole-
cules were minimized first with the protein held fixed. The entire system
was then minimized without any restraints. After initial energy minimiza-
tion, the system was subjected to two rounds of 500 ps constant number,
volume, and temperature equilibration, during which the system was heated
to 300 K. This was followed by two short equilibrations at a constant num-
ber, pressure, and temperature (NPT) for 1 ns each. Finally, the production
simulations were performed under constant NPT conditions, with the
Langevin thermostat in Amber18, in the absence of any positional re-
straints. Periodic boundary conditions were imposed, and particle-mesh
Ewald summations were used for long-range electrostatics. A time step
of 2 fs was employed and the structures were stored every 10 ps.

RESULTS
The architecture of the Get4-Get5 complex

Our initial experiments on Get3 show the presence of dimer
(Fig. 1), with the mass matching with that of the zinc-bound
dimer. Subsequently, we co-expressed full-length Get4 and
Get5 and purified them as a complex. Native-MS analysis
of the complex revealed an exclusively tetrameric species
with (Get4),-(Get5), stoichiometry (Fig. 2 A). Based on
the previous studies using the C-terminal dimerization
domain of Get5 (29), it was presumed that any tetrameriza-
tion in Get4/5 complex must be through dimerization of the
Get4/5 heterodimer through the Get5/5 interface (Fig. 2 A,
Scheme I). But our MS/MS dissociation of the complex
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FIGURE 1 Mass spectrum of Get3 dimer. Get3 dimer stabilized by the
zinc ion: beige dot between Get3 monomers. Nonspecific bindings of
endogenous lipids to Get3 dimers are visible as the six small peaks between
main peaks with assigned charge states. Since Get3 harbors a hydrophobic
transmembrane (TM) binding groove, it is perceivable that overexpressing
itin E. coli can lead to nonspecific capture of lipids. Inset shows the expan-
sion of the m/z region showing Get3 dimer bound to phospholipids. Similar
spectra were obtained from three independent protein preparations. To see
this figure in color, go online.
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FIGURE 2 Deciphering the molecular organiza-
tion of Get4-Get5 complex. (A) Mass spectrum of
the Getd4-Get5 heterotetramer: (Get4),(Get5),.

Scheme I and Scheme II show the possible organi-
(y  zation of the complex. Scheme I: the complex is
formed only via the Get5/5 interface, Scheme II:
complex is formed via Get5/5 and Get4/4 interface.
The shorter peaks visible in the mass spectrum
were formed by the complex with one truncated
form of the Get4 lacking the first two residues
(Met-Val), and the higher peaks were formed by
complex with two full-length Get4. Inset shows
the two peaks for the representative 23+ charge
state. (B) MS/MS spectra of (Get4),(Get5),. CID
of the (Get4),(Get5), produced two sets of subcom-
plexes. Peaks in purple highlight the subcomplexes
generated by the loss of a monomeric Get4 unit
from the overall complex. The remainder of the
trimer Get4-(Get5), species was observed at the
higher m/z range (purple peaks in the right panel).
The lost, monomeric Get4 molecule was detected
in the lower m/z region (purple peaks in the left
panel). Peaks in blue highlight the subcomplexes
generated by the loss of a monomeric Get5 unit
from the overall complex. The remainder of the
trimer (Get4),-Get5 species was observed at the
higher m/z range (purple peaks in the right panel).
The lost, monomeric Get5 molecule was detected
in the lower m/z region (blue peaks in the left
panel). Similar to panel A, subcomplexes contain-
ing Get4 showed a small amount of truncated
Get4 containing population. (C) Deciphering the
molecular organization of (Get4),(Get5),. Ions
owing to the subcomplex (Get4) (Get5), and Get4
can be produced by CID of parent ions with molec-
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II. In contrast, ions owing to dissociated subcom-
plex (Get4),(Get5) and Get5 can be produced by

CID of parent ions with molecular organization presented only in Scheme II. Dotted lines on the structure indicate interaction interfaces dissociated by
CID during the generation of daughter ions. Similar spectra were obtained from three independent protein preparations.

led to the discovery of a new interface, indicating different
structural organization (Fig. 2 A, Scheme II).

