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Cytoplasmic Ca** signals are highly regulated by various ion transporters,
including the inositol 1,4,5-trisphosphate (IP3;) receptor (IP3R), which
functions as a Ca”' release channel on the endoplasmic reticulum
membrane. Crystal structures of the two N-terminal regulatory regions
from type 1 IP3R have been reported; those of the IP;-binding core
(IP3Rcorg) with bound IP;, and the suppressor domain. This study
examines the structural effects of ligand binding on an IP;R construct,
designated IP3;Ry, that contains both the IP3;-binding core and the
suppressor domain. Our circular dichroism results reveal that the IP;-
bound and IP;-free states have similar secondary structure content,
consistent with preservation of the overall fold within the individual
domains. Thermal denaturation data show that, while IP; has a large effect
on the stability of IP;Rcorg, it has little effect on IP;Ry;, indicating that the
suppressor domain is critical to the stability of IP;Rn. The NMR data for
IP;RN provide evidence for chemical exchange, which may be due to
protein conformational dynamics in both apo and IP;-bound states: a
conclusion supported by the small-angle X-ray scattering data. Further, the
scattering data show that IP;Ry undergoes a change in average conforma-
tion in response to IP; binding and the presence of Ca** in the solution.
Taken together, these data lead us to propose that there are two flexible
linkers in the N-terminal region of IP;R that join stably folded domains and
give rise to an equilibrium mixture of conformational sub-states containing
compact and more extended structures. IP; binding drives the conforma-
tional equilibrium toward more compact structures, while the presence of
Ca®" drives it to a more extended set.
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Introduction

Calcium signaling is involved in a variety of
physiological processes, including fert111zat1on
muscle contraction, vision, memory, and learning.'
In electrochemlcally non-excitable tissues, complex
Ca®" signals are generated by inositol 1,4,5-trispho-
sphate (IP3) receptors (IPsRs). The IP3Rs are intra-
cellular Ca®" release channels that are conserved
from Caenorhabditis elegans to humans.! In mam-
mals, three isoforms (IP53R1, IP3R2, and IP;R3) have
been identified that are expressed differentially
across tissue types.” Binding of IP3 to IP3R in the
presence of ~1 uM cytosolic Ca** 1nduces channel
opening and the mobilization of Ca** from stores
such as the endoplasmic reticulum (ER).?

The 2749 residue mouse IP;R1 polypeptide con-
sists of three regions; an N-terminal ligand-binding
region, a central regulatory region, and a C-terminal
channel region that contains six putative trans-
membrane helices and an ion-conducting pore that
is believed to be located between transmembrane
helices 5 and 6.*° The N-terminal region, IP3Ry, is
composed of the so-called suppressor domain
(amino acid residues 1-225 of mIP;R1) and the IP5-
binding core (residues 226-604). The presence of the
suppressor domain decreases the IP;-binding affi-
nity by more than tenfold in the 734 N-terminal
residues,®” and has been shown to have a crucial
role in coupling ligand binding to channel opening,
as its deletion results in a non—functional channel in
spite of the augmented affinity for IP3.®

Several groups have studied the overall structure
of IP;R by electron microscopy,”'* and we deter-
mined the crystal structures of the IP3R1 suppressor
domain' and the IP5-binding core.'® The suppressor
domain contains a modified p-trefoil fold (BI) and
the IP3-binding core contains a B-trefoil domain (BII)
with an additional C-terminal domain that has an
armadillo-like repeat fold (ARM). IP; binds to a
positively-charged pocket at the interface of the
BII and ARM domains, and is coordinated by resi-
dues from both domains. There is no crystal struc-
ture available for the intact IP3Ry;, and so how the
different functional domains interact is unknown.
Previous mutagenesis studies provided clues to the
determinants of IP;-binding inhibition but the

precise mechanism by which the suppressor domain
influences IP3;-binding and the nature of the con-
format1ona1 changes triggered by IP; binding are
unknown."” To investigate domain interactions and
the effects of IP; binding on IP3Ry, we employed a
variety of biophysical methods. Small-angle X-ray
scattering (SAXS) in combination with circular
dichroism (CD) and NMR data provide evidence
for ligand-induced structural changes and confor-
mational flexibility within this key regulatory region.

