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ABSTRACT. We have measured conformational changes of phospholamban (PLB) induced both by its
interaction with the SR Ca-ATPase and by phosphorylation of Ser-16 by cAMP-dependent protein kinase
(PKA) using an engineered PLB having a single cysteine (Cys-24) derivatized with the fluorophére 2-(4
maleimidylanilino)naphthalene-6-sulfonic acid (ANSmal). This modified mutant PLB is fully functional
when co-reconstituted with the affinity-purified Ca-ATPase in liposomes. ANSmal emission properties
and its solvent accessibility indicate that Cys-24 is in an aqueous environment outside the membrane.
Fluorescence quenching and time-resolved anisotropy measurements of ANSmal-PLB demonstrate distinct
structures for PLB in the free and Ca-ATPase-bound state. Both solvent exposure and probe motions of
ANSmal are enhanced upon interaction of PLB with the Ca-ATPase. This conformational transition entails
conversion of free PLB in a conformation which is insensitive to one which is sensitive to the
phosphorylation state of PLB. Upon phosphorylation of Ca-ATPase-bound PLB, a decreased level of
solvent exposure of ANSmal is observed, suggesting that the amino acid sequence of PLB nearthe lipid
water interface acts as a conformational switch in response to the phosphorylation of PLB. A longer
correlation time, resolved by anisotropy measurements, corresponding to polypeptide chain fluctuations,
is substantially restricted by interaction of PLB with the Ca-ATPase. This restriction is not reversed by
phosphorylation of PLB, indicating that the region around Cys-24 near the-lpéder interface does not
undergo dissociation from the Ca-ATPase. These results suggest that the phosphorylation by PKA induces
a redistribution of PLB-Ca-ATPase protein contacts to relieve the inhibitory effect of PLB for the activation

of calcium transport.

Phospholamban (PLBjs a 52-residue integral membrane finity) relative to that of unphosphorylated PLB. The critical
protein which is coexpressed with the cardiac/slow twitch role of PLB inj3-adrenergic responsiveness of both normal
isoform (SERCAZ2a) of the SR/ER Ca-ATPase. In the heart, and diseased heart has stimulated considerable interest in
this protein maintains the Ca-ATPase in an inhibited state elucidation of the physical mechanism by which PLB
at sub-micromolar calcium concentrations until it is phos- modulates Ca-ATPase activity.
phorylated at Ser-16 or Thr-17 by cAMP-dependent protein  Toward this goal, the availability of atomic resolution
kinase or calmodulin-dependent protein kinase, respectively,structures for both the Ca-ATPase and PLB has been a
in response tg-adrenergic stimulation1(-6). Phosphor-  valuable tool for creating realistic models of PEBa-
ylation of PLB results in activation of calcium transport ATPase interactions. For example, the determination of the
across the SR and concomitant accelerated rates of musclerystal structure of the SERCAL isoform of the Ca-ATPase
relaxation {—9). This activation is manifested as a shiftin has provided substantial insight into the three-dimensional
the calcium concentration dependence of Ca-ATPase activitystructure of the cardiac isoform, SERCA2E0). With its
toward lower calcium concentrations (higher apparent af- |evel of sequence identity to SERCA2a being 84%, SERCA1,

