5842 Biochemistry2004,43, 5842-5852

Electron Paramagnetic Resonance Reveals a Large-Scale Conformational Change in
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ABSTRACT. We used EPR spectroscopy to probe directly the interaction between phospholamban (PLB)
and its regulatory target, the sarcoplasmic reticulum Ca-ATPase (SERCA). Synthetic monomeric PLB
was prepared with a single cytoplasmic cysteine at residue 11, which was then spin labeled. PLB was
reconstituted into membranes in the presence or absence of SERCA, and spin label mobility and accessibility
were measured. The spin label was quite rotationally mobile in the absence of SERCA, but became more
restricted in the presence of SERCA. SERCA also decreased the dependence of spin label mobility on
PLB concentration in the membrane, indicating that SERCA reduces-PLB interactions. The spin

label MTSSL, attached to Cys11 on PLB by a disulfide bond, was stable at position 11 in the absence of
SERCA. In the presence of SERCA, the spin label was released and a covalent bond was formed between
PLB and SERCA, indicating direct interaction of one or more SERCA cysteine residues with Cys11 on
PLB. The accessibility of the PLB-bound spin label IPSL to paramagnetic agents, localized in different
phases of the membrane, indicates that SERCA greatly reduces the level of interaction of the spin label
with the membrane surface. We propose that the cytoplasmic domain of PLB associates with the lipid
surface, and that association with SERCA induces a major conformational change in PLB in which the
cytoplasmic domain is drawn away from the lipid surface by SERCA.

In muscle, sequestration of calcium and its release from the two phosphorylatable residues (S16 and T17). The
the sarcoplasmic reticulum (SRjrive the contraction and  C-terminal portion of PLB (residues 352) is highly
relaxation cycle. A prime mover in this system is the SR hydrophobic and determines oligomer formati@). (The
Cat-ATPase (SERCA)X), which actively transports cal-  overall secondary structure of PLB was estimated using
cium away from the contractile proteins into the SR lumen. circular dichroism (CD) and Fourier transform infrared
In heart muscle, phospholamban (PLB), a 52-residue integral(FTIR) spectroscopy. CD in deterge®) @nd FTIR in lipid
membrane protein, is a critical inhibitor of SERCA, ef- bilayers (L0) both showed that PLB is 6580% a-helical.
fectively reducing transfer of calcium from the cytoplasm The isolated transmembrane domain of PLB forms a stable
to the SR at sub-micromolar concentratiory. (Upon helix (67—90%) that is approximately perpendicular to the
B-adrenergic stimulation of the heart, this inhibition is membrane10). Thus, when full-length PLB is in detergent
relieved by phosphorylation of PLB at Serl6 by PKA and/ or lipid bilayers, its cytoplasmic domain is at least partially
or Thrl7 by CAM-kinase Z—4). helical. In contrast, the isolated cytoplasmic domain possesses

Structural analysis of PLBis a Challenge primarily because no stable secondary structure in aqueous solution, as
of its highly hydrophobic C-terminal domain. The amino acid determined either by CD or by NMRL{—13). However,
sequence of PLBX~7) suggests two major domains. The NMR spectra of the cytoplasmic domain or full-length PLB
N-terminal portion of the protein (residues-30) is basic obtained in helix-promoting solventé4—16) showed that
and contains primarily hydrophilic amino acids, as well as e cytoplasmic domain is capable of producingahelical
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3-(2-iodo|acetamidﬂ)]PRaXYL;h MT?(SL, l-OXy|-2.2,5ﬁ5itetramethyll- indicates that there are two helical domains: one from Lys3
D3-pyrroline-3-methylmethanethiosulfonate; TPX, methylpentene poly- i ; ;

mer; NIEDDA, nickel ethylenediaminediacetic acid; DOGISTA— to Thr1.7 in the cytoplasmic domam.and one from Gl_r122 to
Ni(IT), 1,2-dioleoyl-snglycero-3-N-(5-amino-1-carboxypentyl)iminodi- ~ Met50 in the transmembrane domain. These two helices are

acetic acid)succinyl] (nickel salt); CPD, cytoplasmic domain. connected by a four-residue semiflexible hinge that allows
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changes in the cytoplasmic domain of PLB play an active
role in the reversal of inhibition by affecting SERCA
interaction. Although the cytoplasmic domain has been
predicted to bex-helical, these loss-of-function mutations
do not follow a clear helical pattern. Whether this indicates
that the cytoplasmic domain is not helical when bound to
the ATPase, or that the helix has been distorted, has not been
determined 22, 24, 25).

Several points of interaction have been identified via cross-
linking experiments: between residue 3 of PLB (near the
N-terminus) and residues 39402 of SERCA 26) and
between several sites near the C-terminal end of PLB’s
cytoplasmic domain and various SERCA residug$ 27).
Whereas the transmembrane domain shows a clear periodic-

£ D ity in functional effects of mutants, however, the cytoplasmic
8 - ;' domain does not2Q, 22, 23). In a cryoelectron microscopy
) t : study, Young and co-worker2®) co-crystallized PLB with
E l.fI) : \ SERCA and found areas of density that might correspond
cq to PLB-bound SERCA. Recent modeling studies based on
o) Q_{ \ \ C3 6—) A these and other data propose that the cytoplasmic portion of
£ x PLB unwinds upon binding to SERCA. Huttet al. (25)
0= & : predicted minimal unwinding of either the N- or C-terminal
c O \ C41—) F helix, with domain la forming multiple hydrogen bonding
E L contacts with SERCA. More recently, using the high-
-

