
Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
The manuscript “Calcium sensing by the STIM1 ER-luminal domain” aims at re-evaluating the 
mechanism of STIM1 activation through dissociation of Ca2+ from a single EF hand site leading to 
structural re-arrangements and dimerization of the STIM1 luminal domain. In contrary, STIM1 
luminal domain apparently has 5-6 undetected Ca2+ binding sites, which are energetically coupled 
to the EF hand site. Moreover, Ca2+ dissociation controls a second structured conformation of the 
luminal domain. The additional luminal domain Ca2+ binding sites interact with the EF hand to 
control physiological STIM1 activation.

The manuscript is interesting and the numerous methods employed are impressive. Nonetheless, 
there a number of questions that need to be addressed. Additionally, the manuscript is difficult to 
read, particularly for the broad readership of this Journal.

1) One of the main questions is, whether the linkage of the EFSAM domain with GrpE may indeed 
replicate characteristics of wild-type STIM1. GrpE may also influence features of the the EF-SAM 
domain in a different manner than STIM1, particularly with respect to the distinct Ca2+ binding 
affinities. In this context, the time-courses from FRET experiments with wild-type CFP/YFP-STIM1 
and CFP/YFP-EFSAM-TC-GrpE following store depletion should be shown. What will be the 
difference when in the latter construct the CC1 domain is omitted?
2) The new aspect of the initiation event from this manuscript is the notion that there are 5-6 
Ca2+ binding sites on EFSAM. However, none of Ca2+ binding experiments are performed in the 
presence of physiological levels of Mg2+ (i.e. ~1-2 mM Mg2+). Also, none of the Ca2+ binding 
experiments (or any biochemical assessments - CD, HD-X, ANS, competition binding, FRET) are 
performed at near physiological temperature which will dramatically influence the weak 
interactions being detected.
3) Why was only 30 μM Ca2+ used in the HD-X experiments? An entirely different set of HD-X
protection data will be observed at physiological Ca2+ levels and temperature.
4) The authors claim that there are 5-6 Ca2+ binding sites, with a single point mutation of the EF-
hand (D76A) eliminating all apparent Ca2+ binding. Further, the authors claim that a Ca2+ 
binding site is occupied with ~10 microM affinity. A direct 45-Ca2+ binding assay (in the presence 
of physiological Mg2+ levels) would easily detect binding sites in this affinity range.
5) The notion that the luminal domain remains largely structured after losing Ca2+ and dimerizes 
(rather than oligomerizes) is not new. The dimer has been identified as a Ca2+ depleted 
conformation in 2006 (PMID 17020874), and it has been shown in 2007 as well as 2009 that a 
large loss in structure is not a requirement for dimerization and activation of STIMs (PMID 
19019825, 18166150). Further, isolated (Ca2+-depleted) EFSAM, in fact, retains partial structure. 
Additionally, the current authors themselves have previously shown (PMID 23851458, 26184105) 
that luminal domain dimerization is the key initiation event.
6) The thermodynamic model shown in Fig. 7a is problematic. First, no quantitative 
thermodynamic data have been reported in this study. Second, the data show that elimination of 
the EF-hand Ca2+ binding site via D76A abolishes all apparent Ca2+ binding sites, so the lower 
pathway in Fig. 7a has not even been demonstrated to exist (which is additionally stated in Fig. 
7b). Third, there is no Ca+ shown bound to EFSAM in the low Ca2+ concentration (i.e. less than 
100 microM) even though the authors propose there is a 10 μM Ca2+ binding site (Fig. 7b)

Additional points:

Please provide a more detailed explanation of GrpE. Is it structurally related to STIM1/ STIM1 C-
term? What is known of its dimer affinity? Are there mutations known to increase or decrease 
dimerization in an attempt to see whether this may affect the Ca2+ binding affinities at the EFSAM 
domain.



Fig. 1g - Donor fluorescence should be systematically increasing as acceptor fluorescence 
decreases. This trend is not observed?

Typically, protein concentration is determined on samples used in ITC experiments using amino 
acid analysis for accurate stoichiometric determinations. There is no mention of how protein was 
quantified in any of the experiments reporting stoichiometry information. This type of accuracy is 
particularly important given that stoichiometry is the only parameter the ITC is being used to 
extract.