Fig. 2 B shows the MS activation of the 23+ charge state
of the intact Get4/5 tetramer under collision-induced disso-
ciation (CID) conditions. The spectra show two pairs of sub-
complexes derived through the dissociation of the intact
tetramer. The pair of ions highlighted in purple originates
through the dissociation of the Get4/5 interface that yields
a stripped subunit of Get4 and the remainder of the trimeric
complex Get4-(Get5), (Fig. 2 C (I)). But interestingly, we
also observed another pair of subcomplexes (highlighted
in blue) that stem from the loss of a single subunit of
Get5 from the overall complex and the remainder of the
trimeric complex (Get4),-Get5. This striking observation
negates the existing structural model of the tetramer
(Scheme I), as from this structure it is not possible to excise
out a single subunit of Get5, keeping the remainder of the
trimer intact (Fig. 2 C). This is because in Scheme I, the
loss of Get5 requires the dissociation of both the 5/5 and
4/5 interface. This in turn should also lead to the loss of
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the Get4 subunit. Hence, observation of the loss of the single
Get5 subunit indicates the presence of an additional Get4/4
interface, as shown in Scheme II (Fig. 2 C (I)). This cyclic
organization of the tetramer can explain both loss of a single
subunit of Get4, as well as Get5.

We subsequently inspected the previously determined
Get4-Get5(N-term) structure. Careful analysis revealed a
putative homodimeric interface in Get4 (PDB: 2WPV)
that is formed by a series of intersubunit hydrogen bonds
and ionic interactions (Fig. 3 A). This indicates a Get4/4 ho-
modimerization interface that could be used to cyclize the
Get4/5 tetrameric complex.

To further confirm the presence of the Get4/4 interface,
we co-expressed Get4 with a truncated Get5 (Get5*) that
does not have the C-terminal dimerization motif (29). If
the Get5/5 interface is the only tetramerization interface
(Scheme I, Fig. 2 C (I)), then this truncated Get4/5* must
yield an exclusive Get4-Get5* dimer. Nevertheless, native-
MS analysis of the purified complex yet again yielded a
tetrameric species (Fig. 3 B), explicitly establishing the
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presence of a 4/4 dimerization motif. We also performed the
CID dissociation of this truncated (Get4),-(Get5%*), tetra-
meric complex. This yielded dissociated monomeric Get5
and the remainder of the trimer (Get4),-Get5* (Fig. 3 C),
confirming the presence of the Get4-4 interface. Finally,
to further prove this, we expressed and purified Get4
alone. Native-MS analysis of Get4 decidedly showed the
presence of a dimeric species, proving the existence of a
novel dimeric interface (Fig. S2). Together, this unambigu-
ously establishes the presence of a previously unknown
Get4/4 interface and cyclic organization of the (Get4/5),
tetramer.

Architecture of the Get3/4/5 complex

Next, we sought to determine the oligomeric organization of
the Get3/4/5 complex. We formed the complex by mixing
purified Get3 with the purified full-length Get4/5 complex
using previously established protocols (27). Native-MS
analysis of the formed complex revealed an exclusive pres-
ence of a heterohexameric complex with (Get3),-(Get4),-
(Get5), stoichiometry (Fig. 4).

Like Get4/5 complex, here again, we sought to use intact
dissociation to unambiguously determine the molecular or-
ganization of this hetero-hexameric complex. The inset to
Fig. 4 shows the possible structural schemes for the hexame-

ric organization. We subsequently used CID MS/MS of the
overall hexameric complex to further identify the correct
connectivity (Fig. 5 A).