Results

The N-terminal region of IP3R is folded even in
the IP;-free form

To address the question of whether the suppressor
domain and IP3-binding core are structured in the
absence of IP;, and what effects IP; binding has on
the overall domain architecture, we utilized two
protein constructs; one encompassing only the IP;-
binding core, IP3Rcore (residues 224-604 of
mlP;R1), the other containing both the suppressor
domain and the IP;-binding core, IP;Ry (residues
1-604 of mIP3R1) (Figure 1). We first acquired far-UV
CD spectra for IP3Rcore and IP3;Ry, with and
without IP; bound (Figure 2(a) and (b)). The CD
data indicate that the IP3-bound IP3Rcorg contains a
mixture of a-helical and p-strand. This mixture is
consistent with its crystal structure, and is not
significantly altered upon removal of IP3. A slightly
more intense signal is observed for the IP;-bound
IPsRcore at ~210-220 nm (Figure 2(b)), which may
signify an IP;-induced rigidity of the overall struc-
ture. In the case of IP3Ry;, the spectra of IP;-free and
IP5-bound states are identical, indicating that the
three structural domains in the N-terminal region
(BL BRI, and ARM) are folded before IP; binding.

To further investigate the effects of IP; on the
domain architecture of IP;Ry, the protein was
subjected to limited trypsin digestion. Trypsinization
of IP;Ry in the absence (Figure 2(c)) or in the
presence of IP; (Figure 2(d)) resulted in a similar
pattern of proteolytic fragments. In both cases, two
major products were observed with molecular mass
of ~40 kDa and ~31 kDa. The matrix-assisted laser
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Figure 1. Schematic of the N-terminal region of IP3R;. The IP;Ry (mouse IP3R; residues 1-604) protein construct
contains both the suppressor domain (residues 1-223), and the IP3-binding core, IP3sRcorg (residues 224-604). The crystal
structures of the suppressor domain and the IP;-bound core are depicted as ribbon diagrams.

desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry data indicate that these fragments
are produced by cleavage of the protein at a site in the
unstructured region (residues 320-350) between -
strands 6 and 7 in the p-trefoil domain of the
IPsRcorg (data not shown). These results demon-
strate that IP; binding does not impact the accessi-
bility of the proteolytic site found in this loop within
the IP;-binding core, and are consistent with the idea
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that the domain folds observed in the structures of
the IP3-loaded IP3RcoRrg and the suppressor domain,
are maintained in the absence of IPs.

Interdomain interactions are suggested by
thermal denaturation

We next investigated the stabilities of the protein
constructs and asked whether the three structural
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Figure 2. Far-UV CD analysis of IP;Ry and IP3Rcorg and SDS-PAGE analysis of limited trypsin proteolysis of IP3Ry.
CD spectra of (a) IP;Ry and (b) IPsRcogg in the presence (pink squares) and in the absence (blue diamonds) of IPs. (c)
Purified IP;-free and (d) IPs;-bound IP;Ry were subjected to digestion by 0.2 pg/ml trypsin for 0, 2 min, 5 min, 10 min,
20 min, and 30 min at 37 °C. Asterisks denote samples digested by trypsin at 2 pg/ml for 30 min at 37 °C.
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domains behave independently or in a coupled
manner in contributing to the structural integrity of
the N-terminal region. To determine the thermal
stabilities of IP;Rcorg and IP;Ry, we monitored the
CD ellipticity at 222 nm at various temperatures.
The thermal melting data of both protein constructs
show sigmoidal curves with a single transition
point (Figure 3(a) and (b)), indicating that the
proteins unfold in a highly cooperative manner.
The high level of cooperativity observed in the
melting curves suggests that the three structural
domains in both the IPs-free and IP3-bound states
behave as one structural entity, and that their
unfolding is highly interdomain-dependent. It
should be noted that the thermal denaturation
was irreversible, causing the proteins to precipitate,
thus preventing further analysis of the thermo-
dynamic process.

For IP3Rcore, the apparent melting temperature
(Tw) of the IPs-bound form is significantly higher
(~55 °C) than that of the IPs-free form (~45 °C)
(Figure 3(b)). On the other hand, the IP;-bound form
of IP;Ry displayed only a slight increase in its
apparent Ty, as compared to the IP;-free form (from
~51 °C to 53 °C) (Figure 3(a)). Evidently, the
suppressor domain stabilizes the N-terminal region
of IP;Ry but, in the absence of the suppressor
domain, stabilization is imparted by IP;-binding.
These results suggest strongly that interdomain
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Figure 3. Protein stabilities of IP;Ry and IP3Rcoge.
Relative thermal stabilities of (a) IPsRy and (b) IPsRcorg
as measured by monitoring the molar ellipticity at 222 nm.
Conditions without IP; are depicted by blue diamonds;
pink squares represent conditions with IPs.

interactions between pI and RII and/or ARM have
a crucial role in providing stability to the protein.

