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ABSTRACT. We have used attenuated total reflection Fourier transform infrared (ATR-FTIR) and circular
dichroism (CD) spectroscopies to identify secondary and dynamic structural changes within the Ca-ATPase
that result from the functional inhibition of transport activity by phospholamban (PLB). Isotopically labeled
[13C]PLB was expressed and purified froEscherichia coliand was functionally reconstituted with
unlabeled Ca-ATPase, permitting the resolution of the amide | and Il absorbance bands of the Ca-ATPase
from those of [3C]PLB. Upon co-reconstitution of the Ca-ATPase with PLB, spectral shifts are observed

in both the CD spectra and the amide | and Il bands associated with the Ca-ATPase, which are indicative
of increaseda-helical stability. Corresponding changes in the kinetics of H/D exchange occur upon
association with PLB, indicating that 18D 20 residues in the Ca-ATPase that normally undergo rapid
amide H/D exchange become exchange resistant. There are no corresponding large changes in the secondary
structure of PLB. The affinity of the structural interaction between PLB and the Ca-ATPase is virtually
identical to that associated with functional inhibitidfu(= 140+ 30 «M), confirming that the inhibitory
regulation of the Ca-ATPase by PLB involves the stabilizatiomdfelices within the Ca-ATPase.

The-adrenergic cascade in the heart acts to enhance theactivity found in the activated cardiac SR (after phos-
rate of calcium resequestration into the sarcoplasmic reticu-phorylation of PLB) and that of the Ca-ATPase found in
lum (SR} lumen through the direct phosphorylation of the skeletal muscle SR (in which PLB is not expressed)
phospholamban (PLB) at either $eor Thr*” by cAMP- suggests that dephosphorylated PLB acts as an inhibitor of
dependent protein kinase (PKA) or calmodulin-dependent the Ca-ATPasel]. Direct assessments of calcium binding
protein kinase, respectivellL{5). Phosphorylation of PLB ~ and detailed kinetic measurements indicate that PLB does
results in a shift in the calcium dependence of the catalytic not alter calcium affinity, but rather alters the activation
activity of the Ca-ATPase toward lower sub-micromolar free barrier associated with the slow isomerization step of calcium
calcium concentrations with little or no alteration in the activation @, 10). Structural coupling between PLB and the
maximal velocity of the Ca-ATPas&+{8). The similarity Ca-ATPase in cardiac SR membranes involves direct contact
between the calcium dependence of Ca-ATPase transporinteractions in both the cytoplasmic and transmembrane
domains {1). The cardiac isoform of the Ca-ATPase,
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conformational alterations, however, involving secondary either rabbit skeletal fast twitch muscle or porcine hearts as
structural elements in both the Ca-ATPase and PLB upondescribed previouslylQ, 22). Lipids were extracted from
their functional interaction have not previously been studied. skeletal SR vesicles with organic solvents as previously
Therefore, in this study, we have used CD and ATR-FTIR describedZ3, 24). Ca-ATPase from skeletal SR was affinity
spectroscopies to detect possible secondary structural changgsurified essentially as previously describ@®,(26). Native

of the Ca-ATPase and¥C]PLB following their functional and reconstituted vesicles containing the Ca-ATPase were
co-reconstitution. CD measures the average secondary strucstored at—70 °C.

ture of the complex between the Ca-ATPase and PLB, but Expression and Purification of PLEPLB was cloned into
does not provide information on individual structural changes a pGEX-2T plasmid expression vector, expressed in JM109
in either protein resulting from their interaction. On the other Escherichia colicells, and purified by preparative SBS
hand, FTIR spectroscopy measures various vibrational ab-PAGE, essentially as previously describe2l7)( In this
sorbance bands that are sensitive either to the proteinconstruction, the N-terminus of PLB was modified to
backbone conformation (e.g., the amide | band between 1700introduce a thrombin cleavage site. For this reason, the
and 1600 cm?') or the amide hydrogen-deuterium (H/D) expressed PLB contains a Gly-Ser sequence in place of Met
exchange and solvent accessibility (e.g., the amide Il bandat the N-terminus. For preparation of uniformifC-labeled
between 1580 and 1520 c#). Thus, FTIR spectroscopy is PLB, the cells were grown in a minimal M9 medium
complementary to CD and permits measurement of the containing 2 g/L [U3Cg]-D-glucose as the sole carbon
secondary and dynamic structures of proteins. Moreover, bysource. The cells were harvested by centrifugation wkesn
isotopically labeling one of the proteins (e.g., B¢) FTIR was at least 1.2 and resuspended in urea buffer [20 mM Tris
can be used to measure the individual structures of two (pH 8.4), 0.5 M NaCl, ad 4 M urea], and the cells were
interacting proteins. The spectral shift of both amide | and disrupted by a procedure involving five freeziaw cycles
amide Il bands toward lower frequencies (0 and 20 using liquid nitrogen and sonication for 1 min. A membrane
cm?, respectively) resulting front3C-labeling makes it  fraction was obtained following centrifugation at 37008
possible to obtain structural information on both proteins in for 15 min using a SS-34 rotor, and the resulting pellet was
the same sample by analyzing the separated bands generataésuspended in the cell lysis buffer and again subjected to
by the labeled and unlabeled proteins. In the case of the cell disruption and centrifugation procedure. The resulting
membrane proteins, ATR-FTIR spectroscopy permits selec- pellet was resuspended in 30 mL of SDS-denaturing buffer
tive detection of proteins associated with supported mem-[100 mM Tris (pH 6.8), 4% SDS, 5% 2-mercaptoethanol,

branes 19). 0.45 M sucrose, and 0.001% bromophenol blue] and soni-
Using ATR-FTIR, we have resolved structural changes cated as described above. Following centrifugation for 15

within the Ca-ATPase resulting from interaction witiC- min at 3700@m.x, the GST-PLB fusion protein was

labeled PLB that involve the stabilization af-helical separated from other proteins in the supernatant by prepara-

