nature communications

Article

https://doi.org/10.1038/s41467-023-44260-5

Dynamic stability of Sgt2 enables selective
and privileged client handover in a
chaperone triad

Received: 24 March 2023

Accepted: 6 December 2023

Published online: 02 January 2024

M Check for updates

Hyunju Cho®"*, Yumeng Liu®"®, SangYoon Chung? Sowmya Chandrasekar’,
Shimon Weiss?*® & Shu-ou Shan®'

Membrane protein biogenesis poses acute challenges to protein home-
ostasis, and how they are selectively escorted to the target membrane is not
well understood. Here we address this question in the guided-entry-of-tail-
anchored protein (GET) pathway, in which tail-anchored membrane proteins
(TAs) are relayed through an Hsp70-Sgt2-Get3 chaperone triad for targeting
to the endoplasmic reticulum. We show that the Hsp70 ATPase cycle and TA
substrate drive dimeric Sgt2 from a wide-open conformation to a closed
state, in which TAs are protected by both substrate binding domains of Sgt2.
Get3 is privileged to receive TA from closed Sgt2, whereas off-pathway
chaperones remove TAs from open Sgt2. Sgt2 closing is less favorable with
suboptimal GET substrates, which are rejected during or after the Hsp70-to-
Sgt2 handover. Our results demonstrate how fine-tuned conformational
dynamics in Sgt2 enable hydrophobic TAs to be effectively funneled onto
their dedicated targeting factor while also providing a mechanism for sub-

strate selection.

The correct folding, localization, and quality control of the proteome
is a prerequisite for the proper functioning of all cells"*. Among cellular
proteins, the biogenesis of integral membrane proteins (MPs) is
energetically costly, kinetically demanding, and poses an acute chal-
lenge to cellular protein homeostasis. Before arrival at the target
membrane, the improper exposure of hydrophobic transmembrane
domains (TMDs) on MPs could lead to their rapid and irreversible
aggregation in the cytosol. This disrupts the targeting process and
generates toxic species that could induce proteostatic stress™*. In
addition, MPs delivered to different organelles or by different path-
ways share substantial overlap in their targeting signals, posing chal-
lenging questions about how the specificity of their localization is
achieved®”. Therefore, post-translational MP targeting relies critically
on molecular chaperones, which must effectively protect newly

synthesized MPs from misfolding and aggregation, and escort them to
the target membrane, while also maintaining the selectivity of the
targeting pathway.

Tail-anchored membrane proteins (TAs), which contain a single
TMD helix near the C-terminus, provide a paradigm for the challenges
associated with post-translational MP targeting. TAs comprise 3-5% of
the eukaryotic membrane proteome and mediate diverse cellular
processes, including protein translocation, vesicular transport, apop-
tosis, and protein quality control”®, Because their C-terminal TMDs are
obscured by the ribosome during translation, TAs are delivered solely
by post-translational mechanisms’. Multiple pathways for TA targeting
the endoplasmic reticulum (ER) and mitochondria have been descri-
bed, among which the guided-entry-of-tail-anchored protein (GET)
pathway is the best studied>”*'°"”. Biochemical, structural, and yeast
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genetics studies showed that the major cytosolic Hsp70 (Ssal in yeast),
with the help of Hsp40 (Ydj1 or Sisl in yeast), effectively captures newly
synthesized GET substrates and is important for maintaining them in a
soluble, targeting-competent conformation’". Hsp70 further initi-
ates a sequential series of energetically downhill TA transfers. The first
transfer, from Ssal to the cochaperone Sgt2, occurs when the two
chaperones assemble a complex'®. The second TA transfer, from Sgt2
(or mammalian SGTA) to the ATPase Get3 (or mammalian TRC40),
occurs when they are brought together by the Get4/5 scaffold
complex?°%2, TA loading activates ATP hydrolysis on Get3 and com-
mits it to deliver TAs to the Getl/2 receptor/insertase complex at the
ER membrane”?. Some recent studies suggested an alternative
mechanism in which Get4/5-dependent Sgt2 recruitment to the ribo-
some can allow direct TA capture®®?’; however, the contribution of this
mechanism to TA targeting in vivo is unclear.

The GET pathway provides a salient example to demonstrate that
even a compositionally simple MP, such as a TA, is targeted through an
elaborate chaperone network”. Among the chaperones in this pathway,
Sgt2 is the least understood. Sgt2 is an obligate dimer composed of
three domains. The N-terminal domain (NTD) mediates its homo-
dimerization (Fig. 1a) and provides an interaction platform for Get4/5,
which bridges Sgt2 and Get3 to facilitate TA transfer between
them®™?°**, The tetratricopeptide repeat (TPR) domain of Sgt2 provides
a binding site for the EEVD motif of multiple chaperones, including
Hsp70, Hsp90, and Hspl04“**, The C-terminal glutamine- and
methionine-rich domain comprises the substrate binding domain (SBD)
of Sgt2 (Fig. 1a) and shares homology with the Hsp90 cochaperone Stil/
HOP**. Computational modeling and pulldown experiments sug-
gested that each Sgt2 SBD forms a helical hand presenting a hydro-
phobic groove that accommodates ~11 amino acids, or roughly half of a
TA-TMD*, raising questions about whether both SBDs in the Sgt2 dimer
are required for TA binding. However, previous SAXS (small-angle X-ray
scattering) and NMR analyses suggested that the Sgt2 dimer adopts a
wide-open and elongated conformation in which the two SBDs are
predicted to be 130 A apart®. On the other hand, EPR and NMR studies
suggested a tendency of the SBDs to dimerize within SGTA**. The
molecular basis of TA recognition by the Sgt2 dimer remains unclear.

Previous studies also yielded contradictory views on the stability
of Sgt2’s substrate interaction. Using calmodulin (CaM) as a compe-
titor to challenge a preformed SGTA-TA complex, Shao et al. suggested
that TA dissociates from SGTA rapidly, with a halftime (t;/,) of 12 sec*.
In comparison, the transfer of TA from SGTA to TRC40 was ~2-fold
faster; the transfer of TA from SGTA to BAG6, which ubiquitylates TA
for potential quality control, was approximately twofold slower*’,
These values suggest that SGTA-bound TAs are only modestly favored
for GET-dependent targeting over constitutive dissociation and
degradation*°. However, another study measured a TA dissociation
rate constant (Koe) of 0.01-0.02 min™ for the Sgt2-TA complex'®; this
value is more consistent with the observation that the Sgt2-to-Get3 TA
transfer is impervious to challenge by CaM*** and suggest that Sgt2-
bound TAs are strongly favored for GET-dependent targeting. How
Sgt2-bound TAs partition between on- and off-pathway interactions
remains an outstanding question.

While the GET pathway targets TAs with hydrophobic TMDs to the
endomembrane system, TAs with less hydrophobic TMDs can be
delivered by other chaperones, such as CaM, to the ER for insertion by
the EMC complex®. In addition, Hsp40 and Hsp70 play key roles in
delivering multiple MPs, including TAs, to Tom70 on the mitochon-
drial surface''**?, How diverse TAs are sorted between different tar-
geting pathways is not well understood. Previous pulldown
experiments suggested that Sgt2 may act as an early selection filter in
the GET pathway, by favoring TAs with more hydrophobic TMDs*.
Recent analyses suggested that the Sgt2 SBD recognizes the hydro-
phobic face of three helical turns in a TMD***”, How this recognition
generates specificity remains unclear.

In this work, we address these questions by characterizing the
substrate interaction, kinetics, and conformational dynamics of Sgt2.
We show that the Sgt2-TA complex is dynamically stable, from which
TAs dissociate slowly but can be facilely handed off to other chaper-
ones. This property can be explained by the dynamic rearrangement of
Sgt2 between open and closed conformations, and the formation of
closed Sgt2 commits TA to the GET pathway. The conformational
dynamics of Sgt2 are fine-tuned by the biophysical property of the TA-
TMD, allowing Sgt2 to selectively deliver hydrophobic TAs to Get3
while rejecting suboptimal substrates. Our results demonstrate how
hydrophobic TAs are channeled through the Hsp70-Sgt2-Get3 cha-
perone triad and suggest that the Hsp70-Sgt2 pair acts as an early
decision point during the biogenesis of diverse TAs.

Results

The Sgt2¢TA complex displays dynamic stability

Previous studies reported vastly different kinetic stabilities of the Sgt2-
TA complex (or the mammalian SGTA-TA complex), with reported ¢/,
values for TA dissociation ranging from 12 sec to ~40 min'®*%*, We first
asked if this discrepancy arose from the different chaperones
(cpSRP43 vs. CaM) used to chase the Sgt2-TA (or SGTA-TA) complex in
previous studies. We used an established TA dissociation assay based
on Forster resonance energy transfer (FRET) between a donor dye,
coumarin (CM), labeled in the TMD of a model TA substrate Bosl
(TA*™)** and an acceptor dye, BODIPY-FL (BFL), labeled at the Sgt2
C-terminus (Fig. 1a)'®. The Sgt2®™-TA™ complex was reconstituted via
transfer from Ssal'. After the transfer, Ssal and TA co-purified with
Hisg-tagged Sgt2 under physiological salt conditions, whereas a high
salt wash (HSW) removed the Ssal bound to Sgt2 (Supplementary
Fig. 1a, b)*®. The addition of excess chase chaperone (CaM or cpSRP43)
to the purified Sgt25™-TA®™™ complex induced the release of TA®™™,
which was monitored in real-time by the recovery of donor fluores-
cence (Fig. 1a—c). The apparent rate of TA release from Sgt2 differed
drastically depending on the chase. 30 yM CaM induced Bosl release
from Sgt2 with an apparent rate constant of 0.91 min™ (Fig. 1b, blue;
Supplementary Data 1). This is ~60-fold faster than that induced by
21uM cpSRP43 (0.017-0.019 min™) and -2.5-fold slower than Get4/5-
mediated TA transfer to Get3 (2.3 min™; Fig. 1b, blue vs. black and
orange). Unlabeled Sgt2 also induced rapid TA release at rates much
higher than that observed with cpSRP43 (Fig. 1c, blue).

