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We have used limited trypsin digestion and reactivity with
PEG-maleimides (MPEG) to study Ca2�-induced conforma-
tional changes of IP3Rs in their native membrane environment.
We found that Ca2� decreased the formation of the 95-kDa
C-terminal tryptic fragment when detected by an Ab directed at
a C-terminal epitope (CT-1) but not with an Ab recognizing a
protected intraluminal epitope. This suggests that Ca2� induces
a conformational change in the IP3R that allows trypsin to cleave
the C-terminal epitope. Half-maximal effects of Ca2� were
observed at�0.5�M andwas sensitive to inhibition by IP3. Ca2�

also stimulated the reaction of MPEG-5 with an endogenous
thiol in the 95-kDa fragment. This effect was eliminated when
six closely spaced cysteine residues proximal to the transmem-
brane domains were mutated (C2000S, C2008S, C2010S,
C2043S, C2047S, andC2053S) or when theN-terminal suppres-
sor domain (amino acids 1–225) was deleted. A cysteine substi-
tution mutant introduced at the C-terminal residue (A2749C)
was freely accessible to MPEG-5 or MPEG-20 in the absence of
Ca2�. However, cysteine substitution mutants in the interior of
the tail were poorly reactive with MPEG-5, although reactivity
was enhanced by Ca2�. We conclude the following: a) that large
conformational changes induced by Ca2� can be detected in
IP3Rs in situ; b) these changesmay be driven by Ca2� binding to
theN-terminal suppressor domain and expose a group of closely
spaced endogenous thiols in the channel domain; and c) that the
C-terminal cytosol-exposed tail of the IP3R may be relatively
inaccessible to regulatory proteins unless Ca2� is present.

Inositol 1,4,5-trisphosphate receptors (IP3Rs)3 are large tet-
rameric intracellular Ca2�-release channels that mediate the
release of Ca2� from endoplasmic reticulum stores into the
cytosol in response to IP3 (1–5). Three different isoforms exist,
which can form homo- and heteroligomers. All three isoforms
consist of an IP3 binding domain in the N-terminal region, a

channel domain containing six transmembrane segments in the
C-terminal region and an intervening regulatory domain. Apart
from IP3, the principal regulator of the channel is Ca2�, which
exerts a biphasic effect on channel function with activation at
low concentrations and inhibition at high concentrations. The
structural organization of this complex protein and the mech-
anism by which binding of IP3 and Ca2� are linked to channel
gating are active areas of investigation.
An important feature of the mechanism of the channel

involves conformational changes in the protein. In particular,
the gating mechanism is thought to involve conformational
changes initiated by IP3 binding that are propagated to various
regions of the channel domain (6, 7). The IP3 binding domain of
the receptor is organized into a “core” segment that binds IP3
with high affinity (amino acids 226–604) and a “suppressor
domain” that inhibits IP3 binding to the core (amino acids
1–225). Crystal structures for the suppressor domain and the
IP3-liganded core domain have been obtained (8, 9). Biophysi-
cal measurements using fusion proteins encoding the ligand
binding domain have suggested that IP3 favors the formation of
compact conformations, whereas Ca2� promotes the forma-
tion ofmore extended structures (10). Conformational changes
induced by IP3 also have been observed by gel-filtration analysis
(11) and have been utilized to design probes for the measure-
ment of IP3 in cells (12, 13). Conformational changes promoted
by Ca2� have been observed in electron microscopy analysis of
detergent purified IP3Rs from mouse cerebellum. In this sys-
tem, Ca2� transforms receptors from a square to a windmill
shape (14, 15). The relationship of the conformational changes
detected in fusion proteins or isolated purified receptors to the
conformational dynamics of full-length receptors embedded in
native membranes remains to be established.
In the present study, we have utilized two indirect biochem-

ical approaches to measure the Ca2�-induced conformational
changes in native IP3Rs in situ. Our experiments are focused on
the 95kDa C-terminal trypsin fragment containing the channel
domain and the cytosol-exposed C-terminal tail. The results
provide insights into the structural changes of the receptor and
suggest that accessibility of critical regions of the receptor to
regulatory proteins also could be altered by Ca2�-induced con-
formational changes.

