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Direct Detection of Calmodulin Tuning by Ryanodine Receptor Channel Targets
Using a C&"-Sensitive Acrylodan-Labeled Calmodulin
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ABSTRACT. Calmodulin (CaM) activates the skeletal muscle ryanodine receptor (RyR1) at nanontdlar Ca
concentrations but inhibits it at micromolar Taconcentrations, indicating that binding of &ao CaM

may provide a molecular switch for modulating RyR1 channel activity. To directly examine the Ca
sensitivity of RyR1-complexed CaM, we used an environment-sensitive acrylodan adduct of CaM. The
resulting®“RCaM probe displayed high-affinity binding to, and®&alependent regulation of, RyR1 similar

to that of unlabeled wild-type (WT) CaM. Upon addition ofZCa*°RCaM exhibited a substantiat60%)
decrease in fluorescencéd, = 2.7 + 0.8 uM). A peptide derived from the RyR1 CaM binding domain
(RyR1s614-43) caused an even more pronounced'Gdependent fluorescence decrease, aadL@-fold
leftward shift in itsKca (0.2 + 0.1 4M). In the presence of intact RyR1 channels in SR vesié¢f€¥aM
fluorescence spectra were distinct from those in the presence of;:RyR3, although a C& -dependent
decrease in fluorescence was still observed. Khgfor A°RCaM fluorescence in the presence of SR (0.8

+ 0.4uM) was greater than in the presence of Ry&4l 43 but was consistent with functional determinations
showing the conversion dfRCaM from channel activator (apoCaM) to inhibitor @&aM) at C&"
concentrations between 0.3 andNl. These results indicate that binding to RyR1 targets evokes significant
changes in the CaM structure and?Caensitivity (i.e., CaM tuning). However, changes resulting from
binding of CaM to the full-length, tetrameric channels are clearly distinct from changes caused by the
RyR1-derived peptide. We suggest that thé'Csensitivity of CaM when in complex with full-length
channels may be tuned to respond to physiologically relevant changegfin Ca

Calmodulin (CaM) is a ubiquitous, highly conserved been observed in the presence of soluble peptide fragments
intracellular C&" sensor, capable of binding and regulating derived from various targetS8{5).

diverse intracellular targets. Crystal and NMR structures of 11 type 1 ryanodine receptor (RyR1) is the major CaM
CaM in complex with different peptide targets have revealed binding protein in sarcoplasmic reticulum (SR) membranes

mr:JItipIe and disltigct mﬁChanierS ofl;a;lget bindirig Z)_' | isolated from skeletal musclé<8). Each tetrameric RyR1
These structural data illustrate how binding t0 & particular .\ ,nne| pinds four CaMs with high affinit®(10), and 3D
target dictates the thre_e-d|men5|onal (3D) structure of IC_:a.M. reconstructions based on cryoelectron microscopy show CaM
In this way, target binding also determines CaM's sensitivity bound within a crevice of the channel’s cytoplasmic assembly

. )
Changing Cit concentiations witin aange appropriat for (L: BInding of Cal to RyRL. channels promotes a efward
ging g€ approp shift in the biphasic Cd dependence of channel activity.

the regulation of a particular cellular process. Accordingly, . e . .
PR L This shift is explained by the opposing effects of apoCaM,
ronounced and specific “tuning” of CaM Eaaffinities ha
P . pectiic “ining i ®  Which activates the channel il uM Ca*, and CaCaM,

) ) — which inhibits the channel ir 1 uM C&t (12).
T This work was supported by American Heart Association Grant . . o . .
02652257 (to R.L.C.) and National Institutes of Health Grants  Hamilton and co-workers have identified a critical region

AR050144 (to B.R.F.) and GM031382 (to D.D.T.). for CaM binding within the RyR1 primary sequenc),

* To whom correspondence should be addressed. Phone: (612) 626- : ; ; ;
2660. Fax: (612) 624-5121. E-mail: corne002@umn.edu. and demonstrated that a peptide derived from this region

1 Abbreviations: acrylodan, 6-acryloyl-2-dimethylaminonaphthalene; (RYRZ1s14-43) displays a high affinity for both apoCaM and
ACRCaM, acrylodan adduct of T26C-Calf*CaMis4 acrylodan adduct  Ca&*CaM (13). More recently, a second noncontiguous

of T26C-CaMa3; apoCaM, C&'-free CaM; BSA, bovine serum ; s ; : ; T
albumin: C&"CaM. C&"-bound CaM: CaM. calmoduiin: Caivhs CaM region within RyR1 has also been implicated in CaM binding

mutant with reduced CGa sensitivity due to glutamate to alanine  (14), and current models suggest that the CaM binding pocket
substitutions within each of CaM’s four EF-hands; DTT, dithiothreitol; is formed by neighboring subunits of tetrameric RyR1.