: \ resolution crystal structure of E2-thapsigargin as a starting
_ C46—) A point, Toyoshimaet al. (29) proposed that the C-terminal
helix unwinds before Leu31 and that the domairtaelix
_;_ remains relatively intact, lying in a groove in SERCA’s
N-domain @4). These proposed structural interactions must
&, “w 52 be tested directly under functional conditions using site-
specific spectroscopic probes. We have chosen EPR for this
structure of AFA-PLB in DPC micelles1y). The predicted next s_tep, because it is muc_h b(_etter suited than NMR for
membrane interface is represented with dashed lines. The threed€tection of structural dynamics in membranes. _
transmembrane Cys mutations (producing AFA-PLB) and the  In this study, to probe structural changes in the cytoplasmic
labeling site mutation (A11C) are denoted. domain of PLB upon binding of SERCA, we used the
environmental sensitivity of EPR spectroscopy to detect
the cytoplasmic domain some freedom of movement but changes in the conformation and dynamics of the cytoplasmic
causes the two helical domains to be roughly perpendicular.domain of spin-labeled PLB, both as an isolated monomer
This L-shaped conformation is consistent with solid-state and in the SERCA-bound state. We synthesized a monomeric
NMR data on PLB in oriented lipid bilayers, indicating that form of PLB (A11C-AFA-PLB) with the three native
the cytoplasmic domain of PLB is roughly parallel to the transmembrane cysteines at residues 36, 41, and 46 mutated
membrane surface, while the transmembrane domain isto alanine, phenylalanine, and alanine, respectively (Figure
perpendicular8). The study presented here starts from this 1). We also introduced a new cysteine at position 11 in the
structural model, and asks how this structure is modified by cytoplasmic domain, which was modified with spin labels,
interaction with SERCA. EPR has been chosen to take thisas described below. AFA-PLB is fully inhibitory when co-
next step, because it offers capabilities that are complemen-reconstituted with SERCALE), and is monomeric on SBS
tary to those of NMR, particularly its superior sensitivity to  PAGE gels, like C46F PLB30), allowing study of the PLB-
structure and dynamics in large assembled systems such aSERCA interaction without confounding effects of PLB
membranes. protomer-protomer interactions. A11C is positioned near
Functional interactions between SERCA and PLB are more the midpoint of the predicted-helix in the cytoplasmic
complex than PLB’s simple structure might suggest. PLB’s domain (7), and is near the phosphorylation sites at Ser16
inhibition of SERCA is relieved by the binding of €ato and Thrl7. Several residues surrounding position 11 have
SERCA or by phosphorylation of the cytoplasmic domain been shown to be important for inhibition of SERCA,
of PLB. The isolated transmembrane domain of PLB inhibits although mutation of Alall to Val has a minimal effect on
SERCA just as effectively as full-length PLB dod9(20). activity (22), suggesting that a probe at position 11 should
In contrast, the isolated cytoplasmic domain has no effect be sensitive to the interaction of the cytoplasmic domain with
on SERCA function19), and neither do chimeric molecules SERCA without compromising the functional association
in which the cytoplasmic domain of PLB is fused to another between these two proteins.
transmembrane sequenc2l) or to a lipid anchor 13). We reconstituted this monomeric spin-labeled PLB with
Nevertheless, certain point mutations in residued 8 of SERCA in functional lipid membranes and then used EPR
the cytoplasmic domain can abolish or enhance PLB’s to determine the effects of SERCA on the spin label’s
inhibition of SERCA @2, 23), indicating that structural  rotational dynamics and membrane topology. Both spin label

\

Ficure 1: Structural model of A11C-AFA-PLB, based on the NMR
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rotational dynamics, determined from analysis of the EPR massie blue-stained gels and Western blots were quantitated
spectral line shape, and accessibility to paramagnetic agentsby gel densitometry using the Bio-Rad model GS-700
measured by the effects of these agents in enhancingimaging densitometer and Molecular Analyst software, and
relaxation and thus decreasing saturation, were reduced incompared with standards of known concentrations.

the presence of SERCA. By using paramagnetic agents Circular Dichroism.The method for determination of the
localized in different portions of the samptaqueous, secondary structure of PLB by CD was previously described
intramembrane, or lipid headgrotfwe demonstrated that (13). CD spectra were recorded on a Jasco (Easton, MD)
SERCA decreased the level of interaction of the spin label J-710 spectrophotometer at 25 using a 0.01 cm path length
with lipid headgroups more than with agueous or intramem- quartz cuvette. Acquisition was performed using a scan rate
brane agents. Additionally, in the presence of SERCA, we of 50 nm/min, a bandwidth of 1 nm, and a response time of
observed increased spin probe lability, as well as disulfide 2 s. The corresponding baseline [10 mM Tris (pH 7.0), 0.2%
cross-linking between PLBs and SERCA-bound PLB, indi- C;;Eg buffer] was subtracted from each spectrum. Reported
cating direct interaction between one or more SERCA spectra are averages of six scans and are expressed as mean
cysteine residues and Cysll on PLB. We conclude thatresidue ellipticity, P]. Aqueous solutions for CD were
binding of SERCA induces a major conformational change prepared by drying a volume of the peptide stock solution
in the region around residue 11 of PLB, consistent with a (~3 mg/mL in chloroform or methanol) under a low-level
model in which the cytoplasmic domain of PLB is drawn flow of N, and adding the appropriate amount of buffer to

away from the lipid surface by SERCA. give final peptide concentrations of 6:0.5 mM. Linear
combinations ofx-helix and random coil basis spectra were
MATERIALS AND METHODS used to estimate secondary structure contributions from fits

. to experimental CD spectra.
Synthesis of A11C-AFA-PLBhe general method of the 4 Reconstitution of the Ca-ATPase/PLB VesicBg.

