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Figure 1. Parallel orientation of CC2 domains in ctSTIM1 is consistent with the CAD crystal structure. (A) (top) Schematic overview of domains in
ctSTIM1, comprising the membrane-proximal coiled-coil 1 (CC1) domain with helical regions a1 (aa 238-271), 0.2 (aa 278-304), and 0.3 (aa 308-337),

and the CC2 (345-391) and CC3 (aa 408-437) domains which are part of CAD. (bottom) The orientations of the CC2 domains distinguish the NMR
structure of CC10.3-CC2 (bottom left, anti-parallel CC2 domains; 2MAJ.pdb) from the crystal structure of CAD (bottom right, parallel CC2 domains;
3TEQ.pdb). Sites tested by inter-subunit smFRET are indicated. Although aa 337 is not part of the crystal structure (aa 344-443), it is sufficiently close to
permit comparison to the NMR structure. (B) Two methods for immobilizing single ctSTIM1 dimers for smFRET. ctSTIM1 peptides were encapsulated in
liposomes and immobilized on a glass slide by a biotin-neutravidin interaction or were attached directly via a C-terminal avitag. (C) Example recordings
of donor (green) and acceptor (red) fluorescence evoked by donor excitation for sites 337:337°, 363:363", and 378:378". Single-step bleaching events
indicate a single molecule, while the anti-correlated response of the donor to the acceptor bleach event is a hallmark of smFRET. Calculated FRET ratios
(black) are shown below. (D) Ensemble smFRET histograms for sites 337:337", 363:363’, and 378:378" displayed predominantly high FRET, indicating close
parallel apposition. (E) A comparison of smFRET-derived distances (black) with simulated inter-fluorophore distances from the crystal (white) and NMR
structures (gray). The measured distances closely match the crystal structure but deviate strongly from the NMR structure, particularly for 337:337" and
378:378". smFRET error bars indicate the expected distance deviation corresponding to an uncertainty of +0.05 in FRET measurement. 'Crystal' and
'NMR' error bars indicate the s.e.m. of inter-fluorophore distance from 100 simulations of dye position (see Materials and methods).
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Figure 1—figure supplement 1. smFRET histograms for CAD measurements. Peaks of the histograms are indicated by arrows and represent the
predominant ctSTIM1 conformation. The locations of the measurement sites are indicated on a model of ctSTIM1 for each sample. Legend boxes
indicate immobilization method (liposome or avitag), the number of molecules used to construct the histogram (N), the peak FRET value and the
corresponding distance (see Materials and methods).
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Figure 1—figure supplement 2. smFRET histograms for CC1 measurements. Peaks of the histograms are indicated by arrows and represent the

predominant ctSTIM1 conformation. The locations of the measurement sites are indicated on a model of ctSTIM1 for each sample. Legend boxes

indicate immobilization method (liposome or avitag), the number of molecules used to construct the histogram (N), the peak FRET value and the