in reconstituted liposomes, is identically regulated by the
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within PLB and the Ca-ATPase that provide essential
conformational features that are critical to their regulatory
interaction based on the loss of the PLB-dependent shift in
calcium activation of the Ca-ATPase when these residues
are individually mutated 18—22). Interacting residues
include the cytoplasmic sequence from Glu-2 to lle-18 within
PLB and DKKDPVK*2within SERCA2a. Of note, SERCA1
contains a nearly identical sequence, DKND#®fRwhich
may partially explain its ability to be regulated by PLB.
Moreover, the wild-type amino acids Val-795, Leu-802, Thr-
805, and Phe-809 which constitute one face of the trans-
membrane helix, M6, of the Ca-ATPase and those (Leu-31,
Asn-34, Phe-35, lle-38, Leu-42, lle-48, Val-49, and Leu-
52) within one face of the membrane-spanning helix of PLB
are required for the inhibitory effect of PLB. The mechanism
by which phosphorylation of Ser-16 or Thr-17 alters PLB
structure within one or both of these interacting regions
remains an area of active investigation. However, recent
measurements have provided some insight via direct moni-
toring of binding interactions at the N-terminus of PLB and
the Ca-ATPase with the use of spin-label EPR and fluores- )
cence anisotropyld). This study demonstrated that motional FIGURE L: P_ors]ition of QNSV(‘;”" (rﬁpresented as space-filling a}toms)
restriction, which is imposed within this region by interaction gtL(éyisr;Ztﬁ;VI:] Jﬂpﬁipﬁ;& a(t)gdt fce)r?]\q'egg?aein'\é'(\jﬂ?nsérmgtr%rf%?mc;]ld':
with the Ca-ATPase, is not reversed by phosphorylation at methanol by Lamberth and co-workers).
Ser-16, indicating that activation of the Ca-ATPase does not
involve the disruption of binding interactions at the N- acid (MOPS) was purchased from Fisher Biotech (Fair Lawn,
terminus of PLB. Similarly, a proton NMR study of the PLB  NJ). Bio-Beads SM2 and acrylamide were purchased from
peptide (residues-120) concluded that residues-8 of PLB Bio-Rad (Richmond, CA). DNA encoding the single-cysteine
remain associated with the Ca-ATPase following phospho- mutant phospholamban (PLB, C§4-“Ala2Cys) was cloned
rylation of Ser-16 23). into a pGEX-2T plasmid expression vector, and expressed
Therefore, to investigate PL-BCa-ATPase interactions in JM 109Escherichia colicells. The expressed PLB protein
further, we have probed a site on the C-terminal (membrane)was purified by preparative electrophoresis as previously
side of the phosphorylation sites using an engineered PLBdescribed 25). Lipids were extracted from the SR vesicles
with a single cysteine at position 24, derivatized with the isolated from rabbit skeletal fast-twitch muscle by standard
fluorophore 2-(4maleimidylanilino)naphthalene-6-sulfonic  methods 26, 27). The Ca-ATPase was affinity purified from
acid (ANSmal). On the basis of the high-resolution NMR skeletal muscle SR using reactive red agarose (28).
structure of PLB, position 24 is located near the transition  Co-Reconstitution of the Ca-ATPase with PLHB:fore
between the membrane-spanning helix and the connectingreconstitution, the anionic detergent SDS in the purified PLB
loop with the N-terminal cytosolic helix near a region of sample obtained from preparative SPBAGE was ex-
conformational disorder (Figure 1). The solvent accessibility changed for the nonionic detergent,E; using DEAE-
and dynamics of a fluorophore at that position would be cellulose chromatography. This step involved application of
expected to be sensitive to structural transitions of PLB. From approximately 2 mg of purified PLB in 10 mL of buffer
such measurements, we find evidence for distinct structurescontaining 20 mM MOPS (pH 7.0) and 2.5%, onto a
of PLB in association with the Ca-ATPase as compared with DEAE-cellulose column pre-equilibrated with the same
PLB alone. In addition, co-reconstitution of PLB with the buffer. PLB was eluted with 20 mM MOPS (pH 7.0), 2.5%
Ca-ATPase induces restricted motional properties that reflectC,,E,, and 0.2 M NaCl. PLB was reconstituted in the absence
binding interactions with the Ca-ATPase; these interactions, or presence of purified Ca-ATPase at a final molar ratio of
while distinct from those at the N-terminus, also cannot be two PLBs per Ca-ATPase into liposomes of extracted SR
reversed by phosphorylation at Ser-16, indicating that lipids as previously described). The loss of fluorophores
transmembrane regions of Ca-ATPase and PLB do notbound to the Ca-ATPase (FITC) or PLB (dansyl) following
dissociate with PLB phosphorylation. A preliminary presen- trypsin digestion of reconstituted vesicles indicated the
tation of this work was made at the 45th Annual Meeting of asymmetry of these proteins in reconstituted membranes. The
the Biophysical Society2d). Ca-ATPase was found to be95% asymmetrically (right-
side out) reconstituted, while PLB was0% right-side out
EXPERIMENTAL PROCEDURES (essentially symmetrically reconstituted).

Materials.2-(4-Maleimidylanilino)naphthalene-6-sulfonic Enzymatic, Protein, and Free Calcium Assaljke ATP
acid, sodium salt (ANS-mal), was purchased from Molecular hydrolysis activity of the Ca-ATPase was determined by
Probes (Eugene, OR). Polyoxyethylene 9-lauryl etheiHgJ, measuring the time course of the release of inorganic

cAMP-dependent protein kinase (PKA), cAMP, ATP, MgCl  phosphate (29), using 1@ of protein/mL in a solution at
the calcium ionophore A23187, EGTA, DEAE-cellulose, and 25 °C containing 50 mM MOPS (pH 7.0), 0.1 M KCI, 5
n-octyl B-o-glucopyranoside (OG) were purchased from mM MgCl,, 1 mM EGTA, 2uM A23187, and sufficient
Sigma (St. Louis, MO). 3N-Morpholino)propanesulfonic  calcium to yield the desired concentration of free calcium.
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ATP (5 mM) was added to start the reaction. To phospho- where o; values represent the pre-exponential factars,
rylate PLB for enzyme activity measurements p@0of PKA/ values represent the decay times, ang the number of
mL and 1uM cAMP were also included in the assay buffer. exponential components required to describe the decay. The
All protein concentrations were determined by the amido intensity decay law is obtained from the frequency response
black method 30). Free calcium concentrations were cal- of amplitude-modulated light and is characterized by the
culated from total ligand and EGTA concentrations, cor- frequency-dependent values of the phase and the extent of
recting for pH and ionic conditions3(). demodulation. The values are compared with the calculated
Labeling with Spectroscopic Probddodification of the values from an assumed decay law until a minimum of the
single-cysteine mutant PLB with ANSmal was carried out squared deviationy&?) is obtained. After the measurement
in a medium consisting of 20 mM MOPS (pH 7.0), 2.5% of the intensity decay, the average lifetime was calculated:
Ci2Eg, and 0.2 M NaCl. Two milligrams of PLB was