EXPERIMENTAL PROCEDURES

Materials—Methoxy-polyethylene glycol maleimide (MPEG)
(molecular weight of 20,000) and (molecular weight of 5,000)
were fromNEKTAR Therapeutics (San Carlos, CA). Rat brains
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were obtained from Pel Freeze Biologicals (Rogers, AR). All
other chemicals were purchased from Sigma-Aldrich.
Antibodies—The Ab recognizing the C-terminal epitope

(amino acids 2733–2749; designated CT-1 Ab) of type I IP3R
present in trypsin fragment V has been characterized previ-
ously (16). An alternative Ab (designated IL-3) recognizing
an epitope within the intraluminal loop (amino acids 2499–
2516) between transmembrane domains 5 and 6 also has
been described previously (17). Both Abs were raised in rab-
bits by Cocalico Biologicals (Reamstown, PA) and were affin-
ity-purified using the antigenic peptide coupled to Ultralink
beads by procedures described by the manufacturer (Pierce,
Rockford, IL).
Expression Constructs—The wild-type cDNA encoding the

rat type I IP3R SI(-)/SII(�)/SIII(�) splice variant in pCMV3
was a kind gift of Dr. Thomas Sudhof (University of Texas,
Southwestern Medical Center) (18). The point mutants intro-
ducing cysteine substitutions into the C-terminal tail (S2681C,
S2703C, S2716C, and A2749C) were made using the
QuikChange mutagenesis kit (Stratagene, CA) utilizing a cas-
sette encompassing the BstBI/XbaI fragment of the type I IP3R
in pBluescript (Invitrogen). Mutants were confirmed by
sequencing, and the BstBI/XbaI digested inserts were sub-
cloned into the full wild-type IP3R cDNA in pCMV3. The
D442Nmutant has beendescribed previously (19). TheE2100D
Ca2� regulation mutant (20) was a kind gift of Dr. Kevin Fos-
kett. The 1–225 suppressor domain deletionmutant was a kind
gift of Drs. Humberdt deSmedt and Jan Parys.
Cell Culture and Transfection—COS-7 cells were grown on

100- or 150-mm plates (Sarstedt) in Dulbecco’s modified
Eagle’s medium (Sigma) supplemented with 10% fetal bovine
serum, 0.1mg/ml streptomycin, and 100 international units/ml
penicillin (all from Invitrogen) until 70–80% confluent. Trans-
fections typically were done overnight in Dulbecco’s modified
Eagle’s medium without serum. LT-1 (Mirus) and NovaFEC-
TOR (VennNova, Inc.) were used together during transfec-
tions, and eachwas added at a cationic lipid toDNA ratio of 1:1.
Transfections typically involved 5 �g and 20 �g of DNA for
100- and 150-mm plates, respectively. After 24 h, serum con-
taining Dulbecco’s modified Eagle’s medium was added, and
cells were used 48 h after transfection.
Preparation of Microsomes—At 48-h post-transfection, con-

fluent COS-7 cells were washed twice with ice-cold phosphate-
buffered saline and scraped into isolation buffer containing 320
mM sucrose, 0.5 mM EGTA, and 10 mM Tris (pH 7.8). 50 ml of
this buffer was supplemented with one protease inhibitor mix-
ture tablet (Roche Applied Science). Lysates were prepared
from the cells by passing them five times through a 26.5-gauge
needle. Cell debris was removed by centrifuging at 500� g for 5
min, and the supernatant was spun for an additional 50 min at
100,000 � g. The microsome pellet was resuspended in isola-
tion buffer. Cerebellum microsomes were prepared by first
excising the cerebellum from frozen rat brains. The tissue was
homogenized 10 times in isolation buffer using a Dounce
homogenizer with a tight fitting pestle. The homogenate was
spun at 500 � g for 15 min, and the supernatant was removed
and spun for an additional 50 min at 100,000 � g. The micro-

some pellet was resuspended in isolation buffer. All micro-
someswere either used fresh or stored frozen in liquid nitrogen.
Reaction with MPEG and Trypsin Digestion—Microsome

preparations were incubated at a final protein concentration of
0.5mg/ml in a buffer containing 120mMNaCl, 20mMTris-HCl
(pH 7.2) and 0.5 mM HEDTA in the presence or absence of
MPEG-5 or MPEG-20. Incubations were carried out at room
temperature for the indicated times. The reaction was stopped
by the addition of 20 mM dithiothreitol. Trypsin digestion was
carried out subsequent to MPEG reaction at a final concentra-
tion of 4 �g/ml for 5 min at room temperature. Titrations with
different concentrations ofCa2�were carried out by addition of
10� stock solutions of Ca2� buffers containing (final concen-
tration) 5 mM TrisHepes (pH 7.5), 0.5 mM HEDTA, and differ-
ent concentrations of CaCl2 to achieve the indicated concen-
trations of free Ca2� as determined by calibration with the
fluorescent dyes Calcium orange and Calcium green-5N
(Invitrogen). TheKd values used in these calculations were 0.22
and 14 �M, respectively. Where Sr2� and Ba2� were used, the
free divalent cation concentrations were calculated using the
programMAXC (Chris Patton, Stanford University).
Electrophoresis and Immunoblotting—7% gels were trans-

ferred to nitrocellulose membranes (Bio-Rad) and blocked in a
10% milk solution in Tris-buffered saline containing 0.1%
Tween 20. Blots were developed with chemiluminescent sub-
strates (Pierce). In cases where a blot was probed sequentially
withmore than one antibody, the nitrocellulose was stripped at
60 °C for 30 min in stripping buffer (2% SDS, 100 mM �-mer-
captoethanol, and 62.5 mM Tris-HCl (pH 6.8)) before probing
with the next antibody.
Akt Kinase Phosphorylation of IP3Rs—Cerebellum micro-