We performed chemical denaturation experiments
on IP;Ry and IP3Rcore to further probe the effect of
IP; binding on protein stability. IP;-induced
changes in the protein stabilities were not detected
for either construct by monitoring the CD ellipticity
at 222 nm in increasing concentrations of guanidine
hydrochloride (Supplementary Data Figure 1). This
result may be due to the fact that this chemical
denaturant, which greatly distorts water structure
and consequently alters protein solvation, could
inhibit interaction with IP3, which requires six water
molecules in ligand coordination."®

NMR evidence for dynamic interdomain
interactions

We used NMR spectroscopy in an attempt to gain
insight into the nature of the interaction between the
suppressor domain and the IP;-binding core. 1P;-
bound IP;Rcore displayed an excellent TH->N
heteronuclear single quantum coherence (HSQC)
spectrum (Figure 4(a)) consistent with the well-
folded and stable structure of IP3Rcorg in the
presence of IP;. In the absence of IP;, the quality of
the spectrum was reduced dramatically (Figure
4(b)), and we believe the broadening observed in
the IP;-free IP3RcoRrg spectrum is due to flexibility
and the existence of multiple conformational states.
The 'H-"N HSQC spectrum of the suppressor
domain alone (residues 2-223 of mIP;R1) displayed
many peaks dispersed between 6.4 ppm and
10.4 ppm in the 'H dimension (Figure 4(c)), and is
in good agreement with the previously reported
crystal structure'” that contains both p-strands and
a-helices. In contrast, the "H-'>N HSQC spectrum of
the IP3-bound IP;Ry construct (Figure 4(d)) exhib-
ited severe peak broadening across its entire
spectrum, as did the 'H-15N HSQC spectrum of
the IP;-free IP;Ry (data not shown). The degree of
broadening is beyond that expected for changes in
T, relaxation resulting from the increase in the size
of IP;RN compared to the smaller domain con-
structs. While protein aggregation could give rise to
peak broadening, multi-angle light-scattering data
on the NMR samples would preclude this as an
explanation (Supplementary Data Figure 5). Hence,
chemical exchange due to the presence of different
conformational sub-states is most likely the cause
of the observed peak broadening (see Discussion).

Structural variability probed by SAXS

Changes in inter-domain interactions upon IP;
binding might give rise to changes in the overall
shape of the N-terminal region. We utilized small-
angle X-ray scattering (SAXS) to probe possible
large-scale ligand-induced conformational changes.
Reliable interpretation of SAXS data in terms of
protein structure requires that samples contain
monodisperse, identical particles. Even small
amounts of aggregation will bias the derived
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Figure 4. NMR studies of the suppressor domain, IP;Rcorg, and IP3Ry. 5N-edited HSQC spectra of (a) IPz-bound
IPsRcorE, (b) IP3-free IPsRcorg, (c) the suppressor domain, and (d) IPs-bound IP;Ry.

structural parameters. Dynamic light-scattering
(DLS) was used to establish the solution conditions
for which all four IP;Ry variants (IPsRy;, IP3Ry +1P5,
IP;sRN+Ca?*, and IPsRy+Ca?* +1P;) are monodis-
perse. The monodispersity of the four variants at a
range of temperatures was also monitored using
DLS (Supplementary Data Figure 2), revealing the
relative propensity of each towards thermal aggre-
gation. IP;Ry with bound IP; was shown to remain
monodisperse at temperatures as high as 35 °C,
while removal of IP; and addition of CaZ* lowers
this temperature significantly, with the order from
lowest to hlghest aggregation temperature being:
IP3RN+Ca <IP3RN<IP3RN+Ca +IP3<IP3Rn+
IP;. No data are presented here for the IP3Rcogg,

because we were unable to establish solution con-
ditions for the IP3Rcorg that were sufficiently free of
aggregation for SAXS experiments.

We performed SAXS measurements (at20.0 °C) to
evaluate the effects of IP; and Ca>" on the overall
shape of IP;Ry (Flgure 5(a)). While the physiological
relevance of Ca”" binding to this region remains
unclear, Ca®* proved to be a useful agent for probing
flexibility (see Discussion). As expected for samples
of monodisperse proteins, the I(0) values deter-
mined from the Guinier plots (Figure 5(b)) normal-
ized for protein concentration (in mg/ml) and
molecular mass are constant (Table 1). The intera-
tomic distance distribution functions, P(r), were
calculated as the inverse Fourier transform of I(Q)"”
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Figure 5. Average global shapes of IP;Ry and
IPsRcore in solution. Scattering data as I(Q) versus Q,
for (a) each of four IP;Ry variants and (b) Guinier plots for
each scattering profile are shown. (c) The P(r) profiles as
determined by indirect Fourier transform of the data. The
% values the fits shown in (ag and 1.32 (IPsRn+1P5), 1.82
(IP3RN), 0.88 (IP3RN+IP3+Ca +) and 0.81 (IP3RN+Ca2+).

