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Phospholamban Binds in a Compact and Ordered Conformation to the Ca-ATPase
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ABSTRACT. Mutagenesis and cross-linking measurements have identified specific contact interactions
between the cytosolic and the transmembrane sequences of phospholamban (PLB) and the Ca-ATPase,
and in conjunction with the high-resolution structures of PLB and the Ca-ATPase, have been used to
construct models of the PLB-ATPase complex, which suggest that PLB adopts a more extended structure
within this complex. To directly test these predictions, we have used fluorescence resonance energy transfer
to measure the average conformation and heterogeneity between chromophores covalently bound to the
transmembrane and cytosolic domains of PLB reconstituted in proteoliposomes. In the absence of the
Ca-ATPase, the cytosolic domain of PLB assumes a wide range of structures relative to the transmembrane
sequence, which can be described using a model involving a Gaussian distribution of distances with an
average distancdrf,) of less than 21 A and a half-width (HW) of 36 A. This conformational heterogeneity

of PLB is consistent with the 10 structures resolved by NMR for the C41F mutant of PLB in organic
cosolvents. In contrast, PLB bound to the Ca-ATPase assumes a unique and highly ordered conformation,
whereRy = 14.0+ 0.3 A and HW= 3.7 + 0.6 A. The small spatial separation between the bound
chromophores on PLB is inconsistent with an extended conformation of bound PLB in current models.
Thus, to satisfy known interaction sites of PLB and the Ca-ATPase, these findings suggest a reorientation
of the nucleotide binding domain of the Ca-ATPase toward the bilayer surface to bring known PLB binding
sites into close juxtaposition with residues near the amino-terminus of PLB. Induction of an altered
conformation of the nucleotide binding domain of the Ca-ATPase by PLB binding is suggested to underlie
the reduced calcium sensitivity associated with PLB inhibition of the pump.

Phospholamban (PLB)is coexpressed with the Ca- Cross-linking and mutagenesis measurements coupled with
ATPase in cardiac and slow-twitch skeletal muscle and high-resolution structures of PLB and the Ca-ATPase provide
associates with the Ca-ATPase to modulate the calciumimportant insights regarding the inhibitory interaction be-
transient by reducing the calcium sensitivity of the pump tween PLB and the Ca-ATPase and have been interpreted
(1, 2). Phosphorylation of PLB by cAMP-dependent protein  to suggest that inhibition requires PLB to adopt an extended
kinase (PKA) followings-adrenergic stimulation releases the - strycture 9—14). Prior to association with the Ca-ATPase,
inhibitory interaction between PLB and the Ca-ATPase, the cytosolic (residues-416) and transmembrane (residues
resulting in accelerated rates of muscle relaxation and greater,_ 49) helical domains of PLB are connected through either
cardiac force generatio{5). Modulation of the inhibitory a - or a flexible-turn linker (Figure 1), which functions as

Interaction betwgen PLB and the_ Ca-_ATPase, ther_efore,a hinge element permitting the cytosolic domain of PLB to
represents a major focus of therapies aimed at rescuing the ' .
failing heart 6-8). However, a rational development of adopt'a range of conformgtlons relative to the trans.me.mbrane
antagonists that disrupt the inhibitory interaction between d°ma'” ©, 15—%7)' Alterations in the structure of th'.s Imker.

PLB and the Ca-ATPase requires an understanding of the"®dion connecting the transmembrane and cytosolic domains
structural interaction and mechanism of inhibition. of PLB have been detected upon association with the Ca-

ATPase and are suggested to function as a part of a
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L Abbreviations: ATP, adenosiné&iphosphate; cAMP, adenosine ~ association with the Ca-ATPas2(j, suggesting that alter- .
3':5-cyclic monophosphate; CCCP, carbonyl cyanide 3-chloropheny- ations in the arrangement of the transmembrane and cytosolic
hydrazone; GEo, polyoxyethylene-9-lauryl ether; EGTA, ethylene  helical elements may play a critical role in modulating Ca-
glycol-bis(3-aminoethyl etherN,N,N',N'-tetraacetic acid; OGy-octyl fi . H | d di fth
j-p-glucopyranoside; PKA, cAMP-dependent protein kinase; PLB, ATPase function. However, a complete understanding of the
phospholamban; PMal-1-pyrenyl maleimide; POPOP, 1,4-bis [5-phen- regulatory interactions between PLB and the Ca-ATPase

yl-2-oxazolyll-benzene; SDS, sodium dodecyl sulfate; SPAGE, requires that the structural interaction between these proteins
sodium dodecyl sulfatepolyacrylamide gel electrophoresis; SERCA, be identified, as well as global changes within the backbone-
sarco(endo)plasmic Ca-ATPase; SR, sarcoplasmic reticulum; TNM, , g g

tetranitromethane. fold of both proteins resulting from their association.
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Ficure 1: Depiction of backbone fold of PLB (A) (1FJK PDB) and its suggested helical content (B) (cylinders) before and after association
with the Ca-ATPase. Relative positions of donor chromophore PMal (blue) covalently bound to position A24C and acceptor chromophore
nitrotyrosine (grey) at position 6 are highlighted. The complete amino acid sequence of cytoplasmic (IA and IB) and transmembrane domains
of PLB (B) is shown with the associated helical content (cylinders) measured from solid-state NMR for PLB alone @anictfrom

two models for PLB in association with the Ca-ATPase (middle 18 fbottom, refl4).