The three NQ mutations should be described in the Results section together with the rationale to 
improve readability.

How is the structure altered with EFSAM-6-11 in comparison to 2NQ?

What is the rationale behind all peptides in Fig. 5 – please explain in more detail.

It would be interesting to compare constitutive Ca2+ entry of D76A with EFSAM-6-11.

Fig.3 e-g: color codes are mixed.

Reviewer #2:
Remarks to the Author:
Gudlur et al report a significant advance in calcium sensing by the STIM proteins, which are 
ubiquitous ER Ca2+ sensors in most animal cells. How STIM1 senses ER Ca levels and transduces 
Ca concentration changes into store-operated Ca entry is a topic of great intense but remains 
incompletely understood. Rationalizing that the luminal Ca2+ sensing region of STIM1 (EF-SAM) 
might more faithfully represent the behavior of native protein when it is stably dimerized 
(mimicking the constitutive dimeric state of STIM1), the group begins their analysis by examining 
the EF-SAM domain tethered to a soluble dimerizing GrpE domain from Thermus thermophiles. 
Analysis of Ca2+-dependent FRET of the EF-SAM GrpE construct yields the unexpected result that 
the GrpE fusion proteins of EFSAM display a substantively heightened Ca2+ binding sensitivity with 
a Kd below 10 μM, compared to isolated EF-SAM and STIM1 proteins which were previously 
reported to respond with Kd values in the 100s of μM. Critically, ITC and an innovatively designed 
D4-sensor based fluorescence studies show the presence of multiple binding sites, which are 
traced to potentially arise from acidic EFSAM surface residues. The study further finds that 
contrary to current views derived from the isolated EFSAM domains, Ca2+ unbinding does not lead 
to unfolding of its secondary structure, which forces a revision of the prevailing views of Ca2+ 
sensing mechanism of STIM proteins. Instead, it is proposed that Ca2+-unbinding leads to a 
switch in the secondary structure of EFSAM, presumably putting into motion the release of the 
cytosolic SOAR/CAD domain from CC1. Overall, this paper provides a fresh, thought-provoking 
perspective on Ca2+ binding in the EFSAM domain and STIM1 activation. The experiments are well 
designed and most conclusions are well supported by the results. However, the paper needs to 
address some key questions and potential problems as described below. The overall conclusion 
that EFSAM does not become disordered during Ca2+ unbinding is convincing, but the paper could 
be further improved if some of the surface Ca2+ binding sites could be identified and 
characterized.

-The first half of the paper relies heavily on data generated in the EFSAM-GrpE construct and 
therefore it is very important to demonstrate that this fusion protein provides a reliable readout for 
how EFSAM domain behaves in the context of STIM1. How does the dimerization propensity of 
GrpE compare with that of STIM1? The authors state that the EFSAM domain behaves differently 
(i.e. does not unfold as easily in the absence of Ca2+) when linked to GrpE. While stabilizing it 
with GrpE is useful from a technical perspective, could this obscure some conformational changes 



that occur in STIM1? This is a key point that could derail the conclusions drawn and needs to be 
further validation beyond the minimal set of controls shown in Figure 1.

-The conclusion that the higher Ca2+ concentration dependence of full-length STIM1 relative to 
the EF-SAM-GrpE construct used here could be due to an “energetic cost exacted by the coupling 
between Ca2+ binding” and ensuing conformational changes is a vague and unsatisfactory 
explanation for the widely differing Ca2+ sensitivities of EF-SAM and STIM1. This critical 
divergence needs to be more adequately explained. Could the presence of the TM domain between 
CC1 and the EFSAM in full-length STIM1 offer constraints that lower the Ca2+ sensitivity of EFSAM 
in its native environment? If so, are the conclusions drawn here without the TM domain extendable 
to full-length STIM1?

-Figure 2a,b,d. EFSAM-TM-CC1-GrpE construct was used to parse out the relative contribution of 
EFSAM domain vs. SOAR/CAD domains to oligomerization observed via FRET. The conclusion that 
intradimer rearrangement of EFSAM domains accounts for most of the STIM1-STIM1 FRET seen 
with full-length STIM1 is entirely based on the levels of similar FRET seen between the two 
constructs….this could be purely correlative and seems like significant over-reach based on simple 
experiment. More evidence is needed to bolster this strong claim.