We isolated the 29+ charge state of the hetero-hexamer
and subjected it to CID MS/MS. Two pairs of subcomplexes
were observed upon dissociating the hexameric complex.
The peaks highlighted in blue correspond to a dissociated
Get5 monomer and remainder of the hetero-pentameric
complex of (Get3),-(Get4),-Get5. Among the three possible
structures, Scheme I cannot yield these subcomplexes
(Fig. 5 B). This is because from Scheme I, the loss of a sin-
gle monomeric Get5 is not feasible. In Scheme I, the loss of
monomeric Get5 requires dissociation of the Get5/5 dimer
interface, which also leads to the loss of the entire Get4/5
heterodimer. Similarly, the peaks highlighted in purple
correspond to the dissociated Get4 monomer and remainder
of the hetero-pentameric complex of (Get3),-Get4-(Get5),.
Among the three possible structures, Scheme III cannot lead
to these subcomplexes. This is because from Scheme III,
loss of a single monomeric Get4 is not feasible. In Scheme
III, loss of monomeric Get4 requires dissociation of the
Get4/3 interface, which also leads to the loss of the entire
Get4/5 heterodimer. As shown in Fig. 5 B, it is only Scheme
II that can justify both of these dissociation pathways,
assigning a cyclic heterohexameric structure for the Get3/
4/5 complex.
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FIGURE 4 Oligomeric organization of the Get3/4/5 complex. Mass spec-
trum of Get3/4/5 complex. The red peaks correspond to the macromolecule
with a mass of 204,228 Da. This mass matches with the complex consisting
of two copies of Get3, Get4, and Get5 each. The theoretical mass of the
complex with mentioned stoichiometry is 204,228 Da. Scheme I, II, and
IIT show possible molecular organization of the (Get3),(Get4),(Get5),
complex. The zoom of the peak with 29 charges and analysis of its satellite
peaks is shown in Fig. S1. To see this figure in color, go online.

We also considered the hypothetical scenario that the
Get3/4/5 complex exists as a mixture of both Scheme I
and III, which together can yield the observed dissociation
pathways. To negate this possibility, we used the truncated
Get5 that lacks the C-term dimerization motif (Get5*). Mix-
ing Get4/5* with Get3 did not yield any detectable amount
of the Get3/4/5* complex, or the potential products of disso-
ciation of the hexamer, for example, Get3/Get4/Get5*, un-
der identical MS conditions (Fig. S3). This also confirms
that the observed hexameric molecular organization of the
complex was not created as a result of gas-phase rearrange-
ment of the subunits present in the protein complex (53).
Further, it proves that the Get5/5 interface is essential for
the stability of the complexes. Hence, Scheme I type ar-
rangements, lacking the Get5/5 interface are not a viable
structural organization. Interestingly, this also rationalizes
the previous observation that mutation of the Get5 dimer
interface is deleterious to Get3/4/5 complex formation.
Our data clearly show that the wild-type Get3/4/5 complex
has a cyclic architecture, and abrogation of the cyclization
leads to lack of stability. Together, this negates any possibil-
ity of Get3/4/5 hexamer coexisting in two different struc-
tural organizations. Hence, it is only Scheme II that can
rationalize all generated subcomplexes and dissociation
pathways.

We next sought to use computational modeling and MD
simulations to show that the MS-derived closed-ring hex-
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americ Get3/4/5 complex (Scheme II) is conformationally
feasible. The available crystal structures of the Get3/Get-
Get5,_s4 and fragments of Get5 are used to build a closed-
ring, hexameric model (see Materials and Methods section
for details). This modeled Get3/4/5 complex (Scheme II)
is energy minimized and subjected to MD simulations
for about 120 ns (three replicates). Analysis of the MD
simulation trajectories confirms the stability of this
closed-ring, hexameric Get3/4/5 complex. The dimeric in-
terfaces between Get3 and the C-terminal domains of Get5
remained intact during the course of the simulations
(Video S1). To quantitatively show this, we calculated
the distance between the center-of-mass of the dimeriza-
tion domains in Get3 (Fig. 6 B) and the C-terminal do-
mains of Get5 (Fig. 6 C) along the MD simulation
trajectory. Variations in these distances are low, with a
maximum deviation of about +1 A from that seen in
the corresponding crystal structures. In addition, the
dimeric interface between the C-terminal domains of
Get5 in the crystal structure is largely mediated by hydro-
phobic and pi-cation interactions. We chose a residue pair
of Trp 208 and Arg 203 that participate in pi-cation inter-
actions at the dimeric interface of Get5. The residue-pair-
wise distance between Trp 208 and Arg 203 along the MD
simulation trajectory also showed minimal change (Fig. 6
D; deviation of about *+1 A from that seen in the crystal
structures). These results suggest that the dimeric inter-
faces between Get3 and Get5 in our modeled hexameric,
closed-ring cyclic Get3/4/5/complex remain stable
throughout the course of the MD simulations. Next, we
checked if the long unstructured linkers between the struc-
tured domains of Get5 may provide the required confor-
mational flexibility to form the closed-ring hexameric
complex. We computed the distances between two pairs
of points: the linkers 1 connecting the N-terminal and
Ubl domains of Get5 (residues 31-64, Uniprot: Q12285)
and the linkers 2 connecting the Ubl and C-terminal do-
mains of Get5 (residues 152-156, Uniprot: Q12285) for
the complex. As shown in Fig. S6 variation in the dis-
tances for linker 1 and linker 2 (standard deviation:
+6.78 A and +4.05 A respectively) are much higher in
comparison to the rigid domains in the complex (standard
deviation: +0.2 A). All together the MD simulations
show that individual structured “rigid” domains in the
Get3/4/5 complex are held together using large variations
in the unstructured linker regions. This allows immense
flexibility in the relative positioning of structured GET
domains.