somes were first stripped of any endogenous associated kinases
by treatment for 20min in 0.5 M KCl, 50 mMTris-HCl (pH 7.2),
and 0.25mM EDTA. Themembranes were reisolated by centri-
fugation (30 min, 100,000 � g) and incubated at 1 mg pro-
tein/ml in the presence or absence of 2.2 �M free Ca2� and 0.1
mM MgATP, 10 nM okadaic acid, 20 �Ci [�-32P]ATP, and 160
ng of recombinant activated humanAkt kinase-1 (Biomol). The
membranes were incubated for 2 h at 30 °C and lysed in 500 �l
of a buffer containing 150mMNaCl, 50mMTrisHepes (pH 7.8),
1% Triton X-100, 1 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride, and a protease inhibitor mixture (Roche Applied Sci-
ence). IP3R was immunoprecipitated overnight with CT-1 Ab
and processed on a 5% gel. The gel was transferred to nitrocel-
lulose, and radioactive IP3R was detected and quantitated by
phosphorimaging.

RESULTS

Ca2� Alters Accessibility of the C-terminal Tail to Trypsin—
Trypsin cleaves the type I IP3R into five well defined fragments
of which the�95-kDa trypsin fragment V contains the channel
domains and the cytosol-exposed C-terminal tail of 160 amino
acids (21). The formation of fragment V in cerebellum micro-
somes after a 5-min trypsin treatment is shown in Fig. 1A, lane
2. Fragment V was detected by immunoblotting with a C-ter-
minal Ab (CT-1) recognizing the last 18 amino acids located in
the C-tail. The inclusion of 0.9 �M free Ca2� for 5 min prior to
trypsin digestion led to a marked inhibition of the formation of
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fragment V (Fig. 1A, lane 4). This partially was prevented by the
inclusion of 10 �M IP3 together with Ca2� (Fig. 1A, lane 5),
although IP3 added alone was without effect (lane 3). The data
from multiple experiments are quantitated in Fig. 1C. The
apparent loss of fragmentV in the presence ofCa2�was not due
to altered proteolysis because the same blots probed for frag-
ment V with an Ab that recognized a protected endoplasmic
reticulum intraluminal epitope (IL-3 Ab) showed no changes in
the levels of fragmentV (Fig. 1B).Our interpretation of this data
is that Ca2� induces a conformational change in the receptor
that allows trypsin access to the C-terminal tail, resulting in
cleavage and loss of the CT-1 Ab epitope.
Additional experiments using the loss of the CT-1 epitope as

a probe for the Ca2�-dependent conformational change are
shown in Fig. 2. The effects of Ca2� could be reversed by the
addition of EGTA 30 s prior to addition of trypsin (Fig. 2A, lane
4). The addition of Ca2� after trypsin digestion had been inac-

tivated produced no effect on the detection of fragment V. The
effects of Ca2� were not mimicked or inhibited by Mg2�, sug-
gesting a high degree of specificity consistent with the Ca2�

regulatory sites identified previously in IP3Rs (22). Sr2� mim-
icked the effect of Ca2�, albeit at higher concentrations,
whereas Ba2� was relatively ineffective (Fig. 2B). This divalent

FIGURE 1. The effect of Ca2� and IP3 on the formation of trypsin fragment
V. Cerebellum microsomes were incubated for 5 min with 0.9 �M free Ca2�

and/or 10 �M IP3 as indicated (A). The membranes were then digested with
trypsin (4 �g/ml) for a further 5 min, and the samples were then analyzed by
SDS-PAGE and immunoblotting with an Ab directed at the terminal 17 amino
acids of the C terminus (CT-1 Ab) or an Ab raised to a peptide sequence in the
intraluminal loop between TM -5 and -6 (IL-3 Ab) (B). Densitometric quantita-
tion of blots in A from three separate experiments are shown (mean � S.E.) (C).
Quantitation was carried out using NIH ImageJ software. WB, Western blot.