secondary structural elements. Although this approach hastive SDS-PAGE using 10 mM Tris (pH 8.3), 0.2 M glycine,
previously been applied to study interactions between water-and 0.1% SDS as the running buffer. Fractions containing
soluble proteins and peptides by direct transmission FTIR the GST-PLB protein were identified by analytical SBS
spectroscopyd0, 21), no previous measurements have been PAGE. The yield was approximately 13 mg of GSFLB
reported involving the use of isotope-edited infrared spec- protein fran 1 L of E. coli culture. The GSTPLB fusion
troscopy in investigating structural interactions between protein was cleaved to GST and PLB using freshly prepared
integral membrane proteins. These PLB-induced changes inhuman thrombin (30 units of thrombin/mg of protein) for
the structure of the Ca-ATPase are suggested to contribute48 h at room temperature, followed by lyophilization. The
to the inhibition of its transport activity by increasing the lyophilized sample was solubilized in 5 mL of 1 mM Mggl
activation barrier associated with calcium activation that is 50 mM CaC}, and 20% glycerol, boiled for 15 min, and
necessary to promote nucleotide utilization. separated by preparative electrophoresis. Fractions containing
PLB were collected and lyophilized, yielding approximately
MATERIALS AND METHODS 1.8 mg of [*C]PLB. The anionic detergent (SDS) in the
Materials CaCl} standard solutions were purchased from lyophilized sample was replaced with nonionigks; by first
VWR (St. Louis, MO). MOPS, KCI, and ultracentrifugation  solubilizing the sample in 20 mM MOPS (pH 7.0) and 1%
grade sucrose were purchased from Fisher (Fair Lawn, NJ).Cq2Eg prior to applying the sample to a DEAE-cellulose
Reactive red 120 and the detergdwtoctyl S-p-gluco- column {; ~ 1 mL) pre-equilibrated with the same buffer.
pyranoside §-OG) were obtained from ICN (Aurora, OH).  Following extensive washing, PLB was eluted from the
[U-Cg]-D-Glucose was obtained from Cambridge Isotope column by adding 0.2 M NaCl to theigEg solubilization
Laboratories (Andover, MA). Sepharose CL-4B, the deter- buffer as a mixture of monomeric, trimeric, tetrameric, and
gent GoEy (polyoxyethylene 9-lauryl ether), ADP, PKA, pentameric forms as identified by SBEAGE 7). Sub-
cAMP, ATP, MgCl, the calcium ionophore A23187, the sequent reconstitution of the detergent-purified PLB into
potassium ionophore valinomycin, and EGTA were pur- lipids restores the preference for pentameric and monomeric
chased from Sigma (St. Louis, MO). The protonophore species characteristic of cardiac SR membranes, suggesting
CCCP (carbonyl cyanide 3-chlorophenylhydrazone) was that detergent micelles may prevent free exchange of PLB
purchased from Fluka (Buchs, Switzerland). Dansyl chloride between different oligomeric species.
[1-(dimethylamino)naphthalene-5-sulfonyl chloride] and the  Co-Reconstitution of the Ca-ATPase with PLBhe
calcium sensitive dye BAPTA [1,2-bis(2-aminophenoxy)- purified Ca-ATPase was reconstituted in the presence of
ethaneN,N,N',N'-tetraacetic acid] were purchased from Mo- variable amounts of PLB into lipids extracted from SR
lecular Probes (Eugene, QSR vesicles were isolated from  membranes, with minor modifications to established proto-
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cols 28, 29). Prior to reconstitution, 1.1 mg of extracted Irvington, NY) using a Langmuir-Blodgett monolayer trough
SR lipids was dried under nitrogen gas and kept in a vacuum(model 611, Nima, Coventry, England). Following assembly
desiccator overnight. The dried SR lipids were suspendedof the plate with the monolayer in a perfusable liquid ATR
in approximately 0.5 mL of reconstitution buffer [20 mM cell (Buck Scientific, East Norwalk, CT), vesicles with
MOPS (pH 7.0), 0.1 M KCI, 0.1 mM Cagland 0.3 M (co-)reconstituted protein(s) were injected into the ATR cell
sucrose] and solubilized by adding 1.7 mM octyl glucoside. and incubated for approximately 1.5 h to allow the vesicles
Separately, 20@&g (1.8 nmol) of purified Ca-ATPase was to spread onto the lipid monolayer and yield supported
mixed with 9, 18, and 27 nmol of PLB solubilized in 4 mg/ phospholipid bilayers that incorporate the reconstituted
mL C;.Eg (or an equivalent volume of 4 mg/mL;&y when protein(s).
the Ca-ATPase was reconstituted without PLB) in a final  Enzymatic and Protein AssayATP hydrolysis activity
volume of 100uL. This mixture was then combined with  of the Ca-ATPase was determined by assessing the release
the solubilized SR lipids, resulting in a final volume of 0.6 of inorganic phosphate3y), using 100ug of protein/mL in
mL containing 1.4 mM octyl glucoside and 0.7 mg/miEs. a solution containing 50 mM MOPS (pH 7.0), 0.1 M KClI,
To remove the detergent, 100 mg of SM-2 Bio-Beads (Bio- 5 mM MgCl,, 1 mM EGTA, 2uM A23187, 1uM CCCP, 2
Rad, Richmond, CA) was added, and the solution was M valinomycin, 0.3 M sucrose, and sufficient calcium to
incubated with gentle stirring for 1 h. Two more 100 mg yield the desired concentration of free calcium. In experi-
aliquots of Bio-Beads were added & h intervals. The ments where the effect of the phosphorylation of PLB on
resulting reconstituted vesicles were removed from the Bio- Ca-ATPase activity was measured,/dgof PKA/mL and 1
Beads and concentrated by centrifugation at 30g@Qdor uM cAMP were also included in the assay buffer. The
15 min. The final lipid-to-protein ratio was 750 phospho- solution was incubated at 28 for 10 min prior to the
lipids per Ca-ATPase. The in situ molar ratio between the addition of 5 mM ATP to start the reaction. The extent of
co-reconstituted Ca-ATPase and PLB was estimated usingPLB phosphorylation induced by PKA involved incubation
the areas of the corresponding amide | bands in the ATR- of proteoliposomes for 10 min in the presence)ef{P]ATP
FTIR spectra, assuming similar extinction coefficients for (4500 cpm/nmol) and 0,6M free calcium. The reaction was
both proteins. In separate experiments, the molar ratios ofstopped by filtration on a glass filter, followed by washing
PLB relative to the Ca-ATPase were confirmed using with nonradioactive reaction buffer. The amount of radio-
quantitative immunoblotting to measure the concentrations activity associated with each filter was measured by scintil-
of the Ca-ATPase and PLB. The measurements involved thelation counting. The amount of nonspecific radioactivity
use of purified Ca-ATPase and PLB as protein standards measured in the absence of PKA was subtracted from the
using primary monoclonal mouse antibodies raised againsttotal amount of radioactivity. Protein concentrations of PLB
the Ca-ATPase from fast twitch skeletal muscle (IgG1 clone stocks were determined by amino acid analysis. All other
11H11 from Affinity Bioreagents, Golden, CO) and recom- protein concentrations were determined by the amido black
binant PLB (clone 8A3) prepared in our laboratory from method 82).
hybridoma cells derived from ascites fluid using standard  Covalent Attachment of Spectroscopic Probes to PLB
protocols. Following absorption of either native or recon- Recombinant PLB (20@g) in 4 mg/mL GE, and 20 mM
stituted vesicles to PVDF membranes, the immunoreactivity MOPS (pH 8.0) was incubated with a 20-fold molar excess
of various protein loads was quantified following color of dansyl chloride fo5 h in thedark at room temperature.
development using goat anti-mouse lg&kaline phos-  The reaction was stopped by addition of a 10-fold excess of
phatase secondary antibody (Affinity Bioreagents). To correct lysine, and prior to exhaustive dialysis, the solution was
for differences in binding affinities of antibodies directed incubated for an additional 45 min to bind the unreacted
against either the Ca-ATPase or PLB, linear standard curvesprobe. Following exhaustive dialysis against 2 mg/mkHg
were obtained in which the immunoreactivity of the antibody and 20 mM MOPS (pH 7.0), the stoichiometry of labeling
was measured against purified Ca-ATPase or PLB, permittingwas determined from the molar extinction coefficieaf
a determination of the amount of either the Ca-ATPase or = 4600 M1 cmt (33)].
PLB. Determination of Calcium Binding AffinitieJo analyze
Using ATR-FTIR, we found that addition of a 5-, 10-, the relative affinities and cooperative interactions between
and 15-fold molar excess of PLB relative to the Ca-ATPase high-affinity calcium binding sites on the Ca-ATPase, the
results in in situ molar ratios of approximately 1:1, 4:1, and calcium-dependent activation of the Ca-ATPase was fit to
11:1in the supported bilayers, respectively. Furthermore, thethe following equation:
amide I signal of fC]JPLB when co-reconstituted with the