GSH, reduced glutathione; GuHCI, guanidine hydrochlorié®; intrinei

dissociation constant; MALDI-TOF MS, matrix-assisted laser desorption Measurements OT the I ntrinsic tryptop.han fluorescence of the
ionization time-of-flight mass spectroscopy; PIPES, 1,4-piperazinedi- .RVRJBMIHS pepﬂde n .complex with CaM 1) have .
ethanesulfonic acid; RyR, ryanodine receptor; RyRlss, Synthetic indicated that this peptide target promotes a substantial

peptide replicating the RyR1 sequence spanning residues-3G48; i ; ) i — :
SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro- increase in CaM's affinity for Cét (Ka = 58 nM), suggesting

phoresis; SR, sarcoplasmic reticulum; T26C-CaM, CaM mutant with that formation of the inhibitory_ CaCaM species reql{ires
a threonine to cysteine mutation at residue 26; WT, wild-type. only nanomolar CH concentrations. In contrast, functional
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studies demonstrate that much highe?'Ceoncentrations  at room temperature, protected from light, with tumbling for
(~1 uM) are required for inhibition of full-length RyR1 4 h. TheA°RCaM sample was separated from unreacted
channels 9, 12, 16). Thus, the particular structure and®a  acrylodan by phenyl-Sepharose chromatography. To obtain
sensitivity of CaM when in complex with RyR1 remain ACRCaM,s, hickel affinity chromatography was used instead
undefined, although this information is key to resolving the of phenyl-Sepharose chromatography. The column-immo-
potential roles of CaM as a regulatory channel subunit. bilized His-tagged*“fCaM,34 was then treated with factor
To further investigate effects of RyR1 binding on CaM Xa protease to release the full-length label€¥CaMyzz, with
structure and Ca sensitivity, we utilize a CH-sensitive no additional N-terminal residues. The bound fluorophore
fluorescent derivative of CaM that retains a high affinity for was quantitated using the extinction coefficient*6fCaM
both the RyRis1443 peptide and full-length RyR1. Our  (€bouna= 19 000 Mt cm™* at 4 = 370 nm). The final dye:
results suggest important differences between the effectsprotein ratio was 0.95t 0.05, consistent with specific

exerted on CaM by these two types of targets. labeling of a single residue of T26C-CaM.
Matrix-Assisted Laser Desorption lonization Time-of-
EXPERIMENTAL PROCEDURES Flight (MALDI-TOF) Mass Spectrometrpecific, stoichio-

. , ) ) , metric labeling of T26C-CaM with a single acrylodan moiety

_Materlals. Pigs were obtained from the University of | < onfirmed by MALDI-TOF mass spectrometry carried
Minnesota Experimental Farm. Acrylodan was purchased g i at the University of Minnesota Mass Spectrometry
from Molecular Probes (Eugene, OR). T¥e@tlabel was  consortium for the Life Sciences using a Bruker (Boston,
obtameq from ICN Radiochemicals (C"?ta Mesa, CAIH MA) Biflex Ill mass spectrometer equipped with g Mser
Ryanodine was purchased from NEN Llfg Smen_ce Products (337 nm, pulse length of 3 ns) and a microchannel plate
(Boston, MA). The RyRs14-43 30-mer peptide derived from  yetector. Data were collected in the linear mode, with positive
the proposed CaM binding site of RyRI3Y was synthesized 5|41ty with an accelerating potential of 19 KV. External
and HPLC-purified at the University of Minnesota Micro- - cajipration was performed using trypsinogen and horse heart
chemical Facility. Other reagents were from Sigma (St ¢ytochromec. The matrix used for samples and standards
Louis, MO)' _ ) was a saturated solution of 3,5-dimethoxy-4-hydroxycin-
~ Isolation of SR VesicleSkeletal muscle SR vesicles were  namic acid in a 50:50 acetonitrile/Nanopure water mixture,
isolated from pig longissimus dorsi muscles(17). Briefly, with 0.1% trifluoroacetic acid. Prior to MALDI-TOF analy-
muscle homogenates were subjected to differential centrifu-sis samples were desalted using C4 ZipTips (Millipore)
gation, and the resulting vesicles were extracted with 0.6 M according to the manufacturer’s protocol.
KCI and subsequently fractionated on discontinuous sucrose F|yorescence Measuremeni&uorescence was measured
gradients. All isolation buffers contained a mixture of 532 mmx 10 mm quartz cuvette. Steady-state fluorescence