To understand this behavior, we carried out kinetic simulations for
different mechanisms by which the chase chaperones induce TA
release from Sgt2. In the simplest model, the chase acts solely as a trap
to sequester the free TAs that have dissociated from Sgt2 (Fig. 1d). This
model predicts that observed TA release is rate-limited by spontaneous
Sgt2-TA dissociation and independent of chase concentration (Fig. 1d).
Alternatively, the chase chaperone could ‘invade’ the Sgt2-TA complex
to directly remove TA from Sgt2; this model predicts that TA release
will be accelerated by increasing chase concentrations (Fig. 1e). These
models can therefore be distinguished by determining the kinetics of
TA release at different chase concentrations. The results showed that
the same rate constant of TA release was observed at different cpSRP43
concentrations (Fig. 1g, black), indicating that cpSRP43 acted solely as a
trap for dissociated TAs and allowed the determination of the intrinsic
dissociation rate of the Sgt2-TA complex (Fig. 1d). In contrast, TA
release from Sgt2 was strongly accelerated by increasing CaM con-
centrations (Fig. If, g, blue), consistent with the invasion model (Fig. le).
Extrapolation of the CaM concentration dependence to the Y-axis
intercept gave an intrinsic ko value of 0.018 min, identical to that
measured using cpSRP43 as the chase (Fig. 1g).

Together, these results show that the Sgt2-TA complex has high
intrinsic kinetic stability but can be invaded by other chaperones, such
that the bound TA is readily handed off to different Sgt2 molecules or
to other TA-binding chaperones, such as CaM, without releasing free
TAs to solution. We term this behavior ‘dynamic stability’.
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Fig. 1| The Sgt2-TA interaction displays dynamic stability. a Scheme of the FRET
assay to measure TA release from Sgt2. Cyan and red stars denote the donor and
acceptor dyes on TA and Sgt2, respectively. Addition of excess chase to a purified
Sgt2+TA complex initiates TA release and leads to loss of FRET. b, ¢ Distinct kinetics
of TA loss from Sgt2 with different chase chaperones (Sgt2, CaM, or cpSRP43). The
kinetics of TA transfer to the Get3-Get4/5 complex (orange) is shown for compar-
ison and was measured using a FRET pair between TA and Get3*. Fluorescence time
traces are normalized such that F=0 at t=0, and F =1 at the end of the reaction.
Two representative data with cpSRP43 as chase (black) from four independent
replicates are shown and were fit to Eq. 1, which gave rate constants of 0.017 min™ in
(b) and 0.018 min™ in (c). The data with CaM, unlabeled Sgt2, and Get3/4/5 were fit
to Eq. 2. d, e Simulated kinetics of TA loss from Sgt2 in models where TA

spontaneously dissociates from Sgt2 (d) or where an external chaperone removes
TA from Sgt2 (e). f TA loss from Sgt2 is accelerated by increasing CaM con-
centration. Fluorescence time traces are normalized such that F=0 at t=0, and
F=1at the end of the reaction with 15 uM CaM. The lines are fits of the data to Eq. 2.
A representative dataset from duplicate measurements is shown. g The observed
rate constant of TA release from Sgt2 as a function of chase (CaM or cpSRP43)
concentration. Light and dark blue show two independent sets of measurement
with CaM. Extrapolation of both data to the Y-axis gives the intrinsic kog of

0.018 min™, identical to measurements using three different concentrations of
cpSRP43. h Model to explain the effect of CaM on TA release rates. CaM invades the
Sgt2-TA complex by interacting with a partially exposed TA-TMD. Source data are
provided in the Source Data file.

Both SBDs of an Sgt2 dimer are required for high-affinity TA
binding

In seeking a molecular explanation for the dynamic stability of the
Sgt2-TA interaction, we considered the fact that Sgt2 is an obligate
homodimer. Previous studies suggest that each SBD of Sgt2 accom-
modates three a-helical turns, or 11 amino acids®®, whereas the TMD of
an ER-destined TA contains ~20 amino acids. We therefore

hypothesized that complete protection of the TA-TMD requires
interaction with both SBDs in Sgt2. Engagement with only one of the
SBDs could expose part of the TA-TMD for interaction with other
chaperone molecules, potentially leading to TA exchange (Fig. 1h).
This model requires that both SBDs of Sgt2 engage in high-
affinity TA binding. To test this, we used a mutant Sgt2AN (96-346
aa) in which the N-terminal dimerization domain is deleted
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Fig. 2 | Both SBDs in Sgt2 are required for high-affinity TA binding. a Bpa-
incorporated TA (Bosl) was translated in the S30 extract in the presence of 2 uM
Hise-tagged wildtype Sgt2 or Sgt2AN. TA association with Sgt2 was analyzed by UV
crosslinking and autoradiography after pulldown on strep;-tagged TA.

b Recombinant Strep-tagged Sbh1 (0.75 uM) was preincubated with 6 uM Ssalin the
presence of 2mM ATP, followed by the addition of 3 uM Sgt2, Sgt2AN, or both. TA
was captured using streptactin resin, and the associated Sgt2 or Sgt2AN was
detected by western blot analysis. Representative data were shown in a and b with
two independent experiments (n =2). Source data are provided as a Source

Data file.

(Supplementary Fig. 2a, b). We first compared Sgt2-WT and Sgt2AN
in a TA capture assay in which the TA substrate Bosl was generated
by in vitro translation (IVT) in the E. coli S30 extract devoid of GET
pathway components (Fig. 2a)****. An unnatural amino acid photo-
crosslinker, p-benzoylphenylalanine (Bpa), replaced Ala228 at the
6th residue in the Bos1-TMD during IVT'®**¢, The inclusion of Sgt2
during IVT allowed the formation of a Sgt2-TA complex, which was
purified via the strep tag on Bosl. TA association with Sgt2 was
monitored by UV-induced crosslinking of Bpa. Over 43% of Bos1®
crosslinked to Sgt2-WT, whereas ~6% of Bos1®% crosslinked to Sgt2AN
(Fig. 2a). Thus, dimerization of Sgt2 is required for stable TA inter-
action with Sgt2.

To independently test this model, we prepared the Sgt2-TA
complex via transfer from Ssal using another model TA, Sbhi (Fig. 2b,
left panel, and Supplementary Fig. 2c). TA association with Sgt2 was
monitored using pulldown on strep-tagged TA and western blot
against Sgt2 or Sgt2AN. Significantly less Sgt2AN co-purified with TA
than Sgt2-WT (Fig. 2b, right panel). Furthermore, when an equimolar
mixture of Sgt2-WT and Sgt2AN was presented to the preformed Ssal-
Sbhl complex, Sgt2AN was out-competed by Sgt2-WT and not
detectable after TA pulldown (Fig. 2b, right panel). These results show
that the dimerization of Sgt2 is indispensable for efficient and stable
TA capture by Sgt2, suggesting that both SBDs in the Sgt2 dimer
engage the TA-TMD.

Conformational dynamics of Sgt2 during successive TA
transfers

Previous SAXS and other biophysical analyses revealed an extended
structure of free dimeric Sgt2 in which its two SBDs are 130 A apart™*.
However, the observation above suggests that conformational chan-
ges in Sgt2 must occur upon TA binding to bring the two SBDs into
close proximity (Fig. 1h). The ability of the SBDs to dimerize has been
suggested for SGTA in EPR and NMR studies®. To test this model
directly, we measured intradimer FRET between the SBDs of Sgt2.
Dimeric Sgt2 was doubly labeled with donor (ATTO550) and acceptor
(ATTO647N) dyes at the C-terminus, such that closed Sgt2 will display

high FRET, whereas a wide-open Sgt2 is expected to display low
FRET (Fig. 3a).

Steady-state fluorescence measurements showed that doubly
labeled apo-Sgt2 displayed minimal FRET. Upon excitation of the
donor dye, the acceptor-to-donor fluorescence intensity ratio was 0.11
(Supplementary Fig. 3a, b). This ratio increased to 0.23 when TA was
loaded onto Sgt2 via transfer from Ssal (Fig. 3b, 1st transfer, and
Supplementary Fig. 3a, b). Upon further addition of Get3 and Get4/5 to
induce TA transfer from Sgt2 to Get3 (Fig. 3b, 2nd transfer), this ratio
returned to 0.12 (Supplementary Fig. 3a, b). Control experiments
showed that nucleotide, TA substrate, chaperones (Ssal, Ydjl), and
additional interaction partners (Get3, Get4/5) did not significantly
affect the fluorescence emission spectra of either dye (Supplementary
Fig. 3c, d). Thus, the observed relative fluorescence changes of the
acceptor and donor dyes can be attributed to conformational rear-
rangements of Sgt2.