To understand the binding interaction between PLB and by the Amido Black method2g). Affinity-purified PLB and
the Ca-ATPase responsible for enzyme inhibition, we have Ca-ATPase were stored ai70 °C.

measured the overall dimensions of the cytoplasmic portion  Coreconstitution of the Ca-ATPase with PLBefore

of PLB following binding to the Ca-ATPase. Thus, using reconstitution, the anionic detergent SDS in the purified PLB
fluorescence resonance energy transfer (FRET), we havesample obtained from preparative SPBAGE was ex-
measured the spatial separation and conformational heterochanged for nonionic detergent£, using DEAE-cellulose
geneity between donor and acceptor chromophores locatecchromatography. This step involved the application of
at Ty near the amino-terminal end of the cytosolic region approximately 2 mg of purified PLB in 10 mL of buffer
and at position 24 within the transmembrane domain of PLB containing 20 mM MOPS (pH 7.0) and 2.5%.Es onto a
following coreconstitution with the purified Ca-ATPase in DEAE-cellulose column preequilibrated with the same buffer.
membrane bilayers made from lipids extracted from sarco- PLB was eluted with 20 mM MOPS (pH 7.0), 2.5%.E,,
plasmic reticulum (SR) membranes. These measurementsand 0.2 M NaCl. PLB was reconstituted in the absence or
demonstrate that PLB binds in a unique and highly ordered presence of purified Ca-ATPase at a molar ratio of 1:2 PLB
conformation to the Ca-ATPase. The donacceptor dis-  per Ca-ATPase into liposomes of extracted SR lipids as
tance indicates a compact structure consistent with thepreviously described(). Thus, for activity measurements,
average NMR structure of unbound PLB. These dimensionstwo PLB were added per Ca-ATPase to ensure maximal
measured for the ATPase-bound form of PLB suggest thatinhibition (2, 28). For fluorescence measurements, one PLB
the nucleotide binding domain of the Ca-ATPase undergoeswas added per Ca-ATPase, minimizing the likelihood of
reorientation relative to the crystal structure of SERCAL (i.e., FRET between proximal PLB proteins bound to the Ca-
1IWO PDB; ref12) to bind PLB and satisfy constraints ATPase and maximizing the amount of PLB bound to the
associated with known interaction sites on PLB and the Ca- Ca-ATPase since under these conditions#7®% of the

ATPase. PLB is associated with the Ca-ATPasg 20).
Enzymatic, Protein, and Free Calcium AssaysTP
EXPERIMENTAL PROCEDURES hydrolysis activity of the Ca-ATPase was determined by

measuring the time course of the release of inorganic

Materials. N(1-Pyrenyl)maleimide (PMal) was obtained phosphate 29), using 100ug of protein/mL in a solution
from Molecular Probes, Inc. (Junction City, OR). Tetrani- containing 50 mM MOPS (pH 7.0), 0.1 M KCI, 5 mM
tromethane (TNM) was purchased from Alrich (Milwaukee, MgCl,, 1 mM EGTA, 1uM CCCP, 2uM valinomycin, 2
WI). Polyoxyethylene 9 lauryl ether (g&o), CAMP-depend- ;M A23187, and sufficient calcium to yield the desired
ent protein kinase (PKA), cAMP, ATP, Mgglthe calcium  concentration of free calciun27). To phosphorylate PLB
ionophore A23187, EGTA, DEAE-cellulose, angctyl 5-p- for enzyme activity measurements, 4 PKA/mL and 1
glucopyranoside (OG) were purchased from Sigma (St. uM cAMP were also included in the assay buffer, incubating
Louis, MO). 3-(N-Morpholino)propane-sulfonic acid (MOPS)  the solution at 25C for 10 min before the addition of 5
was purchased from Fisher Biotech (Fair Lawn, NJ). Bio- mM ATP to start the reaction. All protein concentrations
Beads SM2 were purchased from Bio-Rad (Richmond, CA). were determined by the AmideBlack method 26). Free
Cardiac SR membranes were purified as previously describedcalcium concentrations were calculated from total ligand and
(21). Lipids were extracted from the SR vesicles isolated EGTA concentrations, correcting for pH and ionic conditions
from rabbit skeletal fast-twitch muscle by standard methods (30).
(22, 23). The Ca-ATPase was affinity purified from skeletal  Specific Deriitization of PLB.The chemical modification
muscle SR using reactive Red-agardd4 (DNA encoding of the single Cy& with PMal and the nitration of the single
the single cysteine mutant PLB (PLB, C§449Ala?‘Cys) Tyré with tetranitromethane (TNM) was carried out as
was cloned into a pGEX-2T plasmid expression vector and previously describedl{). Before modification of Cy% with
expressed in JM10%scherichia colicells as previously ~ PMal, PLB was incubated in the presence of 50 mpP&y
described17, 25). The concentration of PLB was determined (pH 7.2), 50 mM DTT, and 0.1% o for 3 h atroom



Structure of Phospholamban Bound to the Ca-ATPase Biochemistry, Vol. 43, No. 2, 2004457

temperature. Following the separation of PLB from DTT
using a Sephadex G-15 size-exclusion columpMPLB

was incubated with 12M PMal in buffer A [50 mM K;PO,

(pH 7.2) and 0.1% GEg] at 25 °C for 3 h. The reaction
was quenched by the addition of 0.1 mM DTT before
separating the labeled PLB from PMal using DEAE anion-
exchange chromatography. After extensive washing, the
bound PLB was eluted with buffer A containing 0.5 M NacCl.
Incorporation of PMal was determined in buffer A using the
molar extinction coefficient o€z = 3.6 x 10* M~ cm™?