protease inhibitors (100 nM aprotinin M leupeptin, 1uM emission spectra were acquired using an ISS K2 fluorometer
pepstatin, 1 mM benzamidine, and 0.2 mM phenylmethane- (155, Champaign, IL) in ratio mode, using an argon ion laser
sulfonyl fluoride). (Coherent, Santa Clara, CA) as the source of excitation at

CaM Mutagenesis and PurificatioRecombinant rat CaM  363.8 nm. Corrected emission spectra were acquired with a
was expressed i&scherichia coliusing the pET-7 vector  step size of 1 nm, an integration time of 1 s/step, and a
(18). The native threonine at position 26-Y position of bandwidth of 8 nm. A matching sample blank scan was
the first EF-hand C# binding site) was mutated to cysteine subtracted from each spectrum. The sample temperature was
using the QuikChange mutagenesis kit (Stratagene, La Jollacontrolled using a recirculating water bath set t¢@5Ca&*

CA), and the mutation was verified by DNA sequencing. titrations were performed by addition of small aliquots of
Following induction with isopropyb-thiogalactopyranoside,  concentrated Cagto the sample in the apo buffer [20 mM
WT- and T26C-CaM were purified via phenyl-Sepharose K-PIPES, 120 mM K-propionate, 5 mM GSH, 0.1 mg/mL
chromatography 19). A cysteine was also introduced at BSA, 1ug/mL aprotinin/leupeptin, and 1.0 mM EGTA (pH
residue 26 of a Ca-insensitive CaM mutant (Caly), with 7.0)]. The free C& concentration was set using CEGTA
glutamate to alanine substitutions at thg position of each buffers (Bound and Determined Softwar2)), and verified
EF-hand 20). This mutant (termed T26C-CaM,y) was using calcium calibration buffer kits (Molecular Probes).
subcloned into the pET-30 vector (Novagen), expressed as [35S]CaM Binding Equilibrium binding of wild-type
a His-tagged fusion protein, and purified by nickel affinity mammalian CaM metabolically labeled wifti$]methionine
chromatography. Protein concentrations were determined bywas assessed at 26 in a medium containing 0.05 mg/mL
the bicinchoninic acid procedure (Pierce, Rockford, IL) using SR vesicles, 20 mM K-PIPES (pH 7.0), 150 mM K-
bovine brain CaM as the standard. propionate, 5 mM GSH, Lg/mL aprotinin/leupeptin, 0.1

Labeling of CaM with AcrylodanTo eliminate potential mg/mL BSA, and 50 nM $S]CaM @0). Following 2 h
intermolecular disulfide bridges, T26C-CaM (0.2 mM) was incubations at room temperature, vesicles were pelleted at
treated with 5 mM DTT for 2 h, in a medium containing 25 8000@ (22). The amount of boundjS]CaM was determined
mM HEPES (pH 7.5) ath6 M GuHCI. The sample was then by scintillation counting after solubilization of the pellets in
diluted 2-fold and subjected to phenyl-Sepharose chroma-2% SDS. Nonspecific binding was assessed in the presence
tography to remove excess DTT. The concentration of CaM of 10 uM unlabeled CaM. Data were normalized to maximal
in the eluted samples [50 mM Tris, 0.5 mM CaCind 5 binding, as determined in a medium containing 20 Ca?*

mM EGTA (pH 7.5)] was adjusted to 0.15 mM, and the and 50 nM §°S]CaM.

