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SUMMARY

Store-operated calcium release-activated calcium (CRAC) channels mediate a variety of cellular

signaling functions. The CRAC channel pore-forming protein, Orai1, is a hexamer arranged with

3-fold symmetry. Despite its importance in moving Ca2+ ions into cells, a detailed mechanistic under-

standing of Orai1 activation is lacking. Herein, a working model is proposed for the putative open

state of Orai from Drosophila melanogaster (dOrai), which involves a ‘‘twist-to-open’’ gating mecha-

nism. The proposed model is supported by energetic, structural, and experimental evidence. Fluores-

cent imaging demonstrates that each subunit on the intracellular side of the pore is inherently strongly

cross-linked,which is important for coupling to STIM1, the pore activator, and graded activation of the

Orai1 channel. The proposed model thus paves the way for understanding key aspects of calcium

signaling at a molecular level.

INTRODUCTION

Calcium ions (Ca2+) play an important role in almost every aspect of cellular life (Clapham, 2007). The Ca2+

release-activated Ca2+ (CRAC) channel is one of the major pathways for Ca2+ communication between

extracellular and intracellular environments. The CRAC channel, which is operative in response to Ca2+

depletion in the endoplasmic reticulum (ER) (Ali et al., 2016; Prakriya and Lewis, 2015; Hogan et al.,

2010), is characterized by its extraordinarily high Ca2+ selectivity over monovalent ions (PCa/PNa>1,000)

and low unitary conductance (Prakriya, 2009). The CRAC channel consists of two key components, the

pore-forming protein Orai1 located at the plasma membrane (PM) (Vig et al., 2006; Prakriya et al., 2006;

Feske et al., 2006) and the ER-resident Ca2+ sensor STIM1 (Roos et al., 2005; Liou et al., 2005). The depletion

of ER Ca2+ triggers the oligomerization and activation of STIM1 as well as its translocation from the ER

membrane to the ER-PM junction, where it is in close contact with Orai1 and is thus able to activate the

channel (Feske et al., 2012). Despite the importance of CRAC channels, and ongoing efforts to explore

their functioning, the gating mechanism, and especially how the pore structure rearranges upon activation,

remains elusive (Shim et al., 2015).

The structure of Orai from Drosophila melanogaster (dOrai) at 3.35 Å resolution has been reported with a

closed state of the pore formed by six subunits adopting a 3-fold rotational symmetry (Hou et al., 2012). In

each subunit, there are four transmembrane helices (TM1–TM4), with a C-terminal helical cytosolic exten-

sion of TM4 (TM4-ext) (Figure 1A). Experimental observations have identified multiple sites or domains as

being crucial for Orai1 activation, and intra-subunit interactions are also known to be important (Yamashita

et al., 2017; Yeung et al., 2018; Palty et al., 2015; Fahrner et al., 2017; Zhou et al., 2016; Dynes et al., 2016;

Gudlur et al., 2014). Both dilation of the pore (Hou et al., 2012; Zhang et al., 2011) and rotation of TM1 (Ya-

mashita et al., 2017; Yeung et al., 2018; Gudlur et al., 2014) have been proposed to be critical for gating.

The study of mutants provides an alternative means for exploring gating especially those that are consti-

tutively conducting in the absence of STIM1 (Palty et al., 2015; Zhang et al., 2011; Frischauf et al., 2017;

Mcnally et al., 2012). Zhou et al. applied multiple mutations in the TM4/TM4-ext region and identified

the unexpected correlation between the central pore and peripheral segments for Orai activation (Zhou

et al., 2016). Yamashita et al. focused on the V102/F99 double mutants and found that physical occlusion

of the hydrophobic residues is critical for gating, and gating was achieved by rotating pore-forming helices

(Yamashita et al., 2017). This finding is consistent with our results obtained from molecular modeling that

pore hydration has profound effects on its gating (Dong et al., 2013, 2014). Substitution of residue H134 in

hOrai1 (equivalent to H206 in dOrai) with alanine leads to a constitutively open pore with almost no

impaired Ca2+ selectivity, suggesting increased pore size and higher flexibility of the basic region (Yeung
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Figure 1. The Putative Open-State Structure of dOrai and the ‘‘Twist-to-Open’’ Gating Motion

(A) A representative open-state structure of the wild-type dOrai pore (abbreviated as wto, where TM1–TM4 are in green,

yellow, blue, and red, respectively) aligned with its X-ray structure in the closed state (abbreviated as wtc, which is shown in

silver, PDB entry: 4HKR). Key residues lining the pore are shown in stick mode.

(B and C) Superposition between wtc (in gray) and wto (in red and blue) pores, where only TM1 helices are shown in space-

filling mode. Views from the extracellular (B) and intracellular (C) sides of the pore highlight the different directions of

rotation during gating (shown by arrow). The dashed line connects Ca atoms of Q152 on alternate chains, representing

different motions of neighboring TM1 at the N-terminal side.

(D) The calculated I-V relationship of the wto structure.

(E and F) Calculated potential of mean force (PMF) for cation permeation through the pore. (E) The one-dimensional PMFs

of wto (in blue), wtc (in red), and the V174Amutant (in green), showing that the open state is energetically favorable for ion

flux. (F) The two-dimensional profile of the wto further suggests a zigzag pathway for ion permeation along the pore. The x

axis shows the distance away from the pore axis; the y axis is along the pore axis.
et al., 2018; Frischauf et al., 2017). Very recently, a published X-ray crystal structure of the H206A mutant of

dOrai at 6.7 Å resolution shows pore widening and a significant conformational change of the TM4-ext,

although rotation of the TM helices is not evident (Hou et al., 2018). In addition, in Orai fromCaenorhabditis

elegans, the intracellular loop was found to be involved in gating, which was not proposed for mammalian

Orai (Kim et al., 2018). Gating of the channel was also affected by some cofactors such as lipid composition.

For example, the absence of cholesterol binding at the N terminus of Orai leads to enhanced Ca2+ influx

(Derler et al., 2016). These observations provided different insights into the activation of Orai. However, the

relevance of the abovementioned information for Orai gating under physiological conditions is unclear, as

the conformational changes associated with wild-type Orai1 activation remain ill defined, and no working

model is available that can reconcile all the observations.

This situationmotivated the use of computer modeling to identify possible missing information concerning

channel gating. If the inherent dynamics of the pore protein plays a dominant role in determining the struc-

tural changes induced by STIM binding, then a normal mode analysis (NMA) provides a robust computa-

tional tool that is able to reveal a relationship between structure and dynamic behavior (Bahar et al., 2009).

Indeed, NMA combined with molecular dynamics (MD) simulations has been employed to successfully

characterize the coupled motion between the ligand-binding ectodomain and the TM domain of trimeric

ATP-gated P2X4 receptor during activation (Du et al., 2012), as well as the gating process of other mem-

brane proteins such as KcsA (Shen et al., 2002), the nicotinic acetylcholine receptor (nAChR) (Taly et al.,

2005), and the acid-sensing ion channel 1 (Yang et al., 2009), etc.

