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ABSTRACT: High-resolution crystal structures obtained in two conformations of the Ca-ATPase suggest
that a large-scale rigid-body domain reorientation of approximatelyirb®lving the nucleotide-binding

(N) domain is required to permit the transfer of tgphosphoryl group of ATP to Asp! in the
phosphorylation (P) domain during coupled calcium transport. However, variability observed in the
orientations of the N domain relative to the P domain in the different crystal structures of the Ca-ATPase
following calcium activation and the structures of other P-type ATPases suggests the presence of
conformational heterogeneity in solution, which may be modulated by contact interactions within the
crystal. Therefore, to address the extent of conformational heterogeneity between these domains in solution,
we have used fluorescence resonance energy transfer to measure the spatial separation and conformational
heterogeneity between donor (i.e., 5-[[2-[(iodoacetyl)amino]ethyl]amino]naphthalene-1-sulfonic acid) and
acceptor (i.e., fluorescein 5-isothiocyanate) chromophores covalently bound to the P and N domains,
respectively, within the Ca-ATPase stabilized in different enzymatic states associated with the transport
cycle. In comparison to the unliganded enzyme, the spatial separation and conformational heterogeneity
between these domains are unaffected by enzyme phosphorylation. However, calcium activation results
in a 3.4 A increase in the average spatial separation, from 29.4 to 32.8 A, in good agreement with the 4.3
A increase in the distance estimated from high-resolution structures where these sites are respectively
separated by 31.6 A (1IWO.pdb) and 35.9 A (1EUL.pdb). Thus, the crystal structures accurately reflect
the average solution structures of the Ca-ATPase. These results suggest that the approximation of
cytoplasmic domains accompanying calcium transport, as observed from crystal structures, occurs in solution
within the context of large amplitude domain motions important for catalysis. We suggest that these domain
motions enhance the rates of substrate (ATP) access and product (ADP) egress and the probability of a
productive juxtaposition of the-phosphoryl moiety of ATP with Asjy* on the phosphorylation domain

to facilitate enzyme phosphorylation and calcium transport.

The sarco(endo)plasmic Ca-ATPase (SERCA) resequesterswitch skeletal muscle; the most abundant source of Ca-
calcium ions following excitationcontraction coupling, = ATPase thus has been the best characterized form of this
which resets the calcium gradient and causes muscleenzyme 2—4). All of the isoforms play critical roles in
relaxation, the rate-limiting step of muscle contractidh (  calcium signaling in diverse cell types by maintaining
Three major SERCA isoforms of the Ca-ATPase have beensubmicromolar cytosolic calcium levels between calcium
identified; of these, SERCAL is exclusively expressed in fast- transients. As a P-type ATPase, the reaction mechanism of
o ” b f " | the Ca-ATPase is usually described in terms of two major
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12Es, polyoxyethylene alcohol octaethyleneglycoimonododecy! ; SR ; fpr ;
ether; EGTA, ethylene glycol big§{aminoethyl etherN,N,N',N'- tionto the & Conforma“on n V.thCh .these blndlng sites have
tetraacetic acid; £Cy2Es solubilized), Ca-ATPase enzyme solubilized ~been transformed into low-affinity sites exposed to the lumen
with Cy.Eg; E1(Ca), calcium-liganded Ca-ATPase enzyme intermediate; of the sarcoplasmic reticulum (SR). After the dissociation
E(Ca free), Ca-ATPase in the presence of sufficient EGTA to sequester of the calcium ions to the lumen of the SR, hydrolysis of

calcium; BEPQ,~, phosphorylated Ca-ATPase enzyme intermediate; E
TG, thapsigargin-bound Ca-ATPase enzyme intermediad¥¢OF , the phosphoenzyme restores the Ca-ATPase to the E

vanadate-bound Ca-ATPase enzyme intermediate; FITC, fluoresceinconformation.

5-isothiocyanate, isomer I; FRET, fluorescence resonance energy The recent solution of two high-resolution structures of
transfer; HW, full width at half-height of a Gaussian distance distribu- 9

tion; IAEDANS, 5-[[2-[(iodoacetyl)amino]ethyllamino]naphthalene-1- the Ca'AT_Pase .has provided ConSiderable. insight into the
sulfonic_acid; MES, morpholinoethanesulfonic acid; MOPSNs-(  mechanistic basis for the long-range coupling between the
morpholino)propanesulfonic acid; POPOP, 1,4-bis[5-phenyl-2-oxazol- sites of chemical reaction within the cytosolic domain, i.e.,

yllbenzeneRy,, Forster critical distanceR.,, average distance between ; ; ;
donor and acceptor chromophores; SDS, sodium dodecyl sulfate;ATP hydrolysis and phosphoenzyme formation and sites of

SERCA, sarco(endo)plasmic Ca-ATPase; SR, sarcoplasmic reticulum: C@lcium transport within the m.embrane-spanning heIiSes (
TG, thapsigargin. 9). These structures were obtained from the SERCAL isoform
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Lyss15 ATPase transitions from a conformationally mobilg E
SLern structure to a rigid Econformation, analogous to the R and

.\r:{;( “ T states of hemoglobir8]. However, the orientation of the

WA % \ N domain relative to the P domain exhibits variability in

different crystal structures of the Ca-ATPase following
calcium activation; because these differences have been
suggested to result from the differences in the crystal packing