-Related to the above point, the conclusion that “intradimer rearrangement of EFSAM domains 
accounts for an appreciable part of the STIM1-STIM1 FRET change” – the data do not rule out that 
part of the FRET change could arise from oligomerization of CC1 domains downstream of Ca2+ 
unbinding from the EFSAM domains?

-Tamas Balla’s group likewise addressed a closely related question in previous work (PMID: 
28724757). This study needs to be cited and discussed in this context.

-An important point is to determine how do STIM1-1NQ and STIM1-3NQ mutants affect Ca2+ 
binding to the EFSAM domain? Resolution of this question could be important for the key tenets of 
this study that Ca binding to the EF hand domain could be stabilized by interaction of EF hand with 
the SAM domain.

-What is the main difference between STIM1-2NQ and STIM1-2NQ (6-11) that switches the protein 
from a loss-of-function phenotype into a gain-of-function one?

-Figure 5. While the supposition that substantive loss of secondary structure of EFSAM-GrpE 
should be detectable by CD based on the argument that 50% of the helical content is from EFSAM, 
this experiment needs a positive control. A comparison within the same experiment to the 
behavior of EFSAM would be in order here.

-Based on supplementary Fig. 6a, does STIM2 EFSAM domain have more Ca2+ binding sites (15?) 
than STIM1?

Minor comments:
-The text needs to provide greater detail regarding exactly how multiple Ca binding sites are 
derived from the ITC and the D4 sensor data…it is not be entirely clear to the general reader how 
this follows from the results shown. Related, the full equations used and the parameters of the fit 
for Figure 3a, e-h and especially the conclusions from panel “i” need to be more explicitly spelt 
out.

-Related, what happens when the data are fit by fewer than 5 sites? Fits to 1, 2, 3, 4, 5 or more 
binding sites could be shown to demonstrate the inadequacy of the single or double binding sites.

-First sentence of “Ca2+-dependent conformational change in cells” section is a little ambiguous. It 
would be helpful to specify that they are referring to the increase in STIM1-STIM1 FRET during 



store-depletion.
-Fig. 3 e-g: Labels and markers don’t match
-Sentence describing Fig. 6e on page 14 needs explanation of how the A230C assay works or 
alternatively, the result can be moved to supplementary information.

Reviewer #3:
Remarks to the Author:
STIM1 molecule is essential in store-operated calcium entry process. The previous fundamental 
view is that STIM1 senses calcium depletion inside endoplasmic reticulum and then aggregates 
together to become activated, eventually leading to calcium influx through Orai1 channel on 
plasma membrane. This manuscript by Gudlur et al proposes a novel viewpoint that multiple 
calcium binding sites interacting with the EF-hand site of EF-SAM domain somehow results in the 
activation of STIM1 in cells. The major evidence comes from the results that authors designed a 
new soluble STIM1 construct in which EF-SAM domain coupled through a short linker to GrpE from 
Thermus thermophilus. This new EFSAM-GrpE is soluble and did not adopt drastic conformational 
changes with or without calcium binding. Interestingly, this soluble protein has 5-6 calcium binding 
sites. Overall, this paper provided enough evidence to support their viewpoint. And this viewpoint 
will substantially revise current understanding of calcium sensing by STIM1. However, several 
critical questions need to be answered before the acceptance of this manuscript.

1. The manuscript nicely demonstrates that calcium binding induces the subtle conformational 
changes of EF-SAM domain. However, this conclusion is based on artificial construct EFSAM-GrpE. 
This result must be confirmed in the full-length STIM1 molecule wild type or near native STIM1 
construct (23-444) in vitro. This is very important because different STIM1 constructs or fusion 
proteins will have different behaviors. Physiologically, full-length STIM1 wild type is the one to 
carry out function inside cell.

2. The authors used ITC and fluorescence assay to show that calcium binds to multiple sites of EF-
SAM domain. EFSAM-GrpE is a dimer and contains at least two calcium binding EF-hands. It is 
easy to understand that two EF-hands may have cooperative binding. This explains the findings 
from Figure 3a. Thus, multiple calcium binding sites conclusion is not suitable for ITC experiment. 
Th next important question is that where are those binding sites? Which specific residues they 
are.