(32). For nitration of Tyf, 6 uM PLB was suspended in 0.1 S nni . .
M Tris (pH 8.0) 1 M NaCl, and 0.1% GE, before the 0.1 1.0 10

addition of 24uM TNM, which was incubated at 28C for [Calcium]__ (uM)

1 h. PLB was then separated into 10 mM Tris buffer (pH _ free o

8.0) using a Sephadex G-15 size-exclusion column. The FiGure 2: Calcium dependence of ATPase activity for the Ca-

L . ATPase in native cardiac SR microsomé&s, @) or following
0
extent of nitration was typically about 92% and was (,econstitution of the Ca-ATPase with mutant PLB following

determined following solubilization in 10 mM Tris (pH 8.0),  covalent attachment of PMal to G¥sind nitration of Tyt (M, O)
0.5 M NacCl, and 0.1% GEg using the molar extinction in the absence(, M) or presence @, O) of PKA. Calcium
coefficient ofess = 4200 M1 cm1 (32). concentrations associated with half-maximal activation of the Ca-
ATPase were 648 30 nM (O), 660+ 20 nM @), 290+ 30 nM
Fluorescence MeasurementSteady-state fluorescence (@) and 360+ 20 nM (). Coreconstituted samples have a molar

spectra were measured using a Spex Industries (Edison, NJjatio of 2 mol of PLB per mole of Ca-ATPase. The average maximal
Fluoromax-2 spectrofluorometer. Frequency domain data C&*-dependent ATPase activity for these samples was, respectively,
(lifetime and anisotropy) were measured using an 1SS K2 Z:-Z XT?DQ and 1.0+ O'tl-t”{nﬁl Oftﬁprfﬂgl mdiﬂ’l 3? 25;% for thg
frequency domain fluorometer (1SS Inc., Champaign, IL), 2t 2 00 CGOTRCY Sitected by PRA additon.
as described previoush\88). Excitation used the 333 nm

output from a Coherent (Santa Clara, CA) Innova 400 argon brane sequence near the lipidvater interface to permit site-
ion laser; emitted light was collected after a Corion interfer- specific incorporation of a fluorescent probe at this position
ence filter (50% transmittance at 400 nm; H¥/10 nm), to assess the structure of PLB (Figure 1). Following its
using 1,4-bis[5-phenyl-2-oxazolyl]-benzene (POPOP) in expression and purification, the PLB mutant was derivatized

methanol (lifetime of 1.35 ns) as a lifetime reference. with the fluorophoreN-(1-pyrenyl) maleimide (PMal), and
Measurements were made at 5. Tyré was nitrated with full retention of function, as previously

described 17, 18). The expressed and derivatized PLB is
able to fully inhibit the Ca-ATPase, as evidenced by the
equivalent calcium-dependent activation of the Ca-ATPase
¢ in comparison to native SR vesicles isolated from cardiac
SR (Figure 2). Specifically, the calcium concentration
necessary for one-half-maximal activation (i.e., {gafor

the reconstituted preparation ([zh= 0.66+ 0.02uM) is
virtually identical to that observed for cardiac SR ([Gla=

0.64 £ 0.02 uM) and upon release of the inhibitory
interaction between PLB and the Ca-ATPase following
addition of PKA, there is a similar shift in the calcium
concentration dependence of activation toward lower calcium
concentrations (i.eACay, = 0.3uM). Thus, measurements
QOf the spatial separation between PMal and nitr§ Wyl
provide reliable information regarding the inhibitory interac-

ATPase Activity

Analysis of Frequency-Domain Dataxplicit expressions,
previously described in detail, permit the ready calculation
of the lifetime components (i.eq; and ;) relating to a
multiexponential decay or the Gaussian distribution o
distances between donor and acceptor chromoph8@es (
38). In the case of FRET measurements, the incomplete
nitration of Ty® was taken into account, as previously
described 39). Alternatively, algorithms are available that
permit the determination of the initial anisotropy in the
absence of rotational diffusiongf, the rotational correlation
times i), and the amplitudes of the total anisotropy loss
associated with each rotational correlation tinngg}, as
previously described in detait(, 41). The parameter values
are determined using the method of nonlinear least-square
analysis in which the reduced chi-squared (i)&?3) are X
minimized @2). A comparison ofy:2 values provides a (0N between PLB and the Ca-ATPase.

quantitative assessment of the adequacy of different assumed_S€lecte Measurement of PLB Bound to the Ca-ATPase.
models to describe the datad. Data were fit using the To assess the structure of PLB bound to the Ca-ATPase, we

Globals software package (University of lllinois, Urbana- have taken advantage of the environmental sensitivity of the

Champaign) or the program Mathcad (MathSoft Inc., Cam- _spectral shape _and intensity of pyrene to quest differences
bridge, MA), where errors in measurements of the phase and'n Solvent polarity 44). For example, comparing PLB alone

modulation were respectively assumed to be 0.20 and 0.005r€constituted in SR membranes with PLB following core-
constitution with the Ca-ATPase, there are significant

RESULTS increases in the relative intensities of the two major peaks,
centered near 376 and 394 nm, with an average 3.6-fold
Functional Reconstitution of Engineered and Datized increase in the fluorescence intensity of PMal-PLB (Figure