(Figure 5(c)) and the structural parameters deter-
mined from the scattering data are summarized in
Table 1. The Guinier radius of gyration, R, values
for IP3RyN are affected by IP; binding and the
presence of Ca®". The smallest R value, indicating
the most compact structure, is that for IP;Ry with
bound IP; and no Ca** (30.7 A). Addition of Ca®* or
removal of IP; results in a significant increase in Ry,
with the largest R, for PRy with Ca®" and no IP;
present (34.2 A). The P(r) profiles and their
associated D, values, as well as the volumes
determined using the Porod invariant,'® reflect the
same changes in the degree of compaction for each
IP;RN form. The removal of IP; or the presence of
Ca”" increases the molecular volume and frequency
of larger interatomic distances for IP;Ry. Again, the
largest effects are observed for IPsRy with Ca°2+ and
no IP; (Porod volume 161,200 A%; Dy 110 A). The
order of increasing Ry, Dimax and Porod volumes for
each of the four IP;Ry variants display a negative
correlation with the thermal aggregation points
determined using DLS, showing that more extended
species aggregate at lower temperatures.

Structural models of IP;Ry were refined against
the experimental scattering data using the rigid-
body refinement program BUNCH,'” which refines
the relative orientation of subunits of known struc-
ture against scattering data while accounting for
regions of unknown structure. The latter is impor-
tant, as neglecting the scattering density in regions
of unknown structure can bias the derived model.
Further, their inclusion provides a useful restraint to
constrain the positions of known structural domains
such that the interdomain N and C termini are kept
within reasonable distances based on the lengths of
their linking sequences. In the case of IP;Ry;, the
linker region between RI and RII (residues 224-235,
designated L-I), absent from the crystal structures of
both the suppressor (PDB 1XZZ) and core domains
(PDB 1N4K), was included as a linking sequence of
unknown structure in BUNCH optimizations. For
structures in the presence of IP;, the IP;-binding core
was kept as a rigid unit, unchanged from the crystal
structure. For the structures lacking IP;, initial
BUNCH calculations were performed with a second
linking sequence to allow for flexibility between the
Il and ARM domains of the IP;-binding core
(residues 435-437, designated L-II). These calcula-
tions resulted in models with a variety of open cleft
configurations for the IP3;-binding core that fit the
data equally well. We therefore treated the IP;-
binding core as a rigid unit in an open configuration
for modeling against the data without IP;, which
ensured the number of degrees of freedom modeled
for each variant was the same. The calculations
for each IP3Ry variant used all data between Q=
0.02 A™' and 0Q=0.30 A™' and were repeated ten
times to evaluate the uniqueness of the solutions.
The solutions obtained for each variant differed with
respect to the orientation of the domains, but the set
of models for each variant shared common features,
most notably with respect to the degree of compact-
ness. The quality of the fit of the models to the
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Table 1. Structural parameters derived from the SAXS data

. . Guinier P(r) Porod
Protein concentration - _
Sample (mg/ml) R, (A) 1(0)* Dimax Volume (A%)
IP;RN +1P3 2.5+0.1 30.7+0.9 0.79+0.05 88 114,500
IP;Ry +IP;+ Ca?* 2.5+0.1 31.5+£0.8 0.82+0.05 95 131,500
IP;RN 2.5+0.1 32.6+1.0 0.82+0.05 100 136,500
IP;Ry +Ca?* 2.5+0.1 34.2+1.1 0.85+0.05 110 161,200
Lysozyme 5.5+0.3 14.2+0.3 0.83+0.06 42 nr.

n.r., not relevant.

experimental data is summarized by the statistical
quantity %”. The best %* values obtained for each
IP;Ry variant are 1.82 (IP3Ry), 1.32 (IP;Ry+1P3),
0.88 (IP;Ry +1P5+Ca?*) and 0.81 (IP;Ry +Ca®"), and
the corresponding model profiles are superimposed
on the experimental scattering data in Figure 5(a).
These % values indicate reasonable fits to the data,
though the best results are for the +Ca®" data. The
measured scattering profiles represent the time and
ensemble average of the conformations present
weighted by their relative populations. In a con-
formationally heterogeneous solution of molecules,
the difference between the most compact and
extended conformations and the populations of
each conformational substate will dictate the quality
of the fit of a single model to the measured scattering
data. The somewhat poorer fits obtained for the data
measured on samples where Ca®* was absent
suggests there is a significant population of both
compact and extended structures in solution that
cannot be modeled adequately by a single structure.
The improvement of the fits for data measured on
samples where Ca”" is present suggests that this
equilibrium is driven such that extended conforma-
tions are dominant and can be modeled satisfacto-
rily by a single structure.

