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Abstract

We report the crystal structures of the ligand-binding domain (LBD) of a rat inositol 1,4,5-

trisphosphate (InsP3) receptor (InsP3R) in its apo and InsP3-bound conformations. Comparison of 

these two conformations reveals that LBD's first β-trefoil fold (β-TF1) and armadillo repeat fold 

(ARF) move together as a unit relative to its second β-trefoil fold (β-TF2). Whereas apo-LBD may 

spontaneously transition between gating conformations, InsP3 binding shifts this equilibrium 

towards the active state.

Binding of InsP3 to InsP3R in the endoplasmic reticulum (ER) membrane opens the Ca2+-

permeant pore in the receptor protein1-4. The resulting Ca2+ efflux from the ER elevates the 

cytoplasmic free Ca2+ concentration, a signal that triggers numerous important cellular 

processes1, 3. The LBD of InsP3R, which comprises the ∼600 amino-terminal residues5, 6, is 

coupled to and thereby exerts allosteric control over the trans-membrane pore domain. Even 

when produced as an isolated construct, LBD binds InsP3 with affinity and selectivity 

comparable to those of the whole InsP3R protein7-9. The LBD sequence encodes the two β-

trefoil folds, β-TF1 and β-TF2, followed by an ARF10, 11. While the structural significance 

of the existence of two β-TF lobes in LBD has remained unknown, a construct comprising 

only β-TF2 and ARF (termed InsP3-binding core) binds InsP3 with even higher affinity than 

the entire LBD or the whole protein12. Hence, β-TF1 is viewed as a suppressor of InsP3 

binding. Additional studies suggest that β-TF1 not only helps stabilize LBD but also couples 

its conformational changes to the gate of the ion pore9, 13, 14. The crystal structures of β-TF1 

alone and of β-TF2 plus ARF bound with InsP3 have been solved separately10, 11. The latter 

structure reveals how InsP3 is coordinated by various side-chains in the binding sites at the 

ARF - β-TF2 interface, and mutation of these side-chains weakens InsP3 binding. Several 

low-resolution (24 – 40 Å) structures of InsP3R have also been obtained by cryo-electron 

microscopy15-18. Despite this remarkable progress, the fundamental question of how InsP3 

binding induces the gating conformational changes of LBD remains.
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To help address this question, we solved two LBD crystal structures of rat type 1 InsP3R 

(3.8 Å resolution; Fig. 1). Although the LBD crystal we used was grown in the presence of 

InsP3, the two molecules in each asymmetric unit are in distinct conformations: one with 

and one without substantial InsP3 occupancy. Diffraction data and structure refinement 

statistics are summarized in Supplementary Table 1, whereas LBD sequence and secondary 

structure assignments are shown in Supplementary Fig. 1. To illustrate the quality of the 

electron density map, we show a section of the 2Fo-Fc map and the corresponding structure 

in Fig. 2a.

The backbone structure of a given lobe of LBD in one state is largely superimposable upon 

that in the other state, or upon the previously determined structures of β-TF1 (PDB 1XZZ)11 

and of β-TF2 plus ARF (PDB 1N4K)10 (Supplementary Fig. 2). In both LBD structures the 

C-terminal region 581-602 of ARF is disordered. The three lobes in LBD: β-TF1, β-TF2 and 

ARF, are arranged in a triangle (Fig. 1a, b). A similar triangular architecture is adopted by 

its counterpart in ryanodine receptors (RyR), the other type of intracellular Ca2+ release 

channel19. Given that, unlike its RyR counterpart, InsP3R-LBD evolved to bind InsP3, it is 

unsurprising that their structures differ in the lobes' relative orientation and within individual 

lobes (Supplementary Fig. 3).

As expected, InsP3 binds between ARF and β-TF210. To illustrate the difference in InsP3 

occupancy between the two InsP3R1-LBD conformations, we show the relevant regions of 

an (Fo-Fc) InsP3-omit map contoured at 4 σ and superimposed on the corresponding 

structures. The map was calculated using a model where neither molecule contains InsP3 

(Fig. 2b, c). For one molecule in the asymmetric unit (Fig. 2b), there is clear density at the 

site where InsP3 is expected to bind on the basis of the previously solved structure of ARF 

and β-TF2 (PDB 1N4K) whereas for the other there is no visible density (Fig. 2c). Thus, the 

former molecule is primarily in an InsP3-bound conformation and the latter in an unbound 

conformation. As expected, InsP3-coordinating side-chains are disordered in the unbound 

structure.