;' %g'r ’ Ii.a' forces, the precise functional significance of the large changes
LR yhs ‘ in the orientations of the N and P domains in thg()

é f&:f ?'“' . and B(TG) crystal structures remains uncertain12—15).
5.5;?;;,{,& To address the domain movements associated with the
. o ‘;5 — transport mechanism of the Ca-ATPase, we used fluorescence
'_,);" Wy resonance energy transfer (FRET) to measure the spatial

A separation between the fluorophores 5-[[2-[(iodoacetyl)-
_ amino]ethylJamino]naphthalene-1-sulfonic acid (IAEDANS)
E1 (Caz) and fluorescein 5-isothiocyanate, isomer | (FITC), respec-

FicUrRe 1: Position of Ly§5and Cy&within the crystal structures  tively covalently bound to the P and N domains of the Ca-
of the fast-twitch skeletal muscle SR Ca-ATPase in the calcium- ATPase stabilized in different enzymatic states. The inter-
free state (ETG) stabilized by TG (1IWO.pdb; left) and in the  medijates that were considered in our study include the

Cé&*-bound state (ECa) (1EUL.pdb; right). The site-to-site ; : ;
distances measured between thearbons is 31.6 A within the unliganded enzyme g, the enzyme-calcium complex (E1

Ex(TG) structure and increases by 4.3 A to 35.9 A within the E ~ C&), the phosphorylated enzyme intermediate<{EQ,"),
(Ca) structure. and the enzyme in the presence of the phosphate analogue

monovanadate (EV0O,~). Calcium binding increases the

Scheme 1 spatial separation between the P and N domains, consistent
2Ca E1g, ADP with the crystal structure. However, within each enzymatic
= NN _ATP s P state, there is substantial conformational heterogeneity

E1

E1 E1
c
>\‘ E1ATP Pl Ca,
ATP

between the probes on the P and N domains for all enzyme
intermediates. Enzyme phosphorylation or vanadate binding
does not alter this heterogeneity; however, calcium oc-
cupancy of the enzyme high-affinity sites results in an

increased conformational heterogeneity.

P H-0 EXPERIMENTAL PROCEDURES

E2 P P
— E2" «—— E2
TG\* 2Ca
Materials. IAEDANS was purchased from Molecular
Probes (Eugene, OR); FITC and 1,4-bis[5-phenyl-2-oxazolyl]-
benzene (POPOP) were obtained from Sigma Chemical Co.

of the Ca-ATPase, isolated from rabbit fast-twitch skeletal (St- Louis, MO). All other chemicals were reagent-grade.
muscle SR, crystallized in the presence of millimolar GaCl ~ Preparation of Skeletal SR MembranesSR membranes
(1EUL.pdb) or the inhibitor thapsigargin (TG) (1IWO.pdb), were purified from the skeletal muscle of a rabbit as
and result in distinct structures corresponding 1#(C&) and ~ described previously with minor modificationsg 17). SR
E»(TG) (Figure 1). Common features of these structures showVesicles were suspended in a medium containing 0.3 M
three distinct cytoplasmic domains: the A domain, suggestedsucrose and 20 mM 3morpholino)propanesulfonic acid
to anchor the N domain, which binds nucleotides, and the P (MOPS) (pH 7.0) and were stored at70 °C. Protein
domain containing AsB? the residue of enzyme phospho- concentrations were determined by the method of Lowry and
rylation. These cytoplasmic domains connect to 10 trans- CO-workers 18), using bovine serum albumin as a standard.
membranex helices, designated MAM10, which contain Labeling with Spectroscopic Probes.The Ca-ATPase
side-by-side sites for the binding of calcium, specifically was labeled with IAEDANS or FITC as previous described
within helices, M4-M6 and M8. Comparison of these two (19, 20) and carried out in a medium of 20 mM MOPS (pH
structures indicates large-scale spatial and angular displace6.8), 80 mM KCIl, 1 mM CaGl, 5 mM MgCh, 0.4 mM
ments of both the cytoplasmic domains and transmembranelAEDANS, and 4 mg of SR protein/mL for 30 min at 25
helices during active calcium transport. Most notable is the °C. SR vesicles incubated with IAEDANS were separated
transition between an “open” configuration with distinctly from the free probe by two successive centrifugations at
separated cytoplasmic domains in th€é®s,) structure and 100 00@ for 45 min and resuspensions of the resulting pellet
a more compact arrangement of cytoplasmic domains in thein a buffer of 0.3 M sucrose and 20 mM MOPS (pH 7.0).
Ex(TG) structure that has been suggested to facilitate the The Ca-ATPase was similarly labeled with FITC by incuba-
phosphoryl transfer of theg—phosphoryl moiety of ATP  tion of SR with 40uM FITC for 10 min at 22°C in a
bound within the N domain to ASp' within the P domain medium consisting of 10 mM Tris buffer (pH 9.2), 0.1 M
(20). Thus, models of transport function commonly suggest KCI, 0.1 mM EGTA, and 0.3 M sucrose. The stoichiometry
that contact interactions between the cytosolic domains areof labeling for the probes was determined in the medium of
disengaged following calcium activatioi). From these 1% sodium dodecyl sulfate (SDS) and 0.1 M NaOH for both
structural characteristics, it has been suggested that the Caef the probes using the molar extinction coefficients Qb