PLB with the Ca-ATPasé single cysteine mutant of PLB  3). Thus, pyrene maleimide is sensitive to structural changes
was constructed in which the three cysteines in the trans-within PLB induced by its interaction with the Ca-ATPase,
membrane sequence (C§sCys*, and Cy4®) of wild-type consistent with localized secondary structural changes be-
PLB were substituted with alanines, and a further cysteine tween Al&* and Gli#® in PLB as previously described§,
substitution was introduced (i.e., A24C) into the transmem- 19). Further information regarding the dimensions of the
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1.04 Fluorescence Lifetime MeasurementSomplementary
information concerning the conformation of PLB bound to
the Ca-ATPase is available from a consideration of the time-
dependent intensity decay of PMal measured using frequency-
domain fluorescence spectroscopy, which permits the reso-
lution of conformational heterogeneity that may underlie
inhibition of the Ca-ATPase by PLB. For example, PLB may
associate with the Ca-ATPase in multiple conformations, and
the average FRET measured from the steady-state fluores-
cence intensity measurement may not reflect the bound
conformation responsible for enzyme inhibition. In contrast,
, . . . time-dependent measurements of the fluorescence decay
A h 0 ,," A permit the resolution of static quenching and conformational
400 450 400 450 helt:erogeneity(.j o .
requency-domain fluorescence spectroscopy was used to
Wavelength (nm) measgre thgintensity decay of PMaIpbound to%/'ysPLB
Ficure 3: Fluorescence enhancement and increased fluorescencen the absence and presence of nitrdTifigure 4). Data

resonance energy transfer upon association between PLB and th .
Ca-ATPase. Steady-state emission spectra of PMal bound # Cys Were collected at 20 frequencies between 0.4 and 200 MHz.

0.8+

0.6

0.4+

Relative Fluorescence

02|

0.0

before () and following (- - -) nitration of Ty# for PLB (4 M) ppon increasing the frequency, there is a progressive increase
reconstituted in the absence (A) and presence (B) of the Ca-ATPasein the phase and a decrease in the modulation. In comparison
(2 uM). Experimental conditions involved either 24/mL (A) or to PLB alone, the frequency-response is shifted toward lower

250 ug/mL (B) total protein in 50 mM MOPS (pH 7.0), 0.1 M fraquencies upon PLB binding to the Ca-ATPase. These
KCI, 5 mM MgCl,, 70uM CaCk, and 1 mM EGTA at 25C. Aex L e .
= 343 nm and bandwidts 5 nm for both excitation and emission.  '€sults indicate that the lifetime of PMal-PLB increases upon
association with the Ca-ATPase, in agreement with the
cytosolic domain of PLB is available using fluorescence increased fluorescence intensity observed from the steady-
resonance energy transfer (FRET), taking advantage of thestate fluorescence measurements under similar conditions
large increase in the quantum yield of PMal-PLB upon (Figure 3). Following nitration of Tyrin PLB, the frequency-
binding to the Ca-ATPase to selectively monitor PLB bound response of PMal-PLB is shifted to the right, indicating that
to the Ca-ATPase. Using the reconstitution stoichiometries the average lifetime is reduced because of the presence of
of this experiment (i.e., 2 mol of PLB added per mole of FRET. However, in comparison to PLB reconstituted alone,
Ca-ATPase; Figure 3), approximately one-half of the total the frequency-dependent shift is much larger following
PLB is bound to the Ca-ATPase. Thus, there is an ap- coreconstitution with the Ca-ATPase, confirming the steady-
proximate 7-fold increase in the fluorescence quantum yield state measurements demonstrating the presence of greater
of PMal bound to Cy¥ in PLB upon binding to the Ca- FRET (Table 1). Indeed, there is good agreement between
ATPase. For all subsequent fluorescence measurements, athe energy transfer efficienc§) calculated from the steady-
equimolar ratio of PLB was coreconstituted with the Ca- state and lifetime data for PLB alone (i.&.= 52 & 8% vs
ATPase. Under these latter conditions, approximately=70 58 + 15%) and following the reconstitution of PLB with
6% of the total PLB is bound in a functionally active form the Ca-ATPase (i.eE = 82+ 13% vs 78+ 3%) (Figure 3;
to the Ca-ATPase2( 20). Thus, more than 94% of the total Table 1). Assuming a single unique conformation of PLB,
fluorescence signal is associated with the population of PMal- the decrease in average lifetime can be used to calculate an
PLB bound to the Ca-ATPase, permitting the selective apparent spatial separation, which is approximately 18 A
measurement of PLB bound to the Ca-ATPase. (Table 1). These results are consistent with the steady-state
Dimensions of the Cytosolic Domain of PLB Bound to the fluorescence measurements and thus indicate that there is
Ca-ATPaseTo assess the overall dimensions of PLB bound minimal static quenching, which would indicate a significant
to the Ca-ATPase in lipid membranes, we have measuredpopulation of PLB conformations that bring nitroPyvithin
the decrease in the fluorescence intensity of PMal bound to9—11 A (i.e., 1/2R;) of PMal bound to Cy¥. Therefore,
Cy2* (FRET donor) following the selective nitration of Pyr ~ from this distance, it is apparent that the average structure
(FRET acceptor) (Figure 1A). Following nitration of Byr of the cytosolic domain of PLB is very similar irrespective
the intensity of the fluorescence emission spectrum of PMal- of its association with the Ca-ATPase, suggesting that
PLB, reconstituted in the absence and presence of the Cabinding to the Ca-ATPase does not involve large structural
ATPase, respectively, decreases by approximately 60 andchanges.
80% (Figure 3). The increase in energy transfer efficiency Conformational Heterogeneity of Cytosolic Domain of
observed in the presence of the Ca-ATPase is largely thePLB. Additional information regarding the conformation of
result of the enhanced quantum yield of PMal, and the the cytosolic domain of PLB is available from fitting the
associated increase in thérbter distanceR,) that defines time-dependent decays of PMal to a model that assumes a
the efficiency of energy transfer. Thus, the average spatial Gaussian distribution of distances between donor and ac-
separation between PMal bound to &yand nitroTyf (as ceptor chromophores34, 37, 45). The intensity decay of
measured for bound PLB) is about 18 A (Table 1), consistent PMal-PLB covalently bound to C¥%can be adequately
with previous NMR measurements of PLB in organic described as a sum of four exponentials, irrespective of its
cosolvents (1FJK PDB; re). These results suggest that the association with the Ca-ATPase, as indicated by the random
overall dimensions of the cytosolic domain of PLB are not distribution of the weighted residuals about the origin (Figure
significantly affected by association with the Ca-ATPase. 4). Inclusion of additional fitting parameters results in no
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Table 1. Energy Transfer and Spatial Separation between PMal Bound i abysTyf 2