In the present work, a combined NMA and MD protocol was employed to explore the gating of the wild-

type Orai pore and thus infer a possible open-state structure (Figure 1A). The putative open-state structure

was supported by energetic, structural, and additional experimental evidence. Specifically, the free energy

profile for cation permeation via the proposed open-state structure is found to have a major barrier height

as low as �8 kcal/mol. And the calculated current-voltage (I-V) curve reproduces the characteristic inward

rectification with a reversal potential of �64 mV, suggesting high Ca2+ selectivity. Based on the present
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putative open-state model, two salt bridges, R155-E221 and K157-E245 in dOrai (equivalent to R83-E149

and K85-E173 in hOrai1, respectively), which were identified to be critical for gating by transmitting confor-

mational change, were further tested with protein engineering, imaging, and whole-cell patch clamp mea-

surements. The results of all these studies support the notion that coupling between TM1 and TM3 is crucial

for STIM1-mediated cross-linking and graded activation of Orai channels.

The experimental data from the present work provides persuasive evidence in favor of the proposed ‘‘twist-

to-open’’ gating mechanism for the wild-type pore under physiological conditions, which should thus serve

as a reliable model for understanding CRAC channel function.

RESULTS

The ‘‘Twist-to-Open’’ Gating Motion

Based on the X-ray structure of dOrai in the closed state (Hou et al., 2012), we explored a possible open-

state structure derived from NMA and then further relaxed the structure with sub-microsecond MD sim-

ulations. The putative channel gating mode of the wild-type dOrai was selected based on the following

known experimental evidence for its activation: first, a minimal perturbation at residue E178 is introduced

to maintain the rigidity of the selectivity filter (Gudlur et al., 2014); second, constraints at the major gate

of the channel, the hydrophobic region including V174 and F171 (Yamashita et al., 2017; Mcnally et al.,

2012), as well as the first positively charged residue K163 (Dong et al., 2013, 2014), are partially released;

next, motions of the cytosolic side of TM helices are coupled (Kim et al., 2018; Zhou et al., 2018); then,

the coiled-coil motif formed by neighboring TM4-exts are broken (likely facilitating STIM binding) (Hou

et al., 2018; Tirado-Lee et al., 2015; Stathopulos et al., 2013); and finally, both the local gating motion and

the global collective motion of the entire protein are assumed to be symmetric (Dai and Zhou, 2014).

These computations identified a ‘‘twist-to-open’’ gating motion. Notably, clustering of the MD simula-

tions trajectory based on the wild-type dOrai at the closed-state structure revealed similar motion pat-

terns (Figure S1).

In general, the channel twisted around the central pore upon gating, and different regions show quite

distinct gatingmotions. To be specific, the extracellular side of the protein (including the six TM1 helix bun-

dles) has a collective motion that undergoes counterclockwise rotation, with a subtle expansion of the

pore-forming TM1 bundle (Figure 1B); the intracellular side of this bundle, on the other hand, has two in-

dependent types of motion: the N-terminal section of TM1 on three alternate chains moves outward (red in

Figure 1C), whereas the other three chains undergo clockwise rotation (blue in Figure 1C).

The twist motion of the pore is characterized by the reorientation of pore-lining residues. Starting from the

closed-state structure (Hou et al., 2012), the TM1 helices in the putative open-state structure experience a

counterclockwise rotation of 14� at residue F171, and 12� at residue L167, but clockwise rotation of �58� at
R155. The inner portion of thepore is dilated, as the interchain distances betweenCa atomson residueQ152

at the N-terminal section of TM1 are 22.3 (G2.3) Å on three alternate chains and 18.4 (G2.1) Å on the other

three chains (Figure 1C), whereas the distance in the closed-state structure is 16.2 Å. Presumably, the energy

needed to twist the pore and open the hydrophobic gate mainly comes from the STIM-binding event.

During the pore-breathing motion, the N-terminal sides of TM1 helices undergo two different conforma-

tional changes: clockwise rotation and outward bending (Figure 1C). This phenomenon is likely caused

by two alternating conformations of TM4-ext on neighboring subunits, which are tightly packed together

in the closed state (Hou et al., 2012) and get unpacked in the putative open state. Therefore the conforma-

tional change of the pore is transmitted through the coupling of TM helices (as further described below).

Hence gating of the pore is governed by motions of the entire channel and involves its collective dynamics.

The observed channel motions lead to the release of the restrained pore without loosening of the overall

structural integrity. The central pore was found to be more hydrated and pore waters were less ordered

(Figure S2), a key characteristic for channel opening (Dong et al., 2013, 2014).

Structure Validation

To evaluate the reliability of the aforementioned putative open-state structure, new computational and

experimental evidences, along with data already reported in literature were employed, as described

below.
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I-V Characteristics of the Pore

Experimentally, the I-V relationship obtained from patch clamp recordings show a typical inward rectifica-

tion with a reversal potential of �80 mV, which is a signature of the high Ca2+ selectivity of the CRAC chan-

nel (Mcnally et al., 2012).

The Poisson-Nernst-Planck (PNP) model is an approximate continuum model, which can capture certain

macroscopic properties, such as the I-V characteristics. Here, the solvent continuum model combined

with extensive MD simulations for conformational sampling was employed to characterize the ion diffusion

profiles of the central pore of the putative open construct.

The calculated reversal potential for the putative open-state structure is 64 mV, which is close to the exper-

imental value, thus suggesting support for the putative activated state structure with high selectivity for

Ca2+ under physiological conditions. More importantly, the calculated I-V curve reproduced the inward

rectification of the pore (Figure 1D), which could be attributed to the asymmetric distribution of charged

residues at the entrance of the pore (Figure 1A).

Energetic Evidence for Pore Opening: Cation Permeation Free Energy Profile

The CRAC channel can conduct Na+ ions in the absence of divalent ions. As in previous work (Dong et al., 2013,

2014), permeation of Na+ through the pore was studied in this work, rather than Ca2+, mainly because the avail-

able parameters for the commonly employed CHARMM36 force field overestimate the binding affinities be-

tween Ca2+ and the protein by more than 80 kcal/mol (Li et al., 2015), a situation likely to result in a very biased

computedpermeationbehavior forCa2+.Given the very lowconductanceof hOrai1 channel underphysiological

condition, �700 fS for Na+ in the divalent-free environment (Prakriya and Lewis, 2006) (equivalent to �2 ms per

permeation event), it is difficult to deduce the conductance value of the pore directly fromconventionalMD sim-

ulations. Consequently, the potential of mean force (PMF) for Na+ permeation through the putative open-state

structureof thewild-type porewas calculated to confirm its opening,which is awell-establishedprotocol used in

previous computational works to explore channel conductance (Dong et al., 2013, 2014).

The PMF for Na+ permeation has a major free energy barrier height of �8 kcal/mol, 3 kcal/mol lower than

the one for the closed state, showing a favorable pathway for ion permeation through the central pore (Fig-

ure 1E). The region limiting ion flux is relatively broad, which is formed by the hydrophobic region (V174,

F171, and L167) together with the residue K163 in the basic region. Interestingly, the overall permeation

pathway in the putative open state of dOrai resembles that in the V174A mutant, probably because

both constructs release the physical constraint for ion permeation in a similar way: the V174Amutant leaves

more space for the pore with its smaller side chain (Dong et al., 2013), and the putative open-state construct

rotates its bulky hydrophobic side chain away from the central pore.

Rather than going straight through the lumen of the pore, cation motion follows a zigzag pathway (Fig-

ure 1F), which is likely due to the less well-coordinated geometry of an ion in the relatively narrow pore.