concentration of GUHCI was adjusted to 6 M. To this sample  [3H]Ryanodine BindingRyanodine selectively binds to
was added acrylodan from a 100 mM stock (in DMF) to a RyR channels in the open state; thi{]fyanodine binding
final concentration of 1.5 mM. The sample was incubated measurements are an indicator of RyR channel acti2iy. (
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Binding of [PH]ryanodine to skeletal muscle SR vesicles I& T2|_6|C fﬂil
(0.05 mg/mL) was assessed at®®5in a medium containing Ca*—» - + = + - 4+
20 mM K-PIPES (pH 7.0), 150 mM K-propionate, 5 mM A = =
GSH, 0.1 mg/mL BSA, and 7 nMif]ryanodine. Free Ca -
concentrations were set using CBGTA buffers @1). —
Nonspecific binding was assessed in the presence a0 r——
nonradioactive ryanodine. All assays were performed in §1'°' B y . high Ca®
duplicate and were repeated using at least three different SR Los Ak
vesicle preparations. g ¥ £ £
Single-Channel Recordingingle-channel recordings were 2 ' fr

performed as previously describetl). Planar lipid bilayers g""" } f
were formed across a 250m aperture in a Delrin cup. 0.2 f“
Single-channel currents were recorded using an Axoclamp &un /
200B patch clamp amplifier (Axon Instruments, Foster City, - 450 500 550 600
CA). The recording solution consisted of symmetric 100 mM Wavelength (nm)
KCI, 10 mM PIPES (pH 7.0), and 1 mM EGTA with the § [C
C&" concentrations adjusted by adding small aliquots of S10R=p—g il —"—n—n—n
concentrated Cag(21). Single-channel data were collected Bool 4 4 .\
using a pulsing protocol in which the potential was held at Sos] ~e.
0 mV for 4 s betwer 2 s steps to-70 mV. The single- % 0.7] |
channel open probability?() was calculated using FETCHAN Noel o *cam
and PSTAT (pClamp software, Axon Instruments). gu.s- o ““Cam

S 1= "“fcys A
RESULTS Y T Y R IR AT

10
e o _ [Ca™] (uM)

Cat Sensitiity of F(_ZaM.Stmchlometrlc labeling ofthe . oe 1 ca+ sensitivity of A°RCaM. (A) SDS-PAGE charac-
T26C-CaM mutant using the acrylodan fluorophore was terization of WT-CaM (WT), T26C-CaM (T26C), amfRCaM
carried out as described in Experimental Procedures. In an(ACR). The arrow indicates the €acondition: 5 mM EGTA ()
e st oAl G e e o e e Churacie o by O gy oL 55

: ; - es
Ca?*-lnduce_d electrogggretlc gel shifts undergone by WT- s%/aining (U?V). ®) Fluorescel}llcel specira HFFCaM (092 upM)
CaM, T26C-CaM, and="CaM. As illustrated in Figure 1A, ¢, esponding to the lova() and high &) end points of the G4
WT-CaM exhibited a characteristic €adependent gel shift,  concentration range that was scanned. Spectra are normalized to
which consisted of an increased electrophoretic mobility of the intensity of the low-C& spectrum. (C) The fluorescence
Cali n e presence o  saurating Cooncentalondy. - BSSen SR a8 el ) 308 20
We+observed a similar electrophoretic mObI|IFy response to - integral v)f/iluesfx were norm%lized {nm) and plotted 2 a
Ce" for the unlabeled T26C-CaM and for its acrylodan fynction of the ionized CH concentration. Curve represents
adduct, suggesting that mutation and chemical modification ACRCaM fluorescence data fit to the Hill function.
did not alter the CaM structural features responsible for the
gel shift. to theACRCaM probeA°RCaM;,34was unaffected by a Ca