experimental EP i Toa R° I aps Ra® Hwe
conditions (%) (ns) (ns) A (K) A R P
PLB 58+ 15 54+ 1.8 2.3+0.3 19.1+ 0.1 18+ 2 <20.8 36 (18.6-42.8) 10.8
PLB + Ca-ATPase & 3 13.2+ 0.4 29+ 0.4 21.8+ 0.1 17.7+ 0.2 14.0 (13.814.3) 3.7(3.+4.3) 5.9

aValues and associated errors were obtained from three (SERCa) or six (PLB alone) independent measurements of FRET betweéh PMal-Cys
and nitroTyf in 50 mM MOPS (pH 7.0), 0.1 M KCI, 5 mM MgG] 1 mM EGTA, and 7QuM CaCl resulting in the presence of 30 nM free
calcium, where the fractional nitration of Tywas typically approximately 0.92.Energy transfer efficiencie€] represent average values and
associated standard errors of the mean calculated using lifetime measurements of Pi¥i@e€ythe legend of Figure 4}.Forster critical distance
(R,) under the indicated experimental conditions represents the distance between chromophores where the FRET efficier&S &1h0%gparent
distance between PMal-G¥sand nitroTyF calculated assuming a unique conformatidAverage donoracceptor distanceRf,) or full-width at
half-maximum (HW) assuming a Gaussian distribution of distan84s37, 38). Indicated errors were obtained from a global analysis of errors,
as depicted in Figure %Average value of reduced chi-squaredy] fit to Gaussian distribution of distances.

further improvement in the goodness-of-fit. The similar responses for PLB in the absence and presence of the Ca-
goodness-of-fit (i.e.y%:) obtained when fitting the lifetime ~ ATPase are very similar, indicating that the rates of motion
data to a model that assumes a Gaussian distribution ofare not significantly affected by association with the Ca-

distances with two floating parameters (i.By, and HW; ATPase. Rather, the amplitudes associated with each rota-
Table 1) in comparison to the fit obtained using a sum of tional rate are affected, such that the contribution of faster
exponentials with nine floating parameters (i@, 71, 0>, motions associated with backbone fluctuations of PLB are

T, O3, T3, aNdty; see legend of Figure 4) indicates that fitting reduced upon binding to the Ca-ATPase. This qualitative
the data to the simpler model involving a distribution of conclusion is reinforced from a quantitative consideration
distances is statistically justified. of the frequency responses of the differential phase and

The apparent Spatia| Separatimﬁb@ calculated assuming modulated anisotropy, which requires that the data be fit
a unique donotracceptor separation is similar to the average Using the method of nonlinear least squares to a sum of
spatial separatiorR,) determined from the distance distri- ~€xponentials. The fit to the frequency responses before and
bution model, irrespective of the association of PLB with after the association of PLB with the Ca-ATPase requires a
the Ca-ATPase (Table 1). A consideration of the error modelinvolving two rotational rates and a residual anisotropy
surfaces for these calculated distance distributions provides(Table 2), which are related to the independent motion of
a conservative estimate of the recovered parametéyad  the probe ¢1), dynamic fluctuations in the protein backbone
demonstrates the presence of a well-defined conformation(¢2), and the extent of conformational restriction (anisotropic
for the cytoplasmic domain of PLB following binding to the ~motion) imposed by the membrane bilayer and association
Ca-ATPase (Figure 5). In contrast to PLB alone, where the With the Ca-ATPase on PLE{). PMal does not detect any
average spatial separation between chromophores is poorlysignificant change in the backbone-fold of PLB (i.g2)
determined (i.e R., <20.8 A), the average distance between following association with the Ca-ATPase. These results are
PMal at Cy&* and nitroTyf within bound PLB is precisely ~ consistent with earlier suggestions that &ys in a confor-
defined (i.e., R, = 14.0+ 0.3 A; Figure 5). Furthermore, ~mationally disordered region of PLB that does not undergo
there are large differences in the calculated HW (full width direct contact interactions with the Ca-ATPa$8, (19, 47).
at half-maximum height), which characterizes the width of Thus, observed changes in the conformational heterogeneity
the distribution. Prior to binding to the Ca-ATPase, the HW between the cytosolic and the transmembrane domains of
is 36 A, indicating that the cytoplasmic domain of PLB PLB measured using FRET reflect the stabilization of the
adopts a wide distribution of conformations, consistent with Cytosolic domain of PLB following association with the Ca-
the presence of a flexible hinge connecting cytoplasmic and ATPase, rather than a global structural change involving the
transmembrane domains of PL& (7). However, following transmembrane domain. Furthermore, large amplitude mo-
association with the Ca-ATPase, the Cyt0p|asmic domain of tions of PMal are retained following association with the
PLB adopts a narrow conformational distribution (H#&/  Ca-ATPase, which in conjunction with the fact that both
3.7 + 0.6 A) indicating that PLB binds in a unique PMaland nitroTy? are solvent exposed, suggest that donor
conformation (Figure 6). and acceptor chromophores are motionally averaged (i.e.,