E2(TG)
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= 6100 Mt cm™® and €495 = 8.0 x 10* M~* cm?, for the fluorophore 27), where
IAEDANS and FITC, respectively2(). The final labeling

stoichiometries of the samples used for this paper cor- _ .

responded to 5.6 0.6 nmol of IAEDANS/mg of SR and T= Zlairi @)
4.1+ 0.7 nmol of FITC/mg of SR. These stoichiometries =

correspond respectively to the molar ratios of £.2.1 and FRET. The intensity decay for a fluorescence donor in

0.9+ 0.1 probes per Ca-ATPase, based on the active Ca-the presence of an acceptor permits the determination of both
ATPase concentrations measured from assays of the ATP+he average distanc&{) and the width at half maximum
dependent phosphorylated enzyme (4%.5 nmol/mg of  (Hw), which reflects the conformational heterogeneity of
SR) for these SR preparations. the molecule to which the donor and acceptor are bound.
Buffel’ COhdItIOI’lS fOI’ Stab|l|zat|0n Of Enzyme Inter- For examp|e, for a Sing'e acceptor present at a distance

mediates. Enzyme intermediates were the result of the from a donor, the intensity decay, (29) is given by
following buffer conditions: E(Cg in 20 mM MOPS (pH

6.8), 80 mM KCI, 5 mM MgC}, 0.5 mM EGTA, and 0.6 n

mM CaCl ([Ca?']ree = 105 uM); E(Ca free) in 20 mM lpalrt) = ZaDi expt/rp,) (4)
MOPS (pH 6.8), 80 mM KCI, 5 mM MgG| and 0.5 mM =
EGTA: E(PQ) in 10 mM Tris-MES (pH 6.0), 20 mM Kbt
PQ,, 20 MM MgCh, and 1 mM EGTA ([C&'yee = 0.5M);
E(VO,") in 20 mM MOPS (pH 6.8), 80 mM KCI, 5 mM

where the individual decay times observed in the presence
of an energy-transfer acceptor are

MgCl,, 0.5 mM EGTA, and 1&M monovanadate; E(GEs 1 1 1 [Ro\e
soluble) in 20 mM MOPS (pH 6.8), 80 mM KCI, 5 mM r_zr_+r_ 3 (5)
MgCl,, 0.5 mM EGTA, and 2 mg/mL of the detergent;Es. DA, D D,

Steady-State Fluorescence Measurementsluorescence
emission spectra were recorded with a FluoroMax-2 fluo-
rometer (SPEX, Edison, NJ), using excitation and emission
slits of 5 nm and exciting at 340 nm. Steady-state anisotropy
(r) was calculated from the ratio of the fluorescence
intensities [) with the polarizers in the vertical (v) or
horizontal (h) position

Ry is the Faoster critical distance that defines the distance
where the efficiency of the resonance energy transfer is 50%
for a given donor-acceptor paiR, is calculated as

R,= (9.79x 109)(*n*Q)¥® (inA)  (6)

where«? is the orientation factom is the refractive index,
Q is the quantum yield of the donor in the absence of the
r=(lw = gl)/(lwy + 291yn) (1) acceptor, and is the spectral overlap integra?4). In our
experiments, the quantum yield for IAEDANSR was
whereg = In/lInn. For IAEDANS, excitation and emission  determined using quinine bisulfate as a stand@re-(0.54);
Wavelengths were respectively 337 and 460 nm. For FlTC, n was estimated to be 1.40 based mmeasured for a 1
excitation and emission wavelengths were respectively 495 mg/mL solution of serum albumir2g). «2 was assumed to
and 518 nm. Free calcium concentrations were determinedbe 2/, corresponding to the random orientation between the
from the total Ilgand and EGTA concentrations, Correcting donor and acceptor dipo|esy because of the range of
for pH and ionic conditions22). conformations, the possibility of rotational diffusion, and the
Frequency-Domain Fluorescence.Frequency-domain  mixed polarization of the specieg9). The use of2 = 2/
data were measured using an ISS K2 frequency-domaindoes not result in a significant error if the donor and acceptor
fluorometer, using a Coherent Innova argon laser with can adopt a range of conformations. Errors in the recovered
extended UV capabilities for excitation, as described previ- donor—acceptor Separation can be estimated from a consid-
ously @3). After the excitation at 351 nm, emitted light was eration of the steady-state anisotropy of both donor and
detected using an Oiriel interference filter centered at 460 acceptor Chromophores; the buffer conditions used did not
nm, using POPOP in absolute ethanol, whose fluorescencesignificantly alter the steady-stas of bound AEDANS
lifetime is 1.35 ns, as a referené. The frequency-domain  or FITC (30).
data were analyzed by the nonlinear least-squares method Wwhen the distance distribution is modeled as a Gaussian
(25, 26), where the time-dependent dedgy of fluorescence  probability [P(r)], the observed intensity decay is fit as

was fit to a sum of exponentials
loa(®) f°°P()n : t(RO)Gd (7)
n DA = — r Z(X,Di EX _____ I
I(t) = Zaie(—tlri) ) r=0 £ AT
1=