incubated with a 10-fold molar excess of ANSmal for 40 AR

min in the dark at room temperature. Labeled PLB was Zlaifi n

separated from an unreacted probe using a Sephadex G-25 = = =N fr. 3)
column. The level of incorporation of ANSmal was deter- n 4"

mined in a medium of 1% SDS and 0.1 M NaOH using a zlairi

molar extinction coefficientszoof 2.0 x 10 M~ cm™ (32). =

Steady-State Fluorescence Measuremeflisorescence . . . .
emission spectra of ANSmal were recorded with a Fluoro- wheref; values represent the fractional intensities associated

Max-2 fluorometer (SPEX, Edison, NJ), using excitation and with each of the pre—exponenti_al terms andlis directly .
emission slits of 5 nm. Protein conformational changes were related to _the average time during which the fluorophore is
assessed by changes in the accessibility of ANSmal fluo- in the excited state. . . i

rescence to acrylamide. Quenching of probe bound to PLB The frequ_ency dom_am anlsqtropy decays [ir€t)] were

for reconstituted samples was assessed by steady-statflt {0 @ multiexponential model:

fluorescence intensities as a function of the acrylamide n

concentration at 28C in 50 mM MOPS (pH 7.0), 0.1 M rt)=r, gie*thai (4)

KCI, 5 mM MgCl,, 5 mM ATP, 1 mM EGTA, and 0.6 mM =

CaCl (0.5uM free calcium). To phosphorylate PLB, 4@/

mL PKA and 1uM cAMP were also included in the medium. Whererg is the limiting anisotropy in the absence of rotational
These conditions ensure enzyme cycling during the coursediffusion, ¢; is the rotational correlation timesg; represents
of the experiment, resulting in structural measurements of the amplitude of the total anisotropy loss associated with
PLB in association with a time-averaged conformation of each rotational correlation time, amdis the total number
the Ca-ATPase rather than any single steady enzyme statedf components associated with the exponential dedé (
Data were analyzed a8y/F as a function of the titrated  In all cases, parameter values are determined by minimizing

acrylamide concentration and according to the St&toimer the yr* which serves as a goodness-of-fit parameter that
equation: provides a quantitative comparison of the deviations between
the measured and calculated values. Errors in the differential

Fo/F = 1.0+ Ko [Q] (1) phase and modulated anisotropy were assumed to be 0.2 and

0.005, respectively.

whereF, andF are the fluorescence intensity in the absence . C@lculated Rotational Correlation Time for PLB in the
and presence of added acrylamide, respectively. [Q] indicates'vlemb,r ane. The overall d|men5|qns qf the membrane-
the concentration of the quencher, acrylamidey values ~ SPanning portion of PLB and the viscosity of the membrane
are products of both the fluorescence lifetimes in the absence(”) can be used to calcula_te the the_:oretlcal correlat_|on time
of quencher) and the bimolecular quenching constag),( (¢pcaig) for the overall rotatlona[ motion of PLB.reIat|ve to
which is a true measure of solvent accessibilBg)( the membrane normal according to the following equation

Frequency Domain Fluorescend&requency domain data (37, 38):

(lifetime and anisotropy) were recorded using an ISS K2
frequency domain fluorometer described previousiy)(
Excitation utilized the 351 nm output from a Coherent (Santa
Clara, CA) Innova 400 argon ion laser; emitted light was
collected after it had passed through a GG420 long-pass filter,
using 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP) in metha-
nol (lifetime of 1.35 ns) as a lifetime reference. Measure-
ments were taken at 2%C.

Analysis of Fluorescence Intensity and Anisotropy Decay.
The frequency domain data were analyzed by a nonlinear
least-squares metho84, 35). The time-dependent decy)
of fluorescence is generally fit to a sum of exponentials: ResULTS

d’calc = 27”7 h aZ/kT (5)

whereh is the height anda the radius of the membrane-
spanning portion of the proteif,is Boltzmann’s constant,
andT is the absolute temperature. SR membrane viscosity
was previously determined to be 3.7 P at’25(39). A value

of 40 A, the distance across a typical lipid bilayer, was used
for h and 5 A for a, the radius of theo-helix. These
assumptions result in values @f,c of 1.1 us for a PLB
monomer and 10.2s for a PLB pentamer.