Consequently, pore-lining residues readily trap the permeating cation. This finding partially explains the

low unitary conductance of the Orai channel under physiological conditions.

Structural Evidence for Pore Opening: The R155-E221 Salt Bridge

In the closed-state X-ray structure (Hou et al., 2012), the conserved residue R155 on the N-terminal segment

in dOrai (equivalent to R83 in hOrai1) is projecting into the central pore. Although loop2, connecting he-

lices TM2 and TM3, is missing in that structure (Hou et al., 2012), residue E221 on loop 2 (equivalent to E149

in hOrai1) cannot form an interaction with R155 in the closed state of the pore, as suggested by computer

simulations (Dong et al., 2013). In contrast, the present putative open-state model suggests that the gating

motion involves the clockwise reorientation of R155, which initially faced away from the pore and formed a

salt bridge with E221 (Figure 2A). This observation prompted an experimental investigation of the impact

of double mutations on hOrai1-R83X-E149X (X is either original or charge reversal residue).

When transiently expressed in HEK STIM1 stable cells, the expression level of thesemutants were similar to that

ofWTOrai1 as indicated by their CFP fluorescence, and cellular distribution of these singlemutants were similar

to that of wild-type Orai1 (Figure S6). In contrast, both hOrai1-R83E and hOrai1-E149R show decreased Ca2+

influx after store depletion (left panel in Figure 2B), which based on our putative open-state structure could

be attributed to the elimination of the R83-E149 salt bridge in hOrai1. A similar result was reported for the
iScience 16, 356–367, June 28, 2019 359



Figure 2. The Salt Bridge R155-E221 in dOrai Is Critical for the coupling between N and C Termini of the Pore

(A) Gating motion involves the clockwise rotation of the N terminal of TM1, leading to the formation of the R155-E221

interaction to enhance coupling between the central pore and peripheral helices.

(B–D) HEK STIM1-YFP cells transiently expressing wild-type CFP-Orai1 or corresponding mutants with similar CFP

fluorescence levels. (B) Typical SOCE responses (left) and whole-cell current responses (middle, typical current traces

measured at�100mV; right, mean I-V relationships measured at the peak of time traces) (nR 5 for each condition). Mean

SOCE (R-GECO [DF/F0]: wild-type [WT] = 13.90 G 0.55 [n = 68], R83E = 7.48 G 0.42 [n = 59], E149R = 1.00 G 0.08 [n = 68],

R83E-E149R = 13.81 G 0.36 [n = 68]). Only SOCE responses from single mutants are significantly lower than those of WT

(***, t test). CRAC responses from all mutants are significantly lower than those from WT (**, t test). (C) FRET signals

between STIM1 andOrai1 before and after store depletion induced by 2.5 mM ionomycin. Ionomycin-induced peakDEapp:

0.058 G 0.002 (n = 74) for WT, 0.046 G 0.001 (n = 78) for R83E, 0.048 G 0.002 (n = 75) for E149R, 0.040 G 0.001(n = 76) for

R83E-E149R; all are significantly lower than that of WT (***, t test). (D) Typical confocal images showing the co-localization

of STIM1 and Orai1 after store depletion (please see Figure S5B for statistics).

(E) The SOCE responses of HEKWT cells transiently expressingWTCFP-Orai1 or its correspondingmutants.Mean SOCE:WT=

0.03 G 0.01 (n = 64), blank control = 1.05 G 0.04 (n = 81), R83E = 0.63 G 0.07 (n = 59), E149R = 0.00 G 0.01, (n = 59), R83E-

E149R = 0.06G 0.01 (n = 62). SOCE responses from R83Emutant and blank control are significantly bigger than that ofWT (***,

t test). For (B), (D), and (E) before recording, cells were bathed in 0Ca2+ solution containing 1 mM TG (thapsigargin, a SERCA

pumpblocker) for 10min to deplete ERCa2+ store. 1 mMTGwas present throughout the recordings. For currentmeasurements,

ERCa2+ stores were passively depleted by 20mMBAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid, a potent
Ca2+ chelator) included in pipette solution. At least three independent repeats were carried out for each experiment.
hOrai1-E149A mutant (Srikanth et al., 2010). In contrast, the hOrai1-R83E-E149R double mutation fully restored

the diminished Ca2+ influx caused by single mutations, with a similar amplitude to that of the wild-type hOrai1

(left panel in Figure 2B) (Wu et al., 2013). At high concentration (50 mM), 2-Aminoethoxydiphenylborate (2-APB)

would transiently potentiate store-operatedCa2+ entry (SOCE), and thendiminish SOCEquickly, whereas it only

increases Förster resonance energy transfer (FRET) signals between STIM1 and Orai1 (Navarro-Borelly et al.,

2008). Such classical 2-APB-induced effects on Ca2+ influx and FRET responses in STIM1 cells expressing

Orai1-R83E-E149R were observed (Figures 2B and 2C). When examined with whole-cell current measurements,

the R83E-E149R double mutation also partially rescued the diminished current mediated by Orai1-E149R, with

an inwardly rectifying I-V relationship, which is a signature for ICRAC (right two panels in Figure 2C). It should be

noted that even though hOrai1-R83E-E149R still had some minor defects in coupling with STIM1 (Figure 2C),

indicating that the R83-E149 salt bridge is not essential for STIM1-Orai1 coupling, it may have an important
360 iScience 16, 356–367, June 28, 2019



Figure 3. The Open-State Structure Model Reconciles Several Experimental Observations for Orai Gating

(A) The change of solvent accessibility of key residues in the pore during gating.

(B) The E262 assists to maintain the rigidity of the selectivity filter by forming an atomic interaction network.

(C) The well-packed anti-parallel coiled-coil pair on neighboring TM4-ext in the closed state (left panel) moves away upon

gating (right panel), whereas the coupling between TM3 and TM4 through the hydrophobic packing between L304 and

two consecutive residues T246 and A247 remains intact.
role in intra-Orai1 conformational changes that govern Orai1 activation after its binding with STIM1. Neverthe-

less, it could clearly co-localize with STIM1 (Figures 2D and S5B). It is well established that overexpression of

Orai1 alone into cells often suppresses SOCE responsesmediated by endogenous STIM1. This so-called domi-

nant-negative effect (Deng et al., 2009) is likely caused by the impairments of the required coupling stoichiom-

etry between STIM1 and Orai1. This typical effect was also observed in the hOrai1-R83E-E149R construct (Fig-

ure 2E), further illustrating that this salt bridge is crucial for Orai1 function. Collectively, this newly identified

specificmechanical interaction between theOrai1-N terminus and its loop2 region plays amore critical role dur-

ing the twist-to-open gating motion than previously estimated (Fahrner et al., 2017).

Support from Literature

Under STIM1-free conditions, Cd2+ ions block the current of the hOrai1-F99C-V102A construct (equivalent

to dOrai-F171C-V174A). The current is restored with the presence of STIM1, indicating that the side chain at

position 99 was reoriented away from the pore axis during STIM1-triggered gating; in contrast, the hOrai1-

G98C mutant (equivalent to dOrai-G170C) shows an increased accessibility at position 98 upon STIM bind-

ing (Yamashita et al., 2017). Based on these observations, Yamashita et al. proposed that in hOrai1 there is a

counterclockwise rotation of the pore helix by �20� when activated by STIM1 (Yamashita et al., 2017). Our

putative open-state structure experienced counterclockwise rotation at the extracellular part of the pore

(Figure 1B), in which the residues F171 and L167 rearranged to become 25%–50% less exposed on going

from the closed state to the putative open state, whereas the residue G170 remains intact (Figure 3A). The

conformational changes at the former two positions significantly release the constricting hydrophobic re-

gion along the permeation pathway, and therefore facilitate ion transport, whereas the subtle change of

the orientation of G170 is enough for better cross-linking, mainly because of its small side chain.