At 10 nM free C&" [Figure 1B ()], the fluorescence  concentration oi<10uM [Figure 1C @)]. At =10uM C&*,
spectrum ofACRCaM was broad (57 nm half-width) and the fluorescence of“RCaMi2ss was decreased (by 25% at
structured, with a peak at 516 nm and a shoulder on its blue 1004M), indicating that this probe bound &a albeit with
side, at~486 nm. These features suggest that the probe wasan affinity at least 10-fold lower than that of €asensitive
distributed between states of relatively high and low solvent #f*CaM. In addition, the fluorescence of a control consisting
exposure, respectively. By comparison, at a300free C&*  of the acrylodan adduct of free Cy¥fCys) was unaffected
[Figure 1B (1)], we observed a substantial decrease in the by changes in Cd concentration [Figure 1Cm)].
fluorescence intensity, and a red shift of the main peak from  ACRcaM Binding and Regulation of RyR1 Channdls.
516 to 522 nm. In addition, the spectrum at high®Ca  determine whethef®RCaM binds to RyR1 with an affinity
concentrations was much narrower (45.5 nm half-width), and similar to that of the wild-type apo- and &&aM species,
lacked the blue-shifted shoulder. These features suggest thajye examined the competitive inhibition of binding 8%%]-
binding of C&" to A°RCaM promoted a more homogeneous \WT-CaM to SR vesicles at nanomolar and micromolat'Ca
fluorophore distribution, in which the level of solvent concentrations. We observed that binding ¥B[CaM to
exposure of the probe was increas@é)( SR vesicles was fully inhibited BAFRCaM [Figure 2 4 and

To further analyze the effects of &aon theARCaM A)] at both nanomolar (filled symbols) and micromolar’Ca
fluorescence, we used the value of the fluorescence integralconcentrations (empty symbols). Furthermore, the concentra-
over the emission range of 44670 nm. The dependence tion dependence of the inhibition o®§]CaM binding was
of the integrated“RCaM fluorescence on the concentration similar for WT-CaM [Figure 2 [0 and W)] and A°RCaM
of free C&" is illustrated in Figure 1CK). Increasing C& [Figure 2 (» and A)]. Because RyR1 channels are the
concentrations caused a substantial decreasg%) in predominant CaM binding protein in our SR vesicle prepara-
ACRCaM fluorescence with an apparéfy, of 2.7+ 0.8 uM. tions (7, 8, 16), these data indicate that the affinity’5fCaM
For comparison, we also synthesized an acrylodan adductfor RyR1 channels was similar to that of the wild-type apo-
of a C&"-insensitive CaM mutant'tRCaMz4). In contrast and C&"CaM species.
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FiIGURE 2: Binding of A°RCaM to skeletal muscle SR vesicles at
nanomolar and micromolar €a concentrations. Competitive
inhibition of [3®S]CaM binding by WT-CaM @ and W) or
ACRCaM (a anda) was assessed in media containing 0.05 mg/mL
SR (~0.5 nM RyR1) and either 100 nM €a(filled symbols) or
700 uM Ca&*" (empty symbols). Data are mearsthe standard
error from three to five experiments.

0.75 74 2 0.50# >
. + . +

- A: 100 nM B: 30 uyM Ca
25 Jdts
@ £ 0.50 - h
H Y, N
T o 0.254
22 | ) N
2oz bf—ias
ERA —'I-—-l

0.004v~ vor ooy ooy 0.00 4w+ - o vy

0 10 100 1000 0 10 100 1000
[CaM] (nM)

C: 500 nM Ca?* D: 700 uM Ca?*

No CaM P =0.0013 NoCaM P_=0.085

1uM ACR-CaM P =0.11

1uMACR-CaM P =0.014

Ficure 3: Activation and inhibition of SR vesicl€Hfiryanodine
binding byACRCaM. Effects of WT-CaM M) and*“RCaM (a) on
[®H]ryanodine binding were determined in media containing 0.05
mg/mL SR and either 100 nM €&a(A) or 30 uM C&* (B). Data
are meanst the standard error from three to six experiments.
Effects ofACRCaM on RyR1 channd?, in 500 nM C&* (C) and
700 uM Ca&*" (D). Representaty 1 s traces were recorded as
described in Experimental Procedur®s.values are based on a

recording time of 2 min. Dashed lines represent open channel
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FiGURE 4: Effect of A°RCaM on the C&" dependence of RyR1
activity. SR vesicle JH]ryanodine binding was assessed in the
absence of CaM®) or in the presence of eitheri@av WT-CaM

(W) or ACRCaM (a). The arrow indicates the crossover point at
which the C&" concentration is sufficient to promote the conversion
of A°CRCaM from RyR1 activator to RyR1 inhibitor. Data are means
=+ the standard error from four experiments.

bilayers. In media containing sub-micromolar?Caoncen-
trations, RyR1 was activated B{*RCaM (Figure 3C), in
accordance with the effect of WT apoCaM. Conversely, in
media containing 70«M C&*, RyR1 P, was reduced
(Figure 3D), in accordance with the inhibitory effect of WT
Ca&*CaM. Together, results in Figures 2 and 3 thus indicate
that both activating and inhibitory interactions of WT-CaM
with RyR1 channels are retained by thé&*CaM reporter.