Taken together, although multiple models have been pre-
viously proposed for the Get3/4/5 heteromer, our data
unambiguously establishes the hexameric, symmetric, cy-
clic architecture of the complex. Further addition of a large
excess of membrane protein substrate (Vamp2) to the wild-
type Get3/4/5 complex led to the dissociation of Get4/5
tetramer from the substrate-bound Get3 (Fig. S4). This is



Molecular organization of GET chaperones

A Scheme | Scheme II Scheme Il
Gets " —» \ Foaaa FIGURE 5 Decoding the molecular organization
e R S A of Get3/4/5complex. (A) MS/MS spectra of
cet Sy S qf S (Get3)x(Get4)o(Get5),. CID of the (Get3)(Getd),
oo S CORNC) (Get5), produced two sets of subcomplexes. Peak
2or » produced two sets of subcomplexes. Peaks
10 in purple highlight the subcomplexes generated by

the loss of a monomeric Get4 unit from the overall

complex. The remainder of the trimer (Get3),-

Getd-(Get5), species was observed at the higher

m/z range (purple peaks in the right panel). The

lost, monomeric Get4 molecule was detected in

the lower m/z region (purple peaks in the left

panel). Peaks in blue highlight the subcomplexes

generated by the loss of a monomeric Get5 unit

‘ from the overall complex. The remainder of the
s (Ge!3)z(Get4¢)z(Get5) ‘ trimer (Get3),-(Get4),-Get5 species was observed
18+ 17+ 4 at the higher m/z range (blue peaks on the right-

Gets){Ceut)(Cet5)e hand side). The lost, monomeric Get5 molecule
was detected in the lower m/z region (blue peaks
in the left panel). (B) Subcomplexes (Get3),(Get4)

Relative Abundance

v (
1

Get4 + 16+ 15 ( )
15+J 14 S 12+
W N
| |

0 T T T
2000 5000 8000 11000

19
10+ 8, 40 .‘M 21+2u
Tl A e T S

5

mi:

® v/ ¢ v/

Scheme I
8

Scheme | Scheme Il Scheme Il Scheme |
] [} » " (] [}

I ' [ L] [] ]

I & *\ @ -

\* -

Fragment ions | a9 o . Q
. A
| (Get3):(Getd)(Get5): Gets |

consistent with the view that substrate transfer to Get3 leads
to the dissociation of the Get3/4 interface, leading to the
dissolution of the complex.

DISCUSSIONS

Native-MS is routinely used to determine subunit composi-
tions and oligomeric stoichiometry of protein complexes.
Here, we employed intact dissociation of multiprotein com-
plexes to further discern the spatial organization of different
subunits and identify the interfaces involved. Coupled with
molecular modeling, this can provide a detailed structural
model of macromolecular complexes. Applying this strat-
egy, combined with the key mutational analysis, we have
unambiguously determined the molecular architecture of
the chaperone complexes present in the GET pathway.
Our results show that Get4/5 forms a closed-ring tetrameric
complex. This Get4/5 tetramer subsequently interacts with
the nucleotide bound, conformationally primed Get3 dimer
to form a hexameric ring complex of Get3,-Get4,-Get5,
stoichiometry, as shown in Fig. 7. We have further validated
our findings through molecular modeling and mutational
abrogation of key interfaces. Previous results have shown
that only one copy of the substrate-bound Sgt2 dimer