corresponding distance (see Materials and methods).
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Figure 1—figure supplement 3. smFRET histograms for CC1:CAD measurements. Peaks of the histograms are indicated by arrows and represent the
predominant ctSTIM1 conformation. The locations of the measurement sites are indicated on a model of ctSTIM1 or CAD for each sample. Legend
boxes indicate immobilization method (liposome or avitag), the number of molecules used to construct the histogram (N), the peak FRET value and the
corresponding distance (see Materials and methods).
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Figure 2. The apex of CAD in ctSTIM1 deviates from the CAD crystal structure. (A) Representative smFRET recording at the base of CAD (431:431")
showing stable, high FRET. (B) Ensemble density plots of the initial 2 s of inter-subunit smFRET recordings for sites throughout CAD. Predominant FRET
levels are shown by arrowheads to the right of each plot. (C-D) Comparison of inter-fluorophore distances from smFRET and the CAD crystal structure.
Simulated fluorophores are represented by the average position of a central atom, indicated here as ball-on-stick models (see Materials and methods).
For sites near the dimer interface (the 'base’ of CAD, C), the smFRET-derived distances (black bars) agree closely with the crystal structure (white bars).
Measurements in the apex (D) deviate from the crystal structure. (E) Modified structure (red) generated by a smFRET-constrained optimization of the
crystal structure (gray). Outward rotation of the distal CC2 region (aa 379-391) around G379 as a pivot point restored close correspondence between
smFRET-derived distances and the crystal structure (bottom). (F) Representative example of smFRET fluctuations in the CAD apex (388:388).
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Figure 2—figure supplement 1. CAD apex structure. (A) Dimerization of ctSTIM1 cysteine mutants by disulfide
bond formation in CAD, shown by non-reducing SDS-PAGE. CuP-induced dimerization was virtually absent at
basal sites but was evident at all tested sites in the apical region. (B) Analysis of external contacts of a CAD subunit
in the reconstructed crystal lattice. In the left panel a subunit of CAD is shown in red, the adjacent subunit in the
dimer is shown in transparent pink, and interacting subunits in the crystal lattice are shown in transparent gray. The
crystal lattice was generated from structural coordinates in 3TEQ.pdb using Chimera software (Pettersen et al.,
2004). Residues on the red subunit that are in contact with the external crystal lattice (including the paired subunit)
are shown in yellow, and their corresponding contacts in the external lattice are shown in blue. Contacts are
defined as sites where Van der Waals radii touch or overlap. Extensive external contacts are made at the base of
CAD, near the dimer interface, and at the apex in the CC2-CC3 linker region. The enlargement on the right shows
lattice contacts throughout virtually the entire apex. Polar contacts (hydrogen bonds) are shown as dashed orange
lines.
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Figure 3. The CCla.1 domain is near and parallel to the CC3 domain of the opposing CAD subunit. (A) Asymmetric inter-subunit smFRET
measurements between CC1a1 and CC3 reveal a parallel orientation, with high FRET levels at 242:400° (top, red) and 274:431" (bottom, blue)
indicating close apposition. The crystal structure of CAD is shown with schematic representation of CCla.1 domains. (B) The predominant smFRET
level between CCla1 and CC3 was consistently higher for inter-subunit measurements (red) than intra-subunit measurements (blue). This pattern
indicates a predominant domain-swapped configuration in which CC1a1 docks close to the CC3 domain of its opposing subunit. (C) Inter- and intra-
subunit recordings (242:431" and 242:431, respectively) displayed brief smFRET transitions between two states indicated by red and black bars. In

Figure 3 continued on next page
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Figure 3 continued

both cases, fluctuations occurred between the same two FRET levels, reflected in the main and sub cluster peaks of the ensemble FRET histogram
below, suggesting the CC1a1 domains switched sides on CAD (see also Figure 3—figure supplement 1). (D) Schematic illustration of spontaneous
conformational transitions of the CC1a1 domain. In the predominant conformation, CC1a1 is closely apposed and parallel to CC3 on its opposing
subunit in a domain-swapped configuration (‘trans'). Occasionally, CCla1 switches to interact briefly with CC3 on its own subunit ('cis'). Rate constants
were derived from dwell time analysis of smFRET traces (Figure 3—figure supplement 1E,F).
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Figure 3—figure supplement 1. CC10.1:CAD dynamics. (A) Schematic drawing of the measurement sites for inter-subunit smFRET measurements
from aa 242 in CC1a.1 to sites 4007, 417°, and 431" in CC3’ (left). An example recording of smFRET transitions at 242:431" is shown (right), with black and
red bars indicating the predominant and transient FRET levels, respectively. (B) Schematic drawing of the measurement sites for intra-subunit smFRET
measurements from aa 242 in CC1a1 to sites 400, 417, and 431 in CC3 (left), and an example recording of smFRET transitions at 242:431 (right). (C)