Discussion

A major question regarding IP3R activation is how
IP; binding to the N-terminal region is translated
into a protein conformational change that results in
channel opening in a region of the receptor near the
C terminus some 2000 amino acid residues away.
Many structural analyses have attempted to eluci-
date the mechanism underlying IP;R activation,
including several recent electron microscopy studies
that have provided the 3D structures of IP;R at low
resolution.”'* These electron microscopy studies
identified two gross conformations of the tetrameric
IP;R complex as viewed from the cytosol.” The
“square” conformation is assumed to correspond to
the closed channel, and the “windmill”-like con-
formation appears to represent IP;R in a Ca**-
bound state or possibly even a desensitized Ca**-
free state. We have reported the crystal structures of
the suppressor domain and the IPs-binding core
with bound IP5.">'® However, since the structures of
these two functional regions were determined as
separate polypeptides, little was known about their

spatial relationship or the mechanism underlying
inhibition of IP; binding mediated by the suppressor
domain. Here, we have taken a biophysical ap-
proach to investigate the domain architecture and
ligand-induced conformational changes in the
N-terminal region of IP3R1 (IP3Ry).

The extensive peak broadening of the 'H-'"°N
HSQC spectrum of IP3Rcorp without IP; bound
(Figure 4(b)), essentially disappears upon binding
IP;. Also thermal denaturation (monitored by CD
ellipticity at 222 nm) implies that the IP;-binding
core is more stable with bound IP; than in the IPs-
free state. Both pieces of evidence suggest IP;
binding eliminates chemical exchange around L-II
(residues 435-437) that links the BII and ARM
domains by fixing them into the more rigid L-shaped
conformation observed in the crystal structure. This
finding is in agreement with recent fluorescent
resonance energy transfer (FRET) kinetics studies
using the IP; sensor IRIS (Venus - IP3R, 5. 204.575—
ECFP), which indicate that the IP;-binding core has
at least two conformations in the absence of IP;.%!
Severe exchange broadening of the "H-""N HSQC
spectrum of the IPs-bound IP;Ry was not caused by
protein aggregation, as gel-filtration chromatogra-
phy and multi-angle light-scattering data confirmed
the NMR sample to be a monodisperse monomer
(Supplementary Data Figure 5). Comparison of the
spectrum at 25 °C (Figure 4(d)) to spectra obtained at
5 °C and 15 °C showed significant changes in
linewidths for many of the sharp peaks observed in
a 'H chemical shift range of 7.8 ppm-8.6 ppm
(Supplementary Data Figure 4). This severe peak
broadening is in agreement with chemical exchange
and is less likely due to a change in molecular
tumbling time. The time-scale of the chemical shift
broadening is in the milli- to microsecond range,
consistent with gross movement of globular
domains within a protein. Since IP; binding should
also rigidify the pIl and ARM domains in IP3Ry, it is
probable that the extensive broadening observed in
this case is due to flexibility in L-I (residues 224238
connecting RI and BII, i.e. the suppressor domain
and IP;Rcorg).-

Evidence of conformational variability afforded
by the flexible linker L-I can also be deduced from
structural modeling against the SAXS data. Our
structural modeling indicates that addition of Ca®*
results in an increase in the population of more
extended conformational states, most likely attribu-
table to L-I allowing the suppressor domain to move
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Figure 6. Cartoon representations of IP;Ry. IP3Ry exists in multiple ligand-dependent conformational states as
mediated by a pair of flexible linkers (L-I and L-II) that join three stably folded domains (p1, pII, and ARM). (a) IP5-
free variants have elongated overall shapes resulting from flexibility in both L-I and L-II linkers. (b) IP; (in red)
binding restricts L-II motions and compacts the IP;Ry structure. A lesser and converse effect is observed upon the
addition of Ca®*, which drives the equilibrium to favor more extended conformations for both IP;-bound and IP;-free

variants.

away from the IPs-binding core (Figure 6). Ca®" is
known to act as a co-agonist in IP;R activation,3’ 2
and it is believed that one or more stimulatory Ca**
sites, critical to channel gating, are unmasked by
conformational changes that originate from the
N-terminal region.”® Other factors, such as calmo-
dulin®**?* and CaBP1,”*® for example, may also
similarly modulate accessibility and/or sampling of
the conformational states. We have speculated that
there are two Ca®* sites within IPsRcorg.'® These
putative sites may be responsible for the Ca* effects
observed by the SAXS experiments. However, the
Ca**-binding affinities of these sites appear to be
very low, with dissociation constants in the range of
0.1-1 mM (H. P. and J. C., unpublished results), thus
raising questions regarding their physiological sig-
nificance. It was shown recently that mutations at
these sites do not affect IPsR activation,” suggesting
that further C-terminal high-affinity Ca**-binding
sites, probably involving Glu2100, may be more
important for the activation of channel function The
concentration of Ca** within the endoplasmic
reticulum lumen ([Ca®*]gR) can be as high as 1 mM
and, as such, the local cytosolic concentration of
Ca** ([Ca®*],) in the vicinity of the mouth of the
ion pore immediately after channel opening
could be much higher than the activated [Ca®"]. of
~1 pM. It cannot be ruled out that the low-affinity

Ca®*-binding sites within IP;Ry might have an
inhibitory role that is physiologically significant
after channel opening. While we can only speculate
on its regulatory function, Ca** appears to promote
a measurable change in the equilibrium between
compact and more extended conformational sub-
states in solutions of IP3Ry;.