PLB solid-phase peptide synthesis was essentially as deyegjcles for PLB-Ca-ATPase interaction studies were

scribed previously 31). Starting with Fmoc-Leu-PEG-PS o564 from the fast-twitch skeletal muscle of New Zealand
resin (0.2 mmol/g)_, automa’ged ACllC.'AFA'PLB c.ham white rabbits 82). The Ca-ATPase from the SR vesicles was
assembly was carried out with a PE Biosystems Ploneerpurified using a reactive-red affinity column essentially the

pept@de synthesis system. All couplings were in NMP, as same as that described previousBg); except that dithio-
mediated by HBTU/HOBUDIEA (4:4:8 eq. with respect 0 eito) was omitted from the elution buffer protein. The

peptide resin). Fmoc removal was achieved with 20% o464 ysed for the functional reconstitution of Ca-ATPase
piperidine and 2% DBU in NMP. The final deprotection and with PLB has been described previoushg). In short, 22
cleavage were carried out with Reagent. K (82.5% trifluo- 1g of PLB was solubilized in 2@L of chloroform containing
roacetic acid, 5% phenol, 5% thioanisole, 2.5% 1.2- 4% g of |ipids (4:1 DOPC/DOPE mixture). The solvent
ethanedithiol, and 5% water)rfd h at 25°C. The mixture oo eyaporated to dryness, and the dried film of the lipid
was filtered, and the resin was washed with 2 mL of freshly o4 b B'\was hydrated with 8L of 25 mM imidazole (pH

prepared Reagent K. The combined filtrates were concen-; o by yortexing followed by brief sonication. The resulting
trated under N and precipitated in 30 mL of diethyl ether vesicles were diluted to 20 mM imidazole (pH 7.0), 0.1 M

at 0°C. The precipitated peptide was collected by centrifuga- 0 )
tion and washed three times with 30 mL of cold diethyl ether. :(chl'bisocnrqu'\e/lmMggk ,Dailggol%ﬁ)gvl\ygse r;(;,dé)(.f frgl?ov(\)/];dﬁEbgy 20
The crude peptide was dissolved in 5 mL of 70% TFA and 1,4 of nurified Ca-ATPase. The final volume was adjusted
purified by HPLC on a C-18 column (Vydac, 218TP54' 5 to 200 uL with buffer. The detergent was removed by
pm, 300 A, 4.6 mmx 250 ‘T”T') that had been eqwhbrate.d incubation with 20 mg of hydrated Biobeads (BioRad) for 3
with 95% water, 2% acetonitrile, and 3% 2-propanol. Peptide |, o+ room temperature. The Ca-ATPase/PLB lipid vesicles
elution was achieved with a linear gradient to a final solvent were separated from Biobeads and assayed immediately. Al
composition of 5.% water,' 38% acgtomtnle, and .5.7% Ca-ATPase/PLB co-reconstitutions for functional assays used
2-propanol. Fractions containing peptide were lyophilized a fixed molar ratio of 10 PLB/Ca-ATPas84, 35).
to yl_eld 37_mg of AL1C-AFA-PLB (15% yield based on ATPase Actiity MeasurementsCa-ATPase activity was
starting resin). measured using an enzyme-linked ass3),(performed in
Peptide Analysis by Mass Spectromelifass spectrawere  microtiter plate wells as described previousdy) The assay
acquired with a Bruker Biflex Ill matrix-assisted laser was carried out in triplicate at each of 12 different free
desorption ionization time-of-flight (MALDI-TOF) system,  calcium concentrations in a volume of 17&. Each well
which is equipped with an Naser (337 nm, pulse length of  contained 13 ug of Ca-ATPase (515 4L of vesicles), 50
3 ns) and a microchannel plate detector. Samples were comm imidazole (pH 7.0), 0.1 M KCI, 5 mM MgG) 0.5 mM
crystallized with the matrix 3,5-dimethoxy-4-hydroxycin- EGTA, 0.5 mM phosphoenolpyruvate, 2.5 mM ATP, 0.2 mM
namic acid (sinapinic acid), and the data were collected in NADH, 2 1U of pyruvate kinase, 2 IU of lactate dehydro-
the linear mOde, pOSitive pOIarity, with an aCCElerating genase, and—lzﬂg of calcium ionophore (A23187, Sigma_
potential of 19 kV. Each spectrum is the accumulation of Aldrich). The absorbance of NADH was monitored at 340
100-400 laser shots. nm (extinction coefficient of 6.2 10®* M~ cm™?, path
SDS-PAGE. Proteins were electrophoresed on a 10 to length of 0.55 cm) to determine the rate of ATP hydrolysis.
20% Tris-Tricine Ready Gel (Bio-Rad Laboratories, Her- The assays were performed at 26 in a Thermomax
cules, CA) at a constant voltage of 80 V. For visualization microplate reader (Molecular Devices, Sunnyvale, CA).
of proteins, the gel was stained with Coomassie blue R-250 Preparation of Spin-Labeled PLBNe labeled A11C-
(Sigma-Aldrich, St. Louis, MO). Protein amounts on Coo- AFA-PLB with a cysteine-reactive spin label probe, either
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ature. For both PLB-only and PLBSERCA samples,