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

Ensemble smFRET histograms show the equivalence of predominant (main cluster) and transient (sub cluster) FRET levels in inter- and intra-subunit
measurements, suggesting that CC1a1 briefly switches sides on CAD, probably using the same binding interface. (D) Ensemble transition density plots
show the FRET level after a transition [FRET(n)] against FRET before a transition [FRET(n-1)] for all fluctuating molecules (see Materials and methods).
Contours indicate which transitions were most often observed, overlaying intra-subunit (black) and inter-subunit (colored) measurements. (E) Dwell time
distributions for inter-subunit (left) and intra-subunit (right) measurements were similar, further supporting the hypothesis that CC1a.1 domains briefly
switch sides on CAD. (F) Average dwell times were similar between the various measurement configurations, for predominant and transient FRET levels.
Average dwell times of the predominant and transient states were 1.2 s and 0.4 s, respectively.
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Figure 4. The CC102 and CC1a:3 domains are closely apposed and directed away from CAD. (A) High inter-subunit smFRET at the N- and C-termini

of the CC1a.3 domain (aa 312 and 337, respectively) indicates close parallel apposition of the two helices. The crystal structure of CAD is shown with

a schematic depiction of CC1a2 and CC1a.3 domains. (B) (top) High intra-subunit smFRET from aa 337 to sites on CC2 declined progressively with
distance, while intra-subunit smFRET from aa 298 (near the CC10.2/0.3 linker) to sites in CC2 was low (bottom), indicating that the CC10.2 and 0.3
domains are directed away from CAD. (C) Inter-subunit recordings near the CC1a3 N-terminus displayed brief transitions from the predominant high-
FRET state to a low-FRET state. Ensemble histograms show similar main and sub cluster FRET states for neighboring sites aa 309 and 312. (D) Schematic
depiction of spontaneous conformational transitions of the CC1a3 domains. CC1a3 domains are closely apposed (left) but occasionally transition to a
open configuration (right) at rates derived from dwell time analysis of smFRET traces (Figure 4—figure supplement 1E,F).
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Figure 4—figure supplement 1. CC103:CC10.3" dynamics. (A) Schematic drawing of inter-subunit smFRET measurement sites near the CC1a3
N-terminus. (B) Example traces at aa 307 (top), 309 (center), and 312 (bottom) show large-amplitude fluctuations from the predominant high FRET
level. Black and colored bars indicate the respective main and sub cluster FRET levels shown in C. (C) Ensemble smFRET histograms including the
predominant and transient FRET clusters associated with the large-amplitude fluctuations. (D) FRET transition diagrams show that the predominant

Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

fluctuations at all three sites are large-amplitude transitions between a high- and a low-FRET state (dashed circles). (E) Dwell time distributions of the
main and sub cluster FRET states were similar for all three sites, indicating a common underlying conformational change. (F) Average dwell times of
main and sub cluster FRET states for all three sites. Overall average dwell times were 1.7 s for the main cluster, and 0.7 s for the sub cluster. (G) Two
types of conformational changes in the CC1 domain. From the predominant resting state (center), CCla1 domains occasionally switch sides on CAD
(left), and CC1a:3 domains occasionally move apart (right). Given their different kinetic rates, the two conformational transitions are apparently not
directly coupled.
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Figure 5. smFRET-derived models of the configuration of CC1 and CAD in ctSTIM1. (A) 36 smFRET-derived distances were used to reconstruct the
orientations of CC1 domains relative to CAD, yielding two classes of solutions with the CC1a2/a.3 domains in a ‘stacked' (left) or 'wedged' (right)
configuration. In both classes, CC1a1 domains are in close parallel apposition to the CC3 domains on the adjacent subunit in a domain-swapped
configuration, with the CC10:2 and CC10.3 domains forming a compact parallel structure directed away from CAD. The average of 50 model solutions
is shown for each class (see Figure 5—figure supplement 1 for individual solutions). The complete list of smFRET values and distance constraints
used to generate the models is shown in Supplementary file 1. (B) smFRET-derived models suggest hydrophobic stabilization of the CC1a2/a3
complex by antiparallel apposition of CC1a2 and CC1a:3". (C) The crystal structure of CC1 peptides depicts an antiparallel interaction of CC1a2 and
CC103" domains (left, dashed box), in which hydrophobic residues form a tightly packed dimer interface (top right, adapted from 409B.pdb). (Bottom
right) Tight antiparallel packing of CC102/0.3" in ctSTIM1 was confirmed by inter-subunit crosslinks with EDC (red lines) (see also Figure 5—figure
supplement 3). (D) Parallel apposition of hydrophobic residues on CCla1 and CC3". Many of these were previously identified by mutagenesis to