RyR1 channel activity displays a biphasic dependence on
Ca* concentration that is shifted leftward in the presence
of CaM. Accordingly, Figure 4 shows that activation of RyR1
by wild-type apoCaM €1 uM Ca?") and inhibition of RyR1
by wild-type C&*CaM (>1 uM Ca") resulted in a leftward
shift in the C&" dependence of SR vesicléH]ryanodine
binding. A similar leftward shift in RyR1 Ca dependence
was observed in the presence’®fCaM. The point at which
the control and the CaM curves cross may be taken to
approximate the Ca concentration at which CaM switches
from the RyR1 activator (apoCaM) to inhibitor (E&€£aM)
in these steady-state experiments. Notably, for both WT-
CaM and*°“RCaM, the crossover point was observed between
0.3 and 1uM C&* (Figure 4, arrow), suggesting that WT-
CaM and*°RCaM exhibit similar C&" sensitivities when in
complex with RyR1 channels.

Ca&?* Sensitiity of A°RCaM Fluorescence in the Presence
of the RyR1 TargefTo investigate the effect of the RyR1
target on the Ca dependence of°RCaM fluorescence,

current levels. There were two channels present in the experimentsmeasurements were performed in the presence a2

whose results are shown in panel C.

To directly examine regulation of RyR1 ByRCaM, we
determined the CaM dependence of SR vesitidryanodine
binding. Figure 3A shows results from experiments at
nanomolar C& concentrations, which favors RyR1 activa-
tion by the apoCaM species. In these metit&CaM (3 nM
to 3 uM) significantly activated JH]ryanodine binding

RyR13614-43. The interaction of*°RCaM with the soluble
RyR 161443 target was reflected in tfé&RCaM fluorescence
spectra (Figure 5A, filled symbols) both at low (10 nM) and
at high (300uM) C&*t concentrations (Figure 5A, empty
symbols). At low C&" concentrations, the effect of RyRis 43
onACRCaM fluorescence consisted mainly of an increase in
the intensity of the blue-shifted shoulder. At high?Ca
concentrations, the RyRés43 binding decreased the

[Figure 3A (a)], and both the concentration dependence and A°RCaM fluorescence intensity, but had no effect on the shape
the extent of activation were similar to those of WT-CaM of the spectrum, which retained a single-component aspect
[Figure 3A @)]. Figure 3B shows results from experiments both in the presence and in the absence of the peptide target.
at micromolar C&" concentrations, which favors inhibition To investigate interactions of°RCaM with functional
of RyR1 by the C&"CaM species. In these medf&RCaM, RyR1 channels in native membranes, we examined the Ca
like WT-CaM, significantly inhibited JH]ryanodine binding. dependence of thRCaM fluorescence in media containing
To further document regulation of RyR1 By*CaM, we 10 mg/mL SR (0.4«M RyR1 CaM binding sites) (Figure
examined the effects 6FRCaM on RyR1 channé®, in lipid 5B). In these experiments, fluorescence data acquisition was
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Ficure 5: Effect of RyR1 targets on tf¥RCaM fluorescence spectrum. Spectra of M2 A°RCaM in the presence of the indicated target

were acquired at 10 nM €a(solid symbols) and 300M Ca* (empty symbols). (A) Spectra acquired in the presence:dfl RyR 1s614-43.

(B) Spectra acquired in the presence of 10 mg/mL SR #04RyR1 CaM binding sites). (C) Control spectra acquired in the presence of

SR with competing, unlabeled WT-CaM (1M). Spectra in the absence of a target at low#'C@olid line) and high C& (dashed line)
concentrations are shown in each panel (replotted from Figure 1B). All spectra were corrected by subtracting corresponding blanks lacking
ACRCaM and then normalized relative to the fluorescence intensity of the IG#-&@mcentration spectrum.