n Native Functional Properties of ANSmal-Deatized
I(t) = Zlaie_mi ) Single-Cysteine Mutant PLB Are Retain@dsingle-cysteine
i= PLB mutant, designated (A24C)PLB, was constructed in
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Ficure 2: Calcium dependence of ATPase activity in reconstituted
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proteoliposomes. Proteoliposomes were composed of extracted SR

lipids with affinity-purified rabbit skeletal Ca-ATPase witho@)(

or with (A24C)PLB @ and®) or ANSmal-PLB (A anda). The
symbolsa andO designate the presence of A6/mL PKA and 1
uM cAMP in the assay medium. ATPase activity was assayed at
25°C, in a medium of 5 mM ATP, 80 mM KCI, 5 mM Mggl 4

uM A23187, 1 mM EGTA, and 100 mM MOPS (pH 7.0). Activities
are normalized relative to the maximal velociti&jx = 2.71+
0.07, 2.484+ 0.06, and 1.75+ 0.01 umol of B min~! (mg of
protein)* for the Ca-ATPase, Ca-ATPase with (A24C)PLB, and
Ca-ATPase with ANSmal-(A24C)PLB, respectively]. All data were
fit using the Hill equation. Values for the calcium concentration
representing half-maximal activit)K¢,) for the Ca-ATPase in the
presence of (A24C)PLB and ANSmal-PLB are significantly higher
(Kca= 0.83+ 0.5 and 0.8A 0.07uM, respectively) than that of
Ca-ATPase aloneK, = 0.50 + 0.06 uM). Phosphorylation of
PLB with PKA results in a shift in the calcium dependence of Ca-
ATPase activity to a lower free calcium concentration.
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Ficure 3: Frequency response of the phase shift and modulation
of the emission of ANSmal after excitation with intensity-modulated
light at different frequencies between 2 and 200 MHz. Emission

which the three transmembrane cysteines (Cys-36, Cys-41,yas measured for ANSmal-PLB co-reconstituted with the Ca-

and Cys-46) of wild-type PLB were substituted with alanines,
and a further substitution was introduced (a cysteine for Ala-
24). Expression and purification of this PLB mutant from
E. coli were followed by its covalent modification with the
thiol-reactive fluorophore ANSmal (designated ANSmal-
PLB), and reconstitution into liposomes in the absence or
presence of affinity-purified Ca-ATPase. The fast-twitch

skeletal muscle sarcoplasmic/endoplasmic reticulum Ca-

ATPase in the SR lipids at 28C. Data are shown for ANSmal-
PLB for the phase shif®) and modulation®). The fits correspond

to one ¢-¢), two (- - -), and three-{) exponential components; a
four-exponential fit can be superimposed on that for three expo-
nentials. Weighted residuals (phase and modulation) are shown in
the panels below the frequency domain data, and from top to
bottom, corresponding to one-, two-, three-, and four-exponential
fits to the data. The weighted residuals correspond to the difference
between the experimental data and the calculated fit divided by
the standard error of the individual measurement, assumed to be

ATPase isoform (SERCAL) was used in these experimentsg 20 and 0.005 for phase and modulation data, respectively. The

on the basis of its stability in the detergents required for its
purification and reconstitution2@). Reconstitution results
in tightly sealed liposomes that are fully capable of ATP
hydrolysis coupled to calcium transport (Figure 2). The Ca-
ATPase exhibits cooperative calcium activation curves fitting
to the Hill equation in the absence or presence of co-
reconstituted (A24C)PLB or ANSmal-PLB. Values for the
calcium concentrations required for half-maximal activation
of the Ca-ATPaseK,) in the absence and presence of PLB
and the extent of the PLB-induced shifhKcy) in these
values toward higher calcium concentrations (Q:88 are
in good agreement with those derived for wild-type PLB in
both reconstituted and native cardiac SR membra@gs (
40). Moreover, phosphorylation of either mutant or fluoro-
phore-modified PLB by PKA completely reverses this
functional inhibition at sub-micromolar calcium concentra-
tions. Thus, the inhibitory interaction between ANSmal-PLB
and the SERCAL isoform of the Ca-ATPase in these
reconstituted preparations provides a reliable in vitro model,
both qualitatively and quantitatively, for SERCAZ2a regulation
by PLB in native cardiac SR.

ANSmal-Dervatized Cys-24 Is Not Incorporated into the
Bilayer. In all current structural models of PLB, the 24

reducedy? (yr?) values for the fits are 726, 15.1, 0.8, and 0.6 for
one-, two-, three-, and four-exponential models, respectively.
Lifetime measurements were taken in a medium containing 50 mM
MOPS (pH 7.0), 0.1 M KCI, 5 mM MgG| 5 mM ATP, 1 mM
EGTA, and 0.6 mM CaGI([Ca]iee = 0.6 uM).

emission to solvent effects provides a means of directly
probing the environment around this bound fluorophore. The
maximal emission wavelength of bound ANSmMah{x =

420 nm) is characteristic of ANS bound to protein and
distinctly blue-shifted relative to that for ANSmMalnfax =

442 nm) in water or at the polar membrane surfatz 43).