Ipst NH—C—C{Iz samples were diluted to 3 mL in original resuspension buffer
S—CH, and pelleted in a TLA-100.3 Beckman rotor at 1200 000 rpm
CH CH, \Ca for 30 min at 4°C. The sample was resuspended in a total
CH{ “N" “CH, volume of 20uL of the original buffer and then sonicated
o for 30 s.
EPR Data AcquisitionSpectra were acquired using a
MTSSL S—S—CH, Bruker EleXsys 500 spectrometer equipped with the SHQ
\Coc cavity. Spectra were acquired over a range of 120 G at
CHixn/ \_-CH; varying microwave powers. For all spectra, field modulation
cHy” N e, was at a frequency of 100 kHz with a peak-to-peak amplitude
6 of 2.0 G. Except for saturation experiments, all spectra were

recorded at a microwave power sufficiently low to ensure
the absence of saturation. The sample temperature was
IPSL [3-(2-iodoacetamido)-PROXYL, Sigma-Aldrich] or maintained at 28C using the standard Bruker temperature
MTSSL (1-oxyl-2,2,5,5-tetramethyl-D3-pyrroline-3-methyl  controller, with the sample contained inside a quartz dewar,
methanethiosulfonate, Toronto Research Chemicals, Norththrough which gas was passed after being cooled in a dry
York, ON) (Figure 2). Both probes form a covalent bond ice/2-propanol bath and passed through a heater sensor.
with the sulfide moiety on the cysteine residue; the disulfide Typically, samples containing 8.25 nmol (&@) of PLB in
formed by reaction with MTSSL is reversible under reducing lipid, and other components, were resuspended inl20f
conditions, while the iodoacetimide of IPSL forms a more buffer. Five microliters of sample was loaded into a 0.6 mm
stable linkage. The probes are similar in structure, with the inside diameter TPX loop-gap resonator capillary (Medical
nitroxide incorporated into a five-membered ring, although Advances, Milwaukee, WI), with a total sample length of
the double bond and shorter linkage of MTSSL make it less approximately 10 mm. The sample was centered in the active
flexible, more compact, and more sensitive to the motion of part of the cavity. All samples for saturation experiments

FiGure 2: Spin label probes, showing the linkage to cysteine.

the protein backbone, so it is the probe of choice for most were flushed with N gas or with zero-grade air, as

recent site-directed spin labeling studi&8)(

To label peptide with MTSSL, synthetic PLB was dis-
solved in 60 mM Tris-HCI and 0.1% SDS (pH 7.5) at a
concentration of £2 mg/mL. A 10-fold molar excess of
MTSSL was added from a 50 mM stock solution in DMF,
and the sample was incubated in the dark for 16 h a4
To label the peptide with IPSL, synthetic A11C-AFA-PLB
was dissolved in 60 mM Tris-HCI and 0.1% SDS (pH 8.0)
at a concentration of-12 mg/mL. A 10-fold molar excess
of IPSL was added from a 50 mM stock solution in DMF,
and the sample was incubated in the dark for38 h at 4
°C.

Free spin label was removed from the peptide by HPLC
using a diphenyl column (Vydac, 219TP510u8, 300 A,

10 mmx 250 mm). Protein was eluted using a 30 min, O to
100% A to B gradient with a flow rate of 2.5 mL/min. Buffer
A consisted of 95% kD, 2% acetonitrile, 3% 2-propanol,
and 0.1% trifluoroacetic acid. Buffer B consisted of 5%+
38% acetonitrile, 57% 2-propanol, and 0.1% trifluoroacetic
acid. The elution time for PLB was approximately-225
min. The eluted protein was lyophilized and dissolved in
methanol at a concentration o2 mg/mL.

Reconstitution of PLB and SERCA for EPR Experiments.

PLB in methanol was mixed with lipid, and the mixture was
dried under M. Traces of solvent were removed by desic-
cation. For PLB-only reconstitution, vesicles were resus-
pended in 20 mM MOPS (pH 7.0) unless otherwise noted,

and sonicated for 30 s. For SERCA-bound PLB, vesicles

were resuspended in a final concentration of 20 MM MOPS
(pH 7.0), 0.1 M NaCl, 5 mM MgCl and 10% glycerol,

appropriate.

Analysis of Spin-Label Rotational Dynami&mulations
of EPR spectra and fits to experimental spectra were carried
out using the program NLSL30). Experimental spectra were
fit to simulated spectra containing one or two populations
(spectral components). Simulations assumed the MOMD
model, which assumes that the membrane surfaces are
randomly oriented, and all detectable (sub-microsecond)
rotational motion occurs relative to the membrane. For each
population, it was assumed that rotational motion is char-
acterized by a single mode of motion, characterized by a
rotational correlation timeg and an order paramet8rRigid-
limit values for magnetic interaction tensors were determined
from spectra obtained at60 °C, and isotropic values were
obtained from the free spin label in solution at Z5. For
each component, the order param&ehe correlation time,
and the mole fraction of that population were determined
from the best-fit simulation. The best fit was determined by
minimizing ¥2 The uncertainty for each parameter was
estimated from the range of values obtained by (a) starting
the fits from a wide range of initial values and (b) fitting
spectra obtained from several different samples. To obtain
a more intuitive interpretation of the order parameter, the
motion was modeled as a wobble-in cone with an angular
amplitude®, (half-cone angle) given by