FIGURE 2. Reversibility, divalent cation dependence and concentration
dependence of the effects of Ca2�. A, cerebellum microsomes were incu-
bated for 5 min in the absence (lane 1) or presence (lane 2) of 2.2 �M free Ca2�

for 5 min, followed by a 5-min digestion with trypsin (4 �g/ml). 1 mM EGTA
was added 1 min or 30 s prior to trypsin digestion in lanes 3 and 4, respectively.
In lane 5, the trypsin digestion was carried out first for 5 min in the absence of
Ca2� (0.5 mM HEDTA). The digestion was stopped by the addition of 10 �g/ml
soybean trypsin inhibitor, and 0.4 mM CaCl2 was added to give a final free
concentration 2.2 �M. B, microsomes were incubated for 5 min with 1 mM

Mg2�, 2.2 �M Ca2�, or the indicated free concentrations (�M) of Sr2� or Ba2�

(as described under “Experimental Procedures”). The membranes were then
digested for 5 min with trypsin. C, cerebellum microsomes were incubated for
5 min with the indicated concentrations of buffered free Ca2� in the presence
or absence of 10 �M IP3. The samples were digested for 5 min with trypsin and
immunoblotted with CT-1 Ab. The top panel shows a representative immuno-
blot of the 95-kDa fragment V, and the lower panel is a compilation of the data
from three separate experiments (mean � S.E.).
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cation specificity is similar to that
reported for an activatory modula-
tory site on rat liver IP3Rs (23). The
concentration dependence on Ca2�

is shown in Fig. 2C. Half-maximal
inhibition of the CT-1 detectable
fragment V occurred at �0.5 �M

Ca2�. The shape of the titration
curve was particularly steep in the
range 0.35–0.6 �M. The presence of
IP3 made the titration curve shal-
lower and decreased the sensitivity
to Ca2�. The effects of IP3 were not
observed with the inactive isomer
Ins-(1,3,4)-P3 (data not shown).
Ca2� Alters MPEG Reactivity with

Endogenous andMutant Cysteines in
the C-terminal Domain—To exam-
ine accessibility and conformational
changes of domains, we used the
alternative strategy of measuring
reactivity of endogenous and mu-
tant cysteines withMPEGusing gel-
shift assays (24, 25). There are 13
potentially MPEG-accessible en-
dogenous cysteines in fragment V of
which three are located in theC-ter-
minal tail, which is also the site of
interaction with several important
regulatory proteins (Fig. 3A). To
assess accessibility we introduced
four additional cysteines into the
C-terminal tail (S2681C, S2703C,
S2716C, and A2749C). All of these
substitutionmutants retained chan-
nel function as measured with a
45Ca2� flux assay (26) (data not
shown). In agreement with our pre-
vious observations (25), none of the
endogenous cysteines in the wild-
type receptor fragment V was reac-
tive with MPEG-5 in the absence of
Ca2� based on the lack of a gel shift
of fragment V detectedwith IL-3Ab
(Fig. 3B, top panel, lane 3). How-
ever, in the presence of Ca2�, a sin-
gle shifted band was observed (Fig.
3B, top panel, lane 4), indicating
that Ca2� led to the exposure of at
least one endogenous reactive cys-
teine. The cysteine substitution
mutant placed at the extreme C ter-
minus of the protein (A2749C) was
highly accessible, as indicated by
reaction with MPEG-5 even in the
absence of Ca2� (Fig. 3B, bottom
panel, lane 3). However, the three
cysteine substitution mutants placed

FIGURE 3. The effect of calcium on the MPEG reactivity of cysteine substitution mutants in the C-terminal
tail. A, schematic of the C-terminal tail of the IP3R with the location of three endogenous cysteines and four
cysteine substitution mutants indicated by open circles. The location of the transmembrane domain 6 (S6) and
the coiled-coil domain (CC) as well as several sites for interaction with key proteins are indicated (for additional
details, see text). GIT; G-protein-coupled receptor kinase-interacting protein, PP1-�; protein phosphatase 1-�,
4.1N; neuron-specific isoform of erythrocyte protein band 4.1; Cyt c, cytochrome c; PKC, protein kinase C.
B, microsomal membranes were prepared from COS cells transfected with wild-type IP3R (WT) or the indicated
cysteine substitution mutants and then reacted with 0.5 mM MPEG-5 for 5 min in the presence or absence of a
free [Ca2�] of 2.2 �M. The samples were then digested with trypsin. Cleaved fragments from the C-terminal
domain were detected on immunoblots with affinity-purified IL-3 Ab. The open arrow indicates the position of
the 95-kDa fragment V, and the closed arrows indicate its shift to higher molecular weights. The asterisk iden-
tifies a nonspecific IL3-reactive band that is not shifted by MPEG-5. C, experiments with MPEG-20 were per-
formed with membranes expressing the A2749C mutant as described in B.
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further into the tail did not react with MPEG-5 over the 5-min
incubation period. When Ca2� was present the A2749C
mutant producing a doublet of shifted bands, presumably cor-
responding to the combined reaction of the endogenous and
mutant cysteine sites (Fig. 3B, bottom panel, lane 4). The same
doublet also was seen for the S2716C and S2703C mutant.
Because neither of these mutants reacted appreciably in the
absence of Ca2�, this suggests that Ca2� may enhance the
accessibility of this portion of the C-tail. Only the reaction with
the endogenous cysteine was seen in the S2681C mutant incu-
bated in the presence of Ca2�. The degree of accessibility of the
C-terminal A2749C residue was assessed by examining reactiv-
ity with the larger 20-kDa MPEG derivative (Fig. 3C). This
mutant reacted with MPEG-20 in the absence of Ca2�, but no
additional bands were observed in the presence of Ca2�. These
results are compatible with a restricted environment around
the endogenous cysteine that would be unfavorable for reaction
with the larger MPEG-20.
Ser2681 is the site proposed to be phosphorylated by Akt