With regard to the residue V102 in hOrai1 (equivalent to V174 in dOrai), the first pore-lining residue in

the hydrophobic region, it was proposed that it reoriented upon the binding of STIM1, as suggested by the

increased cross-linking in the V102C mutant (Gudlur et al., 2014). The present calculations show that residue

V174 is a little more exposed after activation (Figure 3A), which is indeed more favorable for cross-linking.
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It was previously proposed that residue E190 on TM3 of hOrai1 (equivalent to E262 in dOrai) regulates ion

selectivity (Prakriya and Lewis, 2006; Yamashita et al., 2007), mainly by indirectly maintaining the geometry

of the selectivity filter in the central pore (Zhou et al., 2010; Alavizargar et al., 2018). In the closed-state X-ray

structure, the residue E262 forms hydrogen bonds with C198 and Y199, with the methyl group on Y199

pointing to TM1 (Hou et al., 2012); in the present putative open-state structure, although the residue

C198 is dynamic, the hydrogen bonding between E262 and Y199 remains intact. More importantly, this

hydrogen bond locks the orientation of side chain Y199 so that it always points to the periphery of TM1 (Fig-

ure 3B). Therefore E190 assists in maintaining the rigidity of the selectivity filter by formation of a key atomic

interaction network.

TM4-exts at the cytoplasmic C-terminal domain of Orai1 are the most peripheral segments. This is also the

primary STIM1-binding site in hOrai1 (Tirado-Lee et al., 2015; Stathopulos et al., 2013; Zheng et al., 2013;

Mcnally et al., 2009, 2013; Muik et al., 2008). FRETmeasurements suggested that the self-associated coiled-

coil structure, including residues I316 and L319 (equivalent to L273 and L276 in hOrai1) on adjacent helices,

of TM4-ext at the cytoplasmic C-terminal domain of Orai1 experiences conformational change upon STIM1

binding (Tirado-Lee et al., 2015; Mcnally et al., 2013; Navarro-Borelly et al., 2008). In the putative open-state

structure, rearrangement of TM4-ext was observed in which the tight packing between the two adjacent

TM4-exts is partially broken, and these two residues are no longer paired (Figure 3C). This is accompanied

by the hinge bending and swiveling of the segment containing residues L304 V305, S306, and H307 (equiv-

alent to L261, V262, S263, H264, and K265 in hOrai1), the nexus connecting TM4 and TM4-ext (Zhou et al.,

2016). However, the tight packing between L261 and two consecutive residues L174 and A175 on TM3

(equivalent to L304, T246, and A247 in dOrai) is almost unimpaired in the putative open-state structure (Fig-

ure 3C), which was proposed to be critical for the coupling between TM3 and TM4 (Zhou et al., 2016). Exper-

imentally, mutations L261K, L261D, L174D, or L174K were found to have greatly decreased or eliminated

current, although the binding of STIM remains intact (Zhou et al., 2016). This is understandable as the hy-

drophobic packing is broken, which attenuates the coupling between TM3 and TM4.

Comparison with Other Constitutively Open-State Structures

A regulatory effect of TM connectivity by substitution of H134 in hOrai1 (equivalent to H206 in dOrai) has

been proposed, where the interactions between this amino acid and the neighboring residues determine

pore conductance and selectivity (Frischauf et al., 2017). They showed that H134A has locally increased

pore size as well as increased flexibility in the basic region, which is in line with what is observed here (Fig-

ures 1A and S2). Yeung et al. identified the importance of helix packing, where the helix TM1 in H134S was

found to be reoriented with increased pore hydration (Yeung et al., 2018). Hou et al. reported the X-ray

structure of dOrai-H206A (Hou et al., 2018). Although there are apparent differences between TM4/

TM4-ext, there is a significant dilation of the pore at the N-terminal part along with an observed outward

bending of TM1, which is consistent with our putative open-state structure (Figure S3). The observed large-

scale reorientation of TM4-ext to insert into the cytosolic side in the dOrai-H206A structure is likely due to

crystal packing (Hou et al., 2018), as evidenced by the close contact between two TM4-exts on neighboring

constructs in that X-ray structure (Figure S4). A very recent work from Shen and coworkers reported both

crystal structure and cryoelectron microscopic (cryo-EM) structures of constitutively open dOrai-P288L

(Liu et al., 2019). The outward twisting of TM1 at the basic region was found, which is attributed to the

coupling between central pore and the peripheral helices. Similar to that in dOrai-H206A (Hou et al.,

2018), TM4 in dOrai-P288L is fully extended, although the cryo-EM density of the TM4-ext segment is invis-

ible (Liu et al., 2019). Notably, the observed aggregation of anions at the cytosolic side of the pore in dOrai-

P288L (Liu et al., 2019) experimentally confirmed our predicted anion-assisted cation permeation mode in

dOrai-V174A mutant by using molecular modeling (Dong et al., 2014). We want to mention that although

different mutant structures share some similarities, they each have unique features (for example, the pore

dilation in the dOrai-H206A structure and TM1 twisting at the basic region in the dOrai-P288L structure),

indicating that these constitutively open mutants may not well represent the gating of wild-type Orai.

The Coupling between TM Helices and STIM1-Mediated Orai1 Gating

Our putative open-state structure predicts that the direct coupling between TM1 and TM3 is associated

with wild-type dOrai activation. As a conservedmode of action, this coupling was also suggested to be crit-

ical for gating in a recently published dOrai-P288L mutant structure (Liu et al., 2019). Previous results in

hOrai1-ANSGA mutants indicated that couplings between TM helices are associated with hOrai1 gating

(Zhou et al., 2016). Critical for the STIM1-mediated gating (Mcnally et al., 2013; Lis et al., 2010), the K157
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Figure 4. The Mechanical Interplay between K157 and E245 in dOrai Has Implications for Orai-STIM Interaction

(A) The salt bridge remains intact during gating.

(B–D) In HEK STIM1-YFP cells, the effects of transiently expressed hOrai1-K85E or hOrai1-K85E-E173K mutation were examined. (B) Left, typical SOCE

responses; right, mean I-V relationships measured at the peak of whole-cell current (nR 5 for each condition). Mean SOCE: 16.18G 0.58 (n = 58) for wild-type

[WT], 1.30 G 0.19 (n = 18) for K85E, and 16.47 G 0.55 (n = 19) for K85E-E173K. SOCE responses from K85E mutant were significantly lower than those of WT

(***, t test). Please see Figure S5B for typical time courses and statistics of current measurements. (C) FRET signals between STIM1 and hOrai1 before and

after the addition of 2.5 mM ionomycin. Ionomycin-induced peak DEapp: 0.028 G 0.001 (n = 77) for K85E, 0.033 G 0.001(n = 84) for K85E-E173K. Both are

significantly lower than that of WT (0.073 G 0.002, n = 73) (***, t test). (D) Confocal imaging results showing typical co-localization of Orai1s with STIM1 after

store depletion (scale bar, 10 mm). Please see Figure S5A for complete set of images, and Figure S5B for statistics.