To resolve labeling and conformational heterogeneity and
directly observe the conformational dynamics of Sgt2, we carried out
diffusion-based single molecule (sm)FRET measurements using Alter-
nating Laser Excitation Spectroscopy with microsecond resolution (us-
ALEX). ALEX allows the optical purification of doubly labeled Sgt2
molecules by removing contributions from singly labeled species*’*®
and facilitates the determination of the conformational distribution of
Sgt2 (Fig. 3a). The results showed that the smFRET histogram of apo-
Sgt2 is dominated by a low FRET population that peaks at an apparent
FRET efficiency (£¥) of ~0.15, consistent with previous SAXS analysis®
that indicated a wide-open apo-Sgt2 (Fig. 3¢, black). After the first TA
transfer from Ssal to Sgt2 (Fig. 3b), the smFRET histogram shifted
rightwards, with an additional new peak at £* -0.85 (Fig. 3c, blue),
indicating that a fraction of Sgt2 molecules adopted a closed con-
formation in which the two SBDs are brought into proximity. Upon
further addition of Get3 and Get4/5 (Fig. 3b, 2nd transfer), the histo-
gram was again dominated by a low FRET population (Fig. 3d, red).
Neither Get3 nor Get4/5 alone induced these changes (Fig. 3d, yellow
and orange), suggesting that Get4/5-dependent TA transfer from Sgt2
to Get3 is responsible for the re-opening of Sgt2.

To investigate whether Sgt2 dynamically samples different con-
formations on timescales faster than that of diffusion through the
observation volume (-milliseconds (ms)), we implemented Burst var-
iance analysis (BVA), which allows the detection of millisecond or
faster dynamics by comparing the empirical standard deviation (SD) of
E* of sub-bursts within a burst to the expected SD from the shot-noise
limit*. If the FRET distribution arises solely from static species that
exchange on timescales much slower than diffusion, the SD will lie on
the static limit curve (Supplementary Fig. 4, dashed lines). In contrast,
if multiple conformations interconvert on the milliseconds or faster
timescale, the observed SD would be higher than the static limit.
Deviations from the static limit were found for Sgt2 at intermediate E
values under all conditions tested (Supplementary Fig. 4), indicating
that the intermediate E values arose from dynamic transitions of Sgt2
between the open and closed conformations during each burst.

To quantitatively characterize these transitions, we performed
multi-parameter (mp) photon-by-photon Hidden Markov modeling
(H*MM) analysis (Supplementary Fig. 5)°*°". HYMM enables HMM ana-
lysis for diffusion-based smFRET using a modified maximum likelihood
estimator, which applies HMM algorithm directly to photon data and
successfully retrieves information about the conformational dynamics
of biomolecules ranging from sub-seconds to microseconds®.
mpH*MM further distinguishes subpopulations that represent con-
formational states (varying E values with S - 0.5) versus those that arise
from photophysical artifacts, such as acceptor blinking (£~ 0 and S~1)
and thus allows more reliable extraction of state parameters (mean E
values and rate constants)®. mpH*MM analysis showed that all the ps-
ALEX data for Sgt2 and Sgt2 complexes could be accounted for by a
three-state model, with a low FRET (Ejean ~0.2) and a high FRET state
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(Emean ~0.8) that interconverts on the millisecond timescale, and a third
sub-population that arose from dye photophysical events such as
acceptor blinking (Fig. 3e and Supplementary Data 1). The inter-
conversion rate constants further allowed us to calculate the equili-
brium for the open-to-closed rearrangement (Kciosing; Table S1), which
would be challenging to obtain by directly fitting the smFRET histo-
gram. Based on the mpH?MM analysis, Kciosing iS unfavorable in apo-
Sgt2 (0.221), rose to 0.937 after the Ssal-to-Sgt2 TA transfer, and
reduced to 0.525 after Get4/5-dependent TA transfer from Sgt2 to Get3
(Fig. 3e, f and Table S1). In addition, Kosing after Get4/5-dependent TA
transfer to Get3 is similar to that of Sgt2 in the presence of Ssal, Ydj1,
and ATP (0.525 vs. 0.473; Table S1) and much higher than that for apo-
Sgt2, suggesting that Ssal remains bound to Sgt2 after the second TA
transfer.

Together, these results provide direct evidence that Sgt2 dyna-
mically samples open and closed conformations. A substantial popu-
lation of Sgt2 molecules assumes the closed conformation after Ssal/
Ydjl-mediated TA loading and resumes the open conformation upon
further transfer of the TA to Get3.

The TA substrate and upstream chaperones drive Sgt2 closing
Since the first TA transfer generates an Ssal-Sgt2-TA complex
(Supplementary Fig. 1a, b), the observed Sgt2 closing could arise
from Ssal binding, TA loading, or both. To dissect the contribution
of TA, we purified the Sgt2-TA complex (Supplementary Fig. 1a, b).
us-ALEX measurements showed that the TA substrate alone
increased Kciosing from 0.221 to 0.597 (Fig. 4a, d, dark green;
Table S1). This indicates that the TA substrate can by itself drive
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substantial Sgt2 closing, and reciprocally, closed Sgt2 binds TA
with higher affinity than open Sgt2.

Remarkably, ATP-bound Ssal also substantially enhanced Sgt2
closing (K¢iosing = 0.785) and accelerated the open-to-closed transition,
whereas ADP-bound Ssal induced much smaller changes (Fig. 4b, d,
red vs. light pink; Table S1). The additional presence of Ydjl, which
activates ATP hydrolysis on Ssal, exerted an effect that is intermediate
between Ssal*™ and Ssal*™ (Fig. 4b, d, purple; Table S1). These results
strongly suggest that ATP-bound Ssal induces Sgt2 to sample the
closed conformation, potentially priming it for TA capture.

We previously showed that activation of Ssal ATPase activity by
Ydj1 or a fragment containing the Ydj1 J-domain (JD-GF) enhances the
crosslinking efficiency of TA® to Sgt2". However, pulldown experi-
ments showed that the same amount of TA co-purified with Sgt2
regardless of whether Ydjl was present during the Ssal-to-Sgt2 TA
transfer (Supplementary Fig. 1c, d), excluding the possibility that Ydj1
increased the amount of TA loading on Sgt2. To test whether the effect
of Ydj1 was due to changes in Sgt2 conformation, we carried out the
Ssal-to-Sgt2 TA transfer without Ydj1 (Fig. 4c). The resulting Ssal-Sgt2-
TA complex is compositionally identical to that generated with Ydjl
present, as Ydjl does not stably associate with the Ssal-Sgt2-TA com-
plex (* and Supplementary Fig. 1b). Nevertheless, the complex gen-
erated without Ydjl showed reduced Sgt2 closing (Kciosing = 0.798 vs
0.937; Fig. 4¢, d, cyan vs light blue, and Table S1). The JD-GF fragment
of Ydj1, which contains only the J-domain that activates ATP hydrolysis
of Ssal”, was sufficient to replace Ydjl and induce maximal Sgt2
closing (Kciosing=0.983; Fig. 4c, d, hot pink; Table SI). Thus, Ydjl-
induced ATPase activation of Ssal maximizes Sgt2 closing in the Ssal-
Sgt2-TA complex. Combined with the enhanced TA crosslinking effi-
ciency to Sgt2 in the presence of Ydj1”, these results suggest that the
ATPase cycle of Ssal optimizes the conformation of Sgt2 for TA
interactions.

A closed Sgt2 prevents TA loss and selectively delivers the TA
to Get3

To understand the functional implications of Sgt2 closing, we sought
to lock Sgt2 in the closed state by introducing an intradimer crosslink
that brings its two SBDs into proximity. To this end, we engineered
single cysteines in the Sgt2 SBD and the TPR-SBD linker (Supplemen-
tary Fig. 6a). Sgt2 single cysteine mutants are functional in capturing
TA from Ssal, as assessed by UV-induced crosslink of TA®™ to Sgt2
(Supplementary Fig. 6b, c). We then introduced an intradimer cross-
link in each Sgt2 variant using the thiol-specific homo-bifunctional
crosslinker bismaleimidohexane (BMH). BMH crosslinking efficiency
was highest (46%) for Sgt2-C258, in which the engineered cysteine is
two residues N-terminal to the SBD (Supplementary Fig. 6d) and was
therefore used in subsequent experiments. We further verified that the
BMH-mediated crosslink occurred within, but not between, Sgt2
dimers (Supplementary Fig. 7a).