Ca-ATPase was stronger than when reconstituted alone at K [Ca2+] + 2K [Ca2+] 2

. . . . .. 1 free 2 free
the same input concentrations, implying that the Ca-ATPase ATPase activity= o P
is preferentially incorporated into the phospholipid mem- 2(1+ Ky[Ca  Jjee T KiCE Tfee)
branes, and facilitates reconstitution of PLB. Similar results @

were obtained using quantitative immunoblotting to measure
the relative concentrations of the Ca-ATPase and PLB, ATPase activity represents the measured calcium-dependent
confirming the reliability of both methods. ATPase activity and is assumed to result from the fraction
Preparation of Supported Lipid BilayerSupported lipid of Ca-ATPase polypeptide chains in which both high-affinity
bilayers were prepared essentially as described previouslycalcium sites are occupied by calciui; corresponds to
(30). Prior to the addition of proteoliposomes, a phospholipid the sum of the intrinsic equilibrium constants associated with
monolayer was depositech@a 1 mmx 20 mm x 50 mm calcium binding to the two high-affinity binding sites on the
germanium internal reflection plate (Spectral Systems, Ca-ATPasek; andky). K, represents the product of intrinsic
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Ficure 1: Rates of ATP hydrolysis by the Ca-ATPase in native
cardiac SR membranesi(and W) or of the Ca-ATPase co-
reconstituted with eithe{C]PLB (O and®) or [*3C]PLB (< and

#) before (white symbols) and following (black symbols) PLB
phosphorylation by PKA. Data for native cardiac SR are taken from
ref 10. Experimental curves were obtained using eq 1 befefe (
and following (---) PLB phosphorylation. The macroscopic
equilibrium constant¥; andK; before PLB phosphorylation are
1.5+ 0.4) x 10* Mt and (3.04 0.4) x 102 M~2 and following

PLB phosphorylation are (1.2 0.7) x 10° M~* and (1.1+ 0.1)

x 108 M~2 respectively. Standard deviations of individual
measurements are no more than 8% of the indicated values.
Maximal calcium-dependent ATPase activities determined from a
global fit to data sets obtained before and after enzyme activation
resulting from the addition of PKA were 4 0.1 and 1.0+ 0.1
umol of B mg~! min~! for the Ca-ATPase co-reconstituted with
PLB and cardiac SR membranes, respectively.

equilibrium constantg,, k,, andk., and explicitly takes into
consideration cooperative interactiofg) petween the high-
affinity calcium binding sites34).

Determination of PLB Binding Affinityrthe concentration
of unbound PLB was obtained from the following relation-
ship:

KC
aax)[Ca-ATPasq],tal )

[PLB]free = [PLB]totaI - W

where AKc{/AKco(max) corresponds to the fraction of Ca-

Tatulian et al.

associated with half-maximal activation of the Ca-ATPase
(i.e., AKcy), span represents the dynamic range of the
dependent variable, and minimum represents the value of
the dependent variable in the absence of PLB.

Measurement of Free Calcium Concentratiorfsree
calcium concentrations were determined using the calcium
sensitive fluorophore BAPTAALx = 299 nm,Aem = 360
nm), as previously described@%). The dissociation constant
for calcium binding to BAPTA was measured to be 263
7 nM in a buffer containing 20 mM MOPS (pH 7.0), 0.1 M
KCI, 5 mM MgCl,, 5 mM ATP, 1 mM EGTA, and variable
amounts of CaGlprepared from desiccated Cagtbat was
dissolved in 0.1 M HCI and adjusted to pH 7.0 with KOH.

Circular Dichroism MeasurementsCD spectra were
collected in a buffer containing 10 mM MOPS (pH 7.0) and
0.15 M sucrose at 20C using a Jasco J-710 spectro-
polarimeter (Jasco, Easton, MD) and a 0.05 cm path length
quartz cell. Proteoliposomes containing the Ca-ATPase, PLB,
or both proteins at different molar ratios have been prepared
in three different reconstitution experiments, using previously
described protocols that yield vesicles with an average
diameter of 9Gt 7 nm 36). The CD spectra of each sample
have been measured three or four times, and five scans were
co-added in each measurement. Final CD spectra were
obtained by averaging the spectra at each Ca-ATPase:PLB
molar ratio, and the averaged data were smoothed using a
13-point Savitsky-Golay algorithm. Similar differences in
CD spectra were observed irrespective of smoothing. The
concentration of the Ca-ATPase was adjusted to/8M
and PLB was added to achieve the desired molar ratio of
the two proteins.

The mean residue molar ellipticityg], of the Ca-ATPase
and PLB co-reconstituted in phospholipid vesicles was
calculated using the following formula:

o] = Omeasuredx 10_3
1= @+ Py

(4)

ATPase associated with PLB and represents the observedyheref easueds the measured ellipticity in millidegrees ;[P

shift in the calcium concentration associated with half-
maximal activation of the Ca-ATPase relative to the maximal
shift observed in the presence of excess PLB (Figure 1).
[PLB]tree is the unbound membrane concentration of PLB;
[PLB]ota is the calculated total membrane concentration of
PLB, and [Ca-ATPaseg]. is the calculated total membrane
concentration of the Ca-ATPase, which is 0.85 mM at a lipid-
to-protein ratio of 750:1. At this lipid concentration, for
reconstitution stoichiometries of PLB relative to the Ca-
ATPase corresponding to 1:1, 4:1, and 11:1, [RiBequals
0.85, 3.4, and 9.4 mM and [PLR} equals 0.26, 1.0, and
8.5 mM, respectively.

The dissociation constan{) of PLB binding to the Ca-
ATPase in the membrane can be determined by fitting the
data to the Langmuir binding equation

[PLBJfree

= —————— x span+ minimum
Kd + [PLB]free

®3)

and n; are the concentration (in decimoles per cubic
centimeter) and the number of peptide bonds in the Ca-
ATPase, respectively, P and n, are those for PLB,
respectively, and is the path length of the CD cell. The
molecular masse$/;) and the number of peptide bonds were
110 458 and 1000, respectively, for the Ca-ATPase and 6093
and 52, respectively, for expresseédd]PLB.