14000 (Get5), and Get4 can be produced by CID of parent

ions with molecular organization presented in both

Scheme II and III but not in Scheme I. (C) In

Scheme Il contrast, subcomplexes (Get3),(Get4),(Get5) and

e Get5 can be produced by CID of parent ions with

& molecular organization presented in the Scheme I

and II but not in Scheme III. Altogether the data

showed that only fragmentation of (Get3),(Get4),

(Get5), with molecular organization presented in

Scheme II can give the fragmentation pattern

shown in panel A. Dotted lines on parent ions indi-

cate interaction interfaces destroyed in CID during

generation of fragment ions. Similar spectra were

obtained for three independent protein prepara-
tions.

can bind to the Get5 dimer (54). Integrating that with our
findings on Get3/4/5 renders a detailed molecular view of
the pathway where substrate-bound Sgt2 dimer associates
with the hexameric Get3/4/5 ring via its interaction with
the Get5. Subsequent substrate transfer from Sgt2 to Get3
leads to the dissociation of substrate-bound Get3 from the
complex.

It is worth emphasizing that previous structural studies on
the complexes present in the GET pathway were performed
on truncated proteins. For example, the structures of the
Get4/5 and Get3/4/5 complexes were obtained using an
N-terminal truncated peptide of Get5 that only has the
Get4 binding interface. Similarly, the Get5 dimer interface
was obtained by using a C-terminal polypeptide stretch
alone. This is owing to the large unstructured domain in
Get5 that can pose a significant challenge in structure deter-
mination. Our ability to detect and selectively dissociate the
full-length complex highlights the role of native-MS in
providing critical structural information in such cases.

An intriguing question here is why Get3/4/5 need to form
a closed-ring cyclic complex. One obvious clue lies in the
apparent thermodynamic stability of closed-ring complexes.
This is indeed evident in markedly less stability of the Get3/
4/5* complex (Fig. S2) where the Get5 dimer interface has
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FIGURE 6 Analysis of the Get3/4/5 MD simulation trajectories. (A) Structural model of the full-length GET3/4/5 complex. (B) Plot of the distance be-
tween the center of mass of the C-terminal domains of Get5 during the course of MD simulation. (C) Plot of the distance between the center of mass of the
dimerization domains in Get3 during the course of MD simulation. Variations in the distances in (B) and (C) are low, with a maximum deviation of about
+1 A from that seen in the corresponding crystal structures. (D) Plot of the distances between residue pairs Trp 208 and Arg 203 that participate in pi-cation
interactions at the dimeric interface of Get5 during the course of the MD simulation. Residue-pairwise distance between Trp 208 and Arg 203 shows a small
change, with a deviation of about =+ 1 A from that seen in the crystal structures. To see this figure in color, go online.

been deleted. Such structural stability upon ring closure is a can pick up nonspecific hydrophobic moieties. In fact,
common theme in many higher-order oligomeric complexes when Get3 was separately expressed and purified in
(55). Another interesting justification could be maintaining E. coli and incubated with Get4/5, these bound endogenous
the fidelity of access of the Get3 transmembrane binding lipids were even carried forward to the Get3/4/5 complex
grove. Indeed, we showed that overexpressed Get3 from (Figs. 4 and S1). Hence, keeping it in a closed-ring form

E. coli co-purifies with endogenous lipids bound to its trans- may hinder such nonspecific access and ensure that the hy-
membrane binding grove (Fig. 1). Intrigued by this observa- drophobic cavity can only be accessed via the upstream
tion, we further expressed and purified the human homolog chaperons that bind to the Get3/4/5 complex.