6.=cos

c

)

(1+89°°— 1]
2

whereSvalues of 1, 0.5, and O correspondé@gvalues of

unless otherwise noted. Vesicles were sonicated, and therD®, 52°, and 90, respectively. This describes the amplitude

SERCA was added and the mixture stirred genthgEgwas
added to a final concentration of 2 mg/mL, and the mixture
was stirred gently for 510 min to allow solubilization of

of rotational motion of the spin label with the correlation
time tr. This order parameter reflects both peptide backbone
flexibility and motions of the spin label relative to the

vesicles. The detergent was removed by incubation with backbone. However, experiments with well-defined model

Biobeads (50 mg/mg of detergentyf® h atroom temper-

systems and comparison with NMR data have shown that
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an order parameter of0.5 implies substantial backbone 6092.0

flexibility, inconsistent with an ordered-helix (38).

EPR Accessibility Studieg\ccessibility of the spin label
to paramagnetic agents was determined from enhancement
of spin label relaxation. Agents were chosen to probe
accessibility to different phases of the sample. NIEDDA
[prepared as described previous#0)] was used to probe
accessibility to the aqueous phase. A Ni ion chelated by a
lipid headgroup [DOGSNTA—NI(Il), Avanti Polar Lipids,
Alabaster, AL] was chosen to probe accessibility to the
membrane interface. Zero-grade air was used to probe
accessibility to oxygen, in both the aqueous and lipid phases. 6000
These reagents are all collisiormplenchersin the sense that miz

they enhance spin relaxation and thus decrease saturationgigure 3: MALDI-TOF mass spectrometry of A11C-AFA-PLB.
returning the system toward Boltzmann equilibriugil)

Intensity

5500 6500

Decreased saturation was detected by increasing the intensity _ - —— AFA-PLB
of the exciting microwave radiation to a saturating level and & 409\ A11C-AFA-PLB
then adding the paramagnetic quencher and measuring how E --- A11C-AFA-PLB
much more power was required to cause saturation. In this 2 201 +MTSSL
“saturation rollover” experiment, the signal intensity was £
recorded as a function of incident microwave power, and =E- 0.0 .
the data set was fit to w \ o
o
1le —e © | \“,¢-1‘¢¢"J,’
R 1)Pl @ 220 -

P ; . .
12 210 220 230 240 250

Wavelength (nm)

190 200

whereA is the signal intensityR? is the incident microwave
power,P,; is the microwave power at half-saturation, and
is a measure of the homogeneity of the saturation . (

In the nonlinear least-squares Ry, was allowed to vary
freely ande was allowed to vary in the range of 6-3.5.
APy, the increase Py, due to quencher, is proportional
to the collision frequency, which is proportional to the
guencher concentration, accessibility, and fluidity. Therefore,
at a constant quencher concentration and fluidii;, is
simply proportional to accessibility. The collision frequency
W (and the accessibility) of the spin label with the para-
magnetic quencher is related APy, by

WO AP, ,,T, = AP, ,/AH, = AP'y,

Ficure 4: Circular dichroism of PLB mutants in 10 mM Tris and
0.2% GEg (pH 7.0).

MALDI-TOF mass spectrometry (Figure 3). Ting/z ratio

(M + H) of the principal peak was 6092.0, which corre-
sponds well with the predicted value of 6092.6. Amino acid
analysis confirmed the peptide had the correct composition.
We compared the secondary structures of AFA-PLB, A11C-
AFA-PLB, and spin-labeled A11C-AFA-PLB by CD (Figure
4). The spectra of AFA-PLB and A11C-AFA-PLB were
essentially identical, characterized by a minimum at 209 nm
and a maximum at 222 nm. Analysis of these spectra, as
linear combinations of basis spectra, indicates a predomi-
nantlyo-helical secondary structure (890%), as previously
reported for AFA-PLB {3). Labeling with IPSL (data not
relaxation time, assuming th& is not significantly changed  shown) or MTSSL (Figure 4) did not significantly affect the
by the presence of the quenchd®), Spectral parameters secondary structure.

for saturation data were determined using an analysis The functional effects of labeled and unlabeled A11C-
program written for Mathematica 4 (Wolfram Research, AFA-PLB peptides were studied by measuring their effects
Champaign, IL), and were fit to eq 2 using NonLinear Curve on calcium-dependent ATPase activity (Figure 5). PLB was
Fit in Origin, version 6.0. reconstituted at a 10-fold molar excess over SERCA, at a
The effect of SERCA on accessibility for each quencher 700:1 lipid:SERCA molar ratio. As shown in Figure 5, AFA-
was compared using the fractional accessibiktydefined PLB shifts the Kca for SERCA (the pCa at which ATPase
as activity is half-maximal) by 0.32+ 0.05, which is compa-
rable to previous measurements, and confirms that AFA-
PLB has an inhibitory function similar to that of wild-type
PLB (13). Mutation of Alall to Cys decreases the activity
slightly but not significantly, with a Kca shift of 0.25+
where+SERCA represents the sample containing both PLB 0.06 (not shown). This is consistent with a previous report
and SERCA and-SERCA the sample containing PLB alone. that mutation of Alall to Val only slightly decreases
inhibition of SERCA by wild-type PLB 22). The addition

®3)

whereW is the collision frequency ani, is the spir-spin

AP, (+SERCA)
~ AP',,(—SERCA)

(4)

RESULTS

Characterization of Synthetic A11C-AFA-PLHPLC and
SDS-PAGE both indicated that the synthesized and purified

of either spin label also had no significant effect on the
activity of A11C-AFA-PLB (data shown for IPSL).