To resolve the interaction of TA with different chaperones and
with Sgt2 in different conformations, we used TA®" crosslinking fol-
lowed by SDS-PAGE (Supplementary Fig. 7b). Sgt2-TABP complexes
were generated by IVT of TAPP in S30 lysate in the presence of wildtype
Sgt2 or Sgt2-C258, purified via the Hisg-tag on Sgt2, and crosslinked
with BMH (Fig. 5a). This resulted in ~50% of Sgt2-C258 crosslinked by
BMH, which was denoted as (Sgt2-C258)x., (crosslinked Sgt2 dimer;
Supplementary Fig. 7c). Upon subsequent UV irradiation, substantially
more TAPP crosslinked to (Sgt2-C258)x;» than to Sgt2-C258 (Fig. 5c,
bands at ~120 kDa vs ~65 kDa, t = 0), providing additional support that
TA preferentially interacts with closed Sgt2.

Using this workflow (Fig. 5a), we tested whether and how the TA
bound to BMH crosslinked (Sgt2-C258)x.» (representing closed Sgt2
dimer) and uncrosslinked Sgt2-C258 (representing Sgt2 sampling open
and closed conformations) is susceptible to loss to external chaper-
ones. In agreement with FRET measurements (Fig. 1) and previous
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crosslinked Sgt2-C258-TA (c). d-g Kinetics of TA transfer to Get3 was measured for
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work***, wildtype Sgt2-TAPP lost the TA to CaM quickly, with an
apparent rate constant of 0.78 min™ in the presence of 20 uM CaM
(Fig. 5b). In contrast, the association of TA with (Sgt2-C258)x.2
remained largely intact when challenged by CaM (Fig. 5c). Although a
small amount of TA-CaM complex accumulated over time,

quantification of the data suggested that the majority of them, espe-
cially those that formed early (<1 min), arose from the TA bound to
Sgt2-C258 (Fig. 5¢). These results strongly suggest that the TA bound
to (Sgt2-C258)x, is protected from CaM and that kinetically facile TA
loss from Sgt2 primarily occurs from open Sgt2.

We next asked if Sgt2 opening is required for TA transfer from
Sgt2 to Get3. To this end, we presented Get3 with and without Get4/5
to uncrosslinked and BMH-crosslinked Sgt2-C258-TA®P complexes.
With wildtype Sgt2-TAP™?, TA transfer to Get3 was complete in 20 sec
and depended strongly on Get4/5 (Fig. 5d, e). Unexpectedly, TA
transfer from (Sgt2-C258)x, > to Get3 was also rapid in the presence of
Get4/5: the TA crosslink to (Sgt2-C258)x,, disappeared at a rate con-
stant of 3.5 min, with the concurrent appearance of TA crosslink to
Get3 (Fig. 5). This transfer was abolished in the absence of Get4/5, and
the majority of Get4/5-independent transfer to Get3 arose slowly from
the TA bound to uncrosslinked Sgt2-C258 (Fig. 5g). These results show
that the TA bound to closed Sgt2 is protected from off-pathway cha-
perones and other mechanisms of nonspecific loss from Sgt2, and only
Get3 is uniquely privileged to capture the TA from closed Sgt2 in the
transfer complex assembled by Get4/5.

Facilitated TA transfer from Ssal to Sgt2

The ability of Ssal/Ydjl to induce Sgt2 closing raised questions about
whether the Ssal-to-Sgt2 TA transfer is also privileged, similar to the
Sgt2-to-Get3 transfer. To address this question, we compared the
kinetics of this transfer with spontaneous TA dissociation from Ssal.
We developed a FRET-based assay to detect the interaction of TA with
Ssal using BFL as the donor dye labeled near the TA-TMD and tetra-
methylrhodamine (TMR) as the acceptor dye labeled at an engineered
single cysteine D430C in the Ssal SBD (Fig. 6a). Thio-substitution and
fluorescence labeling at D430C does not affect the activity of Ssa1'®*2,
TMR-labeled Ssal, but not unlabeled Ssal, reduced the fluorescence
intensity of BFL-labeled Bosl - 20%, and this change was reversed by a
five-fold excess of unlabeled Ssal (Fig. 6b), demonstrating FRET
between the dye pair.

Using this assay, we measured the kinetics of TA dissociation from
Ssal by chasing a preformed Ssal™R«BosI®™ complex with excess
cpSRP43. The time course of TA release from Ssal was biphasic, with
~50% of the fluorescence change occurring at a rate constant of
0.63-0.80 min™ and the other ~50% at ~0.03 min™_. Similar TA release
kinetics were observed with and without Ydj1 present or with different
concentrations of cpSRP43 (Fig. 6¢, d), indicating that the intrinsic TA
dissociation rate from Ssal was measured and is unaffected by Ydjl.
The biphasic kinetics could arise from two populations of Ssal-TA
complex with different kinetic stabilities or a two-step TA dissociation
mechanism, and these possibilities remain to be resolved.

Regardless of the precise interpretation, the rates of both phases
during Ssal-TA dissociation were much slower than the transfer of TA
from Ssal to Sgt2, which was measured using the Bpa crosslinking
assay on a quench-flow device (Fig. 6e). Although the time resolution
of this experiment was likely limited by quenching of the transfer
reaction (flash freezing in dry ice-ethanol bath, which takes -15s), the
transfer was complete within 1sec (Fig. 6e). This is ~100-fold faster
than the fast phase and ~2000-fold faster than the slow phase during
TA dissociation from Ssal (Fig. 6e vs d), indicating that the Ssal-to-Sgt2
TA transfer does not occur via the dissociation of TA from Ssal fol-
lowed by rebinding to Sgt2.

To independently test this model, we tested whether the Ssal-to-
Sgt2 TA transfer is protected from external chaperones by comparing
transfer reactions in the absence and presence of excess CaM. The
presence of CaM induced negligible changes in the amount of TAs
loaded on Sgt2 (Fig. 6f, g). As a negative control, we also tested a
mutant Sgt2(R171A, R175A) in which the interaction of the TPR domain
with Ssal is disrupted (Sgt2-TPRmt"**). TA transfer from Ssal to Sgt2-
TPRmt was significantly lower than that to wildtype Sgt2 and was
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Fig. 6 | TA transfer from Ssal to Sgt2 is privileged. a Scheme of the FRET assay to
measure TA dissociation kinetics from Ssal. The position of fluorescence labeling is
indicated by the structure of the DnaK SBD with a bound peptide (PDB 4EZO).

b Fluorescence emission spectra showing FRET between BFL-labeled TA and TMR-
labeled Ssal(D430C). 20 nM Bos1®™ was incubated with 500 nM Ssal™R for 5 min,
and the donor fluorescence emission spectra were recorded using an excitation
wavelength of 485 nm. ¢ Representative fluorescence time traces for TA dissocia-
tion from Ssal with or without Ydjl. 20 nM Bos1** and 500 nM Ssal™® were pre-
incubated with or without 500 nM Ydjl1 for 5 min, followed by the addition of

cpSRP43 at indicated concentrations. Data are normalized such that F=0 at t=0,
and F=1 at the end of the reaction. Lines are fits of the data to Eq. 2 in Methods.
d Summary of the TA dissociation rate constants from (C). The mean of two
technical replicates is shown. e Time courses of TA transfer from Ssal to Sgt2 was
measured with and without Ydj1 using Bpa crosslinking. f, g TA transfer from Ssal to
Sgt2 was measured with and without CaM for wildtype Sgt2 and Sgt2-TPRmt.
Representative western blots are shown in f, and the efficiency of the Sgt2-TA
crosslink after the transfer is summarized in g. Data are shown as mean with n=2.
Source data are provided in the Source Data file.

sensitive to CaM (Fig. 6f, g; also™), indicating that protected TA
transfer requires Ssal and Sgt2 to form a complex. Together, these
results show that TAs are channeled from Ssal to Sgt2 in a highly
protected manner.

The stability and conformation of Sgt2-TA are regulated by
biophysical properties of the TA-TMD

Given the susceptibility of open Sgt2 to external chaperones, we asked
if the open conformation played a role in TA selection. Previous pull-
down studies in S30 lysate showed that TAs containing TMDs with

lower hydrophobicity and helical propensity co-purified less efficiently
with Sgt2**. To dissect the molecular step(s) responsible for this dis-
crimination, we tested the substrate dependence of the three steps in
the generation and maintenance of the Sgt2-TA complex: TA capture
by Ssal, TA transfer from Ssal to Sgt2, and TA dissociation from Sgt2.
We used an established series of TA variants in which an increasing
number of hydrophobic residues in the Bos1-TMD was replaced by Ala
and Gly, which reduce the hydrophobicity and helical propensity of the
TMD (Supplementary Fig. 8a, 4AG, 5AG, and 6AG)*. 4AG and 5AG
displayed reduced efficiencies of GET-dependent insertion into the ER,
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whereas the ER insertion of 6AG was GET-independent®. As an addi-
tional negative control, the Bos1-TMD was replaced with that of Fisl, a
mitochondrial TA (Supplementary Fig. 8a).