kinase (27, 28). It is therefore somewhat surprising that a cys-
teine mutant introduced at this site was unreactive with
MPEG-5. However, reactivity to MPEG was monitored over a
short period, whereas incubations with kinases are carried out
for longer times, and the accessibility criteria for a protein
kinase and an MPEG molecule could be very different. The
physiological significance of an increased access of the C-tail in
thepresenceofCa2�wasexaminedbymeasuring thephosphor-
ylation of cerebellar IP3Rs by Akt kinase in vitro in the presence
or absence of Ca2� (Fig. 4). The incubation of isolated mem-
branes for 2 h with activated Akt kinase led to the phosphory-
lation of the receptor, which was stimulated 2.5-fold by incuba-
tion in the presence of 2.2 �M free Ca2�. Other substrate
proteins in themembranes did not show a similar enhancement
(data not shown), indicating that the effect of Ca2� is not due to
a general enhancement of the catalytic activity of the recombi-
nant Akt kinase. The data are consistent with the hypothesis
that aCa2�-induced conformation change in the IP3R causes an
increased accessibility of the C-tail to interacting proteins. We
attempted to test this further by examining the effects of Ca2�

on the interaction of added cytochrome c or endogenous Bcl-2,

but we were not able to co-immunoprecipitate these proteins
with IP3Rs under our experimental conditions (data not
shown). The presence of Ca2� did not alter the co-immunopre-
cipitation of IP3Rs with PP1-� (data not shown), as anticipated
for a protein that interacts with the last 12 C-terminal residues
(Fig. 3A) (29).
Mutagenesis Studies to Identify Endogenous Reactive Cys-

teines and Ca2� Modulatory Sites—To locate the endogenous
cysteine(s) reacting with MPEG-5 in the presence of Ca2�,
we have utilized a mutagenesis approach (Fig. 5A). Initially, we
examined the effect of removing the three endogenous cysteine
residues in the C-tail by making progressive deletions from the
C terminus (Fig. 5B). These “tail-less” mutants were tagged at
the C terminus with theHA epitope, and as a control, we exam-
ined the behavior of thewild-type receptor taggedwithHA. Fig.
5B shows that Ca2� treatment caused the loss of HA but not
IL-3 immunoreactivity in fragment V, confirming that the
native cerebellum and recombinant receptor behave similarly.
Deletion of 24 amino acids from the C-tail (TL1 mutant) com-
pletely prevented the loss of HA signal induced by Ca2�. This
suggests that the trypsin cleavage site must be located within
the terminal 24 amino acids, and several candidate residues are
underlined in the sequence shown in Fig. 5C. The cleavage at
sequences in the distal portion of the C-tail also is consistent
with the lack of a noticeable decrease ofmolecular weight of the
IL-3 reactive fragment V band. Interestingly, the TL1 deletion
mutant showed some reactivity with MPEG-5 even in the
absence of Ca2�. The deletion of 60 (TL2mutant) or 141 amino
acids (TL5 mutant) showed maximum reactivity withMPEG-5
in the complete absence of Ca2�. These data suggest that the
endogenous cysteine exposed by Ca2� in wild-type receptors
already is exposed when significant portions of the C-tail are
deleted. Because an MPEG-5 shift is observed with the TL-5
mutant, we conclude that the endogenous reactive cysteine
probably does not involve the three residues located in the
C-tail.
We addressed the role of the 10 cysteine residues located

proximal to the transmembrane domains by makingmutations
individually or in groups (Fig. 5, A and D). The data show that
each of the mutations retained a Ca2�-dependent MPEG-5
shift and, in some cases, even showed enhanced multiple shifts
(e.g. C2008S/C2010S). It is possible that MPEG-5 may react
withmultiple cysteines in a closely spaced cluster. The reaction
with any one cysteine may prevent reaction at adjacent cys-
teines because of steric hindrance due to the large MPEGmol-
ecule and the relatively restricted space available at the reactive
site. In accord with this hypothesis, the mutation of six cys-
teines (C2000S, C2008S, C2010S, C2043S, C2047S, and
C2053S) in two closely spaced clusters was necessary to elimi-
nate the Ca2�-dependent MPEG-5 shift. It is possible that the
absence of MPEG-5 reactivity could be secondary to a major
structural defect in the six-cysteine mutant. This seems
unlikely because the mutant was cut by trypsin to form the
normal fragmentV (Fig. 5D) and retained 43� 7% (n� 3) of the
channel activity of the wild-type receptormeasured with 10�M