Mutagenesis of cysteines in the transmembrane domain

compound was extremely pure. The mass was verified byto Ser, Ala, or Phe destabilizes the PLB oligomer, and
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FIGURE 5: ATPase activity as a function of &aconcentration, -
normalized to maximal activity, showing control (no PLB®)( 20G
AFA-PLB (M), and IPSI=A11C-AFA-PLB (a).
A11C-AFA A11C-AFA
mwm—AFA___ -IPSL_-MTSSL FIGURE 7: EPR spectra of A11C-AFA-PLB, labeled at Cys11 with
34 kDa : the indicated spin label, without (black) or with (gray) SERCA.
;3 :g: ponent is similar for the two samples, 0.89 for IPSRLB
and 0.92 for MTSSEPLB, with 6. values of 22 and 19,
-, . =5 . respectively, and the correlation times are much longer than
those observed in the absence of SERCA (Table 1). This
FIGURE 6: SDS-PAGE of AFA-PLB and labeled mutants. restriction of motion suggests increased helical stability and/

or direct steric interaction with SERCA. For both spin labels,

mutation of Cys41 to Phe renders PLB monomeric on SDS the mobile component becomes slightly slower (longgr
PAGE @30). AFA-PLB is also predominantly monomeric on  but its order parameter does not change significantly.
SDS-PAGE (Figure 6). Introduction of a spin-labeled Accessibility of IPSEPLB to Paramagnetic Agent3.o
cysteine at residue 11 of AFA-PLB does not affect the further investigate the conformational difference between the
oligomeric stability in SDS; AFA and spin-labeled A11C- SERCA-bound and unbound PLB cytoplasmic domains, we
AFA-PLB are 95% monomeric as determined by gel den- measured the accessibility of IPSPLB to paramagnetic
sitometry. It has previously been shown that the oligomeric relaxation agents (quenchers) that are localized differently
state of a PLB analogue in SB®AGE is a good indicator  within the membrane sample, to obtain more detailed insight
of its oligomeric state in lipid bilayersA@, 44). into the location of the labeled site with respect to the

EPR Spectra of Spin-Labeled A11C-AFA-PLEBr the membrane surface, and to determine the effect of SERCA
PLB-only samples, MTSSL-labeled A11C-AFA-PLB on this location. We used oxygen (zero-grade air), which
(MTSSL—-PLB) and IPSL-labeled A11C-AFA-PLB (IPSt partitions 90:10 between the membrane and aqueous frac-
PLB) were reconstituted into lipids at a ratio of 100 lipids/ tions; 20 mM NIiEDDA, a hydrophilic aqueous agent; and
PLB; where SERCA was present, the co-reconstitution was DOGS-NTA—Ni(Il) (1 per 21 lipids), which contains nickel
carried out at a ratio of 150 lipids/PLB and 1 PLB/SERCA. bound to the lipid headgroup. IPSIPLB was reconstituted
Decreasing the ratio to 0.5 PLB/SERCA had no effect on at a ratio of 500 lipids per PLB. EPR spectra were measured
the results, indicating saturation of PLB binding by SERCA. at a constant temperature (26) over a range of incident
Spectra are presented in Figure 7. In the absence of SERCAmicrowave power. To determine the half-saturation point,
the spectra are dominated by a narrow component indicatingP,,, the data were fit to eq 2. The saturation curves, shown
weakly-immobilized spin labels. Rotational dynamic was as normalized signal intensity§P°®5 versus power, are
analyzed as described in Materials and Methods and sum-shown in Figure 8.
marized in Table 1. Data are given for IPSL at two different ~ To quantitate the effect of SERCA, we calculated the
lipid:PLB ratios, as discussed below. In all cases except for fractional accessibilitf (eq 4), which is the ratio oAP'y/,
MTSSL, two components gave a better fit than one. For for PLB and SERCA ta\P',, for PLB alone. Figure 9 shows
IPSL—PLB, a minor population (25%) is weakly im- thatF < 1 for all three quenchers, indicating that SERCA
mobilized, with a short correlation timeg; = 0.63 ns) and decreases the accessibility of the spin-labeled site. The most
a large amplituded, = 86°, from S= 0.04), while the major likely interpretation is that the labeled site on PLB (position
population (75%) is moderately immobilizedk{ = 4.2 ns 11 on the cytoplasmic domain) interacts directly with
andf. = 56°). For MTSSL—-PLB, the single component has SERCA.
intermediate mobility r = 2.6 ns and). = 77°). For both Further insight was obtained from comparing the relative
spin labels, the order parameters of the mobile componentseffects of SERCA on the three different paramagnetic agents.
are lower than expected for these spin labels attached to CysSERCA has its largest effect-(= 0.13 + 0.01) on
on the surface of a rigid-helix (38, 45). accessibility to DOGSNTA—NI(Il) (completely constrained

Upon addition of SERCA, each spectrum broadens con- to the membrane surface) and its smallest effect(6.50
siderably and a strongly immobilized component becomes + 0.04) on accessibility to NIEDDA (completely localized
evident from the resolved peaks in the wings of the spectrum.in the aqueous phase), with an intermediate vatue 0.34
The order paramete8 for the strongly immobilized com-  + 0.03) observed for oxygen (partitions between both
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Table 1: Spin Label Dynamigs