Infrared Spectroscopic Measurementormally, ATR-
FTIR measurements involved the acquisition of 1000 scans
using a Magna-IR 560 infrared spectrometer (Nicolet Ana-
lytical Instruments, Madison, WI) at a nominal spectral
resolution of 2 cm?, which were co-added to achieve the
desired signal-to-noise ratio. For amide H/D exchange
experiments, data for supported bilayers isgOHbuffer [10
mM HEPES (pH 7.4), 100 mM NaCl, and 0.1 mM CalCl
were first collected prior to flushing the cell with 02
volumes of RO buffer (pH* 7.0). The time point of first
exposure of the reconstituted protein(s) to th@®Dbuffer
was taken to be the zero time point of H/D exchange. The

whereY represents the dependent variable corresponding totime dependence of the amide H/D exchange was followed
either the fraction of nonexchangeable residues determinedby recording 14 spectra during the fi& h of exchange. In

by ATR-FTIR or the shift in the calcium concentration

these experiments, the number of scans per spectrum was
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gradually increased from 128 to 1000 and the time interval fast twitch skeletal muscle SR Ca-ATPase (SERCA1) was
between successive spectra was correspondingly increasedsed in these experiments because of (i) its greater stability
from 2 min to 2 h, taking into account the exponential nature in detergent compared with that of SERCA2a expressed in
of the kinetics of H/D exchange. The level of random noise the cardiac SR and (ii) previous demonstrations that SERCA1
in the spectra was estimated by the ESTNOISE program, is fully regulated by PLB and can functionally substitute for
included in the LabCalc software package, to be 8.01 SERCAZ2a in the hearf(8, 26, 39). Irrespective of whether
0.03%. ATR-FTIR experiments, including measurements of [*2C]PLB or [**C]PLB was used for co-reconstitution with
amide H/D exchange kinetics, were repeated three times atthe Ca-ATPase, we find a similar activation of the Ca-
each Ca-ATPase:PLB molar ratio. ATPase for reconstituted and native cardiac preparations
The amide H/D exchange kinetics for proteins was upon phosphorylation of PLB by PKA or increasing calcium
determined on the basis of the analysis of the amide Il band,concentrations (Figure 1). Thus, there is a QRBdecrease
as previously describe®7). The amide 1l signal intensities  in the calcium concentration associated with half-maximal
were calculated by integrating the FTIR spectra between activation of the Ca-ATPase\Kc,) upon phosphorylation
1576 and 1532 cnt for the Ca-ATPase and between 1560 of PLB both in native cardiac SR membranes and following
and 1515 cm! for [**C]PLB. For co-reconstituted samples, co-reconstitution of the Ca-ATPase with PLB. Moreover,
the amide Il region was decomposed into two componentsvalues of the maximal catalytic activity (i.€Vmay for
centered at approximately 1546 and 1525 trthat cor- reconstituted vesicles are in good agreement with those for
respond to the peaks of the second-derivative spectra. Thenative SR membranes when differences in Ca-ATPase
areas of these components were normalized with respect taconcentrations are taken into account. Using the formation
the corresponding amide Il areas inGHand were used as  of the phosphorylated intermediate to estimate the relative
integrated amide Il intensities of the Ca-ATPase and abundance of the Ca-ATPase, there are2@3 and 7.4t
[*3C]PLB. The fraction of nonexchanged amide protons (or 0.4 nmol of Ca-ATPase/mg of total protein in native and
“nonexchanged residues”) was evaluated as reconstituted vesicles, respectivelftO( 26). Since the
corresponding ATPase activities are #00.1 and 4.0+
[H] ~ (Asmigent 0.1 umol of R mg* min™?, it is apparent that the corre-
[H] + [D]): - (Asmigenzo ®) sponding ATPase activities normalized to the abundance of
the Ca-ATPase are approximately the same [i.e., #.5009

and the time dependence of the amide H/D exchange was?nd 0.54=+ 0.03 umol of R per nmol of Ca-ATPase per

f(t) = (

fit to the following multiexponential model: min for native cardiac and reconstituted preparations, re-
spectively]. Thus, the inhibitory interactions between PLB
[H] n and the SERCAL1L isoform of the Ca-ATPase in these
f)y=|——| = Zlaie_t”‘ (6) reconstituted preparations are both qualitatively and quan-
[H +[D]): & titatively similar to those of SERCA2a in native cardiac SR
membranes.

In this expressiom is the number of components associated
with the exponential decayjs a time point in the course of
the H/D exchanger; is the time constant, and; is the
amplitude associated with each time constant. The goodnes
of fit was determined through a comparison of the deviations zation of reconstituted vesicles with,4Es results in no

between the measured and calculated values. further stimulation of activity relative to that induced by

The _Gibbs free energies o_f amide H/D exchange WETI€ A23187. Thus, detergent solubilization only alters calcium
determined as described previousdy), using the following permeability, and does not make additional catalytic sites

Addition of the calcium ionophore A23187 to either
reconstituted vesicles or the native cardiac SR results in the
same 2-fold stimulation of ATPase activity, indicating that
Seconstituted vesicles are tightly sealed. Detergent solubili-

equation: of the Ca-ATPase available to substrates. These results
. indicate an asymmetrical reconstitution of the Ca-ATPase.
AG = —RTIn(—OJ 7) In contrast, PLB is symmetrically reconstituted, as assessed

Tob by the ability to release approximately one-half of the

_ ] cytosolic domain labeled with the fluorophore dansyl chlo-
wherert, is the time constant of ex_change for an uno_rdered, ride. Thus, following exhaustive trypsin digestion, #8%
completely solvent exposed residue angs is the time  of the cytosolic portions of PLB (covalently modified with
constant measured in the experiment. AP@0and pH* 7.0 gansy| chloride) was released into the supernatant following
(PD 7.4),70 = 0.488 s. reconstitution in either the absence or presence of the Ca-

Second derivatives of FTIR spectra were used as a reso-ATpase. Consistent with this result, the stoichiometry of PLB
lution enhancement method to reveal spectral features thatphosphorylation by PKA was measured to be 0438.08
are not readily visible in the raw spectra. Calculation of sec- o] of phosphate per mole of PLB. Thus, essentially all
ond derivatives was accompanied with 11-point Savitsky  gyailable sites on PLB are phosphorylated by PKA. These
Golay smoothing to eliminate high-frequency noise. results, coupled with the fact that the extent of regulation
RESULTS foIIo_Wing co-reconst_itution_of PLB _With the Cg-ATP_ase_: is
equivalent to that with native cardiac SR vesicles, indicate

Functional Co-Reconstitution of the Ca-ATPasd.B a preferential association between Ca-ATPase and PLB
expressed and purified froBa coliwas co-reconstituted with  molecules whose cytosolic domain faces the vesicle exterior.
affinity-purified Ca-ATPase using lipids extracted from SR Circular Dichroism Assessment of the Structural Interac-
membranes, essentially as previously descriB8d3g). The tion between PLB and the Ca-ATPa3® characterize the
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Ficure 2: Circular dichroism spectra ofC]PLB, the Ca-ATPase, (+++), following co-reconstitution of the Ca-ATPase with an 11-

and following co-reconstitution of the Ca-ATPase witfCJPLB fold molar excess of}fC]PLB (—), and following summation of
at different molar ratios, as indicated. Each spectrum represents, X

th fth ; tra of diff t tituted the individual spectra of the Ca-ATPase aftC]PLB (---). In the
e average of three or four spectra of different (co-reconstituted oo of the Ca-ATPase, the amide | and Il components are centered
samples, each of which was recorded by co-adding five scans.