8,0] v . peptide, a pronounced leftward shift in the?Cdependence

g {v CONTROL of ACRCaM fluorescence was observed relative to controls
8081 SR in the absence of a target. The RyR4 43 peptide caused a
Sos; decrease in the apparefg, of A°RCaM fluorescence from

% 0.4l A\ 2.7+ 0.8 to 0.2+ 0.1 uM. Remarkably, full-length RyR1

N v also caused a significant leftward shift in the?Caepen-
g°-2' RYR 10 . dence of*°RCaM fluorescence (Figure 6), but the effect was
‘2‘50'0'&‘01 =t ] substantially smaller (appareKt, = 0.8 + 0.4 uM) than

1 1 10 100
[Ca2+] (M) for RyR]3614_43.

Ficure 6: Effect of RyR1 targets on the €adependence of
ACRCaM fluorescence. Ca titrations of A°RCaM (0.2uM) were DISCUSSION

performed in the absencHl) and in the presence of eithen - s
RyRus14-43 (&) 0r 10 mg/mL SR [§) 0.4xM RyR1 CaM binding Defining the structure and €asensitivity of CaM when

sites]. Normalized plots f(— fmin)/(fnax — fmin)] Of integrated in complex with RyR1 channels is key to resolving potential
ACRCaM fluorescence spectra were fit to the Hill function. roles of CaM as a channel regulatory protein. Here, we use

theA®RCaM adduct to investigate CaM'’s structure and'Ca
affected by intense scattering of the excitation beam, which sensitivity when in complex with RyR1 targets. We dem-
was subtracted whefi®®CaM fluorescence spectra were onstrate that acrylodan labeling at CaM residue 26 yields
corrected using a baseline consisting of the SR samplean environment-sensitive reporter that not only retains high-
without added fluorophore. This baseline was unaffected by affinity binding to RyR1 C&" channels but also evokes a
the C&" titration in the sample. At low G4 concentrations  |eftward shift in the RyR1 Cd dependence comparable to
in the presence of full-length, tetrameric, functional RyR1 that observed in the presence of WT-CaM. Previously,
in SR membranes, théRCaM fluorescence spectrum interactions of CaM with a variety of other targets have been
differed significantly from the spectra obtained in the absence shown to be similarly preserved following the attachment
or presence of RyRdi4 43 (Figure 5B, filled symbols). of fluorophores at this position within the N-terminal Ta
Specifically, at low C&" concentrations and in the presence binding domain of plant CaM27—30).
of SR membranes, the fluorescence spectrum peaked at 518 The fluorescence dFRCaM free in solution was decreased
nm; however, its blue-shifted shoulder was much less >500, upon binding with C& (Figure 1C). Because
pronounced, and its half-width (47851.1 nm) was smaller  acrylodan senses the polarity of its local environmée®),(
than in the absence of SR (Figure 5B, solid line). At high these results suggest that binding of2Cdo ACRCaM
C&" concentrations, in the presence of SR, the fluorescencepromotes movement of the acrylodan moiety to a more
peak was shifted slightly to the right (to 521 nm), its height hydrophilic environment 31, 32). This interpretation is
changed only negligibly relative to the low €aconcentra-  consistent with previous evidence of a calcium-induced
tions, and its half-width was slightly smaller (3746 0.4 increase in solvent accessibility at the equivalent position
nm) than in the presence of RyRis43. To confirm that  of the first EF-hand of plant CaM3(). We further
changes in the fluorescence spectra could be attributed todemonstrate that the &adependent decrease in fluorescence
the specific binding of“RCaM to SR, fluorescence spectra is reduced by mutations that reduce CaM'’s affinity foPCa
were also acquired following addition of excess unlabeled (Figure 1C). We, therefore, conclude that decred§8@aMm
WT-CaM (10 uM) (thus, blocking binding of*°RCaM to fluorescence is a reflection of binding of €at CaM’s EF-
SR targets). Under these conditions, fluorescence spectra ohands. However, the extent to which this response may
ACRCaM were equivalent t6“RCaM spectra acquired in the  specifically reflect binding of C& at CaM’s N-terminal
absence of a target (Figure 5C). domain or more global conformational changes resulting

Figure 6 summarizes the effects of RyR1 targets on the from C&? binding is not yet clear.