The main global difference between LBD structures with and without InsP3 bound is the 

relative orientation of the lobes (Fig. 1). To better illustrate this, we superimposed the two 

structures using the β-TF2 backbone as reference. In this alignment, ARF and β-TF1 

undergo about a 10° rigid-body rotation (and slight translation) between the two states, such 

that ARF moves closer to β-TF2 to bind InsP3 (Fig. 1c and 1d; Fig. 3a, b). This motion is 

more evident in a movie that alternates between the bound and unbound structures of LBD 

(Supplementary Movie 1). We also aligned bound and unbound structures of LBD, using the 

other trefoil fold (β-TF1) as reference. This second alignment reveals that the entire ARF 

plus β-TF1 portion of the two structures is largely superimposable between the two states 

(Fig. 3c) whereas the orientation of β-TF2 with respect to β-TF1 differs (Fig. 3d). This 

comparison reveals that the interface between the two β-TFs is dynamic, allowing them to 

undergo modest relative motion. The interface between ARF and β-TF2 is not only dynamic 

but also InsP3 mediated. Given that the relative orientation of ARF and β-TF1 undergoes 

little change between bound and unbound states, the interface between them must be 

relatively static during that transition. The two linkers connecting the three lobes are in close 

proximity near one end of pseudo-three-fold axis (Fig. 1a, b). These linkers have previously 

Lin et al. Page 2

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 April 01.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



been suggested to be flexibile14. In the LBD structures, the linker joining the β-TFs consists 

of about ten residues and is sufficiently ordered to reveal the main-chain density 

(Supplementary Fig. 4). It appears to differ somewhat between bound and unbound states, 

where flexible Gly236 and Gly237 may facilitate the linker's motion (Fig. 1a, b; 

Supplementary Fig. 4). On the other hand, the linker between ARF and β-TF2, formed by 

only four residues (PVSP), differs little between the two states (Fig. 1a, b).

From a symmetry viewpoint, the following description offers a simple synopsis of LBD's 

overall architecture and how it transitions between the two observed states (Fig. 1; 

Supplementary Movie 1). The two β-TF lobes are similar (Fig. 1), except that β-TF1 has a 

prominent helix-turn-helix, arm-like motif (colored lime in a and b or blue in c and d). These 

two lobes form a pseudo-duplex and share a dynamic interface that allows modest relative 

rotational motion. Each β-TF lobe also interfaces with ARF. A significant breakdown of this 

pseudo-symmetry occurs at the interfaces between ARF and each of the two β-TFs. The 

interface between ARF and β-TF1 is relatively static in the two states and InsP3 

independent, whereas the interface between ARF and β-TF2 is dynamic and InsP3 

dependent. The former, static, interface ensures a largely concerted motion of ARF and β-

TF1 whereas the latter confers InsP3-regulated conformational changes upon LBD. The 

movement of ARF relative to β-TF2 renders the InsP3-binding site between them either 

suited or unsuited for capturing InsP3. Successful capture of an InsP3 molecule then “locks” 

LBD in a bound state that favors opening of the ion pore. If β-TF1 indeed couples InsP3-

dependent conformational states of LBD to the gate9, 13, it would cause the gate to open 

while the other lobe (β-TF2) of the duplex and ARF move closer together to capture an 

InsP3 molecule. It then follows that the relatively static interface between β-TF1 and ARF 

would in turn couple two remote and functionally coordinated regions, the InsP3-interacting 

region in ARF and the gate-coupling region in β-TF1, and thereby confer efficient allosteric 

regulation upon InsP3R.

Regarding β-TF1's interaction with ARF, mutations of β-TF1 such as L30K, L32K and 

D34K in the β2-β3 loop and others in the β5-β6 loop are known to enhance InsP3 binding to 

LBD11 (Supplementary Fig. 5). However, neither the structure of β-TF1 nor that of ARF 

plus β-TF2 has yielded clues as to which regions of ARF or β-TF2 interact with the β2-β3 

and β5-β6 loops of β-TF110, 11. In our LBD structures, the β2-β3 and β5-β6 loops of β-TF1 

extend toward helix α4 of ARF (Supplementary Fig. 5). The electron density map exhibits 

continuous densities extending from the two β-TF1 loops to the ARF helix. In light of a 

previous report that the D448N mutant does not express20, we point out that the density 

between helix α4 of ARF and the β2-β3 loop of β-TF1 appears to correspond to the Asp448 

side chain in the helix, which could be within hydrogen bond distance from the backbone 

amide group of Leu32 at the tip of the β2-β3 loop.