Using a turbidity-based assay that monitors TA aggregation'®, we
first showed that Ssal efficiently captured and solubilized all the TA
variants tested (Supplementary Fig. 8b, c). The solubilization constants
of Ssal for different TAs varied by less than threefold and did not
correlate with their GET-dependence for insertion (Supplementary
Fig. 8c and ref. 43). We next monitored the Ssal-to-Sgt2 TA transfer
step using the Bpa crosslinking assay. Crosslink of Sgt2 with 4AG, 5AG,
and 6AG were observed within 1 min after the addition of Sgt2 to the
respective Ssal-TA complexes, with efficiencies comparable to that of
Bosl (Fig. 7a), indicating that these TA variants were efficiently loaded
onto Sgt2 by Ssal. In contrast, no crosslink was detected between Fisl
and Sgt2 (Fig. 7b), and pulldowns on Hiss-Sgt2 detected low amounts

of co-purified Fisl (Supplementary Fig. 8d). These results suggest that
Fis1 was not efficiently transferred to Sgt2 or that the Fis1 TMD did not
properly engage the Sgt2 SBD.

Finally, we measured the kinetic stability of the complexes of Sgt2
with 4AG and 6AG using the FRET-based TA dissociation assay (Fig. 1a).
While the kinetics of Bosl dissociation from Sgt2 can be described by a
single population with a slow rate (0.018 min™), the Sgt2-4AG complex
showed an additional population (-30%) that dissociated 10-fold more
quickly (Fig. 7c, d). 6AG dissociated rapidly from Sgt2 and displayed
two populations with kg values ~10-fold and ~50-fold faster than that
of Bosl (Fig. 7c, d). Thus, suboptimal TAs can be rejected both during
and after their transfer from Ssal to Sgt2.

We wondered whether the lower kinetic stabilities of the Sgt2-TA
complexes observed with 4AG and 6AG stemmed from differences in
the conformation of the Sgt2 dimer when it engages different

a TA®2 transfer from Ssa1 to Sgt2 TAE®a transfer from Ssa1 to Sgt2
Bos1 4AG 5AG 6AG Bos1 Fis1
M 0 1 0o 1 0 1 0 1 min 0 1 0 1 min
100- 100 -
70- U — e " S <TAxSg12 70- — «Bos1xSgt2
55- g E_E_E F <«TAXTA Fis1xFis1
40- 55- ‘ ' ! ' ABosIxBos1
40-
35-
35-
G Y T L L a
25- S e «Fist
24% 27%  27% 22% oD bue <Bos1
15 (#0.9)  (#1.3)  (20.4) (£0.7)
kDa a-strep (TA) kDa a-strep (TA)
¢ Sgt2-TA dissociation kinetics d Sgt2-TA dissociation rate constants
1.2 1 5
E O kfast %@"
1 6AG — [ M kslow
s - i 31%
U o8 £ ° 68%
LI_CD g 01¢
= 0.6 \_g F o°
o %] r
L 04 8 i
w = r 5 69%
0.2 < 001 7
0 1 1 1 L E ﬁ
0 50 100 150 200
Time (min) Bos1 4AG 6AG
= f
Sgt2 closing after the transfer of TA variants
16} | +Ssal+ATP
< 3 4AG n=4604 +Ydj1
< — 6AG n=9633
2 12f 1 +Ssal+ATP  n=5081 ]
c +Ydj1
o 8 1 4AG
3
AT T 6AG
ol=: : ; i : . 0 0204 06 08 1
0 0.2 0.4 0.6 0.8 1 :
closing
E*

Fig. 7 | Suboptimal TAs are bound to Sgt2 less stably, which correlates with
reduced Sgt2 closing. a, b 4AG, 5AG and 6AG were efficiently loaded onto Sgt2
by Ssal (a), whereas Fisl was not (b). TA transfer was measured using UV-
induced crosslink of TA®"?, as described in Methods. The percentage of cross-
linked Sgt2-TA is indicated underneath and represented as mean + SD, with
n=3.c,dSuboptimal TAs dissociate more quickly from Sgt2. Time courses of
the dissociation of Bosl, 4AG, and 6AG were measured as in Fig. 1c using
cpSRP43 as chase (c). Data are normalized such that F=0at¢=0,and F=1at the

end of the reaction. The data for Bosl were fit to a single exponential function
(Eq. 1), and the data for 4AG and 6AG were fit to double exponential functions
with a fast and slow phase (Eq. 2). The obtained rate constants are summarized
in d as mean + SD, with n=3. e sSmFRET histogram of Ssal-Sgt2-TA for the
indicated TA variants. The histogram for Sgt2 in the presence of Ssal and Ydj1
without TA (hot pink) is shown for comparison. f Summary of the equilibrium of
Sgt2 closing obtained from mpH?MM analysis. Source data are provided in the
Source Data file.
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substrates. We therefore carried out smFRET measurements on Ssal-
Sgt2-TA complexes formed with the suboptimal substrates. The equi-
librium for Sgt2 closing after the Ssal/Ydjl-mediated TA transfer
reduced from 0.937 with Bosl to 0.722 with 4AG, and 0.497 with 6AG
(Fig. 7e, f; Table S1). The value of Kqosing after the transfer of 6AG was
the same, within error, as that of Ssal/Ydjl-bound Sgt2 without TA
(Fig. 7f and Table S1). These results suggest that the extent of Sgt2
closing is fine-tuned by the biophysical properties of the TA-TMD,
which could provide a mechanism to reject suboptimal TAs from the
GET pathway.

Discussion

Across all organisms, networks of molecular chaperones coordinate
the capture and handover of newly synthesized MPs to their correct
destinations in the cell. The GET pathway, in which nascent TAs are
sequentially relayed through a cascade of chaperone (Hsp70), cocha-
perone (Sgt2), and targeting factor (Get3), provides a paradigm to
understand the molecular mechanism underlying client handovers
within a chaperone network and their roles in the efficiency and fidelity
of MP targeting. The results of this work reveal fine-tuned conforma-
tional dynamics of Sgt2 that enable it to recognize, receive, and then
handoff a hydrophobic TMD helix, and to do so for a diverse set of
substrates while maintaining the specificity of the GET pathway.

Client interaction of Sgt2 is one of the least understood aspects of
the GET pathway, with contradictory reports concluding that the Sgt2-
TA complex is stable™ or dynamic*’. Here, kinetic analysis resolves this
issue and reveals that the Sgt2-TA complex displays ‘dynamic stability”:
the complex is kinetically stable, with a slow intrinsic TA dissociation
rate, but can facilely hand off the bound TA to other Sgt2 molecules or
to alternative chaperones such as CaM (Fig. 1). Single-molecule ana-
lyses suggested a molecular basis for this behavior: the Sgt2 dimer
samples, on the millisecond timescale, open and closed conformations
in which one or both of its SBDs engage the TA-TMD (Figs. 3-4). Rapid
sampling of the closed state prevents TAs from dissociation, giving rise
to the high kinetic stability of the Sgt2-TA complex (Figs. 1, 5). On the
other hand, sampling of the open state, which exposes part of the TA-
TMD, renders the Sgt2-TA complex susceptible to ‘invasion’ by other
chaperones and to directly exchange the bound substrate with them
(Figs. 1, 5). These exchanges could minimize the exposure of hydro-
phobic TMDs in the cytosol and their consequent misfolding and
aggregation. Although additional examples of chaperone dynamic
stability have not been reported, we speculate that this behavior could
be beneficial in other protein biogenesis pathways that involve
aggregation-prone client proteins, such as the interaction of nascent
outer MPs with multiple periplasmic chaperones prior to their inser-
tion at the bacterial outer membrane®* .

Importantly, Sgt2 closing is driven by upstream chaperones and
the TA substrate, providing a mechanism for Sgt2 to sense and
respond to the molecular signals that initiate TA targeting. ATP-bound
Ssal induces the otherwise wide-open Sgt2 to rapidly sample the
closed state (Fig. 4 and Table S1). The Ydjl-induced ATPase activation
of Ssal further helps maximize Sgt2 closing (Fig. 4). Moreover, Ssal
remains bound to Sgt2 after TA transfer and helps maintain Sgt2-TA in
the closed conformation (Fig. 4). Together, these observations suggest
that the Hsp40/Hsp70 chaperone cycle helps organize the first transfer
complex and primes Sgt2 to capture the TA from Ssal in the optimal
conformation. In support of this model, TA transfer from Ssal to Sgt2 is
complete within 1 second, at least two orders of magnitude faster than
TA dissociation from Ssal, and is strongly protected from external TA-
binding chaperones such as CaM (Fig. 6). This provides strong evi-
dence for an active transfer mechanism in which the TA substrate is
directly channeled from the SBD of Ssal to that of Sgt2 in the closed
conformation. Notably, only Get3 can capture the bound TA from
closed Sgt2 in the second transfer complex assembled by Get4/5 (Figs.
3d, e, and 5). This is distinct from off-pathway chaperones such as CaM,

which can only access TAs from open Sgt2, and provides a molecular
explanation for why the Sgt2-to-Get3 TA transfer is also highly privi-
leged. Collectively, these results demonstrate that GET-dependent
substrates are rapidly channeled through the Ssal-Sgt2-Get3 chaper-
one triad en route to their delivery to the ER.