The structural modeling against the SAXS data
provides evidence of conformational flexibility
around L-I, even in the absence of Ca®*. While
models that fit the data reasonably well were found
for all conditions, those refined against data
collected from IPs;Ry solutions in the absence of
Ca”" gave statistically poorer fits than those in the
presence of Ca**. We suggest that the poorer fits are
due to the fact that we are attempting to model
equilibrium mixtures of compact and more ex-
tended conformations with a single average struc-
ture, and that the differences between the more
compact and more extended structures are larger
than the differences among the more extended
population distributions observed in the presence
of Ca”".

Our data indicate that in the context of the
N-terminal region, the suppressor domain interacts
with the IP;-binding core. This finding is supported
by the SAXS data modeling, as well as the fact
that the suppressor domain has been observed to
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contribute to the thermostability of the IP;-binding
core (Figure 3(a) and (b)). Moreover, it is consistent
with recent biochemical studies showing that the
suppressor domain inhibits IP; binding in a manner
that requires its covalent linkage to the IP;-binding
core.’® These observations support the finding that
the inhibition of IP; binding by the suppressor
domain is not simply due to competition with IP; or
the masking of a preformed IP;-binding pocket, but
rather that L-I is crucial in mediating the proper
interaction between the suppressor domain and the
IP3-binding core.

The present study provides new insights into
the ligand-induced conformational changes in the
N-terminal region of the IP; receptor, which is
essential for IP; binding. While atomic-resolution
protein structures provide the ultimate in detail and
are necessary for understanding the chemistry of
protein function, alternate approaches are needed to
characterize and explore the role of flexible regions
such as those that link stably folded domains. We
have used solution scattering in combination with
crystal structure and NMR data to explore the roles
of flexible linkers between functional domains in the
cAMP-dependent protein kinase.”'* The present
study on IP3Ry contributes another example of
flexible linker regions that have important roles in
inter-domain organization and communication, and
thus highlights the importance of combining high-
resolution structure determination with methods
that can explore the roles of structural flexibility
and conformational heterogeneity in biomolecular
function.

Materials and Methods

Materials

Trpysin and D-myo-inositol 1,4,5-trisphosphate (IP3) as a
hexapotassium salt were purchased from Sigma.

Expression and protein purification

Expression and purification of the IP;-binding core
comprising residues 224-604 of mIP;R1 (IPsRcorp) was
performed as described.'® Mouse IP;R1 residues 1-604
(IP3Ryy) subcloned into the vector pET15b was expressed
in Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Strata-
gene) at 15 °C by induction with 0.5 mM IPTG. Cells were
harvested 15 h post-induction and lysed by sonication in
lysis buffer (15 mM Tris—HCI (pH 8.4), 500 mM NaCl, 20%
(v/v) glycerol, 0.2% (v/v) Nonidet P40, 10 mM imidazole,
0.2 mM Tris(2-carboxyethyl)-phosphine (TCEP), 10 mM 2-
mercaptoethanol, 10 pg/ml of DNase I, EDTA-free
Protease Inhibitor Cocktail tablets (Roche)). The clarified
lysate was affinity-purified using Ni-NTA resin (Qiagen)
and the eluted protein was subjected simultaneously to
thrombin digestion to remove the Hisg-tag and dialysis
against Tris buffer (15 mM Tris-HCI (pH 8.4), 300 mM
NaCl, 0.5 mM TCEP) for ~36 h at 4 °C. The dialyzed
sample was applied to a cation-exchange chromatography
column (Fractogel EMD SOs; EM Industries Inc.) and
eluted with Tris buffer (15 mM Tris-HCl (pH 8.4), 400 mM