stabilize the inactive state of STIM1, including L248, L251, L258, L261, L416, V419, and L423. (E) A model of the hydrophobic CC10.1:CC3" interface
obtained by computational peptide docking (see Materials and methods).
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Figure 5—figure supplement 1. CC1-CAD models. smFRET-constrained modeling produced two different topologies for stacking of the CC1a2/03
domains. For both classes of solutions, the orientation of CC1a1 parallel to CC3 on the adjacent subunit was virtually identical, and CC10:2/a.3 domains
were compact, parallel-folded, and oriented away from CAD. (A) FRET measurement sites grouped according to the smFRET-derived distances (Deger),
superimposed on the stacked model shown in B. (B) Overlay (left) and average (right) of 50 solutions with stacked CC1a:2/03 domains. This was the

Figure 5—figure supplement 1 continued on next page

van Dorp et al. eLife 2021;10:66194. DOI: https://doi.org/10.7554/eLife.66194 16 of 28



ELlfe Research article Structural Biology and Molecular Biophysics

Figure 5—figure supplement 1 continued

predominant topology, representing ~70 % of solutions. (C) Overlay (left) and average (right) of 50 solutions for the alternative wedged CC1a2/a3
topology. The complete list of smFRET values and distance constraints used to generate the models is shown in Supplementary file 1. Models can be
accessed in Supplementary files 2 and 3.
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Figure 5—figure supplement 2. Mass spectrometry analysis of ctSTIM1 crosslinking by BS®. (A) SDS-PAGE of wild-type and mutant ctSTIM1 treated
with BS® to induce lysine-lysine crosslinking. Wild-type ctSTIM1 was treated with BS*-d0 as a reference, and four different ctSTIM1 variants were treated
with BS®-d4 to detect the effect of the variation using comparative XLMS (see Materials and methods and Figure 7—figure supplement 2): wild-type
ctSTIM1 as control (WT-d4), disulfide linked T307C ctSTIM1 (T307C-d4), and ctSTIM1 with activating mutations L248S + L2571 S (2L.S-d4) or R304W
(R304W-d4). The T307C samples were treated with DTT prior to electrophoresis. BS® treatment resulted in the formation of ctSTIM1 dimers, with distinct
band patterns for wild-types and mutants. MS analysis of WT ctSTIM1 is shown in B; mutant analysis is shown in Figure 7—figure supplement 2. (B)
Identification of BS*-linked lysine residues in CC1-CAD by mass spectrometry analysis of wild-type ctSTIM1 monomer and dimer gel bands. Identified
links are indicated in a matrix of all possible lysine pairs in CC1-CAD. Links found exclusively in the dimer band were likely inter-subunit links (red,
orange, or yellow). Links found in the monomer band were intra-subunit links (blue or cyan). (C) Mapping of BS?® links on the smFRET-derived structural
model. Inter-subunit links were detected for CC1a1:CAD’ (red), CC2:CC2’ (orange), and CC103:CC103" and CC1a2:CCla3’ (yellow). Intra-subunit links
were detected for CC2:CC3 (blue), and for several sites that were near each other on the peptide chain (cyan). (D) Distribution of distances between
residues for all detected links mapped on the smFRET-derived model (using the Ca atom for residues in CAD). The majority of linked residues matched
well with the theoretical BS® length of ~15 A, except links shown in gray.
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Figure 5—figure supplement 3. Mass spectrometry analysis of ctSTIM1 crosslinking by EDC. (A) SDS-PAGE analysis of ctSTIM1 treated with zero-
length amine-carboxyl crosslinker EDC. Monomer (blue) and dimer (red) bands were cut from the gel for analysis by mass spectrometry. For the
monomer band we used only the last lane, to obtain roughly equal amounts of material from both bands and increase the fraction of reacted sample.
(B) Mass spectrometry analysis showed a cluster of four dimeric (likely inter-subunit) links within the CC10:2-CC10a3 region, indicated by the black
dashed square and enlarged on the right. (C) A crystal structure of the CC1 fragment (237-340, with mutations M244L and L321M) is a dimer of two
continuous helices with a coiled-coil interactions between CC1a:2 and CC10.3 domains (409B.pdb) (Cui et al., 2013). Three out of the four EDC links in
the CC102/0.3 cluster (K294:E318°, K301:E318’, and E305:K315") could be mapped directly onto the crystal structure (top left). The fourth link (K315-E318)
appears to bridge a larger distance (bottom left), but can be rationalized by aligning the red and blue sections of the CC1 dimer crystal structure to the
corresponding parts of the smFRET-derived CC1-CAD model and folding the CC1 dimer around the flexible region aa 305-310 (right). In the CC1-CAD
model, residues 315" and 318 are proximal to each other, consistent with EDC crosslinking of these sites.
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Figure 6. The Stormorken R304W mutation releases CC1 from CAD. (A) The R304W mutation reduced inter-subunit smFRET between aa 242 on CC1a1
and sites 4007, 4177, and 431" on CC3’, indicating separation of CC1a.1 from CAD. The mutation also reduced intra-subunit FRET for 274:337, consistent
with a widening of the angle between CC10.2 and CC1a3. (B) The predominant FRET levels for 298:298" (left) and 312:312" (right) were diminished by
R304W, suggesting a disruption of the compact parallel structure of CC10.2/03 domains. (C) Effects of R304W on inter-subunit FRET fluctuations at