No spectral shifts are detected under any of the experimental
conditions used in this study, suggesting that neither Ca-
ATPase interaction nor phosphorylation of PLB alters the
environment around Cys-24 in such a way that would involve
its partitioning into lipid or aqueous phases.

Fluorescence Lifetime Measuremefiisne-resolved emis-
sion decays are particularly sensitive to the environment
around the probe, often exhibiting changes when spectral
shifts are not evident. Therefore, fluorescence lifetimes of
ANSmal-PLB were obtained from the frequency modulation
method (Figure 3). The intensity decays for all samples are
adequately described as the sum of three exponentials, as

position is located at or near the membrane surface, whereshown by the random distribution of the weighted residuals

residues 2752 provide a helix of sufficient length to span
the 40 A membrane bilayel§, 41). The sensitivity of ANS

and relative reduction iry? values relative to those for
simpler models. As illustrated in Figure 3 for ANSmal-PLB
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Table 1: Lifetime Data for ANSmal-PLB Reconstituted in the Presence and Absence of the Ca-ATPase

sample condition o 71 (NS) o2 72 (NS) o3 73(NS) Z0ns)
PLB without PKA 0.53 (0.03) 0.69 (0.03) 0.33(0.04) 2.7 (0.3) 0.15 (0.01) 8.3(0.7) 5.2 (0.3)
with PKA 0.41 (0.10) 0.99 (0.50) 0.44 (0.15) 2.0(0.9) 0.16 (0.01) 7.9(0.2) 4.9 (0.4)
PLB with Ca-ATPase without PKA 0.47 (0.08) 0.65 (0.06) 0.34 (0.04) 2.7(0.7) 0.20 (0.04) 8.0(0.7) 5.5(0.3)
with PKA 0.54 (0.04) 0.69 (0.07) 0.32(0.01) 3.3(0.4) 0.15 (0.01) 8.7(0.1) 5.6 (0.2)

aLifetime measurements were taken in medium containing 50 mM MOPS (pH 7.0), 0.1 M KCI, 5 mM,Mg@M ATP, 1 mM EGTA, and
0.6 mM CacC} in the presence and absence of4mL PKA and 1uM cAMP with excitation at 351 nm using a GG 420 filter. Average amplitudes
(i) and lifetimes ¢;) were obtained from three-exponential fits to the frequency donfiliiis the average lifetime. Errors are standard deviations
of two independent measurements.

1.25 Table 2: Solvent Accessibilities of ANSmal-PLB Reconstituted in
120 the Presence and Absence of Ca-ATPase
o —
w sample condition Ksv (M1)P
~ 18 Lk PLB control 1.25+ 0.04
w 1104 with PKA 1.25+ 0.05
' o~ PLB with Ca-ATPase without PKA 1.48 0.09
1.054 with PKA 1.244+ 0.06
ANSmal 3.27+£0.12
1.00 : . ‘ i a Measurements were taken for reconstituted samples in the absence
0 40 80 120 160 or presence of 40g/mL PKA and 1uM cAMP in 50 mM MOPS (pH
Acrvlamid M 7.0), 0.1 M KCI, 5 mM MgC}, 5 mM ATP, 1 mM EGTA, and 0.6
[Acrylamide] (mM) mM CaCb. The fluorescence was measured at 420 nm with excitation

Ficure 4: Acrylamide quenching of ANSmal-PLB reconstituted at 320 nm with a GG 400 filterKsy values represent averages and
in SR lipids in the absenced(and M) and presence of the Ca-  propagated errors of three independent measurements each for four

ATPase O and®) either before @ andm) or following phospho- separately reconstituted samplégsv, the slope of the SteraVolmer
rylation by PKA (© and0). Quenching was measured as fluores- plot, was obtained from the relationsHig/F = 1.0 + Ks\[Q], where
cence intensitiesH) relative to that of the unquenched samitg) ( Fo andF are the fluorescence intensities in the absence and presence

at various acrylamide concentrations. Samples consisted of 50 orof added quencher, respectively, and [Q] is the concentration of
15 ug/mL reconstituted membrane protein in the absence or quencher added.
presence of 4qg/mL PKA and 1uM cAMP in 50 mM MOPS