NaCl, 0.5 mM TCEP). The sample was then further
purified by size-exclusion chromatography (Superdex 200;
GE Healthcare) in 15 mM Tris-HCl (pH 8.0), 1 mM TCEP.
The suppressor domain of IPzR1 (residues 2-223) was
subcloned into the pGEX-2T vector (Amersham Bios-
ciences) and expressed as a glutathione-S-transferase-
fusion protein (as described above for IP;Ry). Cells were
subjected to sonication in lysis buffer (15 mM Tris—-HCI
(pH 8.4), 500 mM NaCl, 20% (v/v) glycerol, 0.2% Nonidet
P40, 10 mM DTT, 10 pg/ml of DNase I, EDTA-Free
Protease Inhibitor Cocktail tablets (Roche)). The clarified
lysate was incubated with Glutathione Sepharose 4B (GE
Healthcare) resin, washed with washing buffer (15 mM
Tris-HCl (pH 8.4), 10% (v/v) glycerol, 300 mM NaCl,
10 mM DTT) and subsequently eluted with the elution
buffer (50 mM Tris-HCI (pH 8.4), 10% (v/v) glycerol,
300 mM NaCl, 10 mM DTT, 10 mM glutathione).
Thrombin digestion to remove the glutathione-S-transfer-
ase was carried out simultaneously with dialysis in 20 mM
Tris-HCl (pH 8.4), 3% (v/v) glycerol, 300 mM NaCl, 2 mM
CaCl,, 0.5 mM TCEP for ~36 h at 4 °C. Finally, size-
exclusion chromatography with Superdex 75 (Pharmacia)
in 15 mM Tris-HCI (pH 7.1), 3% (v/v) glycerol, 500 mM
NaCl, 2 mM TCEP yielded the monomeric form of the
protein. “H and '°N-labeled proteins were expressed in
modified M9 minimal medium supplemented with 1 g/1
of ["®*N]ammonium chloride in 100% 2H,O.

Circular dichroism

CD spectra were collected on an AVIV spectrometer
model 62DS using a 1 mm path-length cell at 25 °C. Data
were collected with an averaging time of 8 s at 0.5 nm
resolution with a bandwidth of 1.0 nm. Protein+1P3
samples contain ~0.3 mM IP;. Guanidine hydrochloride
denaturation of 0.2 mg/ml of IP;Ry and 0.1 mg/ml of
IP;Rcore was performed in 15 mM Tris-HCl1 (pH 8.0),
300 mM NaCl, T mM TCEP, 5 mM EGTA. Thermal
denaturation experiments were recorded under the same
buffer conditions at 1 deg.C increments from 25 °C to
80 °C for IP;Ry;, and from 25 °C to 75 °C for IP3RcoRE.

Limited trypsin digestion

Purified IP3Ry protein at a concentration of 0.6 mg/ml,
untreated or in the presence of 5 molar excess IP;, was
incubated with 0.2 pg/ml of trypsin at 37 °C in 15 mM
Tris-HCI (pH 8.0), 300 mM NaCl, 1 mM TCEP. The
reaction was terminated by the addition of SDS-PAGE
sample loading buffer followed by heating to 100 °C for
5 min. Samples were separated by SDS-PAGE (15% (w/v)
polyacrylamide gel) and the protein bands were visua-
lized by staining with Coomassie brilliant blue.

Dynamic light-scattering

Dynamic light-scattering experiments were done to
evaluate the monodispersity of the protein samples in
different ligand-bound states before and after SAXS
experiments. The monodispersity of IP;Ry samples at
20 °C was evaluated using a Dynapro DLS temperature-
controlled micro-sampler with a 824.7 nm laser diode
(Protein Solutions, Charlottesville, VA). DLS scattering
counts were recorded every second (200 acquisitions/
sample) and scattering intensity data were processed
using Dynamics Dynapro Control software v.6.3.40.
IP;RN (~2.9 mg/ml) was maintained in 50 mM Tris-
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SO, (pH 8.8), 100 mM NaSO,;, 1 mM Ca(CH3COO),,
~14 mM PB- mercaptoethanol. Immediately before
analysis, individual protein aliquots were supplemented
with the following: i, nothing; ii, 2 mM EGTA (pH 8.8);
iii, 250 pM IP3; iv, 2 mM EGTA (pH 8.8)+250 uM IP;.
The SAXS experiments used these samples as well as
samples prepared with 2.5 mg/ml of IP;Ry in 15 mM
Tris-HCl (pH 8.0), 300 mM NaCl, 1 mM TCEP. The
SAXS structural parameters derived from both sets of
samples showed the same trends. The relative thermal
stabilities of the four IP;Ry variants were determined
using DLS essentially as described, except that scatter-
ing counts were measured from 7.5-42.5 °C in steps of
2.5 °C.