To recoverP(r) from the intensity decay and minimize the
whereq, is the preexponential factor amds the decay time.  number of parameters, a uniform Gaussian distribution of
The intensity decay law is obtained from the frequency the donor-acceptor distances is generally assumed as
response of the amplitude-modulated light and is character-
ized by the frequency-dependent values of the phase shift P(r) = 1 exr{— l(r - Rav)Z
and the extent of demodulation. The values are compared o 2
with the calculated values from an assumed decay law until
a minimum of the squared deviatioggf) is obtained. The  whereR,, is the average doneracceptor distance andis
mean lifetime %) is directly related to the quantum yield of the standard deviation of the distribution. The width of the

o

(8)

o
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distribution is reported as the full width at half-maximum
(HW), given by HW= 2.354y (28—31). 100 -

RESULTS

Selective Modification of Individual Domains of the Ca- 804

ATPase.Direct measurements of the average spatial separa-
tion and conformational heterogeneity between individual
domains of the Ca-ATPase are possible following the
covalent modification of individual amino acids within these
domains with donor and acceptor chromophores used for
time-resolved FRET measurements. Using previously de-
termined conditions, which are known to permit the selective
modification of individual sites on the Ca-ATPase, we have
covalently attached the donor AEDANS to C¥swithin the 20+
P domain and the acceptor FITC to B¥swithin the N

domain of the Ca-ATPase in the SR vesicles isolated from

the rabbit fast-twitch muscle (Figure 19, 20, 32—34). 0400 T a0 500 | 580

Several characteristics of the modified Ca-ATPase are Wavelength (nm)

relevant to the FRET measurements. For example, these e 9 _

reaction conditions modify only the Ca-ATPase as indicated EI‘;VVZEe ﬁilAE'SZrﬁgcceg\fgei?fs&m dsgg%zigfgogségﬁgg] I'; RET
from fluorescencg associated excluswely with t.he 110 kDa the absence (dashed line) and presence (solid line) of FITC bound
Ca-ATPase protein after electrophoretic separation of the SRyg | ye515jn the N domain of the Ca-ATPase. Samples consist of
proteins 85). For this paper, SR membranes were modified 100 g of SR/mL, 20 mM MOPS (pH 6.8), 80 mM KCl, 5 mM

at average labeling stoichiometries of 560.6 nmol of MgClz, and 0.5 mM EGTA. Excitation was at 340 nm.
AEDANS/mg of SR protein and 4.2 0.7 nmol of FITC/

mg of SR protein. These values correspond to the molar
ratios of 1.2+ 0.1 and 0.9+ 0.1 for AEDANS and FITC
per Ca-ATPase, respectively, based on the measurements g
the Ca-ATPase concentrations in SR obtained from assays;
of [*P]-ATP-dependent phosphoenzyme®), .e., 4.5+ Cys”#and Ly$*®in the high-resolution structures of the Ca-
0.5 nmol of E-P/mg of SR. Thus, the probe stoichiometries ATPase, which are respectively 31.6 A(EG; 1IWO.pdb)
are consistent with the full labeling of all of the Ca-ATPase 35.5’3 A (5-Ca; 1EUL.pdb) (F{gure 1)” this dbnef
polypeptide chains at CY and Lys'™ sites, established acceptor pair is optimally suited to detect alterations in the

previously by amino acid sequencing0df. A small extent spati ; : ;

. . patial separation and conformational heterogeneity between
of lAEDANS !apelmg may als;(z occur at the proximal GVS. the P and N domains of the Ca-ATPase during the enzymatic
pos;!tlone;jtzv ithin 4fA of t.Cyssll’ Iﬁa:jlng to some overesti- cycle. After the covalent modification of L§S with FITC,
mating o _? conformationafly e.erogeneltlif.SI. ) there is a 39% decrease in the fluorescence intensity of

The modified enzyme fu”y retains the ab|l|ty for active AEDANS bound to Cy@“rand an associated increase in the
calcium transport coupled to ATP hydrolysis in the case of flyorescence at 517 nm because of the stimulated emission
the AEDANS-modified enzyme but requires the utilization of FITC resulting from FRET. These results are consistent

of a smaller phosphate compound, such as acetyl phosphateyith prior FRET measurements of AEDANS- and FITC-
to support a calcium transport in the case of the FITC- modified Ca-ATPasel, 21, 35, 40).

modified Ca-ATPase. The latter requirement is a result of FRET from Fluorescence Lifetime Measurements.

the occlusion of a portion of the nucleotide site by bound Frequency-domain fluorescence spectroscopy was used to
FITC (37, 38). Thus, the ability of the AEDANSFITC- measure the excited-state lifetime of AEDANS bound to
modified Ca-ATPase to support active calcium transport Cy<74 in the P domain of the Ca-ATPase in the absence
demonstrates that the fluorescence measurements made withnd presence of FITC covalently bound to £sn the N

this donor-acceptor pair reflect the native conformations of gomain, providing a complementary method for the deter-
the Ca-ATPase; however, the choice of FITC as an acceptormination of the energy-transfer efficiencies (Figure 3).
precludes the conformational measurements on the nucle- jfetime measurements provide both sensitivity to confor-
otide-bound enzyme3g, 37). mational heterogeneity within proteins and, as a noncolli-

FRET Measurements: Steady-State Fluorescence. gative property, are not prone to errors in quantitation of
Steady-state measurements of fluorescence provide a conthe probe and protein amounts. Lifetime data were collected
venient means to both characterize the spectral propertiesat 20 frequencies of intensity-modulated excitation light,
of bound fluorophores and estimate the mean spatial separabetween 2 and 100 MHz. With increasing frequencies, a
tion between the bound probes. The spatial relationship progressive increase in the phase and a decrease in the
between covalently bound chromophores is estimated throughmodulation of the emitted light is observed. After the
the FRET measurement, which typically requires the bound covalent modification of the Ca-ATPase with FITC, the
probes to be located within 100 A of one another with frequency response of AEDANSCa-ATPase is shifted to
spectral overlap between the fluorescence emission of thethe right, indicating a reduction in the average lifetime of
donor and absorbance of the accep®i)(In this respect, = AEDANS as a result of FRET.