IP3 using 45Ca2� flux assays (data not shown).
In Fig. 6, we have used mutations that are known to modify

the Ca2� sensitivity of channel function. The D442N mutant

FIGURE 4. Phosphorylation of IP3Rs in cerebellum microsomes by Akt
kinase in the presence and absence of Ca2�. Cerebellum microsomes were
phosphorylated with [�-32P]ATP and recombinant Akt kinase in the presence
or absence of 2.2 �M Ca2� as described under “Experimental Procedures.”
After 2 h at 30 °C, the membranes were lysed and immunoprecipitated with
CT-1 Ab. The immunoprecipitates were analyzed for radioactivity by phos-
phorimaging and for IP3R levels by immunoblotting. The fold increase in
radioactivity was quantitated and is shown as mean � S.E. for three
experiments.
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previously has been shown to have a decreased sensitivity to
inhibition of the channel by high concentrations of Ca2� (19).
The E2100Dmutation has been shown to result in shifts of both
the activation and inhibition of channel function to higher
Ca2� concentrations (20). The D442N mutation did not have
any effect on the Ca2�-inducedMPEG shift of the 95-kDa frag-
ment.However, the E2100Dmutant did decrease the sensitivity
of the Ca2� effect (Fig. 6B). We also tested a construct in which
the entire N-terminal suppressor domain was deleted (�1–
225). A putative Ca2� binding site is thought to be present in
this domain (30). This construct was cleaved normally by tryp-
sin to generate the C-terminal 95-kDa fragment, but no reac-
tivity with MPEG-5 was observed in the presence of Ca2�. The
�1–225 mutant also failed to show a Ca2�-induced trypsin
cleavage of the CT-1 epitope (data not shown).

DISCUSSION

In the present study, we have used indirect biochemical
approaches to observe conformational changes in full-length
IP3Rs in their native membrane environment. To do this, we
measured changes in accessibility of the protein to trypsin and
changes of MPEG reactivity with endogenous and mutant thi-
ols. The experiments focused on the 95-kDaC-terminal trypsin
fragment containing the channel domain and C-terminal tail.
The results reveal large changes in accessibility induced by

Ca2� in this segment of the receptor. It is possible that this
reflects direct effects of Ca2� on the conformation of the
95-kDa fragment. However, large conformation transitions in
the density corresponding to the channel domain were not
observed previously in EM studies (15). Hence, we favor the
view that the changes in accessibility arise indirectly because of
Ca2�-induced conformational changes occurring elsewhere in
the protein. The structural and physiological implications of
the results are discussed below.
Although homology models of the channel domain have

been constructed (31), a detailed molecular structure of the
entire 95-kDa C-terminal segment is not available. However,
several groups have obtained low resolution structures of puri-
fied IP3Rs from electronmicroscopy studies (32–34). Although
there are considerable differences in these reports, particularly
in the assignment of the density corresponding to the ligand
binding domain, all the structures visualized are �200Å3 and
show overall 4-fold symmetry. The receptor has been described
variously as resembling a flower (32), a hot air balloon (33), or a
pinwheel (34). A model consistent with our observations is
shown in Fig. 7 and is based on the EM structure reported by da
Fonseca et al. (32). The model shows the presence of a small
vestibule/space on the cytosolic side between the channel
domain (Fig. 7, shown in blue) and the rest of the receptor,

FIGURE 5. MPEG-5 reactivity with cysteine mutants. A, a schematic of trypsin fragment V with the cytosolic-facing 13 endogenous cysteines potentially
accessible to MPEG-5 (orange) and seven inaccessible endogenous cysteines (purple). The central panel of blots (B) shows the effect of deleting segments of the
C-terminal tail corresponding to the removal of 24 (TL-1), 60 (TL-2), and 141 (TL-5) amino acids. The latter construct removes the three endogenous cysteines
in the C-tail. Each of the tail-less constructs contained a C-terminal HA-tag for detection. Microsomal membranes were prepared and incubated in the presence
or absence of 2.2 �M free [Ca2�] for 5 min followed by a 5-min incubation with 0.5 mM MPEG-5 (lanes 3 and 4). All samples were processed on 7% SDS-PAGE.
Unshifted and shifted bands (open and closed triangles, respectively) were detected by immunoblotting with IL-3 or HA antibodies. The sequences in C are
derived from the C-terminal region of the receptor and indicate potential trypsin cleavage sites (underlined italic) preceding the CT-1 Ab epitope (pink line). The
blots in D show the effect of mutating each of the 10 endogenous cysteines in the segment prior to the transmembrane domains. The highlighted panel shows
the elimination of the MPEG shift upon mutating a cluster of six closely spaced cysteines. The experimental conditions are as described for B except IL-3 Ab was
used for detection of all blots. ER, endoplasmic reticulum.
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which is narrow at the center of the receptor (�15 Å) and wid-
ens at the periphery (�30Å) (32). A similarly located cavity also
has been noted in the other EM models (33, 34). We suggest
that in the presence of Ca2�, a large conformational transition
of the receptor widens this space sufficiently to allow MPEG-5
(hydrated diameter of�50Å (35)) to access a cluster of reactive
cysteines located in this compartment. The reactivity of more