3. It is puzzling that STIM1-2NQ mutant (D77N, D82N, E86Q, D89N, E90Q, E94Q, D100N, E111Q, 
D112N, E118Q, and D119N) is inactive from the Figure 4b and contains one calcium binding site 
from the Figure 4c, however, STIM1-2NQ(6-11) (E94, D100, E111, D112, E118, and D119) is self-
active from Figure 6a,c and contains multiple calcium binding sites from Figure 6d. These results 
seem to be contradictory. The authors might address the reason behind these inconsistent results.

4. back to fundamental question. If the EF-SAM does not adopt drastic conformational changes 
upon calcium loss, what force drives the conformational changes of CC1 region to expose SOAR or 
CAD domain. Where does the energy come from? How to explain the characteristic feature of 
STIM1 punta upon activation ?  



Gudlur et al  NCOMMS-18-09640-T  /  Responses to reviewers  /  16aug18 

The manuscript “Calcium sensing by the STIM1 ER-luminal domain” aims at re-evaluating the mechanism of STIM1 
activation through dissociation of Ca2+ from a single EF hand site leading to structural re-arrangements and 
dimerization of the STIM1 luminal domain. In contrary, STIM1 luminal domain apparently has 5-6 undetected Ca2+ 
binding sites, which are energetically coupled to the EF hand site. Moreover, Ca2+ dissociation controls a second 
structured conformation of the luminal domain. The additional luminal domain Ca2+ binding sites interact with the EF 
hand to control physiological STIM1 activation. 

The manuscript is interesting and the numerous methods employed are impressive. Nonetheless, there a number of 
questions that need to be addressed. Additionally, the manuscript is difficult to read, particularly for the broad 
readership of this Journal. 

1) One of the main questions is, whether the linkage of the EFSAM domain with GrpE may indeed replicate 
characteristics of wild-type STIM1. GrpE may also influence features of the the EF-SAM domain in a different manner 
than STIM1, particularly with respect to the distinct Ca2+ binding affinities. In this context, the time-courses from FRET 
experiments with wild-type CFP/YFP-STIM1 and CFP/YFP-EFSAM-TC-GrpE following store depletion should be shown. 
What will be the difference when in the latter construct the CC1 domain is omitted? 
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2) The new aspect of the initiation event from this manuscript is the notion that there are 5-6 Ca2+ binding sites on 
EFSAM. However, none of Ca2+ binding experiments are performed in the presence of physiological levels of Mg2+ (i.e. 
~1-2 mM Mg2+). Also, none of the Ca2+ binding experiments (or any biochemical assessments - CD, HD-X, ANS, 
competition binding, FRET) are performed at near physiological temperature which will dramatically influence the 
weak interactions being detected.  

et al
et al et al

3) Why was only 30 μM Ca2+ used in the HD-X experiments? An entirely different set of HD-X protection data will be 
observed at physiological Ca2+ levels and temperature. 
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4) The authors claim that there are 5-6 Ca2+ binding sites, with a single point mutation of the EF-hand (D76A) 
eliminating all apparent Ca2+ binding. Further, the authors claim that a Ca2+ binding site is occupied with ~10 microM 
affinity. A direct 45-Ca2+ binding assay (in the presence of physiological Mg2+ levels) would easily detect binding sites 
in this affinity range. 

μ μ

μ

μ

5) The notion that the luminal domain remains largely structured after losing Ca2+ and dimerizes (rather than 
oligomerizes) is not new. The dimer has been identified as a Ca2+ depleted conformation in 2006 (PMID 17020874), 
and it has been shown in 2007 as well as 2009 that a large loss in structure is not a requirement for dimerization and 
activation of STIMs (PMID 19019825, 18166150). Further, isolated (Ca2+-depleted) EFSAM, in fact, retains partial 
structure. Additionally, the current authors themselves have previously shown (PMID 23851458, 26184105) that 
luminal domain dimerization is the key initiation event. 