60

404

Relative Intensity

the fluorescence emission of AEDANS bound within the P
domain of the Ca-ATPase is centered at 476 nm (Figure 2)
nd overlaps strongly with the absorbance spectrum of FITC
entered near 495 nm, resulting in By of approximately

0 A (38). In view of the distance betweem carbons of
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Ficure 3: Frequency-domain lifetime data and three-exponential
fits to the phase shifi®, O) and modulationM, O) for IAEDANS
covalently bound to Cy$*in the P domain in the abseno®, (M)

and presenced, O) of FITC bound to Ly8'®in the N domain of

the Ca-ATPase. The solid (D) and dashed (DA) lines represent the
best fits to the data. The emission decay of bound AEDANS fits
best §r? = 1.1) to a three-exponential model having the lifetime
componentsz) of 0.3, 5.6, and 18.6 ns, with respective amplitudes
(o) of 0.57, 0.12, and 0.31; the emission decay of AEDANS
FITC is best describegg? = 0.9) by the lifetime components of
0.3, 5.5, and 17.0 ns with respective amplitudes of 0.66, 0.19, and
0.15. Measurements were made at°5using 100ug of SR/mL

in 20 mM MOPS (pH 6.8), 80 mM KCI, 5 mM MgG] and 0.5

Chen et al.

decrease of 39% is essentially the same as that in native
membranes. Thus, the FRET between AEDANS and FITC

observed for native membranes represents FRET within a
single Ca-ATPase polypeptide chain with essentially no

intermolecular contribution.

Rationale for the Distance Distribution Analysis.Spatial
separations between protein-bound fluorophores are com-
monly calculated from the steady-state or lifetime FRET
measurements that assume a single rigid deaoceptor
distance. However, this interpretation would seem inadequate
for the Ca-ATPase, in view of the previous work demon-
strating large amplitude motions of the N domadit); The
amplitude of these rotational motions correspond to a
semiangle of approximately 44or the unliganded enzyme,
increasing by approximately’ 4ollowing calcium activation.
Moreover, the rotational motion of the N domaipn & 5 +
1 us) is substantially longer than the fluorescence lifetime
of AEDANS (7 = 7 ns), ensuring the presence of the static
disorder on the time scale of the FRET measurement. Thus,
knowledge of this conformational heterogeneity between the
Ca-ATPase domains contradicts the analysis of FRET in
terms of a model that assumes a single distance and, instead,
requires that the time-dependent intensity decay be fit to a
model that explicitly considers a distribution of the distances.
The distance distribution models have been shown to be a
more appropriate description of the intramolecular denor
acceptor separations for many peptides and proté&inz4(

29, 31, 47, 48). Moreover, the extent of conformational

mM EGTA. Lower panels represent the weighted residuals (i.e., heterogeneity within proteins, as described by the width at

the difference between the experimental data and the calculated fit

divided by the experimental uncertainty) for the phase and
modulation data.

For comparison with the steady-state FRET measurements
the lifetime decay data were fit as discrete exponentials. In

half-maximum (HW) of the distance distribution, has been
shown to be a more sensitive signature of the conformational
changes within macromolecules than the mean denor
acceptor distance2d, 36, 49, 50).

In the case of the present data, these two models were

all cases, three-exponential components are required toexplicitly compared by fitting the data from IAEDANS and
describe the data (as an example, see the caption to FigurdAEDANS—FITC-labeled Ca-ATPase, to both of the models.

3). While the physical significance of these decay times has

The simpler Gaussian distribution model, having two floating

not been assigned, studies with other systems have demonparameters, i.e., the average recovered deaoceptor

strated that multiple exponential lifetime decays can result
from a single fluorophore site within a protein as a result of

distance R,,) and the width at half-maximum of the distance
distribution (HW), fits statistically as well, based on the

heterogeneity around the probe. This heterogeneity can resulsimilar goodness of fityz?), as the single doneracceptor-

from multiple factors such as protein unfolding and other
protein dynamics, probe interaction with soluble quenchers
or nearby protein groups that quench the fluorophore, or
rotational conformers of the fluorophore, itselP(-45). As

discussed below, discrete exponential fits may not best

distance model derived from a model that assumes a sum of
exponentials with five floating parameters (i.eq, 71, 02,
T2, andzs; Table 1). Thus, the simpler model of the distance
distribution is statistically justified.