(E and F) (E) In Orai1-3 triple KO cells, the effects of K85E or K85E-E173K mutation on SOCE responses mediated by overexpressed Orai1 and endogenous

STIM1 (left panel), constitutive Ca2+ entry through overexpressed Orai1-SS (middle panel), or Orai1-S (right panel). Mean constitutive Ca2+ entry through

overexpressed Orai1-SS: WT = 11.17 G 0.25 (n = 85), K85E = 6.62 G 0.45 (***, n = 58), K85E-E173K = 11.74 G 0.38 (n = 91) (middle panel); mean constitutive

Ca2+ entry through overexpressed Orai1-S: WT = 1.74G 0.13 (n = 75), K85E = 0.02 G 0.01 (***, n = 62), K85E-E173K = 2.61G 0.16 (***, n = 89). (t test against

control). (F) Airyscan confocal images of YFP-DSOAR1 co-expressed with Orai1 wild-type or its corresponding mutants in STIM1 and STIM2 double KO cells

we recently made (Zheng et al., 2018). Left: typical images (scale bar, 5 mm). Middle: magnified detail of the boxed area shown on the left (scale bar, 1 mm).

Statistics of cluster densities: 0.28G 0.04/mm2 for wild-type, 0.04G 0.01/mm2 for K85E, and 0.31G 0.07/mm2 for K85E-E173K. Right: hypothetical clustering of

wild-type or mutated Orai1 channels by SOAR1 dimers. For (B), (D), (E), and (F) cells were bathed in 0Ca2+ solution containing 1 mM TG for 10 min to deplete

ER Ca2+ store. 1 mM TGwas present throughout the recordings. For current measurements, ER Ca2+ store was passively depleted by 20 mM BAPTA included

in pipette solution. At least three independent repeats were carried out for each experiment.
residue on TM1 in dOrai (equivalent to K85 in hOrai1) was found to form a salt bridge with E245 on TM3

(equivalent to E173 in hOrai1) from the same subunit in the closed-state structure (Hou et al., 2012). The

putative activated dOrai structure shows that the K157-E245 interaction is maintained (Figure 4A), indi-

cating a functional role of this interaction during channel activation. Presumably, the charge reversal mu-

tation at K157 will break the salt bridge and thus impair the coupling between TM1 and TM3, resulting in

diminished Ca2+ current and weaker coupling between STIM1 and Orai1 (Mcnally et al., 2013; Lis et al.,

2010). This was demonstrated here by the hOrai1-K85E construct with significantly decreased Ca2+ influx

(Figure 4B). The double charge reversal hOrai1-K85E-E173K with re-established salt bridge results in a re-

covery of SOCE (left panel in Figure 4B), exactly as expected. Even though the K85E-E173K double
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mutation only partially rescued the diminished current mediated by Orai1-K85E, the I-V relationship of

cells expressing hOrai1-K85E-E173K showed inward rectification with very positive reversal potentials

(55.3 G 3.8 mV, n = 16) (right panel in Figures 4B and S5C), signatures for wild-type Orai1 channels. This

revealed that the activation of this double mutant is biophysically similar to that of wild-type Orai1 chan-

nels. Evidence from both the FRET (Figure 4C) and the co-localization (Figures 4D, S5A, and S5B) analyses

indicates that the hOrai1-K85E-E173K mutant exhibits some recovery of the impaired coupling of hOrai1-

K85E with STIM1. As the K85E-E173Kmutant did not fully rescue the impaired FRET signals caused by K85E

mutation, this result indicates that this salt bridge may affect more on intra-Orai1 conformational changes

that occur during Orai1 activation. In addition, similar to the wild-type hOrai1 (Prakriya and Lewis, 2015), an

excess amount of hOrai1-K85E-E173K has a dominant negative effect on endogenous STIM1, as overex-

pressed hOrai1-K85E-E173K only induced minimal SOCE in Orai1-3 triple knockout (KO) (Orai KO) cells

we recently made (Figure 4E) (Zheng et al., 2018).

To gain further insights into how TM1-TM3 interactions are involved in STIM1-mediated Orai1 activation,

we examined whether this interaction is maintained throughout the activation process of hOrai1. It is

well established that hOrai1 will be partially activated when the STIM1336-485-hOrai1 stoichiometry is

1:1 (denoted as hOrai1-S), and be fully activated with the ratio of 2 (denoted as hOrai1-SS) (Li et al.,

2011). We thus generated K85E or K85E-E173K mutations in hOrai1-S or hOrai1-SS concatemers, and

examined the effects of mutations on the constitutive Ca2+ influxes mediated by these constructs.

When expressed in Orai KO cells, the large constitutive Ca2+ entry induced by the hOrai1-SS-K85E-

E173K mutant is similar to that of hOrai1-SS, with both influxes larger than those mediated by

hOrai1-SS-K85E, which is consistent with the results from full-length STIM1 and hOrai1 (Figure 4E,

middle panel), showing that TM1-TM3 interactions are crucial for the function of fully activated Orai1

channels. The small constitutive Ca2+ influx mediated by partially active hOrai1-S is fully eliminated

by K85E mutation, and further K85E-E173K double mutation fully recovers the constitutive Ca2+ entry

(Figure 4E, right panel). These results clearly demonstrate that the TM1-TM3 interaction is essential

for partial activation of Orai1 channels.

hOrai1 cross-linking by a limited amount of the STIM-Orai-activating region (SOAR) was shown to be essen-

tial for getting more hOrai1 activated (Zhou et al., 2018; Yuan et al., 2009; Park et al., 2009). Using high-res-

olution Airyscan confocal imaging, we examined whether TM1-TM3 interactions are also crucial for the

newly discovered aspects of Orai1 activation, namely, the cross-linking of hOrai1 channels. We found

that the K85E mutation severely impaired the ability of SOAR concatemer-dimers (DSOAR) to cross-link

hOrai1 channels, whereas the K85E-E173K mutant regained its ability to be cross-linked by DSOAR with

similar amplitude to that of the wild-type hOrai1 (Figure 4F). This observation provides clear evidence

showing that the TM1-TM3 interaction within each subunit is also crucial for the cross-linking of hOrai1

channels by DSOAR.