Fluorescence Anisotropy Measuremefis further assess «? = 2/3) and that errors in the calculations of distances from
possible changes in the structure of PLB associated with "€ FRET measurements are no largentBa (17, 18, 27,
binding to the Ca-ATPase, we have measured the rotational3% 37, 48)-
dynamics of PMqI covalently bounq to Cysn PLB using DISCUSSION
frequency-domain fluorescence anisotropy methods. These
measurements resolve both the segmental rotational motion We have used FRET to measure the spatial separation and
associated with PMal and changes in the global motions of conformational heterogeneity between donor (D) and accep-
the transmembrane domain of PLB. The differential phase tor (A) chromophores, located respectively on the trans-
and modulated anisotropy were measured over 20 frequenciesnembrane and cytosolic domains of PLB (Figure 1),
between 0.4 and 200 MHz for PMal-PLB alone and permitting a determination of the structure of PLB bound to
following coreconstitution with the Ca-ATPase (Figure 7). the Ca-ATPase within lipid membranes. Specifically, the
One observes that there is a progressive increase in both thelonor PMal was used to selectively label an introduced
differential phase and the modulated anisotropy as thecysteine at position 24, near the cytosolic interface of the
frequency increases. The overall shape of the frequency-transmembrane domain of PLB. Nitration of Tylocated
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o 1 S obtained from a global fit for at least three data sets for PLB in the
10'_ absence (dashed line) or presence (solid line) of the Ca-ATPase.
0 Error surfaces were constructed by incrementally adjusting either
54 R,y or HW and allowing all other parameters to vary in the least-
04 squares analysis, which provides a conservative estimate of changes

Wt. Res.

in the recovered valuegt§). The horizontal line corresponds to

T T T YT the F statistic for one standard deviation. Experimental conditions
1 10 100 are as described in the legend of Figure 4.
Frequency (MHz) 10;
Ficure 4: Frequency-domain lifetime data for PMal bound to PLB 0.84
in the absence (A) and presence (B) of the Ca-ATPase. Frequency- \
response and four-exponential fits (solid and dashed lines) corre- A
sponding to the phase shi®(O) and modulation®, O) for PMal- = 0.61
PLB in the absence®, W) and presenceQ, O) of the FRET a )
acceptor nitroTyt. Measurements were made at Z5 using 30 0.4
nM (0.2 ug/ml) PLB reconstituted with SR lipids in the absence “
(A) and presence of 30 nM (@g/mL) Ca-ATPase (B) in 50 mM .
MOPS (pH 7.0), 0.1 M KCI, 5 mM MgGl| 70 uM CaCh, and 1 0.2
mM EGTA, resulting in a free calcium concentration of ap-
proximately 30 nM 80). Data were fit to a sum of four exponentials, 0.0

wherel(t) = 0,74, and the mean lifetimer] was calculated as 0 10 20 30
Siait;, Lower panels below respective data sets represent the .

weighted residuals (i.e., the difference between the experimental Distance (A)

data and the calculated fit divided by the experimental uncertainty) Ficure 6: Decreased conformational hetrogeneity in the cytosolic
for models involving four-exponential fit to the data. Calculated gomain of PLB upon association with the Ca-ATPaSeaphical
lifetime parameters for PMal (donor only) bound to €jis PLB depiction of peak-normalized Gaussian distance distributions
were (A)oy = 0.49+ 0.08;7, = 0.3+ 0.1 ns;a; = 0.31+ 0.03; depicting the relationship between the fractional population of
72 =25+ 0.4 ns;a3 = 0.164+ 0.05;73 = 10+ 1 ns;as = 0.04 donor-acceptor distanceB(r) and spatial separatian(distance)
+£0.02;74 =63+ 7 and (B)oy = 0.45+ 0.01;7, = 0.5+ 0.1 ns; between PMal covalently bound to G§sand nitroTyf in PLB

oz =0.28+0.01;7,=4.24+ 0.4 ns;a3 = 0.17+£ 0.01;73 =16 yeconstituted in the absence (A) and presence (B) of the Ca-ATPase.
+ 1ns;ay = 0.10+ 0.01;74 = 95 & 1 ns. The goodness-of-fit  Experimental conditions are as described in the legend of Figure
was calqulated by minimizing thg?g, which minimizes the sum 4, where the average distand®,) and half-width (HW= 2.357%)

of the differences between the calculated and the experimentalya|ues that define the distance distribution model were determined

values as previously describe83f. For PMal-PLB reconstituted  from the rigorous analysis of errors depicted in Figure 5, where
in the absence of the Ca-ATPagéz = 4.9 (donor only) and 1.4 p(r) = (exp[—(1/2) — Ra/0)Z/P(I)may).