;and 7006) r(r)ﬂ\l/l "égé'k[%;l\]/' Mg—qb%mM)A-Il;lladolre?c'\gnESTveés results in increased accessibility of ANSmal to quenching
measured at 420 nm with f(ree;icitation gt 320 nm using a GG 400 when PLB is unphosphorylated; PKA-mediated phosphory-
filter. Data points represent the means of three measurements ofation of PLB results in the reversal of this effect. Thus,
one reconstituted sample under the indicated conditions. interaction of PLB with the Ca-ATPase has two effects: (1)
rendering the solvent accessibility of Cys-24 sensitive to the
co-reconstituted with the Ca-ATPase, a 20-fold improvement phosphorylation state of PLB and (2) increasing the solvent
in the goodness of fit (i.exr?) is observed for a model accessibility of bound ANSmal in the unphosphorylated state.
involving three exponentials relative to that for two expo- The latter observation suggests a more open structure around
nentials, whereas a four-exponential model does not signifi- Cys-24 when PLB is bound to the Ca-ATPase relative to
cantly improve the fit. Thus, the three-exponential model is that of free PLB Ksy values are a product of both solvent
statistically justified. Best fit values for amplitudes and accessibility, i.e., the bimolecular quenching constég, (
lifetime components are shown in Table 1 for ANSmal-PLB and the fluorescence lifetime of the fluorophore; thus, the
reconstituted in the absence and presence of the Ca-ATPaserevious observation that the lifetime of bound ANSmal is
as well as before and following PKA-induced phosphor- unchanged under any of the experimental conditions that
ylation of PLB. Neither the average lifetime&l) nor the were used (Table 1) indicates that the observed changes in
contributing amplitudeso}) and lifetime components;j of Ksy values are entirely a result of changes in solvent
ANSmal-PLB are significantly altered by interaction with accessibility.
the Ca-ATPase or by phosphorylation at Ser-16. Thus, the Fluorescence Anisotropy Measurements of PLB Rotational
more sensitive lifetime data are consistent with the spectral Dynamics.Anisotropy measurements of protein dynamics
data in indicating no large changes in the polarity around have been used to recover information regarding protein
ANSmal. structure, conformational changes, and protgirotein
Changes in the Seént Accessibility of ANSmal-Modified interactions 44). Anisotropy decays of ANSmal-PLB were
PLB. We find evidence for conformational changes around examined in the absence and presence of the Ca-ATPase
Cys-24 induced by both interaction of PLB with the Ca- using frequency domain fluorescence. Data were collected
ATPase and PLB phosphorylation that can be detected byover 20 frequencies between 2 and 200 MHz (Figure 5), and
changes in the accessibility of bound ANSmal to acrylamide, the data were fit to a sum of exponentials using previously
a water-soluble quencher of fluorescence (Figure 4 and Tabledescribed algorithmd(, 46). In all cases, the fluorescence
2). As is characteristic of protein-bound fluorophores, anisotropy decays of ANSmal-PLB were adequately fit to a
substantial protection of PLB-bound ANSmal from quench- model consisting of two exponentials as judged by both the
ing by acrylamide as is observed compared with that of 50-fold reduction irygr? and the evenly distributed residuals.
ANSmal free in solution, as evidenced by tKey values Additional fitting parameters result in no improvement in
obtained from slopes of SteriVolmer plots (Table 2). On  the calculated fit to the data. The initial anisotropy €
the other hand, co-reconstitution of PLB with the Ca-ATPase 0.36 + 0.05) is close to the theoretical maximum of 0.4,
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Ficure 5: Frequency domain fluorescence anisotropy data for
ANSmal-PLB co-reconstituted with the Ca-ATPase in the SR lipids
at 25°C. Data are shown for ANSmal-PLB for the differential phase
angle @) and modulated anisotropyDj. The fits correspond to
one ¢-+), two (—), and three (---) exponential components.

Weighted residuals, from top to bottom, correspond to one-, two-,
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is too short to represent the overall motion of PLB coupled
with its transmembrane domain, which, calculated on the
basis of the dimensions of PLB and the membrane viscosity,
is 1.1 us for a PLB monomer (see eq 5 in Experimental
Procedures). Thusg, indicates that Cys-24 is in a confor-
mationally disordered region of the protein.

The rate of the local motion (@{) increases upon
association of PLB with the Ca-ATPase, consistent with the
more open structure around ANSmal indicated by its greater
solvent accessibility (Figure 4 and Table 2). However, only
small changes in the rate and amplitude of this motion are
detected upon phosphorylation of PLB, indicating that
phosphorylation does not reverse local motional changes, in
contrast to the effect of phosphorylation on solvent acces-
sibility. In the case of internal protein dynamics, Ca-ATPase
interaction with PLB results in a decreased ratepf)l/
without changes in the amplitudg.£,) of this motion (Table
3). This substantial motional restriction of the PLB polypep-
tide resulting from Ca-ATPase interaction is not reversed
by phosphorylation of PLB, indicating that regulation of the
Ca-ATPase does not involve phosphorylation-induced dis-
ruption of protein-protein associations between the region
around Cys-24 of PLB and the Ca-ATPase.