Taken together, our results demonstrated that the K85-E173 salt bridge in hOrai1 between TM1-TM3 is

crucial for the STIM1-mediated cross-linking and graded activation of hOrai1 channels, therefore confirm-

ing the prediction from our model and illustrating the robustness of the putative open structure in dissect-

ing the mechanisms underlying Orai activation.
DISCUSSION

The pore-forming TM1 helices are tightly wrapped by peripheral TM2-TM4. During the pore-breathingmo-

tion, different conformational changes happen at the N-terminal side of TM1, which are likely associated

with two alternating conformations of TM4-ext on neighboring subunits that are tightly packed with

each other in the closed state (Hou et al., 2012): the central pore formed by TM1 shows a 6-fold symmetry,

whereas the overall dOrai structure adopts a rotational 3-fold symmetry. This symmetry mismatch and local

asymmetry is likely to have at least one important consequence: STIMmay have various bindingmodes with

Orai, leading to a sequence of conformational changes and therefore different sub-conductance states,

which was recently observed by single-channel optical recording (Dynes et al., 2016) and biochemical mea-

surements (Palty et al., 2017). In addition, the pore was found to have graded regulation of current density

and ion selectivity by different amounts of STIM1 binding (Li et al., 2011). It is worth noting that AMPA re-

ceptor also exhibits a symmetry mismatch (Sobolevsky et al., 2009). In that case, the symmetry transforma-

tion between the ligand-binding domain and TM domain was proposed to have implications for the

different functions of linkers (Dong and Zhou, 2011).
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The primary focus of this work is to identify the gating motion of the wild-type CRAC channel, and a

‘‘twist-to-open’’ mechanism is proposed. This model is different from those proposed based on struc-

tural or biochemical measurements of mutants (Yamashita et al., 2017; Frischauf et al., 2017; Hou

et al., 2018; Liu et al., 2019). Interestingly, this ‘‘twist-to-open’’ gating mode has been broadly used by

other ion channels, such as the G-protein-gated inward rectifier K+ (GIRK) channels (Whorton and Mack-

innon, 2013), the mechanosensitive channel (MscL) (Perozo et al., 2002; Bocquet et al., 2009), the pen-

tameric ligand-gated ion channels (pLGIC) (Bocquet et al., 2009), and the a7 nAChR (Cheng et al.,

2006). A common feature among these channels is the presence of hydrophobic gating in the central

pore, which offers a free energy barrier for ion permeation. Although the factors involved in hydrophobic

gating, such as pore size regulating the channel conductance, is system dependent (Aryal et al., 2015),

seemingly the ‘‘twist-to-open’’ motion identified herein is energetically efficient in disrupting the hydro-

phobic barrier by introducing a subtle conformational change on the pore, and thereby releasing the in-

ner gate along the ion permeation pathway.

In summary, computational approaches have been employed to derive a putative open-state structure

for Orai, and thereby provide a model for its gating mechanism. The present work suggests that activa-

tion of the wild-type Orai pore involves a ‘‘twist-to-open’’ mechanism, in which a series of motions lead

to the release of the restrained pore without relaxing overall structural integrity. The consistency be-

tween new and existing experimental observations and the putative open-state structure, with its

computed low free energy barrier for ion permeation and characteristic I-V curve, suggest that the

conformational changes to generate the putative open-state structure indeed represent the gating

motion for the wild-type Orai pore induced by STIM1 binding. Protein engineering, imaging, and current

measurements support the proposed key interactions in the channel and provide further evidence that

the TM1-TM3 interaction within each Orai subunit is also crucial for their cross-linking by STIM1. There-

fore the proposed activation mechanism inferred from the present computer simulations, and supported

by new experiments, provide a working model for activation of CRAC channels under physiological

conditions.

Limitation of the Study

The activation model of Orai pore was proposed with molecular modeling, and obtained validations from

wet laboratory experiments and supports from literature. Although all the data presented in this work are

consistent with each other, so far, no experimental structure of the wild-type pore in activated state is avail-

able to justify the theoretical model. In addition, the detailed mechanism underlying the interaction be-

tween Orai pore and its activator STIM1 remains to be defined in future work.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.05.041.
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Figure S1. Conformational change of the wild type dOrai pore extracted from clustering 

analysis of the last 200 ns MD simulations trajectory starting from the closed state structure 

(4HKR.pdb), related to Figure 1. (a) Extracellular and (b) intracellular views highlight the C- 

and N-terminal sides of the pore, respectively. Only backbone was shown for clarify. The left 

panels show the pore, and the right ones are zoomed in to highlight the pore-forming TM1 helices. 

The K-means algorithm was used for clustering analysis. Among five clusters generated, the major 

two with the largest number of frames were colored in red and blue, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S2. Distribution of θ , the orientation of pore water molecule dipole moments with 

respect to the pore axis Z, in the closed (left) and the putative open (right) constructs of the 

wild type dOrai channel, related to Figure 1. Waters in the open pore are floppier, as shown by 

their broader distribution of dipole moment directions. 

 

 

 

 
Figure S3. Averaged radii of the pore in different channel constructs obtained from MD 

simulations, related to Figure 1. The data for the closed and the putative open state of the wild 

type dOrai are in grey and red, respectively. The error bars represent the standard deviation of 

each point along the channel. The pore size was calculated with the program Hole 

(http://www.holeprogram.org). 

 

 

 

 

http://www.holeprogram.org/


 

 

 

 
Figure S4. Crystal packing between neighboring constructs in the dOrai-H206A structure 

(PDB entry: 6BBF), related to Figure 1. Two Orai structures (in red or blue) are shown in 

cartoon model, while some residues on TM4/TM4-ext (residue ID 301-327) are represented in 

space-filling mode, showing close contact between them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Function and cellular distribution of SOCE proteins in STIM1-YFP cells 

transiently expressing WT Orai1 or its corresponding mutants, related to Figure 4. a) Typical 

Confocal images showing the co-localizations between STIM1-YFP and CFP-Orai1 or its 

corresponding mutants. Cells were pre-treated with 1 μM TG to deplete ER Ca2+ stores. (scale bar: 

10μm) n=3. b) Quantifications of co-localizations between STIM1 and WT Orai1 or its 

corresponding mutants (At least 12 cells from 3 independent repeats were examined for each 

condition). c) Whole cell currents. Top, typical time traces; Bottom, statistics of peak ICRAC 

amplitudes.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Cellular distribution wild-type CFP-Orai1 (WT) or corresponding mutants 

transiently expressed in HEK STIM1-YFP cells, related to Figure 4. Left: Typical confocal 

images; Right: Intensity plots representing the localization of CFP-Orai1 (n=11), K85E (n=11), 

E173K (n=14), K85E-E173K (n=12), R83E (n=13), E149R (n=17), and R83E-E149R (n=14) 

across the cell edges (Cells were randomly chosen from three independent from repeats). 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Transparent Methods 

 (1) Normal mode analysis (NMA) 
The x-ray structure of dOrai in the closed state (PDB code: 4HKR) (1) was taken 

as the initial structure to explore the putative open state structure. Only two subunits 
among six were reported in the x-ray structure, therefore the hexameric structure of 
dOrai was built by using an appropriate symmetry operation. Normal mode analysis 
was carried out with the elNémo program (2). Elastic connections were made between 
each Cα atom and its neighbors within a 12-Å cutoff. For the selected direction of 
motion, an amplitude of 1 Å was used to generate the initial configuration of the 
transmembrane (TM) helices in the putative open state structure. Then the missing 
side-chains and loops connecting TM helices were added. The whole protein was 
energy minimized with harmonic restraints on protein Cα atoms of the TM helices to 
remove bad contacts and structural distortions. 
 
(2) Molecular dynamics (MD) simulations 

The putative open state structure of dOrai was embedded in a fully hydrated 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer. The membrane 
bilayer system was solvated by 27,598 water molecules, 74 sodium ions, and 65 
chloride ions, where the extra 9 cations served to neutralize the whole system. The 
total number of atoms in the periodically replicated simulation box size of size 
125×125×105 Å3, is 139,504.  