Figure 6 continued on next page
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Figure 6 continued

312:312’, near the CC1a3 N-terminus. The dominant large-amplitude fluctuations of the wild-type (top left) were entirely absent in the mutant, which
instead displayed frequent small fluctuations among a range of FRET levels (top right). The different fluctuation modes are summarized in ensemble
transition density plots (see Materials and methods) which show a single dominant FRET transition for wild-type molecules (bottom left, 38 molecules),
and a multimodal density distribution for R304W mutants (bottom right, 25 molecules). (D) In the CAD apex, R304W or deletion of the entire CC1 region
(ctSTIM1-ACC1) increased the FRET at 389:389" (left) and reduced it slightly at 400:400" (center), suggesting that the apex interacts with CCla1 in the WT
conformation. Neither R304W nor ACC1 affected FRET at 431:431 (right) in the CAD base.
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Figure 6—figure supplement 1. Orail-mediated Ca’* influx evoked by ctSTIM1 fragments. HEK293 cells expressing the indicated ctSTIM1 variant and
Orail-GFP were exposed sequentially to 2 mM Ca*, 0 Ca*, and 2 mM Ca?*. The fura-2 350/380 fluorescence ratio is shown for ctSTIM1 (aa 233-685),
ctSTIM1-R304W, ctSTIM1-ACC1 (aa 340-685), CAD (aa 342-448), and Orail-GFP alone. Each trace shows the mean and s.e.m. of 25-35 cells in multiple
runs from two independent transfections. ctSTIM1 has very little activity, while ctSTIM1-R304W and ctSTIM1-ACC1 approach the high activity of the CAD

fragment.
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Figure 7. Close pairing of CC1 domains along their entire length in the activated state of full-length STIM1 (fISTIM1) in vivo. (A) Western-blot analysis
of diamide-induced cysteine crosslinking of ISTIM1-WT, fISTIM1-A268C, fISTIM1-T307C and fISTIM1-S339C in HEK293 cells, under resting (2 mM Ca?*)
or store-depleted (0 mM Ca?* + CPA) conditions. (B) Summary of fISTIM1 cysteine crosslinking before (black) and after (white) store depletion measured
in individual paired experiments. While crosslinking at aa 268 and aa 307 strongly increased in the activated state, crosslinking at aa 339 occurred