et al
et al et al

et al α et al
α



6) The thermodynamic model shown in Fig. 7a is problematic. First, no quantitative thermodynamic data have been 
reported in this study. Second, the data show that elimination of the EF-hand Ca2+ binding site via D76A abolishes all 
apparent Ca2+ binding sites, so the lower pathway in Fig. 7a has not even been demonstrated to exist (which is 
additionally stated in Fig. 7b). Third, there is no Ca+ shown bound to EFSAM in the low Ca2+ concentration (i.e. less 
than 100 microM) even though the authors propose there is a 10 μM Ca2+ binding site (Fig. 7b). 
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Additional points: 

Please provide a more detailed explanation of GrpE. Is it structurally related to STIM1/ STIM1 C-term? What is known 
of its dimer affinity? Are there mutations known to increase or decrease dimerization in an attempt to see whether this 
may affect the Ca2+ binding affinities at the EFSAM domain.

α

Fig. 1g - Donor fluorescence should be systematically increasing as acceptor fluorescence decreases. This trend is not 
observed? 



μ μ

Typically, protein concentration is determined on samples used in ITC experiments using amino acid analysis for 
accurate stoichiometric determinations. There is no mention of how protein was quantified in any of the experiments 
reporting stoichiometry information. This type of accuracy is particularly important given that stoichiometry is the only 
parameter the ITC is being used to extract. 

The three NQ mutations should be described in the Results section together with the rationale to improve readability. 

 

How is the structure alter–ed with EFSAM-6-11 in comparison to 2NQ?

FIGURE R1

What is the rationale behind all peptides in Fig. 5 – please explain in more detail. 

 



It would be interesting to compare constitutive Ca2+ entry of D76A with EFSAM-6-11. 

Fig.3 e-g: color codes are mixed. 

Reviewer #2 (Remarks to the Author): 

Gudlur et al report a significant advance in calcium sensing by the STIM proteins, which are ubiquitous ER Ca2+ sensors 
in most animal cells. How STIM1 senses ER Ca levels and transduces Ca concentration changes into store-operated Ca 
entry is a topic of great intense but remains incompletely understood. Rationalizing that the luminal Ca2+ sensing 
region of STIM1 (EF-SAM) might more faithfully represent the behavior of native protein when it is stably dimerized 
(mimicking the constitutive dimeric state of STIM1), the group begins their analysis by examining the EF-SAM domain 
tethered to a soluble dimerizing GrpE domain from Thermus thermophiles. Analysis of Ca2+-dependent FRET of the EF-
SAM GrpE construct yields the unexpected result that the GrpE fusion proteins of EFSAM display a substantively 
heightened Ca2+ binding sensitivity with a Kd below 10 μM, compared to isolated EF-SAM and STIM1 proteins which 
were previously reported to respond with Kd values in the 100s of μM. 

Critically, ITC and an innovatively designed D4-sensor based fluorescence studies show the presence of multiple binding 
sites, which are traced to potentially arise from acidic EFSAM surface residues. The study further finds that contrary to 
current views derived from the isolated EFSAM domains, Ca2+ unbinding does not lead to unfolding of its secondary 
structure, which forces a revision of the prevailing views of Ca2+ sensing mechanism of STIM proteins. Instead, it is 
proposed that Ca2+-unbinding leads to a switch in the secondary structure of EFSAM, presumably putting into motion 
the release of the cytosolic SOAR/CAD domain from CC1. Overall, this paper provides a fresh, thought-provoking 
perspective on Ca2+ binding in the EFSAM domain and STIM1 activation. The experiments are well designed and most 
conclusions are well supported by the results. However, the paper needs to address some key questions and potential 
problems as described below. The overall conclusion that EFSAM does not become disordered during Ca2+ unbinding is 
convincing, but the paper could be further improved if some of the surface Ca2+ binding sites could be identified and 
characterized. 

 

The first half of the paper relies heavily on data generated in the EFSAM-GrpE construct and therefore it is very 
important to demonstrate that this fusion protein provides a reliable readout for how EFSAM domain behaves in the 
context of STIM1. How does the dimerization propensity of GrpE compare with that of STIM1? The authors state that 



the EFSAM domain behaves differently (i.e. does not unfold as easily in the absence of Ca2+) when linked to GrpE. While 
stabilizing it with GrpE is useful from a technical perspective, could this obscure some conformational changes that 
occur in STIM1? This is a key point that could derail the conclusions drawn and needs to be further validation beyond 
the minimal set of controls shown in Figure 1.  