The system was energy minimized, with harmonic restraints on the protein Cα 
atoms, to remove bad contacts and structural distortion. The simulation system was 
then equilibrated, with harmonic position restraints applied to the heavy atoms of the 
protein backbone, in the constant temperature and pressure (NPT) ensemble. The 
force constant for constraint started at 100 kcal/mol, and was gradually decreased to 
zero during a 200 ns MD trajectory. For each system studied, three independent MD 
simulations were carried out, data from each of them were accumulated for 600 ns.  

The MD simulations were carried out using the CUDA-accelerated NAMD 
program version 2.12 (11). The Charmm36 force field parameters (12) and the TIP3P 
water model were used (13). Periodic boundary conditions were applied and the 
particle mesh Ewald method was used to treat long-range electrostatic interactions. 
 
(3) Potential of mean force (PMF) calculations 

To characterize the energy cost for cation permeation through the central pore, 
the free energy profiles for the translocation of a single Na+ ion between the 



 

extracellular and intracellular sides of the system were calculated by employing the 
adaptive biasing force (ABF) simulation methodology (14). 

The needed reaction coordinate (RC) was defined as the position of the ion along 
the z axis (parallel to the membrane normal), which is in the range of −56 Å ∼ +36 Å 
along the z direction where z=0 is the center of the lipid bilayer. To fully cover the 
reaction coordinate, 23 evenly distributed windows were used, with the width of 4 Å 
for each window. Quasi-equilibrium trajectories generated by ABF (14) were used to 
determine the PMF by fully sampling the configuration space in each window. A force 
constant of 100 kcal/mol was imposed at the boundary of each window, and the width 
of bin size of 0.1 Å was used. Simulations in each window were continued until the 
convergence of PMF was achieved. The total accumulated simulation time of 
trajectories used for the PMF calculations is 3.45 μs for the putative open state of the 
wild type pore of dOrai. 
 
(4) Reconstructing 2-dimensional (2D) PMF from 1-dimensional (1D) PMF 

Though the ABF simulations can efficiently explore the free energy surface with 
enhanced sampling techniques, a huge amount of time (2 to 3 μs) is needed to get the 
1D PMF profile in the present case, and the sampling needed in 2D space is almost 
computationally prohibited. Therefore, we estimated the 2D free energy landscape for 
cation permeation along the central pore from the abovementioned 1D PMF data. The 
second RC, RC2, was defined as the motion of the cation in the x-y plane (i.e., 
perpendicular to the membrane normal), which is orthogonal to the first RC, the 
permeation of the cation along the z-axis. However, the bias acting on the collective 
variables distorts the probability distribution of the other variables. Therefore, 
reweighting the distribution along the reaction coordinate in the 1D PMF profile is a 
prerequisite for reconstructing the 2D free energy landscape. Inspired by the work of 
Parrinello et al. (15), where an efficient protocol was proposed to reweight the biased 
distributions obtained from metadynamics calculations, we established the relation 
between the biased probability distribution and the Boltzmann one based on ABF 
simulations, as described below. 

For the fully converged sampling along RC1, the calculated PMF was canceled 
out by an equal and opposite biasing force. As shown in equation (1), the biased 
distribution, Pbias, is affected by the applied biasing force, where β=1/kBT, kB is 
Boltzmann's constant, T is the temperature, Ni,j is the population in the window when 
RC1=i and RC2=j, and Vi,j is the biasing potential energy applied in this window. By 
adding the additional RC2 and dividing the 2D free energy surface into small bins, the 
distribution and the corresponding histogram in each bin could was counted. Then, by 
extracting the bias from the distribution in each bin, we estimated the unbiased 
distribution, Preal, with equation (2). The final 2D-PMF was obtained by combining 



 

all the bins along RC1, where the boundaries of each bin were smoothly connected. 

𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =
𝑁𝑁𝑖𝑖，𝑗𝑗

∑ 𝑁𝑁𝑖𝑖，𝑗𝑗𝑖𝑖，𝑗𝑗
= 𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝐸𝐸𝑖𝑖,𝑗𝑗)∗𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝑉𝑉𝑖𝑖,𝑗𝑗)

∑ 𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝐸𝐸𝑖𝑖,𝑗𝑗)𝑖𝑖，𝑗𝑗 ∗𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝑉𝑉𝑖𝑖,𝑗𝑗)
    (1) 

𝑃𝑃𝑟𝑟𝑟𝑟𝑏𝑏𝑟𝑟 = 𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝐸𝐸𝑖𝑖,𝑗𝑗)
∑ 𝐸𝐸𝐸𝐸𝐸𝐸(−𝛽𝛽𝐸𝐸𝑖𝑖,𝑗𝑗)𝑖𝑖，𝑗𝑗

=
𝑁𝑁𝑖𝑖，𝑗𝑗∗𝐸𝐸𝐸𝐸𝐸𝐸(𝛽𝛽𝑉𝑉𝑖𝑖,𝑗𝑗)

∑ 𝑁𝑁𝑖𝑖，𝑗𝑗𝑖𝑖，𝑗𝑗 ∗𝐸𝐸𝐸𝐸𝐸𝐸(𝛽𝛽𝑉𝑉𝑖𝑖,𝑗𝑗)
      (2) 

 
(5) Calculation of the current-voltage (I-V) relationship 
5.1 The post-processing protocol for modeling the ion current 

MD simulations focus on the dynamics and interactions of every particle in a 
nanoscale system with femtosecond resolution. Thus, it is computationally demanding 
to simulate typical ion permeation processes (nanoseconds to milliseconds timescale) 
in a channel. By contrast, a continuum model, such as the Poisson-Nernst-Planck 
(PNP) model, ignores certain particle interaction details, but achieves high efficiency 
in simulating the transport phenomenon. Therefore, one approach is to combine MD 
and PNP methodologies in order to model the ion current. Generally speaking, the 
idea of this combined approach is to select representative configurations of the pore 
that are sampled from a large-scale atomistic MD simulation trajectory, and then 
apply the PNP model to each of the representative structures. Averaging the calculated 
data over an ensemble of MD trajectory configurations is likely to minimize errors 
coming from the sensitivity of the calculated current to the chosen configuration of 
the channel. In the present work, 10 snapshots taken from the MD simulations of each 
construct were used for the following continuum model calculations. For each 
snapshot, the currents at 200 mV, 100 mV, 50 mV, 20 mV, 10 mV, 0 mV, -10 mV, -20 
mV, -50 mV, -100 mV and -200 mV were calculated, respectively. For each voltage, 
the calculated currents from different structures were averaged before plotting the 
final I-V relationship. Further details about the PNP model and its implementation in 
this work are given below. 
 
5.2 The PNP model 

The PNP model is the most commonly used continuum model to simulate the 
macroscopic transportation properties of ion channels (16-20). The model couples a 
set of drift-diffusion equations (including a Fickian diffusion term and a drift term 
accounting for the effects of the electrostatic field) and a Poisson equation describing 
the electrostatic potential field determined by the fixed charges in the channel protein 
and the mobile ion concentrations. In this work, the I-V curves were obtained through 
solving the steady-state PNP equations: 

0)( =∇+∇⋅∇ φβ iiii cqcD    (3) 
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     (4) 
where β=1/kBT, kB is the Boltzmann's constant, T is the temperature, Ci denotes the 
concentration distribution function for the ith ion species with a diffusion coefficient 
Di, and charge qi on each particle, φ denotes the electrostatic potential, ε the dielectric 
constant, and ρf denotes the fixed atomic charges distribution in membrane protein. 