The substrate channeling observed here is not limited to the GET
pathway. Recent studies suggested that the glucocorticoid receptor
(GR) is threaded through a channel formed by the HSP70-HOP-HSP90
complex during its folding®*. Analogous to TA channeling in the
Hsp70-Sgt2-Get3 chaperone triad, GR threading through the HSP70-
HOP-HSP90 complex protects them from premature folding. Com-
pletion of GR folding requires exquisite molecular coordination
between HSP70, HOP, and HSP90 to load the ligand binding domain of
GR in the client binding pocket of Hsp90°*". It can be envisioned that
analogous coordination occurs between Ssal, Sgt2, and Get3 during
TA channeling. This could involve the accurate positioning of the SBDs
of the upstream and downstream chaperones and possibly transient
interactions between them. The architectural organization of the
transfer complexes and the precise mechanism of molecular coordi-
nation that enables substrate channeling in this chaperone triad
remain outstanding questions.

The abundance of Hsp70 in the cytosol®, its ability to rapidly
capture numerous newly synthesized proteins, including the TAs”,
and the rapidity of the Ssal-to-Sgt2 TA transfer further suggest that the
Hsp70-Sgt2 complex enjoys kinetic precedence over alternative TA
targeting pathways, and proteins are re-routed to alternative biogen-
esis pathways only if they are rejected by this chaperone-cochaperone
pair. Indeed, the conformation of Sgt2 is fine-tuned by the biophysical
property of the TA-TMD, which could contribute to such rejection
mechanisms. TAs delivered by the GET pathway are characterized by a
higher hydrophobicity and helical propensity of their TMDs compared
to TAs destined to mitochondria or delivered by alternative pathways
to the ER***%, Although TAs with suboptimal TMDs are still efficiently
captured by Ssal and transferred to Sgt2, they are much less effective
in inducing Sgt2 closing, and the more extensive sampling of the open
state of Sgt2 correlated with the faster dissociation of these TA variants
(Fig. 7). In addition, TA containing the TMD of Fisl, a mitochondrial
protein, was inefficiently transferred to Sgt2 (Fig. 7). Thus, GET-
independent TAs can be rejected both during and after their transfer
from Ssal to Sgt2, in part by leveraging the open state of Sgt2. The
ability of open Sgt2 to handoff the TA to other chaperones further
suggests that suboptimal TAs could be directly re-routed to alternative
biogenesis pathways without re-exposure of their TMDs to the cytosol.

Collectively, these results allow us to propose a revised model for
the early molecular events during TA biogenesis. Ssal provides a ‘hub’
that captures diverse newly synthesized TAs. Dimeric Sgt2 by itself is
predominantly in an open conformation in which the two SBDs are
apart, but interaction with Ssal induces Sgt2 to sample the closed
conformation in which its two SBDs are close together (Fig. 8, step 1).
Rapid and protected TA transfer to Sgt2 ensues, and TAs with hydro-
phobic TMDs drive further closing of Sgt2 such that the TMD is stably
bound and protected from off-pathway chaperones (step 2a). Sgt2
further recruits Get4/5, which positions Get3 to capture the TA from
closed Sgt2 (step 2b). TA loading activates ATP hydrolysis on Get3 and
drives its dissociation from Get4/5, committing TA for targeting to the
Getl/2 receptor at the ER (steps 2c-2d). TAs with suboptimal TMDs can
also be loaded on Sgt2 by Ssal, but the Sgt2-TA complex more
extensively samples the open conformation in which the TAs are less
stably bound and can be handed off to alternative chaperones (steps
3a-3c). Additionally, mitochondrial TAs with even weaker TMDs can be
rejected during the Ssal-to-Sgt2 transfer and are likely delivered by
Ssal to mitochondria (steps 4a-4b). We hypothesize that the Ssal-Sgt2
pair comprises a decision point during the early stages of TA biogen-
esis. The fine-tuned conformational dynamics of Sgt2 enable this
cochaperone to selectively funnel hydrophobic TAs into the GET
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Fig. 8 | Model for how the dynamic conformational changes of Sgt2 regulate TA
targeting. Interaction with Hsp70 induces wide-open Sgt2 to sample the closed
conformation (step 1). TAs with hydrophobic TMDs rapidly transferred to Sgt2 and
further favored Sgt2 closing, enabling tighter TA binding and its protection from
off-pathway chaperones (step 2a). Get4/5-bound Get3 is uniquely privileged to
receive the TA from closed Sgt2 (step 2b). TA loading activates ATP hydrolysis on

Getd/5
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Get3 and drives its dissociation from Get4/5 (step 2c), which commits Get3 to bind
the Getl/2 receptors at the ER membrane (step 2d). Suboptimal TAs are also
transferred to Sgt2 but are less effective in inducing Sgt2 closing (step 3a), allowing
other chaperones to remove the TA from Sgt2 and re-route them to alternative
pathways (steps 3b-3c). Mitochondrial TAs are also efficiently captured by Ssal but
are rejected during the Ssal-to-Sgt2 transfer (steps 4a-4b).

pathway, while also providing a mechanism to re-route alternative TAs
and other hydrophobic proteins to their appropriate biogenesis
pathways and cellular destinations.

Methods

Protein expression and purification

Model TA substrates for biochemical and biophysical studies were
described previously’®*°. In summary, Strep-SUMO-TA variants are
composed of an N-terminal strep-tag, a non-cleavable SUMO domain,
and a C-terminal targeting sequence that encompasses the TMD of
Bosl or its variants (4AG, 5AG, 6AG), Sbhl, or Fisl. Recombinant TA
substrates were expressed, solubilized in LDAO (N,N-dimethyldode-
cylamine N-oxide; Avanti Polar Lipids, Inc.), and purified using Strep-
tatin resin (IBA Lifesciences) as described previously™. Hiss-Sgt2, Hise-
Sgt2AN (residues 96-346, a gift from Clemons lab), and His¢-Sgt2-
LPATGG proteins were expressed and purified as described
previously*’. To minimize degradation of Sgt2, Sgt2-expressed cells
were lysed using mild detergents (BugBuster, Merck)*. Hisg-Get3*,
Hise-Get4/5%, Hisg-CaM®? were expressed and purified as described
previously. Hisg-SUMO-Ssal, Hiss-SUMO-Ydj1, and Hise-SUMO-Ydj1-JD-
GF(1-102aa) were expressed and purified as described'®"’. Briefly, cells
were resuspended in Buffer A [20 mM Tris (pH 8.0), 500 mM NaCl, 10%
glycerol, 2mM -ME, 15 mM imidazole] supplemented with protease
inhibitor cocktail. Clarified lysate was incubated with Ni Sepharose
High-Performance resin (GE Healthcare) at 4 °C for 1 h. After washing
the resin with Buffer A, the proteins were eluted from the column using
Buffer A containing 300 mM imidazole. To obtain tagless Ssal and
Ydj1, purified Hise-SUMO fusion proteins were digested with SUMO

protease overnight at 4 °C, and the proteins were further purified using
MonoQ 5/50GL (GE Healthcare).

Fluorescence labeling

Bosl was labeled with CM (N-(7-Dimethylamino-4-Methylcoumarin-3-
yl)Maleimide; Thermo Fisher Scientific Inc.) at a cysteine located at the
seventh residue downstream of the TMD, as described'®. Sgt2 was
C-terminally labeled with BODIPY-FL (BFL) using Sortase-mediated
ligation, as described®®. Labeling of Sgt2 with Atto550 or Atto647N
followed the same procedure as for BFL. Briefly, 30 uM His¢-Sgt2-
LPATGG, 30 uM Sortase A, and 150 uM GGGC-Atto550 or 150 pM
GGGC-Atto647N were incubated in Sortase Labeling buffer [S0 mM
Tris (pH 7.5), 150 mM NaCl, 10 mM CacCl,] at 25 °C for 3 h. Labeled His,-
Sgt2 was purified using Talon resin (Clontech). To doubly label Sgt2
with both dyes, a mixture of 75 uM GGGC-Atto550 and 75 uM GGGC-
Atto647N was used during the labeling reaction.

In vitro translations

Sgt2-TAPPY, Sg2-C258-TAP, and Sgt2AN-TA®P* complexes were gen-
erated by IVT of Bosl for 2 hrs at 30 °C using a home-made E. coli S30
lysate***, IVT reactions were supplemented with *S-methionine,
2-5 uM Hisg-tagged Sgt2-WT or Sgt2-G258C. Bpa was incorporated at
an amber codon (TAG) located at position A228 in the Bosl-TMD by
using bacteria expressing tRNAcy,° for preparation of the S30 extract
and supplementing 10 uM purified ®”RS(D286R), the evolved tRNA
synthetase for Bpa, during IVT****, For complexes that require sub-
sequent BMH crosslinking, 1mM TCEP (Gold Bio) was maintained
throughout IVT and pulldown to ensure that the cysteine was reduced.
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Preparation of Sgt2-Ssal-TA and Sgt2-TA complexes

Complexes for fluorescence measurements were generated by TA
transfer from Ssal to Sgt2 using recombinant proteins followed by
purification via Hise-tagged Sgt2, as outlined in Supplementary Fig. 1.
8 uM TA solubilized in TA buffer [SO mM K-HEPES pH 7.5, 300 mM
NaCl, 20% Glycerol, 0.05% LDAO, 2 mM B-mercaptoethanol] was dilu-
ted to a final concentration of 0.3 uM in GET Buffer [50 mM HEPES (pH
7.5), 150 mM KOAc, 5 mM Mg(OAc),, 10% glycerol, 2 mM B-mercap-
toethanol] containing 3uM Ssal, 2mM ATP, and 3uM Ydjl where
indicated. For smFRET measurements of the Ssal-Sgt2-TA complex,
100-200 pM doubly labeled Sgt2ATTO5S0/ATTO84N wag added to the pre-
formed Ssal-TA complex and incubated at room temperature for 1 min
immediately before the measurement (Fig. 3b, 1st transfer). Where
indicated, 0.5uM Get3 with or without 0.5uM Get4/5 was further
added, and the mixture was incubated at RT for 10 min before the
measurement (Fig. 3b, 2nd transfer).