Cat dependence of‘°RCaM fluorescence. These data A Ca&"-dependent decreaseiiRCaM fluorescence was
demonstrate that, upon incubation with the RydRdlas also observed in the presence of the Ryfdls; peptide



Ce&"-Sensitive Fluorescent CaM Probe of RyR1

(Figures 5A and 6); however, this effect was shifted leftward
more than 10-fold relative to that in the absence of the
peptide targetKc, decreased from 2.Z 0.8 to 0.2+ 0.1
uM). This result is thus consistent with the previous report
by Xiong and co-workers 16) in indicating that the
RyR1s614-43 peptide promotes a substantial increase in the
C&" affinity of CaM such that only nanomolar €a
concentrations may be required for formation of the inhibi-
tory C&"CaM species. Yet, notably, extensive functional
studies document that a significantly highe?Ceoncentra-
tion is required for CaM's conversion to RyR1 inhibitor
(Figure 4) 8, 12, 20). We therefore conclude that the
structure and Ca sensitivity of CaM when in complex with
full-length channels may differ from those when in complex
with the RyR%s14-43 peptide target. Indeed, current models
predict that the CaM binding pocket within full-length
tetrameric RyR1 is formed by additional regions within the
channel primary structure, and is therefore not likely to be
fully represented by the RyRBdi4 43 peptide (4, 33).

To investigate the G4 sensitivity of CaM in complex
with the full-length RyR1 channel, we determined thé'Ca
dependence df°RCaM fluorescence in the presence of SR
membranes. Our results indicate that the effects of full-length
RyR1 onARCaM fluorescence are quite distinct from those
of the RyRZLs1443 peptide. Specifically, whereas the
RyR13614-43 peptide caused an increase in the intensity of
the blue-shifted shoulder at nanomolarPfCaoncentrations
(Figure 3A), this shoulder was decreased in the presence of
SR (Figure B). This result suggests that upon binding to
the full-length RyR1, the apoCaM probe assumes a more
restricted conformation, distinct from that induced by binding
to the RyR%614-43 peptide target. Furthermore, the magnitude
of calcium’'s effect on the fluorescence intensity was
significantly reduced in the presence of SR, suggesting that
interactions with the RyR1 channels partially restricted'€a
induced conformational transitions withftfiRCaM. Nonethe-
less, the addition of Ca evoked a qualitatively similar red
shift of theA°RCaM spectra in the presence of SR membranes
and the RyRZs14-43 peptide, suggesting that tHeRCaM
probe retains sensitivity to €aeven when bound to full-
length RyR1 channels. Alternatively, this result might be
explained by the Cd sensitivity of a small fraction of
ACRCaM remaining unbound in the presence of SR. However,
in opposition to this interpretation, the concentration of RyR1
CaM binding sites in our SR samples (@Ml exceeds that
of the A°RCaM reporter (0.2«M), which in turn is present
at a concentratiorr 20-fold greater than th&p of CaM—
RyR1 binding 0, 22). Moreover, the C& dependence of
ACRCaM fluorescence in the presence of SR was intermediate
between that in the presence of RgR1 43 and that in the
absence of a target (Figure 6). Finally, theeCdependence
of the A°RCaM fluorescence in the presence of IR{=
0.8 uM) is consistent with functional studies performed in
equivalent media that show CaM’s conversion from channel
activator to channel inhibitor between 0.3 angil Ca?*
(Figure 4). Our results thus indicate that change$itCaM
fluorescence reflect binding of &ato the probe in complex
with RyR1 channels, and th&t*CaM therefore provides a
useful reporter for CaM’s regulatory interactions with these
channels in native SR membranes.

In conclusion, we have identified“RCaM as a C&'-
sensitive fluorescent reporter that retains high-affinity func-

Biochemistry, Vol. 44, No. 1, 2002283

tional interactions with RyR1 channel targets. Our results
demonstrate that both the structure and'Gsensitivity of
CaM are altered upon target binding, although effects of the
RyR13614-43 peptide and full-length channels are distinct. In
the presence of full-length RyR1, offfRCaM Kc, determi-
nations (-1 M Ca") fall within the physiologically relevant
range of C& concentrations (from~0.1 to ~10 uM),
suggesting that CaM may be appropriately tuned to respond
to changing C& concentrations in the vicinity of the
channel. Additional studies defining the structure ané*Ca
sensitivity of CaM in complex with RyRs will help to resolve
CaM’s potential roles as a regulatory subunit of these
channels.
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