Interactions between ARF and β-TF1 evidently impact InsP3 binding, as perturbing their 

interface or removing β-TF1 enhances InsP3 binding11, 12. To gain further insight, using β-

TF2 as reference, we aligned our two LBD structures with the InsP3-bound (ARF - β-TF2) 

structure of Bosanac et al.10 (PDB 1N4K). Compared to our InsP3-bound structure, the ARF 

in their structure is further rotated with respect to our unbound structure (Fig. 3e; for clarity 
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β-TF1 and β-TF2 are removed). Given that their structure lacks the suppressor β-TF1and 

thus has a higher affinity for InsP3, it most likely represents a more tightly bound state.

In the structure of ARF plus β-TF2 previously solved by Bosanac et al.10 (PDB 1N4K), the 

Gly487-Pro502 region forms a hairpin motif that lies parallel to its neighboring helices α5 

and α9. It may be noteworthy that in our LBD structures this hairpin motif in ARF, although 

not fully ordered, appears to point towards helix α4 that contains Asp97, Glu99, and Glu104 

(supplementary Fig. 6). This structural feature and the previous finding10 that mutation of 

these residues affects InsP3 binding raise the issue of whether the ARF hairpin motif 

interacts with the arm motif of β-TF1.

In summary, the present crystal structures of LBD in both InsP3-bound and -unbound 

conformations – two snapshots of the LBD dynamic process – provide the structural 

information necessary for uncovering the mechanism underlying allosteric regulation of 

InsP3R. The two β-TFs of LBD form a pseudo-duplex with a dynamic interface that permits 

relative motion. The two lobes of this pseudo-duplex offer two separate interfaces to the 

ARF lobe as well. The interface between β-TF1 and ARF is relatively static so that these 

two lobes move largely together with respect to β-TF2. Such relative motion must in turn be 

coupled, presumably via β-TF19,13, to the ion-pore gate so that LBD exerts allosteric control 

over the gate. In contrast, the interface between β-TF2 and ARF is more dynamic and 

regulated by InsP3. Given these characteristics, LBD, when not bound by InsP3, would 

spontaneously transition between gating conformations but, when bound by InsP3, would be 

locked in a state that favors opening of the ion pore.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of LBD. (a, b) Surface and ribbon representations of LBD structures without (a) 

and with (b) InsP3 bound, with β-TF2 shown in the same orientation. Surfaces of β-TF1, β-

TF2, ARF, and InsP3 are colored light blue, yellow, pink, and orange, respectively, whereas 

α helices, β strands, linkers between lobes, and the InsP3 molecule are colored lime, 

magenta, blue and orange, respectively. (c, d) View of LBD structures rotated 90° from a 
and b where surfaces of the three lobes are colored as in a and b, and ribbon representations 

of β-TF1, β-TF2, and ARF are colored blue, orange and magenta, respectively. InsP3 is 

shown in lime sticks. Solid and dotted lines indicate the axes of helix α4 in the bound and 

unbound states, respectively.
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Figure 2. 
Structures and electron density maps of regions within LDB. (a) Stereo view of a section 

(Asp442-Leu453) of helix α4 in the InsP3-bound structure, superimposed on the 

corresponding 2Fo-Fc map contoured at 1 σ. (b, c) Structures of the InsP3-binding site in 

LBD bound (b) or unbound (c) with InsP3, superimposed on the respective Fo-Fc InsP3-omit 

maps contoured at 4 σ. The InsP3 molecule in panel b is shown as a stick model; the 

corresponding site in c is delineated by dots. The InsP3-interacting side-chains, shown as 

sticks in b, are mostly disordered in c. The red dotted lines in b indicate potential hydrogen 

bonds.
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Figure 3. 
Comparison of InsP3-bound and -unbound LBD structures. (a, b) ARF (a) and β-TF1 (b) 

structures of bound (blue) and unbound (yellow) LBD are aligned using β-TF2 as a 

reference. (c, d) ARF (c) and β-TF2 (d) structures of bound (blue) and unbound (yellow) 

LBD are aligned using β-TF1 as a reference. (e) Shown are ARF structures of InsP3-bound 

(blue) and -unbound (yellow) LBD as well as that of the InsP3-bound partial LBD (magenta) 

(PDB 1N4K), all aligned using β-TF2 as reference. For clarity β-TF1 or β-TF2 or both are 

removed and, for easy comparison, the C-terminal 581-602 region of the partial LBD (PDB 

1N4K) is not shown, as it is disordered in both LBD structures.
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