Given a membrane voltage (treated as boundary conditions in the PNP model), 
the ionic concentration distribution functions and electrostatic potential are obtained 
through solution of the PNP equations. Then, the ionic current in a channel can be 
calculated by integrating the flux density on a cross-section, S of the channel: 
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5.3 The system setup 
We use the finite element method (FEM) to solve the PNP model. A qualified 

tetrahedral mesh is crucial for the numerical solution. Four steps are needed to 
generate a high-quality tetrahedral mesh for a membrane channel protein: First, our 
previously developed mesh generation program TMSmesh is used to read the PQR 
file (containing the atomic charges and radii information) and triangulate a Gaussian 
surface for the protein molecule (21, 22). Next, the quality of the triangular surface 
mesh is improved; and then TetGen (23) is used to generate a tetrahedral volume 
mesh based on the surface mesh. Finally, a membrane region is marked in the 
computational domain. Mesh generation is a challenging task due to the complicated 
and irregular molecular geometry of the ion channel. 

A dielectric constant of ε=78 was chosen for the solvent regions, and ε=2 for 
both the membrane and the protein regions. Since the channel pore serves as a 
confining space for the mobile ions, a position-dependent diffusion coefficient is 
employed: 

  (6) 
where the function f(z) is given by 
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and n is set to 7 in the present work, Dbulk and Dchan are the diffusion coefficients in 
the bulk and channel regions, respectively. Zchan is the boundary value of the channel 
region on the z axis, and Zbulk is the boundary value of bulk region on the z axis. 
5.4 The finite element method (FEM) 



 

The PNP equations are solved in a decoupled and iterative approach: First, we 
solve for the potential in the Poisson equation with the FEM for given initial ion 
concentrations, next, solve each of the NP equations with the FEM to obtain new ion 
concentrations, and then iteratively repeat these two procedures until convergence. To 
make the iterations between the NP and the Poisson equations converge, a relaxation 
scheme is needed at each step for solution updating: 
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    (8) 
where 0<α<1 is the relaxation parameter. If the difference between φn and φn-1 is 
smaller than the assigned tolerance, the iteration is stopped. In our simulations, a 
preconditioned generalized minimal residual method (GMRES) is often used for 
solving the linear system generated in the FEM, which improves the efficiency and 
robustness of the algorithm. 
 
(6) DNA constructs, cell culture, and transfection 

All Orai1 sequences containing the following mutations, K85E / E173K / 
K85E-E173K or R83E / E149R / R83E-E149R, were obtained from CFP-Orai1 (26) 
using overlap PCR, and then sub-cloned into the pECFP-C1 vector using Xhol and 
BamHI sites. To generate untagged wild-type or mutated Orai1, the sequences were 
amplified from the corresponding CFP-Orai1 constructs with primers containing 
BamHI and EcoRI sites, and sub-cloned into the pCDNA3.1(+) vector. The Orai1-SS 
sequence was amplified from Orai1–SS–eGFP (27), and inserted into pECFP-C1. To 
generate CFP-Orai1-SS mutants, Orai1 sequences containing desired mutations were 
amplified from the corresponding CFP-Orai1 constructs with primers containing XhoI 
and KpnI to replace the original wild-type Orai1 sequence in the CFP-Orai1-SS 
plasmid. CFP-Orai1-S constructs were generated by digesting out the first S fragment 
with EcoRI from Orai1-SS, and then ligating the resulting larger product with T4 
ligase. 

Cell culture: wild-type Human embryonic kidney 293 (HEK wt) cells were 
maintained in regular DMEM (HyClone) supplemented with 10% FBS (Cleson 
Scientific), penicillin and streptomycin (Thermo Scientific) at 37°C with 5% CO2 as 
previously described (28). HEK STIM1-YFP cells were maintained in the 
above-mentioned medium supplemented with 2 µg/ml puromycin (Invitrogen) (28).  

Transfections: All transfections were performed by electroporation using a 
voltage step (180V, 25ms), OPTI-MEM medium, 4mm cuvettes (Molecular 
Bio-Products), and the Bio-Rad Gene Pulser Xcell system as previously described 
(29). 
 



 

(7) Ca2+ and FRET imaging 
Both FRET and Ca2+ imaging was conducted at room temperature using a ZEISS 
oberserver-Z1 microscope equipped with standard Semrock filters, controlled with the 
Zen software using similar protocols as described previously (28). The imaging 
solution contained (mM): 107 NaCl, 7.2 KCl, 1.2 MgCl2, 11.5 glucose, and 20 
HEPES-NaOH (pH 7.2). For single-cell intracellular cytosolic Ca2+ measurements, 
red fluorescence from cells contransfected with a red Ca2+ indicator, R-GECO1.2 (30), 
were acquired every 2 s using a TxRed-A-Basic-000 filter set. The changes in 
intracellular Ca2+ levels are presented as changes in R-GECO fluorescence (ΔF/F0). 
For FRET measurements, standard Semorock CFP YFP filters, and FRETraw 
(CFPEx/YFPEm) were used for image acquisition (FCFP, FYFP, and Fraw, respectively), 
every 10 s. System calibrations and off-line analysis were performed with previously 
described protocols (31). Representative traces from at least three independent 
experiments are shown as mean ± s.e.m. 
 
(8) Regular and Airy scan confocal imaging 

CFP and YFP fluorescent images were acquired at room temperature using a Zen 
software-controlled ZEISS LSM 880 confocal system equipped with 458, 488, 514nm 
argon-ion laser, GaAsP-PMT detector. For co-localization experiments, CFP 
fluorescence (465-520nm) excited by 458nm laser, YFP fluorescence (520-620nm) 
excited by 514 nm laser were collected with regular PMT detectors using a scanning 
mode of “switch track every line”. There is no visible bleed through between CFP and 
YFP channels with the current setup. For high resolution Airyscan imaging, the above 
YFP signals were collected with an array of GaAsP-PMT detectors following the 
manufacture’s protocols. Cluster analysis was done with ImageJ software using 
previously published protocols (28). Images shown were typical of at least three 
independent experiments. Error bars denote mean ± s.e.m. 
 
(9) Electrophysiology 

Whole cell currents from HEK293 YFP-STIM1 stable cells transiently expressing 
CFP-Orai1-K85E-E173K, were measured with conventional whole-cell recordings 
(31). The pipette solution contained (mM): 135 Cs-aspartate, 8 MgCl2, 5 BAPTA, and 
10 HEPES (pH 7.2). The bath solution contained (mM): 130 NaCl, 4.5 KCl, 20 CaCl2, 
10 TEA-Cl, 10 D-glucose, and 5 HEPES (pH 7.4). A 10-mV junction potential 
compensation was applied to compensate the liquid junction potential. Currents were 
obtained with a sampling rate of 10 kHz and filtered at 2.3 kHz (four-pole Bessell). 
Current responses to sweeps delivered every 2 s were collected with a Patchmaster 
controlled HEKA EPC 10 USB double patch amplifier (HEKA Elektronik). The 
resulting data were further offline low-pass filtered at 500 Hz and analyzed with 



 

HEKA Fitmaster and Matlab 2014b software. Results from at least six cells were 
collected and averaged. 
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