DISCUSSION

Most of the structural information available for PLB has
been derived from studies of either PLB peptides or the entire
PLB protein in isolation rather than in association with the
Ca-ATPase 14—16, 41, 45-50). The requirement for a
conformational signal unique to PLB in the presence of the
substantially larger Ca-ATPase is satisfied, in our study, by
the combined use of mutagenesis and fluorescence spectros-

three-exponential fits to the data. The weighted residuals correspondcopy. The ANSmal-derivatized single-cysteine mutant PLB
to the experimental data minus the calculated value for the ysed for this study has provided a reliable probe of PLB

multiexponential fits normalized by the standard errors for the

measurements, which were assumed to be 0.20 and 0.005 for the

structure from the perspective of a site near the region of

differential phase and modulated anisotropy, respectively. The conformational disorder and without perturbation of the

reducedy? (yr?) values for the fit of ANSmal-PLB are 54.1, 1.1,

normal function of PLB. The fluorophore-modified mutant

and 1.0 for one-, two-, and three-exponential models, respectively. PLB, after co-reconstitution, provides both inhibition of the
The measurements were taken in medium containing 50 MM MOPS ca_ATPase, at sub-micromolar calcium concentrations, and

(pH 7.0), 0.1 M KCI, 5 mM MgC}, 5 mM ATP, 1 mM EGTA,
and 0.6 mM CaGl ([Ca"]free = 0.6 uM).

indicating that the majority of the fluorescence anisotropy

its activation after PKA-induced phosphorylation of PLB,
which is quantitatively identical to that of wild-type PLB in
native cardiac SR membranes (Figure4p). It should be

decay has been resolved. With this nearly rigid binding of pointed out that while the Ca-ATPase reconstitutes asym-
ANSmal to Cys-24 of PLB, it is to be expected that protein metrically with a right-side out orientation, PLB reconstitutes
dynamics can be resolved from the anisotropy decay with essentially symmetrically (see Experimental Procedurgs;

little contribution from motions associated with probe Thus, the two PLBs per ATPase used in these reconstituted
flexibility (59—62). Data from rotational dynamic measure- proteoliposomes ensure full regulation of all Ca-ATPase, as
ments of ANSmal-PLB are shown in Table 3 for either PLB evidenced by the maximal shift in calcium activation (Figure
alone or PLB after co-reconstitution with the Ca-ATPase. 2). The presence of a population of ANSmal-PLB which is
In both cases, two correlation times were resolved, the sub-not accessible to quencher or to PKA-induced phosphor-
nanosecong;, corresponding to local (side chain and probe) ylation suggests that these fluorescence measurements un-
dynamics, and the 100-fold longes, representing internal  derestimate the structural changes induced by phosphoryla-
dynamics of the PLB polypeptide chain. The measupged tion of PLB or interaction with the Ca-ATPase.

Table 3: Rotational Dynamics of ANSmal-PLB Reconstituted in the Presence and Absence of the Ca2ATPase

sample condition Oiro é1(ns) Qalo #2 (ns)

PLB control 0.10+ 0.03 0.55+ 0.18 0.24+ 0.03 32+5
PLB with Ca-ATPase without PKA 0.1% 0.01 0.144+ 0.01 0.244+ 0.01 76t 7
with PKA 0.11+ 0.02 0.21+ 0.04 0.25+ 0.02 777

a Sample conditions are as described in the frequency domain fluorescence expemgmenddues are the amplitudes of the total anisotropy
associated with each rotational correlation timg.(¢. and ¢, are the rotational correlation times associated with segmental and overall protein
rotational motion, respectively. Errors are standard deviations of measurements from two separate reconstituted samples.
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Probing the Local Enironment around Cys-24The highly ordered structure at the N-terminus of PLB. On the
environmentally sensitive fluorescence properties of ANSmal other hand, explicit fitting of the anisotropy decay of
indicate its solvation within the PLB protein structure rather ANSmal at Cys-24 of PLB to a similar model (having a
than in lipids or water, consistent with a position of Cys-24 residual anisotropy) results in a poor fit relative to that shown
outside of the membrane. From characterization of the localin Table 3. Thus, these results indicate that the protein
environment around Cys-24 comes evidence for distinct structure at the C-terminal end of the cytoplasmic domain
structures for PLB alone as compared with PLB in associa- of PLB exhibits more motional freedom and is less ordered
tion with the Ca-ATPase. Specifically, quenching studies than that at the N-terminal end, as might be expected for
demonstrate a substantial increase in the level of solventthe region around Cys-24 which borders the disordered loop
exposure of bound ANSmal as a result of the interaction region of the TIEMy motif. Despite these differences, protein
between PLB and the Ca-ATPase, suggesting that the Ca-imnotion in both regions of PLB is substantially restricted by
ATPase induces PLB to adopt a conformation involving a interaction with the Ca-ATPase, indicating the presence of
more open structure around Cys-24 (Figure 2 and Table 2).protein contacts in both regions. Significantly, this restriction
Consistent with this, and as might be expected by a lessis not reversed by phosphorylation of PLB, suggesting that
constrained probe environment, we observe an increase irthe relief of Ca-ATPase inhibition results from neither
the rate (1¢,) of local probe motion induced by interaction complete dissociation of PLB from the Ca-ATPase nor
with the Ca-ATPase (Figure 5 and Table 3). Current disruption of PLB-Ca-ATPase contacts at the C- and
knowledge of PLB structure suggests two conformational N-terminal ends of the cytoplasmic domain of PLB. Rather,
transitions that might explain these results. For example, theit is more likely that phosphorylation of PLB results in a
monomeric C41F PLB structure in an organic solvent, redistribution of protein interactions involving only transient
resolved by NMR, consists of two helices, between amino disruptions of protein contacts.
acids 4-16 and residues 2149, connected by #-turn This latter result is in agreement with recent NMR and
(TIEM2) which forms a flexible bend in the PLB structure immunoprecipitation data demonstrating that phosphorylation
(14). It is feasible that extension of this bent conformation of PLB does not disrupt association of a cytoplasmic PLB
is required for accommodation of the binding of N-terminal peptide (residues-125) from the ATPase in membranes or
residues of PLB to the DKNDPH® motif of the Ca-ATPase  immunoprecipitation of PLB and the ATPase in detergent
which is located relatively high~40 A) above the bilayer  micelles. These recent results contradict commonly held