The conclusion that the higher Ca2+ concentration dependence of full-length STIM1 relative to the EF-SAM-GrpE 
construct used here could be due to an “energetic cost exacted by the coupling between Ca2+ binding” and ensuing 
conformational changes is a vague and unsatisfactory explanation for the widely differing Ca2+ sensitivities of EF-SAM 
and STIM1. This critical divergence needs to be more adequately explained. Could the presence of the TM domain 
between CC1 and the EFSAM in full-length STIM1 offer constraints that lower the Ca2+ sensitivity of EFSAM in its native 
environment? If so, are the conclusions drawn here without the TM domain extendable to full-length STIM1? 



Figure 2a,b,d. EFSAM-TM-CC1-GrpE construct was used to parse out the relative contribution of EFSAM domain vs. 
SOAR/CAD domains to oligomerization observed via FRET. The conclusion that intradimer rearrangement of EFSAM 
domains accounts for most of the STIM1-STIM1 FRET seen with full-length STIM1 is entirely based on the levels of 
similar FRET seen between the two constructs….this could be purely correlative and seems like significant over-reach 
based on simple experiment. More evidence is needed to bolster this strong claim. 

Related to the above point, the conclusion that “intradimer rearrangement of EFSAM domains accounts for an 
appreciable part of the STIM1-STIM1 FRET change” – the data do not rule out that part of the FRET change could arise 
from oligomerization of CC1 domains downstream of Ca2+ unbinding from the EFSAM domains? 

 

Tamas Balla’s group likewise addressed a closely related question in previous work (PMID: 28724757). This study needs 
to be cited and discussed in this context. 

et al
et al et al et al

et al

An important point is to determine how do STIM1-1NQ and STIM1-3NQ mutants affect Ca2+ binding to the EFSAM 
domain? Resolution of this question could be important for the key tenets of this study that Ca binding to the EF hand 
domain could be stabilized by interaction of EF hand with the SAM domain.  

FIGURE R2

What is the main difference between STIM1-2NQ and STIM1-2NQ (6-11) that switches the protein from a loss-of-
function phenotype into a gain-of-function one?



Figure 5. While the supposition that substantive loss of secondary structure of EFSAM-GrpE should be detectable by CD 
based on the argument that 50% of the helical content is from EFSAM, this experiment needs a positive control. A 
comparison within the same experiment to the behavior of EFSAM would be in order here. 

α

α
et al

Based on supplementary Fig. 6a, does STIM2 EFSAM domain have more Ca2+ binding sites (15?) than STIM1? 

Minor comments: 

The text needs to provide greater detail regarding exactly how multiple Ca binding sites are derived from the ITC and 
the D4 sensor data…it is not be entirely clear to the general reader how this follows from the results shown. Related, the 
full equations used and the parameters of the fit for Figure 3a, e-h and especially the conclusions from panel “i” need to 
be more explicitly spelt out. 

n
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Related, what happens when the data are fit by fewer than 5 sites? Fits to 1, 2, 3, 4, 5 or more binding sites could be 
shown to demonstrate the inadequacy of the single or double binding sites. 

First sentence of “Ca2+-dependent conformational change in cells” section is a little ambiguous. It would be helpful to 
specify that they are referring to the increase in STIM1-STIM1 FRET during store-depletion. 

Fig. 3 e-g: Labels and markers don’t match. 

Sentence describing Fig. 6e on page 14 needs explanation of how the A230C assay works or alternatively, the result can 
be moved to supplementary information. 

Reviewer #3 (Remarks to the Author): 



STIM1 molecule is essential in store-operated calcium entry process. The previous fundamental view is that STIM1 
senses calcium depletion inside endoplasmic reticulum and then aggregates together to become activated, eventually 
leading to calcium influx through Orai1 channel on plasma membrane. This manuscript by Gudlur et al proposes a 
novel viewpoint that multiple calcium binding sites interacting with the EF-hand site of EF-SAM domain somehow 
results in the activation of STIM1 in cells. The major evidence comes from the results that authors designed a new 
soluble STIM1 construct in which EF-SAM domain coupled through a short linker to GrpE from Thermus thermophilus. 
This new EFSAM-GrpE is soluble and did not adopt drastic conformational changes with or without calcium binding. 
Interestingly, this soluble protein has 5-6 calcium binding sites. Overall, this paper provided enough evidence to support 
their viewpoint. And this viewpoint will substantially revise current understanding of calcium sensing by STIM1. 
However, several critical questions need to be answered before the acceptance of this manuscript. 