than one cysteine is inferred from mutagenesis experiments,
which indicate that a group of six closely spaced cysteines must
be mutated to remove the MPEG-5 reactivity. The available
space around the reactive cysteinesmust be relatively restricted
because no reactivity is observed with the much larger
MPEG-20 (hydrated diameter of �130 Å (36)). In Fig. 7, the
Ca2�-dependent conformational transition is shown as a large
outward movement of the densities that have been assigned to
the regulatory domain of the receptor (Fig. 7, shown in gray)
(32). This Ca2�-induced change could be the basis of the pre-
viously documented “square” to “windmill” conformational
transition seen in EM studies of the purified cerebellar IP3
receptor (15). This model predicts that Ca2� also should pro-
mote large changes in theMPEGaccessibility of cysteines in the
ligand binding domain (Fig. 7, shown in red). This has been
confirmedexperimentally (37). It shouldbenotedthat theCa2�-
dependent change in MPEG accessibility of fragment V also
was observedwhen theMPEGreactionwas carried out after the
receptor had been first cleaved with trypsin (data not shown).
This is in agreement with previous findings that the receptor
retains function even when partially digested with trypsin (38).
Our experiments also provide information on the accessibil-

ity of residues in the C-terminal tail. A cysteine substitution
introduced at the last amino acid of the tail (A2749C) was
readily accessible to both MPEG-5 and MPEG-20 in the
absence of Ca2� (Fig. 3). By contrast, none of other three cys-
teine substitution mutants in the C-tail (S2681C, S2703C, and
S2716C) or the three endogenous cysteines (Cys2610, Cys2613,
and Cys2642) were reactive with MPEG-5. The S2703C and
S2716C sites are located in a coiled-coil domain present in the
C-tail (Fig. 3A), and it is therefore possible that these sites are
occluded because of oligomerization of this domain (7). How-
ever, in the presence of Ca2�, there was an enhanced reactivity
of the S2716C site and to a lesser extent the S2703C site. We
also have shown that trypsin (22 kDa) gains access to a cleavage
site within the last 24 amino acids of the C-tail only in the
presence of Ca2�. Interestingly, Yoshikawa et al. (21) also
observed that the tip of the C-terminal tail was labile to trypsin,

FIGURE 6. Ca2� sensitivity of MPEG-5 reactivity in selected IP3R mutants.
A, MPEG-5 reaction of the endogenous cysteine in the 95-kDa C-terminal
trypsin fragment of microsomes prepared from COS cells transfected with the
indicated mutants was measured at different buffered free [Ca2�] by immu-
noblotting with the intraluminal IL-3 Ab. The position of the 95-kDa unshifted
and shifted bands are shown by the open and closed arrows, respectively. The
asterisk indicates the presence of a variable intensity, nonspecific band
detected by the Ab. B, the magnitude of the shifted band was estimated
densitometrically using low exposure blots and is expressed as a percentage
of the maximum shift. The data are the mean of two experiments on inde-
pendent microsome preparations. WT, wild-type.

FIGURE 7. Model to account for Ca2� effects on MPEG-5 reactivity and
trypsin cleavage of the C-terminal tail. A, the model shows a representa-
tion of the IP3R based on the EM structure reported by da Fonseca et al. (32) in
which the densities corresponding to the ligand binding (pink), regulatory
(gray), and channel domains (blue) are as shown. A cross-sectional side view
with just two subunits is shown for clarity. The C-terminal tail is shown as
projecting perpendicularly from the membrane and running in a central
channel formed by the ligand binding domain. The model draws attention to
a small vestibule above the channel domain, which is proposed to enlarge as
a result of a Ca2�-driven conformational change arising from the outward
movement of ligand binding and regulatory domains. This results in
increased accessibility of an endogenous cluster of cysteines located in the
vestibule to MPEG-5. The opening of a crevice in the ligand binding domain
also allows increased accessibility of trypsin to a cleavage site in the tail. For
additional details, see text.
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although in their study, this occurred only with higher concen-
trations of trypsin, and Ca2� was not included in the incuba-
tions. We conclude from our data that only the most terminal
amino acids of the C-tail are solvent-exposed in the absence of
Ca2� and that the conformational changes induced by Ca2�

cause an increase in accessibility of the tail which is most
marked (based on theMPEG gel-shift assay) for the�35 C-ter-
minal amino acids.
Our interpretation of these observations is based on the