Results from the Distance Distribution Analysis.From

describe the range of the conformations available to fluo- a consideration of the parameters obtained from an analysis
rophores on proteins. However, this approach to the dataof the distance distribution between the P and N domains of
analysis provides a simple model that derives the mean donotthe Ca-ATPase, broad distance distributions are exhibited,
lifetimes7, in the absence and presence of the acceptor, forindicating a significant degree of conformational heterogene-
the determination of the energy-transfer efficiency. From this ity (Table 1; Figures 4 and 5). The extent of conformational
analysis, and in good agreement with the steady-state dataheterogeneity is virtually identical for E(Ca freey(BEQ, ),
there is a 38% decreaseiihecause of FRET between bound and B(VO,~), where HW of these distributions are ap-
AEDANS and FITC. This agreement between steady-state proximately 32 A (Table 1). Under these conditions, the
and lifetime-derived FRET rules out any significant donor  average spatial separatidR.) between AEDANS covalently
acceptor population within the static limit, i.es0.5 of Ry, bound to Cy&“and FITC bound to Ly3%is approximately
where the donor fluorescence is completely quenched. Thus29 A, which is in reasonable agreement with the 31.6 A
possible errors in the interpretation of the FRET data are separation between the correspondigarbons of these
avoided. amino acids in the crystal structure fos-EG (i.e., 1IWO.p-

An important additional characteristic observed from the db). Thus, conditions used for protein crystallization have
lifetimes is that the relative decreaserdh the presence of  captured structures from highly populated states of an average
FITC is unaffected by the membrane solubilization; this solution structure.



Conformational Disorder and Domain Orientations of Ca-ATPase

Biochemistry, Vol. 43, No. 14, 20041371

Table 1: Distance Distribution Analysis of the Time-Resolved 0.04
FRET Data (AEDANS-FITC)?
enzyme intermediate Ry (A) Rav (A) HW R)  yr?
Ei(Ca) 483+ 0.8 3238 36.1 3.2 0.03
(32.0-34.0) (35.4-36.8)
E(Cafree) 46.2:0.6 294 32.3 4.9 -
(28.6-30.3) (31.5-33.0) — 0.02-
Ex(PQy) 47.3+0.7 28.6 32.0 4.8 o
(27.7-29.6) (31.3-33.0)
Ex(VO,") 48.6+1.0 284 32.8 55
(27.7-29.3) (32.6-33.5) 0.01-
E,(CioEgsoluble) 5474 0.8 454 56.8 25
(43.9-46.8) (55.6-58.7)
2 The values of the average doracceptor distanceRf,) and the 0.00+ . . v . . .
width of the distribution as the full width at half-maximum (HW) are 0 20 40 60 80
derived from a global fitting of the data. Values in parentheses indicate A
the respective values &, or HW at one standard deviation from the r ( )
mean (also see Figure 4, is the Faster critical distance, i.e., where FIGURE 5: Increased conformational heterogeneity between the P

the energy transfer is 50%; the values represent the mean and standargnd N domains of the Ca-ATPase following calcium activation

errors for 2 or 3 samples for each buffer condition. Enzyme intermedi- G ahhical depiction of the peak-normalized Gaussian distance

atﬁﬂsh‘;lvgga;taﬂ'g%d %%th?\/lfoK"&Wg'g 't\JAqu/Ier CO&I%IUO'(I/ISI.E(%(_&B Zod distributions depicting the relationship between the fractional

816 s Cagi ([(fa2)+'] m 105 'M)-mE(Cagfcrie)' inmzo i l\/iggs population of the doneracceptor distance®(r) and spatial

(.H 6.8), 80 MM KCi f'gemM M léi and 0.5 MM EGTA- E(P®) in separationr) between IAEDANS covalently bound to ysin

1% i Tris MES (ot 6.0) zogmM KLPOL. 20 mM MaCh. and 1 the P domain and the presence of FITC covalently bound t8'tys

M EGTA (C&-] PH 050M); E(VOL) in 20 m MOIgS bH 6.9) in the N domain of the Ca-ATPase. Experimental conditions are

80 MM KCL. 5 me’KjI Clzl 0/‘5 rﬁM EG:‘I'A and 1M monove?nadéte,' descrlbed_ in the footnote of_Ta_bIe 1, corresponding 1(1:_52)

EC Egsoldble) in Zogm,\h MOPS( H6 8') 80 MM KCL 5 mM M g;ly (dashed line), E(Ca free) (solid line):(BOs~) (dash-dotted line),

O e R GTA A 2 L. “'?] A ’ 9 EAVO,7) (dotted line). The inset shows this same data in
~>m » and 2 mg/mL of the detergentzEs. comparison with the HCi.Eg solubilized) sample (solid line),

illustrating the increased heterogeneity induced by the loss of bilayer

stabilization.

1.151

I

1

u' on the time-resolved FRET data. This involved fitting the

b data by incrementally adjusting either tRg or HW values

! (Figure 4A or B, respectively) and allowing all other

| parameters to vary in the least-squares analysis, where the
! resulting goodness of fit, expressed as ievalue, was
normalized to 1.0. The curves generated show a minimum
%2 value (1.0) for the best fit. The horizontal line indicates
one standard deviation. Thus, distributions whose error

1.101

~
P
=

1.05-

. ) 7

1.004

/

26 28 30 32

R, A)

3 30 32 34 36 38
HW (A)

1 surfaces overlap in the region below the line are not

significantly different. The lack of overlap in the error
surfaces confirms the statistical significance of the distinction
between the Fand B-Ca conformations of the Ca-ATPase