1. The manuscript nicely demonstrates that calcium binding induces the subtle conformational changes of EF-SAM 
domain. However, this conclusion is based on artificial construct EFSAM-GrpE. This result must be confirmed in the full-
length STIM1 molecule wild type or near native STIM1 construct (23-444) in vitro. This is very important because 
different STIM1 constructs or fusion proteins will have different behaviors. Physiologically, full-length STIM1 wild type 
is the one to carry out function inside cell. 

et al

 

2. The authors used ITC and fluorescence assay to show that calcium binds to multiple sites of EF-SAM domain. EFSAM-
GrpE is a dimer and contains at least two calcium binding EF-hands. It is easy to understand that two EF-hands may 
have cooperative binding. This explains the findings from Figure 3a. Thus, multiple calcium binding sites conclusion is 
not suitable for ITC experiment. Th next important question is that where are those binding sites? Which specific 
residues they are. 



 

3. It is puzzling that STIM1-2NQ mutant (D77N, D82N, E86Q, D89N, E90Q, E94Q, D100N, E111Q, D112N, E118Q, and 
D119N) is inactive from the Figure 4b and contains one calcium binding site from the Figure 4c, however, STIM1-
2NQ(6-11) (E94, D100, E111, D112, E118, and D119) is self-active from Figure 6a,c and contains multiple calcium 
binding sites from Figure 6d. These results seem to be contradictory. The authors might address the reason behind these 
inconsistent results. 

 

4. back to fundamental question. If the EF-SAM does not adopt drastic conformational changes upon calcium loss, what 
force drives the conformational changes of CC1 region to expose SOAR or CAD domain. Where does the energy come 
from? How to explain the characteristic feature of STIM1 punta upon activation ? 

et al
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Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
No further comments.

Reviewer #2:
Remarks to the Author:
Hogan and colleagues have addressed most of the concerns that I raised in the previous 
submission. In general, there wasn't that much new data, mostly additional clarification/reasoning 
about why the existing data answers the questions that they are addressing. As expected, all three 
reviewers wanted some more validation and explanation of how GrpE is a faithful surrogate for 
STIM1. The authors argue that many experiments suggested by the reviewers on this issue are not 
easily feasible or out of scope, that may be so, and I think this paper is probably solid enough as 
is. The newly added explanation of how binding sites can be calculated from ITC curves in the 
Online Methods is helpful. It would be nice to elaborate on how the additional Ca2+ binding sites 
on the EFSAM domain on STIM2 influences its physiological function. At the moment, the STIM2 
data is basically just there with no explanation in the main text at all, which is a little strange.

Reviewer #3:
Remarks to the Author:
The authors fully addressed my questions and thus I recommend to accept this manuscript.  



POINT-BY-POINT RESPONSE TO REVIEWERS’ CONCERNS 

Like Reviewer #2, we believe that a thorough analysis of STIM2 activation would be worthwhile. Co-
author Youjun Wang, in particular, is following this track. The analysis in this paper has been more 
limited: We have shown only that STIM2 EFSAM domain has multiple Ca2+-binding sites, and that the 
2NQ replacements prevent activation in STIM2 as they do in STIM1. 

We do not feel able to elaborate in the main text on how the multiple STIM2 luminal Ca2+-binding sites 
relate to STIM2 physiological function, for two reasons. First, the data on STIM2 did not prove to be 
central to the paper, and STIM2 is not mentioned in the main text. Second, we did not test 
experimentally whether the additional STIM2 EFSAM sites interact with the EF-hand site to tune 
physiological activation, as they do in STIM1. We share the Reviewer’s interest in the question, but 
we are not comfortable going beyond the interpretation of the limited experimental data that we have 
given in Supplementary Note 2. 