Small-angle X-ray scattering and modeling

The SAXS data presented in Figure 4 were collected at
the Australian Nuclear Science and Technology Organi-
zation (ANSTO, Lucas Heights, Australia) on a Bruker
Nanostar instrument with a copper target (A\=1.5418 A),
three-pinhole collimation and HiStar 2D detector with
100 pm pixel size. The 15 ul samples of protein (2.5 mg/
ml IP;Ry in 15 mM Tris-HCI (pH 8.0), 300 mM NaCl,
1 mM TCEP) and matched buffer solutions were mounted
sequentially in the same sealed quartz capillary and
irradiated for periods of 1 h per exposure at 20 °C. The
sample to detector distance was 65 cm, giving a measur-
able Q range of 0.02-0.34 A", where Q =4m(sinf)/\, and 6
is half the angle between the incident and scattered beams.
Exposures for 1 h were acquired for the common buffer,
and for the IP;Ry in each ligand-bound state (no ligand,
IP;, Ca®*, and IP3+Ca2+). A lysozyme standard was
measured so that analysis of I(0) for each of the samples
could yield information regarding the association state of
the molecules in solution. Data for each exposure were
corrected for non-uniform detector response and radially
averaged to produce I(Q) versus Q profiles using Bruker
software. Normalized buffer scattering data were sub-
tracted from the scattering data for the protein solutions
using the program PRIMUS in order to obtain the
scattering data of the protein alone.'” Structural para-
meters for the scattering particle were derived using
Guinier analysis,35 indirect Fourier transform methods
(using the program GNOM'”) and Porod analysis.'® It is
noteworthy that in our SAXS analyses the selection of Dyyax
for the calculation of P(r) proved difficult for all IP3Ry
samples. The calculation of P(r) from I(Q) must use indirect
Fourier transformation methods due to the fact that data
are collected over only a finite measurement range. These
methods require an estimate of the maximum dimension of
the molecule, D,,.,, which for well-behaved (monodis-
perse, identical) particles generally may be chosen by
simple inspection of the P(r) profile. Selection of D,y is
more difficult if there is any aggregation or structural
heterogeneity in the sample due, for example, to molecular
flexibility. In these instances, one can obtain P(r) solutions
that appear to be in good agreement with the scattering
data, but they give R, and I(0) values that are significantly
larger than those determined by Guinier analysis, and it is
difficult to systematically compare P(r) profiles from
different samples. We observed this behavior in our
IP;Ry data, and because the DLS and 1(0) data preclude
aggregation as the cause, it supports our conclusions
regarding conformational flexibility. Further evidence of
this comes from the fact that the IP;Ry+1P; structure,
judge to be the least flexible, was the easiest to transform.
In order to have a consistent approach to the selection of

Diax to compare our various IP;Ryn samples, we selected
Dmax values that gave R; and 1(0) values derived from P(r)
that agreed with those determined by the Guinier
approximation.

Structural modeling against the scattering data was
performed using the program BUNCH,' which allows
the relative dispositions of domains of known atomic
structures to be optimized, while including regions of
unknown structure in the optimized model. This approach
does not yield a high-resolution structure for the unknown
structural regions, but does restrain the domains from
adopting positions that are physically unreasonable while
accounting for the scattering density of the missing parts
of a structure.

NMR spectroscopy

NMR buffer conditions for IPsRcorg, IPsRy, and the
suppressor domain were as follows: 15 mM Tris—-HCl
(pH 8.00, 300 mM Na,SOy, 2 mM TCEP; 15 mM Tris-HCl
(pH 8.0), 300 mM NaCl, 1 mM TCEP; and 15 mM Tris—
HCI (pH 7.1), 3% (v/v) glycerol, 300 mM NaCl, 2 mM
TCEP, respectively. Purified proteins were concentrated
to ~0.7 mM and all NMR experiments were performed at
25 °C (unless indicated otherwise) on a Varian Inova
600 MHz spectrometer and a Bruker Avance III 800 MHz
spectrometer equipped with a triple resonance, pulse
field gradient probe. Transverse relaxation optimized
spectroscopy (TROSY)-based 'H-'>N heteronuclear single
quantum coherence (HSQC) data were recorded on the
unlabeled IP;-bound ?H,"”N-labeled IPsRcorg complexes
with 128 and 512 complex points in T; and T,
respectively. The spectral width was 40 ppm for the
5N (F;) and 15.2 ppm for the 'H (F,) dimension,
respectively. The apo IP;Rcore spectrum was recorded
with 160 and 512 complex points in T; and T,
respectively. The spectral widths were 35.6 ppm for '°N
(F1) and 16 ppm for 'H (F,) dimension, respectively. For
the 2H,15N—suppressor domain, TROSY-based HSQC data
were recorded with 128 and 612 complex points in T,
and T, respectively and the spectral width was 26 ppm
for N (F;) and 16 ppm (F;) for the 'H dimension.
TROSY-based HSQC data for IP;Ry were obtained on a
Varian Inova 600 MHz spectrometer equipped with a
Varian triple resonance cold probe and data comprised of
128 and 612 complex points in T; and T, respectively. All
NMR data were processed and analyzed using NMRPipe
and NMRDraw.%¢
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