X near 1658 and 1546 crh respectively. In the case of*C]PLB,
g/lu%?gg(reegeznéscwere made in 10 mM MOPS (pH 7.0) and 0.15 M the amide | band contains two spectral components centered at 1608

and 1585 cm?! while the amide Il component is centered near 1525
mL.

g

secondary structures of PLB and the Ca-ATPase, and to°
assess the structural effects accompanying the interactiorabolish interhelical interactions within either protein, resulting
between PLB and the Ca-ATPase, CD spectra were measureth a transition from flexible coiled-coil superhelices to
using proteoliposomes containing PLB and the Ca-ATPase,normal, more rigid helices.
or following co-reconstitution of these integral membrane  Spectral Resolution of the Ca-ATPase and Phospholamban
proteins (Figure 2). The shape of the CD spectrum of by ATR-FTIR Spectroscopidditional resolution of second-
[3C]PLB deviates from a typicatx-helical spectrum. In  ary structural changes is possible using infrared spectroscopy
particular, thex—za* parallel transition, which is normally  (19). Isotopic labeling of PLB with3C induces a substantial
observed near 208 nm as a local minimum foahelix, is shift of both the amide | and Il bands toward lower
only present as a shoulder in the CD spectrum of PLB. While frequencies, permitting the spectral resolution of the infrared
the amount of3-structure cannot be reliably estimated from spectra of unlabeled Ca-ATPase froRC-labeled PLB
CD data collected above 200 nm, these results suggest th€Figure 3). In the case of the Ca-ATPase, the amide | and Il
presence off-structure in PLB 40, 41). In contrast, the CD ~ components are centered near 1658 and 154€.cim the
spectrum for the Ca-ATPase contains two clearly resolved case of {3C]PLB, the amide | component contains two
minima centered near 208 and 222 nm indicating that the spectral components centered at 1608 and 1583,cntile
secondary structure of the protein is dominateddyelices. the amide Il component is centered near 1525 tm
This is consistent with earlier CD measurements as well as Comparison of the experimental spectrum obtained following
the recently determined crystal structure of the Ca-ATPase co-reconstitution of the Ca-ATPase withC]PLB with the
(40, 42—45). sum of the spectra obtained for each protein reconstituted
The spectrum of the Ca-ATPase and PLB following their separately indicates that there are no significant differences
co-reconstitution is not simply a weighted average of the in the amide | spectral regions of either the Ca-ATPase or
spectra of either protein separately reconstituted into lipid PLB (Figure 3). Likewise, the spectral intensity near 1525
vesicles. In particular, the ratio of molar ellipticities centered cm™ corresponding to the amide Il band dfC|PLB is

near 208 nms—s* parallel transition) and 222 nm {az* unchanged following co-reconstitution of the Ca-ATPase
transition) (i.e., §]20d[0]222) increases following co-recon-  with [*3C]JPLB. In contrast, spectral intensity differences are
stitution. The small diameter of the vesicles (207 nm) apparent near 1546 crhfollowing co-reconstitution of the
ensures that the observed differences are not due to eithelCa-ATPase withfC]PLB, which corresponds to the amide
differential scattering or absorption flattening artifactg)( Il band of the Ca-ATPase. These intensity differences

Therefore, the CD data suggest that the interaction betweerbetween the spectrum obtained following co-reconstitution
the Ca-ATPase and PLB is accompanied by conformational of the Ca-ATPase with PLB and the composite spectrum
changes in either one protein or both proteins. Spectral obtained by mathematically summing the individual spectra
overlap of the CD spectra associated with both PLB and the of PLB and the Ca-ATPase suggest that there are structural
Ca-ATPase prevents a quantitative interpretation of thesechanges involving the Ca-ATPase (apparent in the amide Il
results in terms of changes in the relative fractions of region) following co-reconstitution with PLB.

secondary structural elements. However, an increagg /[ The 20 cm? shift of the amide Il band of PLB (from
[6]222 is conventionally interpreted in terms of secondary approximately 1545 to 1525 cr¥) following C labeling
structural changes involving a transition from less stable is smaller than that of the amide | band (see below) because
o-helical structures, including helical coiled coils, ¢ the backbone carbonyl carbon atom contributes less to the
helices with increased rigidity4Q, 47—50). Thus, co- amide Il mode than it does to the amide | vibration. The
reconstitution of the Ca-ATPase and PLB may weaken or amide | mode of-*C-labeled PLB results in a broad band
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that incorporates two spectral components centered near 1608
and 1585 cm?, as evidenced by the second-derivative spectra
(data not shown). The componentat608 cn! represents

the amide | band ofr-helical elements in PLB, which is
shifted toward lower frequencies by approximately 50°&m
due to'3C labeling. This effect is due to the heavier nuclear
mass of'C relative to that ot?C, and is consistent with the
45-55 cnr! spectral shift in the amide | band detected in
other'3C-labeled proteins by transmission FTIR spectroscopy
(20, 21). The component at1585 cn1! corresponds to the
amide | mode of secondary structural elements 6fGx
labeled protein that assumegdaconformation $1—53). This
spectral component corresponds to approximately 30% of ; | |
the spectral intensity within the amide | band and provides 1700 1680 1660 1640 1620 1600
an estimate of the amount Bfstructure in PLB. Since certain Wavenumber (cm™)

unlabeled S'd.e Ch‘?"”s such as Ar_g, ASN, Asp, Gln, and Glu Ficure 4: Second-derivative ATR-FTIR spectra of the amide |
also absorb in this spectral region and contribute to the panq of the Ca-ATPase reconstituted in the absence (top family of
component near 1585 cry this result suggests that the curves) and presence (bottom family of curves) of an equal molar
spectral intensity measured at 1585 ¢ris the upper limit concentration of fC]PLB. The change in the color code from blue
with respect to the fractional contributionfftructure b4~ 178 St S 2 21 T are ot to permit visualization
.56).' However, complete 'SOtO_pIC |ncorpora_1t|0r_1 8C is ., of spectral ch%nges that occur during H/D excﬁange, and from top
indicated by the lack of any residual absorption in the amide to hottom correspond to exchange times of 2 min, 4 min, 9 min,

| regions of the unlabeled protein (i.e., near 1650 §m 14 min, 19 min, 26 min, 36 min, 1 h, 1.4 h, 2.3 h,3 h, 4.4 h, 6 h,
Thus, both the ATR-FTIR and CD data (see above) suggestand 8 h.