Ficure 4: Depiction of the error surfaces demonstrating the in both of ﬂ_]eRa" and HVY paramett_ars; conversely, E(Ca
calcium-induced increase in (panel A) the average democeptor  11€€), B(PQ;7), and B&(VO,™) are not different. These results

separationRy,) and (panel B) conformational heterogeneity (HW) indicate that the observed structural changes apparent in the
between the P and N domains of the Ca-ATPase. Error surfacescrystal structures accurately reflect the average structures in
were constructed by incrementally adjusting eitRgror HW and ~ go|ytion and are not distorted by the intermolecular crystal-
allowing all other parameters to vary in the least-squares analysnspacking forces. The 3.8 A increase in HW upon calcium

(Beechem et al., 1991), where the goodness of »#if)(was SRR . . . .
normalized to 1.0, i.e../?. The horizontal line corresponds to ~ activation is likewise consistent with direct measurements

the F statistic for 1 standard deviation. Thus, the error surfaces of the dynamics of the N domain, which indicate large
Statistcally diferent. Experimental conditions are desarbed in the - nide motions of the N domain whose semiangle
stats . H i H
footnote 0¥ Table 1, corPesponding ta(Ea) (dashed line), E(Ca Increases by approximately #om 44’ to 48" upon calcium
free) (solid line), B(PO;) (dash-dotted line), and EVO,)  activation 66).
(dotted line). As a further point of reference for the recovered values
of Ry and HW of the Ca-ATPase in the native SR
Calcium activation results in an increase in b&} and membranes, we have measured these parameters after
HW, which increase by 3.4 A and 3.8 A, respectively (Table subjecting the Ca-ATPase to a mild structural perturbation
1). Similar increases iR, of 4.2 and 4.4 A are observed induced by solubilization with the detergentEgs. This
for Ex(PO,7) and B(VO,47), respectively. These increases treatment eliminates the stabilizing influence of the intact
in the average spatial separation are consistent with thebilayer but retains the layer of native lipids that associate
crystal structure for ECa (1LEUL.pdb), where the average directly with the membrane-spanning region of the ATPase
spatial separation between these sites increases by 4.3 A imesulting in a decrease-40%) in the enzyme activity (Figure
comparison to that of ETG. To assess the significance of 5; Table 1). Under these solubilizing conditions there is a
these differences, an error surface analysis was performedsubstantially increased conformational heterogeneity as
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evidenced by a recovered HW of 56.8 A and an increase in domains with respect to one another (Figure8,)9). On

the spatial separation between AEDANS at €yand FITC the other hand, with the exception of the transmembrane
at Lys"!5 (Ry, = 45.4 A). This result is consistent with the elements, calcium binding causes minimal structural changes
role of the intact bilayer in stabilizing the protein structure within individual domains 7). Thus, it is commonly sug-
and in orienting the relative positions of the P and N domains. gested that calcium activation induces the rigid-body domain
The Ca-ATPase is thus similar to other integral membrane movements that disengage the contact interactions between
proteins, in which this stabilization of cytosolic domains the P and N domains, creating a more relaxed structure that
through their linkage to transmembrane helices permits afacilitates nucleotide bindingd¢11).

substantial degree of conformational heterogeneity without Measurements of conformational heterogeneity between
the need for strong stabilizing interactions between the the P and N domains provide a direct assessment of these
protein domains in soluble proteinsl). Indeed, the crystal  structural predictions (Figure 5). Before calcium activation,
structures of the Ca-ATPase suggest few interdomain contacthe average spatial separation between the P and N domains
interactions between the cytosolic domains, consistent with and the extent of conformational heterogeneity are virtually
the large amplitude motion of the N domaii).( While identical for the Ca-ATPase stabilized in various enzyme
available information regarding the, £ effects does not  states, [E—PO,~, E;—VO,~, or E(EGTA)] (Table 1),
allow the possiblility of direct interactions of the detergent indicating that these states have the same range of available
in the proximity of the probe sites, it should be noted that conformations (Table 1; Figures 4 and 5). After calcium
the structural changes induced by Es are in marked occupancy of the high-affinity sites {f£&), there is a unique
contrast with the dramatic increases in recovered HW (up increase in both the average donacceptor distanceR{,)

to ~80 A) previously measured for AEDANSFITC—Ca- and its conformational heterogeneity (HW), consistent with
ATPase after denaturation 6 M urea 85). the more open nature of this conformation in the crystals.

Thus, these results support previous suggestions that the Ca-
DISCUSSION pport P 9

ATPase transport mechanism involves global structural

Summary of the Results.The average spatial separation transitions between the two major conformational states (i.e.,
between the P and N domains for the Ca-ATPase in nativeE; and E) that modulate the long-range conformational
SR membranes and the calcium-dependent increase (3.4 Agoupling between the formation of the phosphoenzyme
in their spatial separation are essentially identical to those intermediate and high-affinity calcium binding)( However,
observed in the high-resolution crystal structures. Thesethe extent of conformational heterogeneity is large for both
results indicate that the high-resolution crystal structures states (Table 1; Figure 5), suggesting that there are no long-
accurately reflect the average solution structures of the Ca-lived interactions between the N domain and other domain
ATPase in the native SR membrané; 9) and that the  elements of the Ca-ATPase. These results rule out models
crystal-contact interactions between domain elements underthat require stabilizing interdomain interactions to favor
these conditions do not appreciably distort the relative phosphoryl transfer. Rather, these results support earlier
orientations of the cytosolic domains. Moreover, the time- suggestions regarding the presence of a flexible hinge
resolved FRET measurements for the membrane-bound Casensitive to calcium activatior6).