Figure 7 continued on next page
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Figure 7 continued

independently of STIM1 activation (see also Figure 7—figure supplement 1B). (C) Effects of fISTIM1 cysteine crosslinking on deactivation of SOCE
following store refilling. WT fISTIM1 and cysteine mutants were co-expressed with Orail for cytosolic calcium imaging. In cells expressing WT fISTIM1
and store-depleted by transient exposure to ionomycin (io, 1 uM), addition of 2 mM Ca*" elevated [Ca?*]; due to SOCE, followed by a decline as SOCE
deactivated from store refilling (top left, black). In contrast, diamide-induced crosslinking of A268C or T307C fISTIM1 mutants stabilized the active state,
as evidenced by persistent calcium influx after ionomycin wash-out and store refilling (bottom left and right, red). Crosslinking of S339C did not affect
deactivation of SOCE upon store refilling (top right). Each trace shows the mean and s.e.m. of the following numbers of cells (control/diamide) from at
least two independent experiments: WT (91/106), A268C (31/47), T307C (38/46), S339C (44/41). (D) Schematic illustration of CC1 cysteine crosslinking

in the resting (left) and activated (right) states of fISTIM1 (only CC1 and CAD are shown for clarity). In the resting state, CClal and CC10.3 domains are
kept apart, preventing crosslinking at locations upstream of aa 339. Upon store depletion, release of the CC1a1 domains from CAD promotes alignment
of CC1 domains along their entire length, enabling crosslinking at aa 268 and 307.
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Figure 7—figure supplement 1. CC1 cysteine crosslinking in ctSTIM1 and fISTIM1. (A) Cysteine crosslinking throughout the CC1 domain of ctSTIM1
mutants in vitro produced by copper phenanthroline and detected by non-reducing SDS-PAGE (see Materials and methods). Crosslinking efficiency
peaked at aa 307 in the CC102/a.3 linker region. (B) Full-length STIM1 (fISTIM1) mutants H266C, A248C, T307C, and N309C, were transiently over-
expressed in HEK293 cells for diamide-induced cysteine crosslinking in vivo. Western-blot analysis shows strong crosslinking of fISTIM1-A268C and
fISTIM1-T307C only after activation by store depletion (0 mM Ca+ CPA). Little or no crosslinking occurred at nearby residues (H266C or N309C). All
crosslinking was reversed by DTT. (C) Crosslinking efficiencies in the inactive (black) and active (white) states for residues aa 262-269 at the C-terminal
end of CC1a1. Crosslinking at several sites within this region increased somewhat in the active state, but crosslinking for A268C was particularly strong,
suggesting a close, stable apposition at that position.
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Figure 7—figure supplement 2 continued on next page
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Figure 7—figure supplement 2. Mass spectrometry analysis of BS® crosslinking of active ctSTIM1 mutants. Mass-
spectrometry analysis of ctSTIM1 variants 2LS (L248S + 1251 S, B), R304W (C), and T307C (D) showed similarly
altered link patterns relative to WT (A). Crosslinked residue pairs for each sample are given in Figure 7—figure
supplement 2—source data 1. The bar graphs indicate the number of unique links between the indicated
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Figure 7—figure supplement 2 continued

domains as a fraction of the total number of unique links in the sample. Relative to the WT reference, the number
of CC10.1-CAD links decreased in the variants, consistent with the release of CC1a1 in an activated state of
ctSTIM1. The decrease in CC10.1-CAD links was compensated by an increase in CC2-CC3 links within CAD,
probably because the CC1a1 domain was no longer able to compete for links with sites in CAD. See Figure 5—
figure supplement 2A for SDS-PAGE analysis of each sample.
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Figure 8. Possible conformational trajectories of fISTIM1 activation in vivo. (A) In the resting state, the parallel orientation of CC1a.1 and CC3 domains
implies that CAD is held with its apex close to and pointed towards the ER membrane, effectively shielding critical interaction sites (stars) from engaging
with Orai. The region C-terminal to CAD is abbreviated as its conformation is unknown. (B) Alternative models for transitions to the active state of
fISTIM1. In the "fold out’ model (top), following the release of CC1a1, CAD undergoes a symmetric conformational change in which the CC2 domains
pass through a transient antiparallel state, providing a free path for the region downstream of CAD to extend towards the plasma membrane. In the ‘flip
out’ model (bottom), CAD maintains its parallel resting conformation and undergoes an asymmetric outward rotation from between the CC1 domains.
Assuming that the initial resting conformation is symmetric, one of its C-terminal domains (gray) would need to be carried through the gap between the

two CC1 domains.
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