of Get3, TRC40, from HEK293 cells. Native-MS analysis of Together, our data provide a detailed molecular architec-
TRC40 also shows the presence of similar binding of endog- ture of the protein complexes in the GET chaperone

enous glycerophospholipids (Fig. S5). This indicates that  pathway and trace out a molecular mechanism of substrate
the hydrophobic groove of Get3 is relatively exposed and transfer. Further, we show that for complexes where
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v
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FIGURE 7 Opverall scheme of Get3 chaperone pathway. Get3 dimer (I) after binding to ATP (II) can interact with the Get4/5 heterotetrameric complex
stabilized by Ge4/4 and Get5/5 binding interfaces (IIT). The ATP binding increases the affinity of Get3 dimer to Get4, and Get3 can disrupt the Get4/4 binding
interface and create the hexameric complex with Get4/5 via two Get3/4 interaction interfaces (IV). Sgt2 dimer with TA protein cargo binds to Get3/4/5com-
plex via Sgt2/Get5 interface. After the binding, the cargo is transferred to Get3 dimer (V). The binding of the cargo to Get3 triggers dissociation of the com-
plex to Sgt2 dimer, Get4/5 heterotetramer, and Get3 dimer bound to TA protein (VI). In the next steps, the Get3 with the cargo is transferred to the ER. To see
this figure in color, go online.
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inherent conformational dynamics preclude structure deter-
mination, intact dissociation of complexes in native-MS, in
combination with integrative molecular modeling, provides
a fantastic alternate avenue to obtain structural and mecha-
nistic insights.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.02.026.
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Figure S1. Zoom of the 30+ charge state of Get3/4/5 complex. Peak 6808.44 is the main peak
of the complex with one ADP or ATP molecule bound. Peak 6854.95 is formed by Get3/4/5 bound
to a phospholipid. Peaks 6799.60 and 6846.03 are formed by the Get3/4/5 complex with one
truncated Get4 molecule. The difference in mass corresponds to the methionineand valine in the
N-terminus of Get4. Peaks 6823.69 and 6870.45 are formed by the Get3/4/5 with two ADP or ATP

molecules.
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Figure S2. Get4 dimerizes. (A) Get4 purified from E. coli was analyzed with native mass
spectrometry. The obtained spectrum shows that Get4 exists as a monomer and dimer. (B)
MS/MS spectrum of Get4 dimer. CID caused dissociation of Get4 dimer into monomers.Peaks
formed by the Get4 monomers are shown in green.
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Figure S3. Get3/4/5* is not detected during mass spectrometry analysis. Thespectrum was
obtained after mixing Get3 with Get4/Get5*.Arrows indicate m/z values for the predicted
Ge3/Get4/Get5* heterotrimer and Ge3/Get4/Get5* heterotetramer.
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Figure S4. Substrate binding to Get3 dimer causes dissociation of the Get3/4/5 complex.
Get3 was incubated with Get4/5 for one hour on ice. Next Vamp2 was addedto the protein mixture
and the sample was incubated for another hour on ice. Then proteins weretransferred to buffer:
200 mM Ammonium Acetate, 2mM DTT, and mass spectrometry was performed. Get3/4/5
complex was not detected during the measurement. Arrows indicate the expected m/z values for
particular charges of Get3/4/5 complexes detected from samples withoutVamp2.



16+ 15+

7 o
100 ¢ e
{ LX)J. TRC40 dimer
A
1 Phospholipid
17+
Q VAR N
% id) /@\
E / m\\, —
= - _/‘ FEY
-D [} g/ |
< L
2 E/M\_s AN
E i (\5{)
0]
x £ 9\
L O
D T T T
4600 4900 5200 5500

miz

Figure S5. Human TRC40 co-purifies with phospholipids. Human TRC40 wasoverexpressed in
HEK293T cells and purified with affinity chromatography. Obtained sample wasanalyzed with mass
spectrometry. The spectrum shows that TRC40 is bound to one or two smallmolecules. The analysis of
the spectra reveals that the mass of the molecules attached to TRC40 is between 743 Da and 751 Da.
This mass is characteristic of glycerophospholipids.
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Figure S6. Analysis of the Get3/4/5 MD simulation trajectories. (A) Plot of the distance
between the center-of-mass of the flexible linker 1 of Get5 (residues 31-64, Uniprot ID: Q12285)
during the course of MD simulation. (B) Plot of the distance between the center-of-mass of the
flexible linker 2 of Get5 (residues 152-156, Uniprot ID: Q12285) during the course of MD
simulation. Standard deviation (std) of the distances are shown above each graph.



Legend for supplemental Movie S1. Video of a 120 ns molecular dynamics simulation of the
modelled Get3/4/5 complex showing the dimeric interfaces between Get3 andGet5 remain
intact during the course of the simulations.
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