(donor—acceptor). For PMal-PLB reconstituted in the presence of

- 2, = . . .
the Ca-ATPase;* = 2.8 (donor only) and 2.7 (donemcceptor). ATPase requires substantial changes in the secondary

near the amino-terminus of the cytosolic domain, permits structure of PLB (Figure 1)1@, 14).

its use as a FRET acceptor to measure the conformation of We report that prior to association with the Ca-ATPase,
the cytosolic domain of PLB. Following association with the the cytosolic domain of PLB assumes a wide range of
Ca-ATPase, there is a large increase in the quantum yieldstructures relative to the transmembrane sequence, which can
of PMal (Figure 3), permitting the selective measurement be described using a model involving a Gaussian distribution
of the structure of the bound PLB. Thus, these probes, which of distances with an average distan&g) less than 21 A

do not compromise the regulatory function of PLB (Figure and a half-width (HW) of 36 A (Figures 5 and 6; Table 1).
2), permit a determination of the structural changes in the In contrast, PLB bound to the Ca-ATPase assumes a unique
backbone-fold of PLB associated with the binding and and highly ordered conformation, whelRg, = 14.0+ 0.3
inhibition of the Ca-ATPase and a direct assessment of A and HW= 3.7 &+ 0.6 A. The narrow range of conforma-
current structural models that suggests inhibition of the Ca- tions observed following binding to the Ca-ATPase, which
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enzyme phosphorylation, which underlies the reduced cal-
cium sensitivity associated with PLB inhibition of the pump.
Prior cross-linking and mutagenesis measurements have
identified critical binding interfaces between PLB and the
Ca-ATPase and have demonstrated that inhibition involves
association between the transmembrane and the cytosolic
domains of PLB and the Ca-ATPase. Specifically, 1iys
5] the cytosolic domain of PLB has been cross-linked by a 15
u u r— A cross-linking reagent, to a sequence (i.e., KDDKP®
within the nucleotide binding domain of the Ca-ATPaSg (
50, 58). Likewise, cysteine cross-linking reagents indicate
proximal relationships between residues 27, 30, and 49 in
PLB with, respectively, residues 321, 318, and 89 of the Ca-
ATPase 14, 59). These reagents place a-106 A distance
restraint on the relative position of PLB with respect to the
, . pump and provide important constraints on the structural
1 10 100 interface between the transmembrane domain of PLB and
the Ca-ATPase, since residue Asim PLB and Led?! in
Frequency ( MHz ) the Ca-ATPase are near the cytosolic/lipid interface, and

FIGURE 7: Rotational mobility of phospholamban. Fluorescence \/g|49 in PLB and Va$® in the Ca-ATPase are near the
anisotropy decays for PMal-PLB in the preser@e+) or absence luminal interface 13, 14).

(O, - - -) of theCa-ATPase. Measured differential phase angles and . . . . .
modulated anisotropies®( O) and associated nonlinear least- Using these constraints, and available high-resolution
squares fits to multiexponential modet( - - -) wherer(t) = (r, structures of PLB (1FJK PDB) and the Ca-ATPase (1IWO

— ro)Z,0 exp @ + r,, and wherer, andr., are the limiting PDB and 1KJU PDB), two models of the complex between
anisotropy in the absence and presence of rotational diffugion, PLB and the Ca-ATPase have been proposed that suggest
are the rotational correlation times, angd; represent the amplitudes disruptions in helical elements of PLB are necessary to

associated with the total anisotropy loss associated with each
rotational correlation time. The weighted residuals (wt. res.) are generate extended structures for PLB that preserve known

shown below respective data sets. Experimental conditions are ascontact interactions with the Ca-ATPaQB,(14)._ In the ﬁrSt_
described in the legend of Figure 4. model of PLB bound to the Ca-ATPase (coordinates provided

by Hutter and co-workers as supplementary material in ref
reflects both probe mobility and conformational heterogeneity 13), minor disruptions in the helical elements of PLB and
in the backbone-fold of PLB, indicates a unique and positioning of the C-terminus of PLB near the middle of the
homogeneous binding interaction between PLB and the Ca-bilayer are suggested to retain contact interactions between
ATPase. Since the average spatial separation between PMaknown sites on the cytosolic/lipid interface and cytoplasmic
at Cyg* and nitroTyf does not significantly change (Table domains of PLB and the Ca-ATPase (Figure 1). In the second
1), these results in conjunction with earlier FTIR measure- model, which takes into account an additional restraint
ments that indicated that there are no large changes in the'egarding the contact interaction between*¥ah PLB and
secondary structure of PLB upon association with the Ca- Val*® on the Ca-ATPase near the luminal interface (1IWO
ATPase strongly suggest that there are no large changes if°DB), much larger disruptions in the secondary structure of
the secondary structure of PLB upon association with the PLB are proposed, particularly with respect to residues in
Ca-ATPase Z0). Rather, it is apparent that binding to the domain IB between positions 21 and 31 that are required to
Ca-ATPase stabilizes a preexisting conformation of PLB. become fully extended to bring®n PLB within 15 A of