surface 10, 14, 22). Such an extension of the PLB structure
would result in a more open conformation around ANSmal
(Figure 1). Alternatively, ANSmal may occupy an occluded

models of associatiendissociation mechanisms based on
early cross-linking data3( 22, 23, 53—56). In view of these
recent data, the previous observation of a phosphorylation-

location within an oligomeric form of free PLB; dissociation induced loss of cross-linking by a photoaffinity label on
of PLB into monomers that interact with the Ca-ATPase Lys-3 of PLB to the Ca-ATPase suggests structural changes
would result in greater level of exposure of ANSmal to of PLB that result in suboptimal reactivity of the already
solvent. This explanation would seem to be the less likely low-efficiency cross-linker. A more recent study demon-
one based on mutagenesis and modeling studies that predicstrates high-efficiency cross-linking with 1,6-bismaleimi-
the structure for the predominant oligomeric form of free dohexane between the ATPase and position 30 of PLB,
PLB, the pentamer@, 51, 52). From this model, in which  which is largely retained following phosphorylation of Ser-
the pentamer is formed by a series of leucine zippers betweenl6 of PLB (7). Interestingly, this site is on the C-terminal
adjacent faces of the membrane-spanning helices of PLBside of Cys-24 and at the putative interface of the membrane-
monomers, Cys-24 is positioned on the outside surface of spanning domain (residues-3%2) of PLB, suggesting that
the pentamer, where it is exposed to solvent rather thanthis region, too, may remain associated with the ATPase
buried within the pentameric structure. Distinct conforma- during the regulatory cycle. A regulatory mechanism involv-
tions for free and bound forms of PLB are also evidenced ing a phosphorylation-induced redistribution of protein
from the observation that the local environment of free PLB protein contacts is consistent with the reversal of the PLB-
is insensitive to the phosphorylation state of PLB, while PLB induced stabilization of helical elements of the Ca-ATPase
bound to the Ca-ATPase shows a marked decrease in solvenbbserved by FTIR and the associated restriction in the
accessibility of ANSmal upon phosphorylation of PLB amplitude of catalytically important motions within the
(Figure 4 and Table 2). These results suggest that thenucleotide binding domain observed from anisotropy mea-
structure of PLB in isolation may not be entirely relevant to surements 12, 58). These restrictions in dynamics of
the regulation of the Ca-ATPase and highlights the need for structural elements within the Ca-ATPase, in turn, lead to a
structural information regarding PLB complexed with the restriction in the entire array of protein motions involved in
Ca-ATPase. catalysis with the associated larger activation barrier for
Polypeptide Chain Dynamics Are Sengitito Protein- calcium activation and the associated nucleotide utilization
Protein Interactions.Additional structural information is  (59).
available from the resolution of slower protein motioms) ( Conclusions and Future Directiong/e have identified a
associated with polypeptide chain fluctuations (Figure 5 and conformational transition involving position 24 in PLB
Table 3). It is of interest to compare the motional properties associated with the phosphorylation of PLB and the release
of this probe at Cys-24 with those previously measured at of the inhibitory interaction between PLB and the Ca-
the N-terminus of PLB X1). The anisotropy decay at the ATPase. This region is close to a disordered region previ-
N-terminus, in both the free and Ca-ATPase-bound forms ously identified by NMR spectroscopy, and probably part
of PLB, is described well by two correlation times (of 1 and of a conformational switch that modulates the inhibition of
9 ns each) with a large residual anisotropy that indicates athe Ca-ATPase by PLB. Changes in this region may alter
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the structural coupling between cytosolic and membrane- 27. Fernandez, J. L., Rosemblatt, M., and Hidalgo, C. (18&&)him.
spanning regions of PLB that interact with the Ca-ATPase.

Future studies should further explore the dynamic structure

of this disordered region of PLB to identify how changes in
protein structure affect the inhibition of the Ca-ATPase.
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