X1 S 01 (deg) 7r1 (NS) S 02 (deg) Tr2 (NS)
IPSL (100 L/P) 025(0.01)  0.04(0.02) 86 (2) 0.63 (0.05) 0.44 (0.02) 56 (2) 42(0.5)
IPSL (500 L/P) 031(002)  0.04(0.02) 86 (2) 0.62 (0.04) 0.44 (0.03) 56 (3) 4.2 (0.8)
MTSSL 1.00 (0.01) 0.14 (0.04) 77 (3) 2.6 (0.2) - - -
IPSL and SERCA 013(0.01)  0.05(0.03) 85 (3) 1.0(0.3) 0.89 (0.04) 22 (4) 33 (5)
MTSSL and SERCA 0.42 (0.02) 0.14 (0.06) 77 (5) 2.6 (0.4) 0.92 (0.05) 19 (7) 17 (3)

a Parameters were obtained from analysis of EPR spectra with NLSL as described in Materials and Mgikdbie.mole fraction of component
1. Sis the order parameteé,. is the cone angle derived fro®(eq 1).tr is the rotational correlation time. Estimated errors are in parentheses.
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Ficure 8: Normalized saturation curves for IPSPLB, without FicuRE 10: Effect of lipid concentration on EPR line shape. (A)
ith ERCA: N,, (O ) NiEDDA : :
o N e o bid heticvons.2 € MEPPA o5 oy, at 500 lipids/PLE (aray) and 100 lipids/PLB (black).
(B) PLB with SERCA, at 500 lipids/PLB (gray) and 150 lipids/
0.6 PLB (black). Paris of spectra are normalized to a double integral,
™ so the intensity decrease due to the lower lipid content in panel A
= 05 | reflects decreased mobility.
b .
% 0.4 increased volume of SERCA in the lipid bilayer). The more
@ i diluted sample contained 500 lipids/PLB for both IPSL
S o3 PLB and IPSI-PLB with SERCA. In the absence of
g SERCA (Figure 10A), dilution increased the more mobile
g 0.2 population from 25+ 2 to 31+ 1%, without significantly
= . affecting the dynamics of either population (Table 1). In the
& o1 presence of SERCA (Figure 10B), dilution had no significant
- effect on the EPR spectrum. We repeated the experiments
0.0 4 ' ' depicted in Figure 10A with PLB that was only 25% spin
NiEDDA 0, DOGS- labeled, and observed the same results. This shows that the
NTA-Ni(ll)

effect of lipid dilution was due to a change in spin label

FiGure 9: Accessibility of IPSI-PLB in the presence of SERCA,  dynamics, not to a decrease in the level of sgEpin
calculated from the data in FigureBis the collision accessibility interaction.

in the presence of SERCA relative to that in the absence of SERCA o )
(eq 4). Disulfide Interchange Occurs Only in the Presence of

SERCA The first spin label probe we used to label A11C-
phases). For DOGSNTA—NI(ll) to collide with IPSL at AFA-PLB was MTSSL. We have used this probe success-
position 11, this region of the cytoplasmic domain must fully in our previous experiments with PLBIY), and it has
spend considerable time at or near (within 14 A) the been the probe of choice for many site-directed spin labeling
membrane surfacetl@). We conclude that SERCA moder- studies 48). MTSSL attaches to a protein by forming a
ately decreases the spin label's exposure to the aqueouslisulfide bond with cysteine (Figure 2). While the spectrum
phase, probably due to direct contact of the PLB cytoplasmic of MTSSL—PLB alone was quite stable, the addition of
domain with SERCA, and that SERCA moves the cytoplas- SERCA caused the appearance of a highly mobile spectral
mic domain of PLB away from the membrane surface. component (Figure 11A), corresponding to free spin label.

Lipid Concentration Affects Line Shape Only in the The presence of SERCA destabilizes the disulfide linkage
Absence of SERCAD determine the sensitivity of the EPR  between MTSSL and PLB, with a first-order rate constant
line shape to lipid concentration, we compared membrane of 0.45 s at 25°C, which was observed by monitoring the
samples containing IPSLPLB or IPSL—PLB with SERCA, appearance of the narrow spectrum corresponding to free
at two lipid concentrations. The more concentrated samplespin label. This effect was observed in the absence of
contained 100 lipids/PLB for IPSEPLB and 150 lipids/ reductants such as DTT. A Western blot of the sample using
PLB for IPSL—PLB with SERCA (to accommodate the an anti-PLB monoclonal antibody revealed that, in addition
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Ficure 12: Model for the conformation of the PLB cytoplasmic

domain (CPD). In the absence of SERCA (left), the CPD interacts
dynamically with the lipid surface (A), including a substantial

disordered population (B). When PLB binds to SERCA (C), the
equilibrium is shifted toward a strongly bound and ordered form
of the CPD that is removed from contact with the lipid surface
(D). This complex stabilizes an inhibited conformation of SERCA.

is important to test this result in lipid membranes under more
physiological conditions and to determine the effects of
SERCA. Models of the PLBSERCA interaction indicate
that the N-terminus of PLB binds to SERCA at a point
significantly far from the membrane interface, estimated to
be 45-50 A (24, 25). Taken together with the solution
structure of PLB and these modeling results, our data are
consistent with the model shown in Figure 12. The isolated
monomeric PLB forms a 7-shaped structure in the membrane
(Figure 1), with the transmembrane domain approximately