hypothesis that the 160 amino acid C-tail projects perpendicu-
larly from the membrane and runs in a central channel formed
by the ligand binding domain (Fig. 7). This arrangement is con-
sistent with the limited access of endogenous or substituted
cysteine residues in the C-tail in the absence of Ca2�. In this
model, the terminal residues of the C-tail are proposed to pro-
ject from the central density into the solvent space. This orien-
tation is analogous to theC-tail of the full-lengthKcsA channel,
whose recently published crystal structure shows a long per-
pendicular helix with a small bulge helix near the membrane
(39). This model also is consistent with the reported ability of
recombinant domains from the IP3R C-tail to form dimers (40)
or tetramers (7). When Ca2� is present, we suggest that a con-
formational transition initiated in the ligand binding domain
and transmitted to the connected side arms, results in the open-
ing of a crevice in the central density that would account for the
enhanced accessibility of the C-tail under these conditions (Fig.
7B). Deletionmutants of the C-tail appear to enhance reactivity
of the endogenous cysteines in trypsin fragmentV evenwithout
added Ca2� (Fig. 5B). The reason for this is not clear, but we
speculate that the absence of a correctly folded C-tail may
increase the MPEG-5 accessible space around the reactive
cysteines.
Anumber of proteins of different sizes have beenproposed to

interact with the C-tail at various locations (Fig. 3A). These
include 4.1N, 98 kDa (41); BclXl, 26 kDa (42); PP1-�, 37 kDa
(29); cytochrome c, 12 kDa (43), 80K-H protein kinase C sub-
strate, 80 kDa (44), G-protein-coupled receptor kinase-inter-
acting protein, 95 kDa (45); andHuntington-associated protein
1A, 70 kDa (46). In addition, Ser2618 is the phosphorylation site
forAkt kinase (56 kDa (27, 28)), andThr2656 is the phosphoryla-
tion site for Polo kinase (68 kDa (47)). Because of these interac-
tions, it has generally been assumed that the C-tail is freely
accessible along its entire length in the native receptor. The
present data using MPEG reactivity and trypsin cleavage sug-
gest that this may not be the case. In those instances where the
protein interactswith theC-terminal 14 amino acids (e.g.PP1-�
and 4.1N) accessibility should not be an issue. However, pro-
teins interacting further into the tail would be expected to
require Ca2�-induced conformational changes or other struc-
tural alterations of the receptor to facilitate accessibility to their
binding sites. We have shown that the phosphorylation of the
receptor by Akt kinase is indeed enhanced in the presence of
Ca2� (Fig. 4). Interestingly, the functional effect of cytochrome
c is observed only in the presence of Ca2� (48), and the interac-
tion with G-protein-coupled receptor kinase-interacting pro-
tein also is stimulated by cytosolicCa2� elevation (45). Based on
the available data, we would suggest that Ca2� could be an
important factor regulating protein-protein interactions with

the IP3R and that even a transient elevation of Ca2� might be
sufficient to allow association of interacting proteins with the
C-tail.
Ca2� activates channel function at low concentrations and

has an inhibitory effect at higher concentrations.What, then, is
the functional significance of the Ca2�-induced conforma-
tional changes observed in the present study? Whether these
changes accompany activation or inhibition of the channel is
difficult to assess from the present data. The half-maximal con-
centration over which the Ca2� effects are observed are �0.5
�M. These concentrations are larger than required to activate
the channel in 45Ca2� flux assays on COS cell microsomes (26,
31). A key feature of the inhibitory site is that the affinity for
Ca2� is decreased by IP3 (5). The sensitivity of the Ca2� effect
on trypsin cleavage was decreased by IP3, although IP3 had no
effects on the Ca2� stimulation of MPEG reactivity (data not
shown). This does not necessarilymean thatCa2�mediates two
different effects at two distinct sites. In themodel shown in Fig.
7, conformational changes induced by IP3 in the central domain
could interfere with the access of trypsin without necessarily
affecting MPEG access. In our experiments Sr2�, rather than
Ba2�, facilitated the conformational changes in the receptor.
This is the specificity reported for the activatory binding site in
the liver (23). The location and function of divalent cation bind-
ing sites in the IP3R has not been established firmly, and multi-
ple Ca2� binding sites could function to both activate and
inhibit the channel (5). A “Ca2� sensor”mutation (E2100D) has
been described in which the Ca2� sensitivity for activation and
inhibition of the channel are decreased (20). This mutant also
showed a decreased sensitivity for the Ca2� effect on MPEG
reactivity. In addition, the removal of the N-terminal suppres-
sor domain was sufficient to prevent the Ca2� effect entirely.
These data support the view that the suppressor domainmay be
critically important for driving Ca2�-dependent conforma-
tional changes in the receptor. Further mutagenesis studies are
required to identify distinct Ca2� binding sites in the receptor
and to understand the relationship of conformational changes
in the protein to channel function.
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