a considerable fraction gi-structure in PLB. _ _

Conformational Changes Resulting from the Interaction | band is mainly generated by the backbone carbonyl
between PLB and the Ca-ATPad® characterize possible  Stretching vibrations of the polypeptide chain, and the
conformational changes within either the Ca-ATPase or PLB Vibrational frequency is proportional to the square root of
resulting from their interaction, we compared the ATR-FTIR the bond strength. This indicates that the main chain carbonyl
spectra of the Ca-ATPase arfdJPLB individually recon- bonds Wlthln(l-he|.lceS of the Ca—ATque become weal_<er
stituted into lipid bilayers with the spectrum obtained due to strengthening of helical H-bonding upon interaction
following co-reconstitution of the two proteins (Figure 3). With PLB. Therefore, this finding suggests that interaction
Resolution enhancement techniques, such as Fourier selfof the Ca-ATPase with PLB results in a stabilization of the
deconvolution or derivatization, are conventionally used to @-helices in the Ca-ATPase.
identify the spectral features (e.g., shoulders) that are not Consistent with this result, the presence of PLB results in
readily visible in the absorbance spectrutg)( The inverted @ reduction in the rate of amide H/D exchange of the Ca-
second-derivative spectra of the Ca-ATPase in the absencéATPase. This is apparent in the second-derivative spectra
and presence of PLB at different time points of amide of the Ca-ATPase in the absence of PLB, where a component
deuteration, presented in Figure 4, provide valuable informa- at~1647 cn! generated by deuterateghelices is already
tion about how interaction with PLB affects both the present in the earliest spectrum corresponding to 2 min of
secondary and dynamic structures of the Ca-ATPase. (TheH/D exchange, and gradually increases over the course of
use ofinverted second derivatives reveals the features of deuteration (Figure 4). In comparison, amide H/D exchange
the amide | band in a more straightforward way because, in of the Ca-ATPase reconstituted with PLB results in a smaller
this case, the peaks, not the dips, correspond to amide | banégpectral shift (from~1655 to~1651 cn?) and is much
components.) Thus, second-derivative spectral peaks allowslower. These results suggest that the inhibitory association
resolution of individual bands in the amide | region that of PLB with the Ca-ATPase involves an increase in the
correspond to both protonated and deuterated signals for eacfiigidity of selectedx-helices within the Ca-ATPase. Besides
protein secondary structural element (e.g., 1658 and 1647this major effect, changes in the spectrum of the Ca-ATPase
cm! are associated respectively with protonated and deu-following co-reconstitution with PLB are detected in other
terated a-helices) (Figure 4). Spectral features that are regions of the amide | band, corresponding to turn (1700
identified include turns (17061670 cn?), -sheets (1637 1670 cn?) and B-structures (16371625 cmt). In the
1625 cntl), anda-helices (16581647 cn?). In addition, spectrum of the Ca-ATPase with PLB, the relative population
features corresponding to certain side chains containingof unexchangeg-structures £1636 cn1) is considerably
amide groups or aromatic rings are visible in the second- larger than that of the deuterat@estructure {1625 cnt?),
derivative spectra in the region between 1605 and 1613.cm  while in the absence of PLB these two components are nearly

One of the most salient spectral features observed uponequally populated. This result is consistent with a stabilizing
co-reconstitution with PLB is a reproducible shift in the effect of PLB on the secondary structure of the Ca-ATPase,
absorbance peak of the Ca-ATPase from 1658.5 to 1655.0which is further confirmed by the analysis of the amide II
cm, corresponding to-helices. Lower-frequenay-helical band of the Ca-ATPase reconstituted with and without PLB.
components of amide | bands are thought to result from more Amide H/D Exchange Measuremensmide H/D ex-
stablea-helices that are characterized by stronger H-bonding change causes a shift of the amide 1l band frettb45 to
(57—60). This suggestion follows from the fact that the amide ~1450 cm?, thus resulting in a progressive reduction in the

Second derivative (-d°A/dv’)
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Table 1: H/D Exchange Parameters for the Ca-ATPase ®6JFLB Determined Using ATR-FTIR

H/D exchange Ca-ATPase FClPLB
parameter 10 1:1° 1.4 11 0:1° 11
o 0.39+ 0.02 0.33+ 0.01* 0.31+ 0.02* 0.29+ 0.01* 0.38+ 0.01 0.48+ 0.01*
71 (Min) 1.0+ 0.1 0.9+ 0.2 0.9+ 0.1 0.8+ 0.1 1.6+ 0.2 1.5+ 0.3
AG; (kcal/mol) 2.8+0.1 27+01 27+0.1 2.7£0.1 3.1+ 0.1 3.0£0.1
o2 0.39+ 0.02 0.38+ 0.03 0.38+ 0.03 0.404+ 0.01 0.33+:0.01 0.274+ 0.02
72 (Min) 57+ 6 78+ 9* 75+ 5* 77 + 6* 63+ 6 90+ 20*
AG; (kcal/mol) 5.16+ 0.06 5.344+0.04 5.314+0.04 5.33£ 0.05 5.214+ 0.06 542+ 0.14
A 0.22+0.01 0.28+ 0.02* 0.29+ 0.02* 0.31+ 0.01* 0.29+ 0.01 0.25+ 0.01*

a Asterisks indicate statistically significant changes relative to the single-component system determined using the Sesignt:s0.05). H/D
exchange parameters represent the average and standard errors of the mean for three independent measurements, and were obtained from a leas
squares fit using eqs 6 and 7 in Materials and Methé@a-ATPase:PLB molar ratio.
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£ 04 0.4 2 ¢§>
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5 % °2] e o8t .
£ 0 2 4 6 8 10 0 2 4 6 8 10
0.04, i . . . J ood, . . . . . PLB:Ca-ATPase (mol/mol)
0 100 200 300 g°°h S0 0 100 200 300 400 500 FIGURE 6: Dependence of the amplitudes (A) and time constants
xchange time (min) (B) of amide H/D exchange of the Ca-ATPase on the PLB:Ca-
FiGURe 5: Time course of H/D exchange of (A) the Ca-ATPase ATPase molar ratio. Data points correspond to populations of
reconstituted in the absenc®)(or presence of 1:1xX), 4:1 (a), residues undergoing fast exchang®,(residues undergoing slow

and 11:1 PLB:Ca-ATPase molar ratiom)(or (B) ['°C]PLB exchangel(), and those that are exchange resista)t (n panel
reconstituted in the absend®)(or presencel) of the Ca-ATPase B, the arrows indicate that the left (right) vertical axis applies;to

at a PLB:Ca-ATPase molar ratio of 11:1. Fractions of unexchanged (r2). Average data and associated standard deviations are sum-
residues represent the normalized areas associated with the amidenarized in Table 1.