To generate purified Ssal-Sgt2-TA and Sgt2-TA complexes, 0.6 uM
Hisg-tagged Sgt2 was added to the preformed Ssal-TA complex and
incubated for 1 min. The reaction mixture was incubated with Talon
resin (Clonetech) in GET Buffer at 4 °C for 10 min with agitation. To
obtain the Ssal-Sgt2-TA complex, the resin was washed in 75 column
volume of GET buffer supplemented with 5 mM Imidazole and eluted
with four-column volumes of GET buffer supplemented with 300 mM
Imidazole. To purify the Sgt2-TA complex, the resin was sequentially
washed with 100 column volumes of GET buffer supplemented with
500 mM NaCl and eluted with 4 column volumes of GET buffer sup-
plemented with 300 mM Imidazole.

Sgt2-TAPP and Sgt2-C258-TAPP? complexes were generated by IVT
of Bos1®* in E. coli S30 lysate supplemented with *S-methionine and
2-5pM Hise-Sgt2 or Hise-Sgt2-G258C. Immediately after translation,
Sgt2-TA complexes were purified via the Hisg-tag on Sgt2 using Talon
resin (Clonetech), as described in ref. 18, or via the Streps-tag on TA
using Streptactin Sepharose resin (IBA LifeSciences), as described in
ref. 43. The efficiency of TA translation and co-purification with Sgt2
was evaluated using SDS-PAGE and autoradiography. The concentra-
tion of Sgt2 in the purified complexes was determined using a Silver
Stain kit (Pierce) or quantitative western blot, using known quantities
of purified Sgt2 loaded on the same gel as a standard. For samples that
require BMH crosslinking, 1 mM TCEP was present throughout IVT and
purification to ensure that the cysteine on Sgt2-C258 was reduced.
Purified Sgt2-C258-TA complex was incubated with 1mM BMH
(Thermo Fisher) for 1h at RT to form the intradimer crosslink, and
crosslinking was quenched with 10 mM DTT. Crosslinking efficiency
was determined using immunoblot against anti-His primary antibody
(Genscripts, Cat# A00186, 1:3000 dilution).

TA transfer measurements. For fluorescence-based assays, apparent
rate constants of TA release from Sgt2 were measured by chasing
50-150 nM Sgt2®™-Bos1®™ complex in GET buffer with 2.5-30 uM CaM
or 14-28 uM cpSRP43. The time courses of donor fluorescence recov-
ery (due to loss of FRET) were monitored using an excitation wave-
length of 360 nm and emission wavelength of 460 nm on a Fluorolog-3-
22 spectrofluorometer (HORIBA Scientific). The donor fluorescence
intensity was normalized, and the data were fit to Eq. 1 or Eq. 2,

Normalized fluorescence change = w =Al-e*)y (@)
e~ 1o

Fobsd_FO

F F =Afast(1 - eikf‘mt) +Aslow(1 - eikmwt) (2)
e 1o

in which F. is the donor fluorescence intensity when the reaction
reaches equilibrium, F is donor fluorescence intensity at ¢ = 0, kg, and

of the fast and slow phases, respectively. The only exception is Fig. 1f,
in which F, is the donor fluorescence intensity when the reaction with
15 uM CaM plateaued.

For Bpa crosslinking-based assays to monitor TA transfer from
Ssal to Sgt2, 0.1uM recombinantly expressed and purified strep-
tagged TA® were preincubated with 3 uM Ssal in GET Buffer for 1 min
at RT. 0.3 uM Sgt2 was added, and reactions were further incubated for
1 min before flash freezing in liquid nitrogen. O min samples were taken
right before Sgt2 addition. Frozen reaction aliquots were crosslinked
on dry ice ~4 cm away from a UVP-B-100AP lamp (UVP LLC) for 20 min.
Crosslinked and uncrosslinked TA were resolved on SDS-PAGE and
visualized by anti-Strep primary (Genscripts, Cat# A01732, 1:3000
dilution) and IRDye® 800CW secondary antibodies (LiCor, Cat#926-
32210, 1:15,000 dilution). The percentage of TA®™ crosslinked to Sgt2
was quantified using Quantity One software (Bio-Rad).

TA transfer kinetics from Ssal to Sgt2 was measured using an RQF-
3 quench-flow apparatus (KinTek). Briefly, 8 uM Ssal with or without
8uM Ydjl was premixed with 0.5uM BoslI® in GET buffer supple-
mented with 2mM ATP and loaded into Syringe A. After 2 min incu-
bation, the first push mixed the sample in Syringe A with an equal
volume of GET buffer containing 2 mM ATP in Syringe B for 0.01 sec. A
second push mixed the twofold diluted Ssal-TA® complex with an
equal volume of 0.6 uM Sgt2 in GET buffer (in Syringe C). After the
desired delay time, the reaction mixture was pushed into a pre-cooled
96-well plate in a dry ice-ethanol bath. The frozen samples were
crosslinked and analyzed as described above.

For TA transfers with BMH-crosslinked Sgt2-C258, BoslI®® was
translated and labeled with *S-methionine in S30 lysate in the presence
of Sgt2 or Sgt2-C258. The Sgt2-TA complexes were purified by pulldown
of Hise-tagged Sgt2 and crosslinked by incubation with 1 mM BMH for
30 min. To monitor TA loss from Sgt2 to CaM, 15-20 uM CaM was added
to 250-500 nM purified Sgt2-TAP™ or BMH-crosslinked Sgt2-C258-TA®
in the presence of 1 mM Ca(OAc),, and the reaction was incubated at RT.
To monitor the transfer of TA from Sgt2 to Get3, 0.75puM Get3 was
added to Sgt2- TA™ or BMH-crosslinked Sgt2-C258-TAP in the presence
of 2mM ATP and 0.75uM Get4/5 where indicated. At indicated times,
aliquots were removed from the reaction and quenched by flash freezing
in liquid nitrogen. Crosslinking was carried out -4 cm away from the
UVP-B-100AP lamp (UVP LLC) for 20 min on ice. Crosslinked and
uncrosslinked *TA and Sgt2 were resolved on 9% Tris-Tricine gel and
quantified by autoradiography using ImageQuant (Cytiva).

Kinetic simulation

Kinetic simulations (Fig. 1d, e) were carried out using Berkeley
Madonna v 9.1.3. The following equations were used to describe the
spontaneous TA dissociation model in Fig. 1d:

k
Sgt2 — TA = Sgt2+TA

(3a)
-1
ky
TA+CaM = CaM ~ TA (3b)
2
Normalized fluorescence=1— [Sgt2 — TA] (3o

[Sgt2 — TA]+[CaM — TA]+[TA]

in which k;=0.015min™ (as determined using cpSRP43 as chase),
k1=1x10°M'min™, k=10 x10°M ™ min™, k.,=10 min™.

The following equations were used describe the active model in
Fig. le:

k
Sgt2 — TA+CaM = Sgt2 — TA- CaM

ksiow are the rate constants of the fast and slow phases in the dis- (4a)
sociation reaction, respectively, and Ar.s; and Aoy are the amplitudes ko
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k
Sgt2 — TA - CaM ;—_‘ Sgt2+CaM — TA (4b)
-2
. L [Sgt2 — TA]
Normalized fluorescence =1 [Set2 — TA]+[Sgt2 - TA — CaM]+ [CaM — TA]
(40)

in which k;=0.035x10°M ™ min™ (from the slope of the CaM chase
data in Fig. 1g), k.;=1min™, k,=10 min™, k., =20 x 10°M ™ min™. The
overall equilibria of TA exchange between Sgt2-TA and CaM-TA in both
Egs. (1) and (2) were set to ~0.17, based on the observation that 2.5 uM
CaM drove the dissociation of 40% of TA from 0.05 uM Sgt2 complex
(Fig. 1f). The values of k_j, k,, and k_, were adjusted to be consistent
with this overall equilibrium; otherwise, varying the specific values of
ki, k> and k., over a 10-fold range do not alter the kinetic pattern
generated by the simulation. The initial concentrations used were:
[Sgt2-TA] = 0.05 uM, [Sgt2] = 0; [TA] = 0; [CaM] as indicated in Fig. 1d, e;
[Sgt2-TA+CaM] = 0. Equations 3c and 4c describe the fluorescence
signal (in arbitrary units) based on the fact that FRET in the Sgt2-TA
complex reduces donor fluorescence intensity; thus, donor fluores-
cence increase is proportional to loss of the Sgt2-TA complex during
the measurement.