. ) K4%in the crystal structure of the Ca-ATPasel)
The small spatial separauon betwgen .the bound chro- Both models permit the cytoplasmic domain of PLB to
_mophor.es on PLB requires that to maintain known pontact span much of the 4555 A distance apparent in the crystal
interactions between PLB and the Ca-ATPase, the orientationg;. ,~ure of the Ca-ATPase (LIWO PDB) between known

of the nucleotide binding domain of the Ca-ATPase MOVes o action sites on the Ca-ATPase involving Eémear the
toward the bilayer surface, in agreement with prior physical cytoplasmic interface and L§% on the nucleotide binding
measurements that indicate at94° reorientation of the  jomain of the Ca-ATPase. However, the apparent spatial
nucleotide binding domain of the Ca-ATPase following the geparation between sites used for FRET measurements (i.e.,
release of PLB inhibition49) (Figure 8). Thus, priorto PLB 1324 and Tyf) in these respective models are approximately
binding, large amplitude motions of the nucleotide binding 22 A (13) and>30 A (coordinates not available), which is
domain of the Ca-ATPase are associated with the transportnot consistent with the measured distance (i.e., 14 A) between
mechanism of the pump, and alterations in this catalytically these sites (Table 1). Furthermore, prior measurements
important domain motion by PLB binding to the nucleotide indicate that upon association with the Ca-ATPase that (i)
binding domain, alterations in lipid fluidity and composition,  there are no large changes in the secondary structure of PLB
or modulation through covalent cross-linking modulates and (ii) the linker region connecting the transmembrane and
calcium transport activity12, 21, 49—57). Thus, it is the cytosolic domains of PLB becomes more ordergg, @0).
induction of an altered conformation of the nucleotide Rather, PLB binding stabilizes the backbone-fold of the Ca-
domain of the Ca-ATPase by PLB binding that modulates ATPase, altering the average orientation and amplitude of
calcium activation of the Ca-ATPase and that would be motion of the nucleotide binding domain, previously impli-
expected to diminish the efficiency of ATP utilization and cated as a catalytically important domain motion critical to

Wt Res Diff. Phase (Deg)
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Table 2: Rotational Dynamics of PMal Bound to &ym PLB?

experimental @1 @2
condition$ ro Oilo (ns) 0ol o (ns) Feo 2R
PLB alone 0.3 0.03 0.12+ 0.01 0.7+ 0.4 0.10+ 0.01 14+ 5 0.09+ 0.02 6.1
PLB + Ca-ATPase 0.2% 0.07 0.104+ 0.05 0.8+ 0.6 0.05+ 0.02 17+ 6 0.14+0.01 5.0

aMean values and associated standard errors of the mean obtained from a four-exponential fit to frequency-domain data collected for PMal
bound to Cy%, as described in the legend of Figure®Associated errors were obtained from error surfaces associated with simultaneous fits to
three independent measurements obtained from a global fit to three datal@efsAerage value of the reduced chi-squargdk) fit to a
multiexponential decay model.

Conformational
Disorder

7\

Ry <21A
HW = 36 A

FIGURE 8: Phospholamban binding induces nucleotide domain reorientfiodels depict static disorder (HW 36 A) in the cytosolic

domain of PLB (left; 1IFJP PDB) and the average structure of the apo-form of the Ca-ATPase (right; 1KJU) prior to their association
(middle). Following association with the Ca-ATPase, PLB adopts a unique struBtyre (4 A; HW = 3.7 g) that requires the nucleotide
binding domain of the Ca-ATPase to undergo a rigid body reorientation, where the average orientation changes by approXimately 10
bringing the binding sequence for PLB into closer proximity of residues near the amino-terminus of PLB with no significant change in the
average secondary structure of PLB, as previously meas@f@1, 49). Known interaction sites between PLB and Ca-ATPase (shown

in green), identified using mutagenesis and chemical cross-linking, are maintained. Specificallin tys cytosolic domain of PLB
(known to be rotationally mobile; re#7) is located within 15 A of R®7 and K40 on the nucleotide binding domain of the Ca-ATPase while
maintaining contact interactions between the transmembrane sequence of PLB {(iaggl \*°) and the sites on transmembrane helix M4

of the Ca-ATPase (i.e.,®!and \#9) (14, 50, 59). Individual structures of PLB and the Ca-ATPase are derived from PDB coordinates using
the program Swiss-PDB viewe$,(61, 65).

nucleotide utilization and calcium transport by the Ca- in promoting phosphoenzyme formatid?il( 55—62). These
ATPase 10, 12, 20, 21, 49-57, 59, 60). results suggest that PLB functions as an allosteric regulator
Thus, PLB binding induces a reorientation of the nucle- of the Ca-ATPase by inducing global changes in the
otide binding domain toward the bilayer surface, which orientation and dynamics of the nucleotide binding domain
brings known interaction sites between PLB and the Ca- of the Ca-ATPase, resulting in a decreased efficiency of
ATPase into close proximity (Figure 8). Prior results, nucleotide utilization and phosphoryl transfer.
furthermore, indicate that the dynamics of the nucleotide  Conclusions and Future DirectionBefore binding to the
binding domain correlate with enzymatic function, and their Ca-ATPase, the cytosolic domain of PLB assumes a wide
importance in mediating phosphoenzyme formation has beenrange of conformations (Figure 8). Following binding to the
clarified using computer simulations that indicate critical Ca-ATPase, the cytosolic domain assumes a unique and
roles for structural flexibility of the cytoplasmic domains of homogeneous conformation. No large changes in the back-
the Ca-ATPase, especially the nucleotide binding domain, bone structure of PLB occur; rather binding to the Ca-
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ATPase selectively stabilizes one conformation of PLB with

commensurate changes in the orientation of the nucleotide

binding domain of the Ca-ATPase. Thus, PLB binding to

the

Ca-ATPase inhibits transport activity by restricting

catalytically important motions involving the nucleotide
binding domain of the Ca-ATPase, which functions to couple

ATP hydrolysis to calcium transport. Future measurements

should seek to clarify how phosphorylation modulates the

precise binding interactions between PLB and the Ca-ATPase

to identify the molecular mechanism associated with con-
formational switching.
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