Il band of the Ca-ATPase (between 1576 and 1532 %mand

[*°*CIPLB (between 1560 and 1515 ch) for spectra obtained at  helices lining the water-filled crevice that contains the
the indicated times of H/D exchange, as described in Materials and Icium ligands 45)

Methods. The curves represent the nonlinear least-squares fit to e aicium 1ig )
6 (n = 3), and the best fit parameters are summarized in Table 1. Co-reconstitution with increasing amounts of PLB results

in a progressive decrease in the fraction of fast exchanging
residues @;) with a corresponding increase in the fraction
f H/D exchange resistant residués.) of the Ca-ATPase,

intensity at~1545 cnt™. The results indicate that the spectra
of the Ca-ATPase co-reconstituted with PLB exhibit stronger

unexchanged amide Il bands than the corresponding spectra’, S - .
in the absence of PLB (Figure 3). These data imply a while no significant changes in the fraction of slow exchang-

decrease in the efficiency of amide H/D exchange of the INJ residuesd;) are detected (Figure 6A). Also, the time
Ca-ATPase upon interaction with PLB, and provide ad- constant of fast exchanging residueg 6lightly decreases,
ditional evidence for the stabilization of the structure of the and that of the slow exchanging residue Gignificantly
Ca-ATPase by PLB. The measurements of amide H/D Increases (Figure 6B). Since the SERCAL isoform of the
exchange were carried out at saturating calcium concentra-Ca-ATPase contains 1001 amino acids, PLB association with
tions to ensure that there was no time-dependent inactivationth® Ca-ATPase decreases the fraction of fast exchanging
of the Ca-ATPase during the time course of the experiment. residues from 39 20 to 290+ 10 with a corresponding
Description of the data using a multiexponential function increase in the fraction of H/D exchange resistant residues
indicates a substantial decrease in the extent of H/D exchangdn the Ca-ATPase from 22& 10 to 310+ 10 amino acids.
following co-reconstitution of the Ca-ATPase with PLB Thus, PLB stabilizes the secondary structure of the Ca-
(Figure 5A). The kinetics of H/D exchange demonstrates the ATPase and decreases the solvent accessibility of the protein
presence of three populations (Table 1), which undergo fastinterior, resulting in a decreased efficiency of H/D exchange.
exchange ; andr;), undergo slow exchange and ), These structural changes are consistent with large-scale
and are H/D exchange resistaAt.]. The calculated Gibbs ~ domain reorientations in the Ca-ATPase previously detected
free energy of the fast exchange process @M\&,~ 3 kcal/ using spin-label EPR and phosphorescence anisotrty (
mol) is similar to that associated with amide hydrogen 18, 61). PLB undergoes more moderate changes in its H/D
bonding in water, suggesting that these residues probablyexchange characteristics upon interaction with the Ca-
belong to solvent-exposed secondary structures. Thus, theATPase, as reflected in an increase in the fraction of fast
population of fast exchanging residues is likely to involve exchanging residues and a decrease in the number of residues
o-helices angs-sheets of the cytoplasmic domains of the that undergo slower exchange or are H/D exchange resistant
Ca-ATPase, as well as the residues of the transmembrangFigure 5B and Table 1), which might result from steric
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the structural interactions responsible for the functional
inhibition of the Ca-ATPase. Furthermore, by simultaneously
fitting both data sets to a Langmuir binding isotherm
(described in Materials and Methods), we were able to
estimate the dissociation constaR) for PLB binding to
the Ca-ATPase, which is 148 30 uM irrespective of the
presence of saturating concentrations of calcium.

DISCUSSION

Summary of ResultBrevious structural measurements of
PLB or the Ca-ATPase using either infrared or CD spec-
troscopy have involved single-component systeB8G; 42,
64—67). This has prevented an assessment of the secondary
structure of the functional form of PLB in association with
the Ca-ATPase. Moreover, no prior evidence has been
available regarding possible changes in the secondary
structure of the Ca-ATPase induced by association with PLB
that may be important to its functional regulation. The use

The PLB:Ca-ATPase molar ratios in vesicles made from soleus of jsotopic labeling strategies and fully functional reconstitu-

(®) and cardiac M) muscle were 1:1 and 6:1, respectively. The

line was constructed according to eq 3, and represents a nonlinea

least-squares fit to all of the data, whdfg = 140 + 30 uM as
determined from a global fit to both data sets. For the ATR-FTIR
and activity measurements, span was determined to equal B7
residues and 0.22 0.01uM calcium, respectively. For the ATR-

FTIR and activity measurements, minimum was determined to equal

220+ 3 residues or 0.0% 0.01uM calcium, respectively. Activity
data are taken from re§2.

Ition procedures permits the resolution of the amide | and Il

absorption bands of both the Ca-ATPase at€]PLB,
which, in turn, allows the measurement of secondary and
dynamic structural changes resulting from the inhibition of
the Ca-ATPase by PLB. Conformational alterations involving
the stabilization ofx-helices in the Ca-ATPase resulting from
its interaction with PLB were detected by both CD and ATR-

FTIR spectroscopy. The dependence of the observed alter-
effects related to Ca-ATPase-induced depolymerization of ations of H/D exchange kinetics on PLB concentration is
PLB (15). virtually identical to that associated with the functional