Turbidity assay

TA variants solubilized in 0.05% LDAO were rapidly (within 15 s) diluted
into GET Buffer (without glycerol) to a final concentration of 1.5 uM in
the absence and presence of the indicated concentrations of Ssal. The
optical density at 360 nm was recorded using a spectrophotometer
(Beckman Coulter). Observed % soluble TA (Sobsq) Was calculated from
the difference in optimal readings between reactions with and without
Ssal 5 min after initiation of the reaction and was normalized to that of
Bosl alone. The data were plotted as a function of Ssal concentration
and fit to Eq. 5,

[Ssal]
Sopsd = Shax X
obsd Max K soluble * [58(11]

(5)
where Sy is the % soluble TA at saturating Ssal concentrations.
Ksoluble is the concentration of Ssal required to solubilize 50% of the TA
and is termed the apparent TA solubilization constant.

ps-ALEX measurements

All protein samples were ultracentrifuged in a TLA100 rotor (Beckman
Coulter) at 386,400 x g for 30 min at 4 °C to remove aggregates before
all measurements. All measurements were carried out in GET buffer
supplemented with 0.3 mg/ml BSA. For each measurement, fluores-
cently labeled SgtzATTOSSO/ATTO647N or SgtzATTOSSO/ATT0647N_T A complex was
diluted to ~200 pM final concentration in GET buffer. Where indicated,
reactions contained 2 mM ATP or ADP, 3 uM Ssal, 3 uM Ydj1 or variants,
and 0.5 uM Get3 and Get4/5. Samples were placed either on a coverslip
(for measurements <15min) or in a closed chamber made by sand-
wiching a perforated silicone sheet (Grace Bio-Labs) with two cover-
slips to prevent evaporation (for measurements >30 min). Data were
collected using an ALEX fluorescence-aided molecule sorting setup®’
with two single-photon Avalanche photodiodes (PerkinElmer), 532-nm
and 635-nm continuous wave lasers (Opto Engine LLC) operating at
135 uW and 80 pW, respectively.

ps-ALEX data analysis

Allps-ALEX data analyses were performed using FRETBursts®, a
Python-based open-source burst analysis toolkit for diffusion-based
smFRET. The burst considered to be the signal of a single molecule was
determined as a minimum of 10 consecutive detected photons with a
photon count rate at least 15-fold higher than the background rate

during both the donor and acceptor excitation periods. Due to the
fluctuating background rate within a measurement, the background
rate was computed for every 50-s interval according to maximum
likelihood fitting of the interphoton delay distribution. Dual-channel
burst search was performed to screen bursts of FRET pair species from
bursts for mixtures containing donor or acceptor-only species. The
identified bursts were further filtered according to the following cri-
teria: (1) n+n} =15 (exclude acceptor-only species) and (2) n4 =15
(exclude donor-only species), where n3 is the number of photons
detected from the donor channel during donor excitation, n}, is the
number of photons detected from the acceptor channel during donor
excitation, and n4 is the number of photons detected from the
acceptor channel during acceptor excitation.

The values of the apparent FRET efficiency, £*, and stoichiometry,
S were calculated for each burst according to the following equations:

ng
= 6
nb +nj ©
1 @

T D 1A A
np+np+ny

The bursts with S of -1 and -0 represent the donor-only and the
acceptor-only species, respectively. The bursts with S values between
0.2 and 0.8 are generally considered to be from doubly labeled FRET
pairs. The accurate FRET efficiency can be calculated by applying three
correction factors to E*: (1) y-factor, the ratio between quantum yields
and detection efficiency between donor and acceptor channels; (2) k-
factor, the donor spectral leakage into the acceptor channel; and (3)
dir-factor, the direct excitation of acceptor by donor excitation illu-
mination. Those correction factors are expected to be constant as long
as the same optical setup and FRET pair are used throughout all
measurements. More importantly, no significant change in quantum
yields of donor and acceptor was observed upon the binding of ligands
and interaction partners (Supplementary Fig. 3c, d). Therefore, the
trend of changes in £* due to the conformational changes of Sgt2 will
match the trend of accurate FRET efficiency for each experimental
condition. In this study, we used the uncorrected E* to generate all
FRET histograms.

To qualitatively probe millisecond dynamics of Sgt2 under various
conditions and binding partners, we performed burst variance analysis
(BVA) as described in ref. 49. The probability that an acceptor emits a
photon from a single molecule due to the FRET process can be
described by a binomial distribution if there are no dynamic events in
the single molecule. Therefore, the expected standard deviation (SD)
of FRET due to the shot-noise limit for a burst with a given £* and n
photons is defined as the static limit and given by:

o= /@ @®)

where E* is the apparent FRET efficiency of a burst, n is the number of
photons emitted during the donor excitation period in a burst (i.e.,
nb +n}). The observed SD of E* for each burst was computed as fol-

lows:
. 1H 2
SDof E'= MZ(ei—E*) 9
i=1

where F*and e* are the apparent FRET efficiencies of a burst and a sub-
burst (a subset of each burst containing a fixed number of consecutive
photons), respectively, M is the number of sub-bursts in a burst. The n
of 5 was used in this study.
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To increase the statistical power and reduce possible errors due to
the small number of sub-bursts in individual bursts, we binned bursts
into 20 bins along the E* axis with a bin width of 0.05. The SD of £* for
each bin (SDg-) was then computed using Eq. 10.

« 2
M, (& — 1)
SDg= | > jwhere Zj—1|: é:Mi ]

10)
L<E<U
where pi=3" ; hore Z}”;l(ﬁ), L and U are the lower and upper

L<E;<U
bounds of the bin, M; is the number of sub-bursts in the ith burst, e;j is

the proximity ratio of the jth sub-burst in the ith burst. To ensure that
the SDgvalues for each bin are representative of the sample dynamics,
the SDg- values of bins containing at least 2.5% of the total bursts were
considered and denoted as triangles in BVA plots in this study.

To estimate the rate constants of conformational dynamics of Sgt2,
we performed multi-parameter (mp) Photon-by-photon Hidden Markov
modeling (H*MM) analysis®”. H*MM, developed by Pirchi et al., is a
generalized hidden Markov Model (HMM) algorithm that uses photon
arrival times as input to the analysis, enabling HMM machinery to be
applied to diffusion-based smFRET experiments”. Recently, Harris et al.
introduced mpH?MM by integrating an additional photon stream (for
ps-ALEX, the acceptor excitation stream) into the conventional H’'MM
that only uses raw FRET efficiency. This multi-parameter approach
improves the accuracy of H’MM and enables the distinction between
FRET dynamics and dye photophysical events®.

In the implementation of mpH*MM analysis for this study, we only
tested models containing up to 5 states to reduce computational costs
in finding optimized models and parameters for each sample. Harris
et al. introduced Integrated Complete Likelihood (ICL), a reliable
extremum-based statistical discriminator, to find the optimal state
model for H*MM analysis of the system™®. In this study, ICL was mini-
mized for the 3-state model in the majority of cases, including apo-
Sgt2. The 3-state model consists of two states for interconversion of
Sgt2 between low FRET (E*~ 0.2) and high FRET (E* ~ 0.8) states, and a
third state for dye photophysics (e.g., acceptor photoblinking). In
some cases, alternative state models minimized the ICL; however, all
H>MM analysis results of the alternative state models showed one or
more states with transition rates that were too slow (k <<1s™) to detect
using H’MM analysis and hence physically unreasonable (Supple-
mentary Data 1). Based on these observations and the fact that the
number of conformational states in Sgt2 is an intrinsic property of the
molecule that cannot be altered by ligands and binding partners, the
3-state model was employed to perform H?MM analysis on all Sgt2
complexes used in this study.

After Viterbi analysis (in H*MM analysis), successive photons
classified as belonging to the same state are grouped into dwells. The
photons in the dwells can then be used to calculate £* and S values for
each dwell using Egs. 11 and 12. These equations are essentially the
same as for bursts described in Equations 6 and 7.

nA

* — D,Dwell
EDwell - nD + nA (11)
D,Dwell D,Dwell
D A
S — nD,DweII + nD,DweII (12)
Dwell nD + nA + n"
D,Dwell D,Dwell A, Dwell

The equilibrium for the open-to-closed conformational change of
Sgt2 was calculated using Eq. 13, based on the rate constants for the
interconversion of open and closed states in the 3-state model

extracted from the H2MM analysis.

k

K _ Ropen—closed

closing — k (13)

closed—open

The uncertainty in the interconversion kinetic constants was
estimated by (1) dividing the total bursts into subsets that contain
1700-2000 bursts, (2) performing mpH?>MM analysis on the subsets
with the 3-state model to extract kinetic constants for each subset, and
(3) calculating the standard deviation of the kinetic constants. The
uncertainty in the equilibrium constants (Kciosing) for each sample was
obtained by error propagation over the uncertainties in kinetic con-
stants according to Eq. 13.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the manuscript’s main
text, Supplemental information, Supplementary Data 1, and Source
Data file. A previously published structure of E.coli DnaK used to design
fluorescent dye labeling positions is available under PDB code
4EZO0. Source data are provided with this paper.

Code availability

All mpH2MM analyses in this study were performed using the Python
packages, burstH2MM (Available at https://github.com/harripd/
burstH2MM) and H2MM_C (Available at https://github.com/harripd/
H2MMpythonlib).
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