ATPase indicate a considerable extent of conformational Furthermore, the extent of conformational heterogeneity
heterogeneity between the P and N domains, as evidencedn both the calcium-bound and calcium-free conformations
by measured HWs ranging from 32 to 36 A for all is consistent with previous kinetic measurements demonstrat-
membrane-bound enzyme intermediates examined (Table 1)ing that calcium activation does not significantly affect the
These results suggest that the interconversion between theinetics of ATP association with the Ca-ATPaget,(55).
heterogeneous enzyme states functions to favor the prob-Likewise, ATP binding has essentially no effect on the
ability of forming a productive enzyme intermediate to kinetics of calcium association or the dynamics of the N
facilitate catalysis, as opposed to acting as a structural switchdomain @6, 56). In fact, calcium and ATP bind to the Ca-

to induce the formation of a discrete enzyme state. ATPase by a random mechanism.

Calcium Activation and the Reaction Mechanism of the Domain Movements and Mechanism of Calcium Trans-
Ca-ATPase. Conformational changes associated with the port. From the available high-resolution structures of the
sequential binding of two calcium ions at sites near the Ca-ATPase, it is apparent that large movements of the
bilayer center favor catalytic activation and ATP utilization domains with respect to one another are essential to the
to form a phosphoenzyme intermediate involving &Sp  transport function {—9, 15). Moreover, the extent of the
located approximately 50 A from the calcium sites2)( conformational heterogeneity present between the P and N
Detailed kinetic analysis has revealed that binding of the first domains indicates that these movements cannot be ascribed
calcium induces the reorientation of transmembrane elementgo discrete rigid-body movements. Rather, Brownian motions
to form a second calcium binding site, whose occupancy of domains, which have previously been shown to be rate
promotes the formation of the phosphoenzyrgg).(After limiting under a variety of physiological conditions that alter
phosphoenzyme formation, calcium liganding is disrupted, both motions and transport activity, are likely to play an
favoring the vectorial transport of calcium into the SR lumen. important functional role§7—62). Specifically, we hypoth-
Thus, calcium activation and the long-range structural esize that motions of the flexible N domain, and possibly of
coupling between the transmembrane elements and cytosoliche P domain facilitate the juxtaposition of bound ATP within
domains are of primary importance to the mechanism of the N domain and Asp' within the P domain. The fact that
calcium transport. From the crystal structures of the Ca- the occupancy of the high-affinity calcium sites increases
ATPase, it is apparent that calcium binding is associated with the amplitude of the N domain motiod®) and the extent
the formation of a more open structure of the cytoplasmic of conformational heterogeneity between the P and N
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domains suggests that the calcium-directed Brownian dif- 5.
fusion facilitates the phosphoryl-transfer reaction. Given that
the rate of diffusion of the N domain (approximately*10

s 1) is about 50-fold faster than the rate of phosphoenzyme
formation following ATP and calcium activation (ap-
proximately 200 s'), it is apparent that the productive
association between the P and N domains involves a poorly
populated transition state for this partial reaction that is the 10.
result of directed Brownian diffusiorlb, 46, 63, 64).

This interpretation is consistent with the observation that
there are minimal contact interactions between the cytosolic 12.
domains and follows from the structural constraints imposed
on membrane proteins by the thermodynamically stable
transmembrane region5%). Thus, the orientation and
proximity of cytosolic domains are defined by the relative
organization of the transmembrane helices. These constraints 1°-
permit the coordinated movement of the cytosolic domains, 44
without the requirement for interdomain-stabilizing interac-
tions common in soluble proteins that catalyze chemical 17.
transformations. Indeed, previous measurements confirm the
importance of large-amplitude domain motions in energy
transducing systems and, with respect to the Ca-ATPase 19.
domain motions of the N domain, have previously been
shown to be catalytically importard§, 65—71). Indeed, the
physiological modulators of Ca-ATPase function, involving
phospholamban expression and alterations in lipid composi-
tion, directly modulate activity through the modulation of
the N domain dynamics6@, 72, 73).

Conclusions and Future Directions.We report that the
average orientations of the P and N domains with respect to
one another in biological membranes are essentially identical
to those depicted in the high-resolution crystal structure for
the apo- and calcium-activated forms of the Ca-ATPase,
reaffirming the reported importance of the large-domain
movements for the N domain upon calcium activation.
However, these average structures need to be viewed in the 28,
context of large-amplitude movements, because there is
considerable conformational heterogeneity with respect to
the orientation of the P and N domains irrespective of the 3q
enzyme state. Thus, these results suggest a considerables1.
overlap with respect to the orientations of the cytosolic
domains of the Ca-ATPase in different enzymatic states and
that catalysis involves the formation of the transition states
involving a subpopulation of the total enzyme. Additional
understanding of the relationship between the various
conformations of the Ca-ATPase and the reaction mechanism
will require the investigation of the coordinated movements 35,
of the P, N, and A domains of the Ca-ATPase during the
reaction cycle to identify the possible concerted domain
movements that may function to couple the lattice and to 37
coordinate the motions associated with enzyme phosphory-
lation and hydrolysis that mediate the vectorial transport of 38
calcium.
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