The dependence of H/D exchange on the ratio of PLB inhibition of the Ca-ATPase (Figure 7), indicating that the
incorporated into the reconstituted vesicles demonstrates thabbserved structural changes are functionally relevant. Fur-
the effect of PLB on the fractions of H/D exchange resistant thermore, 66-70% of the reduction in fast exchanging
(As) and fast exchangingx) residues of the Ca-ATPase is residues within the Ca-ATPase is apparent when equimolar
70 £+ 6% saturated at an equimolar stoichiometry of the Ca- amounts of PLB are co-reconstituted with the Ca-ATPase,
ATPase and PLB (Figure 6A). This is similar to our earlier which are characterized by a single binding site with a
finding indicating that approximately 70% of the maximal dissociation constant of 14& 30 uM (Figures 6 and 7).
inhibitory effect on Ca-ATPase activity was observed fol- These results support earlier suggestions that the monomeric
lowing co-reconstitution of the Ca-ATPase with an equimolar form of PLB represents the inhibitory speciés 63), and
amount of PLB 29, 62). These results suggest that a single suggest that PLB inhibits Ca-ATPase function by restricting
PLB molecule exerts the primary effect on observed func- catalytically important motional flexibility of the enzyme.
tional and secondary structural changes of the Ca-ATPase Secondary Structural Measurements of PMhile no
(8, 63). The specificity of this interaction is, furthermore, previous measurements have investigated the secondary
apparent from a consideration of the concentration depend-structure of PLB in association with the Ca-ATPase, it is of
ence of the structural interaction and associated inhibition interest to compare the present measurements with earlier
of the Ca-ATPase by PLB (Figure 7). Knowledge of the estimates of the secondary structure of PLB. Previous CD
lipid-to-protein ratio and the molar ratio of the Ca-ATPase measurements of PLB purified from the canine cardiac SR
and PLB permits an estimation of their molar concentration, indicated that PLB contained between 68 and 7ad%telix
as discussed in Materials and Methods. Following correction and between 2 and 1198-structure, depending on the
for the concentration of PLB bound to the Ca-ATPase, one detergent and co-solven64, 68). Similar results were
can determine the binding isotherm associated with either obtained using ATR-FTIR spectroscopy to investigate the
the structural interaction between the Ca-ATPase and PLBsecondary structure of a recombinant PLB reconstituted in
measured by ATR-FTIR or that associated with the functional lipid bilayers, which suggested the presence of between 64
inhibition (Figure 7). It should be noted that the calculation and 67%o-helix and between 9 and 11fsstructure 80).
of the unbound concentration of PLB corrects for differences In contrast, FTIR measurements of a synthesized PLB
in the lipid-to-protein ratio associated with reconstituted and reported a much higher-helical content and essentially no
native vesicles, whose respective lipid-to-protein ratios are S-structure 66). In a recent NMR study, the structure of a
approximately 750:1 and 100:1. It is apparent that there is asynthetic PLB mutant (C41F) dissolved in a mixture of
similar dependence on PLB concentration for both the chloroform and methanol was found to contain welices
fraction of H/D exchange resistant residues in the Ca-ATPase(residues 416 and 22-49, which comprise 79% of all
(A.; Table 1) and the functional inhibition of the Ca-ATPase residues) connected by a flexilfeturn 69). In the current
(AKcy). Thus, the observed alterations in the H/D exchange study, CD and ATR-FTIR measurements df(]PLB
kinetics of the Ca-ATPase measured by ATR-FTIR reflect revealed the presence of botirhelical and S-structure
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(Figures 2 and 3). These results strongly support the majority zation upon interaction with the Ca-ATPasE5). These
of earlier suggestions that PLB contajfistructure. results in the context of prior measurements involving site-
Secondary Structural Measurements of the Ca-ATPase directed mutagenesis, and knowledge of the recently deter-
Earlier secondary structural measurements of the Ca-ATPaseamined high-resolution structures of PLB and the Ca-ATPase,
are in general agreement with the recently determined atomicsuggest possible mechanisms associated with the functional
resolution crystal structure of the Ca-ATPase, which indicates inhibition of the Ca-ATPase by PLB. Previously, two sites
that the Ca-ATPase contains 398helix, 14% f3-strand, have been identified in the Ca-ATPase that are involved in
14% turns, 2% @-helix, and 30% irregular structurd?®). mediating the association with PLB, namely, residueg%al
For comparison, previous CD, FTIR, and Raman spectros-Leut%, Thrf%, and Ph&?® located on one face of the M6
copy measurements of the Ca-ATPase indicated the presenctansmembrane helix (V&P—Phe&%) of the Ca-ATPase and
of 40—50% a-helix, 7-26% S-sheet, 13-30% S-turn, and the sequence of Ly¥—Arg*® in the nucleotide binding
up to 35% irregular structurd 8, 65, 70). While the content ~ domain. These sites have been suggested to interact with
of a-helix was not affected by detergent solubilization, the transmembrane and cytoplasmic domains of PLB,
estimates of-sheet content increased from 7 to 2648)( respectively T, 8, 11, 14, 39, 74). Furthermore, PLB has
suggesting that the secondary structure of the Ca-ATPase i9een demonstrated to readily self-associate through contacts
sensitive to the surrounding lipid microenvironment. There- between transmembrane helicé&,(76). We, therefore,
fore, the recently determined crystal structure of the detergent-propose that the sequence similarity between the inverted
solubilized Ca-ATPase may not precisely reflect that of the sequence of the transmembrane helix of PLB and the
membrane-bound protein. These latter results are consistensequence of the M6 helix of the Ca-ATPase may facilitate
with earlier phosphorescence anisotropy measurements irthe interaction between PLB and the Ca-ATPase. In fact,
which catalytically important motions involving the nucleo- the sequence Lé¥%-Leu-Trp-Val-Asn-Leu-Val-Thr-Asp-Gly-
tide binding domain were shown to be affected by alterations Leu-Pro-Ala-Thr-Ala-Leu-Gly-PH&° of the Ca-ATPase can
in the phospholipid composition of the membrane that be aligned with the inverted sequence of PLB (YdLeu-
correlate with transport functior86, 71). Thus, dynamic Met-Val-lle-lle-Cys-lle-Leu-Leu-Leu-Cys-lle-Leu-lle-Leu-
structural alterations involving secondary and tertiary struc- Cys-Phé) to yield a level of sequence identity of 33%. This
tural changes of the Ca-ATPase are sensitive to specificalignment would provide an efficient network of leucine

interactions with regulators of transport function. isoleucine zipper type interactions between the M6 trans-
Structural Coupling between PLB and the Ca-ATRdse membrane helix of the Ca-ATPase and PLB. Additional
ATR-FTIR spectra indicate stabilization of-helical com- interactions between PLB are possible with other trans-

ponents of the Ca-ATPase following its functional association membrane helices of the Ca-ATPase, including M4 which
with PLB. This is apparent from (i) the observed spectral provides the majority of the ligands to calcium-binding site
shifts in the amide | absorbance band, (ii) corresponding Il (45). The transmembrane helices in both M4 or M6 are
reductions in the fraction of residues undergoing rapid H/D distorted in the middle of the membrane-spanning sequence
exchange, and (iii) an increase in the number of exchangeto provide the necessary flexibility to permit backbone or
resistant residues of the Ca-ATPase upon association withside chain oxygens to efficiently coordinate two calcium ions.
PLB. There are no corresponding large changes in the Therefore, PLB binding to either M4 or M6 would be
secondary structure of PLB upon association with the Ca- expected to restrict the dynamics of these sequences, which
ATPase. While no prior reports have addressed possibleis consistent with the increase in the energy barrier associated
secondary structural changes that may underlie the functionalwith calcium activation and the observed reduction in the
inhibition of the Ca-ATPase by PLB, prior spin-label EPR level of Ca-ATPase functiord( 10, 18). In this respect, it is
and phosphorescence anisotropy measurements indicate thatotable that PLB restricts the amplitude of catalytically
PLB restricts the amplitude of catalytically important domain important motions involving the nucleotide binding domain
motions involving the nucleotide binding domain that is normally coupled to calcium activation, which are associated
implicated in the calcium-dependent utilization of nucleotide with nucleotide utilization and the formation of the phos-
(10, 72). In contrast, calcium activation was shown to phorylated intermediatel8, 73). These results suggest that
increase the amplitude of motion associated with the nucleo-PLB inhibits calcium transport by stabilizing-helical

tide binding domain to facilitate nucleotide utilization3j. elements to rigidify the Ca-ATPase and diminish transport
Thus, PLB binding increases the activation barrier associatedfunction.
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