. o perpendicular to the membrane and cytoplasmic domain la
Western blot of the EPR sample. The electrophoretic mobilities of . : : . .
SERCA and PLB monomerpon the corresgonding Coomassie- Interacting dynamically with the membrane surface (Figure

stained gel are given: lane 1, untreated sample; lane 2, samplel2A). This cyt(_)plasm?c domain shows Considera_ble nano-
treated with 10%g-mercaptoethanol; and lane 3, AFA-PLB second dynamics, so it may have both ordered (Figure 12A)

standard. One asterisk indicates the PLB aggregates; two asteriskaind dynamically disordered conformations (Figure 12B).
indicate the PLB-SERCA complex. Upon SERCA binding, the cytoplasmic domain moves up

to the expected monomeric PLB band, there were also severafd @way from the membrane surface, forming an ordered
higher-molecular weight bands present in the sample (FigureCOmplex with SERCA (Figure 12D).
11B), probably corresponding to PEBPLB dimers and Interpretation of Spin Label Dynamic&PR spectra of
higher-order aggregates (Figure 11B, one asterisk) and alPSL—PLB (Figure 7) show evidence for two modes of
PLB—SERCA complex (Figure 11B, two asterisks). The dynamics in cytoplasmic domain la (Table 1), consistent with
magnitudes of these bands were greatly reduced uponthe presence of ordered (Figure 12A) and dynamically
addition of 10%/-mercaptoethanol to the sample loading disordered (Figure 12B) modes of PLB dynamics. These may
buffer, indicating that they corresponded to disulfide-linked represent two separate populations or two conformations of
proteins. The most likely interpretation is that one or more each PLB molecule; we can only say that these two
Cys residues of SERCA participate in disulfide exchange conformations are not exchanging on the sub-microsecond
with MTSSL—PLB, resulting in SERCAPLB and PLB- time scale. The lack of two resolved components for MTSSL
PLB disulfide bonds, which are described by is probably due to dynamics of this probe relative to the
protein @5). EPR data clearly show partial immobilization
R1-S—S—R2+ R3—-S < R1-S—-S—R3+ R2-S of the spin label at position 11 for both spin labels upon
) binding of SERCA (Figure 7), as reported previously for
where R1-S—S—R2 represents MTSSEPLB (Figure 2)  EpR or fluorescent probes near the N-terminus of PA®).(
and R3-S” represents SERCA or another PLB with & Remarkably, although the mobilities of the two spin labels
reactive cysteine. This phenomenon does not oceur with gitfer in unbound PLB, addition of SERCA results in a
MTSSL-labeled transmembrane mutants of PLB in the gjpijar degree of immobilization in both cases. In both cases,
presence of SERCA (data not shown). a portion of the spin label population remains at ap-
proximately the same mobility as that for unbound PLB. Our
two-component analysis of the EPR spectrum indicates that
Our results provide evidence for a major conformational this mobile component comprises £32% of the spectrum
change in the cytoplasmic domain of PLB upon binding to of IPSL—PLB with SERCA. If the more restricted population

]pLB,,

1 2

3

Ficure 11: (A) EPR spectra of MTSSEPLB with SERCA, before
(black) and after (grgya 3 hincubation at 25°C. (B) Anti-PLB

DISCUSSION

SERCA. Solid-state NMR studies in lipid &) and solution
NMR studies in lipid-mimicking detergent micelle$7) or
organic mixtures15, 16) suggest that monomeric PLB forms

represents the cytoplasmic domain of PLB bound to SERCA,
then the weakly immobilized fraction can be assigned to
PLB, whose cytoplasmic domain is not in contact with

a “7-shaped” structure in membranes. Perturbation of NMR SERCA, either because the cytoplasmic domain itself is free
signals by lipid spin labels provided evidence that cytoplas- (Figure 12C) or because the entire PLB molecule is dissoci-
mic domain la interacts closely with the micellar interface ated from SERCA (Figure 12D). An alternative explanation

(17). The NMR experiments were performed in detergent (not shown) would be that the spin-labeled cytoplasmic
micelles at 50C and pH 4, in the absence of SERCA, so it domain has two conformations when bound to SERCA.
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Accessibilitydata (Figure 9) also support the model in cytoplasmic domain la is at least partially disordered (Figure
Figure 12. Accessibility (collision frequency) was reduced 12B). This hypothesis is also supported by NMR hydrogen
significantly for the freely diffusible quenchers (NIEDDA exchange data from PLB in detergent micelles, which show
and oxygen) by the addition of SERCA, and was nearly that the cytoplasmic helix is much more dynamic than the
abolished for DOGSNTA—NiI(Il), which is localized in the transmembrane domaii¥). Taken together, our mobility
membrane interface. The reduction in accessibility to NIED- and accessibility data suggest that the cytoplasmic helix of
DA suggests occlusion of the spin label by SERCA. Since PLB has two intrinsic conformations, one more ordered than
most of the oxygen (90%) partitions into the membrane, the the other, and that the more ordered conformation is
reduced fractional accessibility to oxygen (32%) compared stabilized by interaction with SERCA.
to the accessibility to NIEDDA (49%) suggests a reduction  The role of the orderdisorder equilibrium in the domain
in the number of collisions with the membrane. The strongest la helix may have important implications for the mechanism
evidence for this conclusion arises from the dramatic of interaction of the cytoplasmic domain of PLB with
reduction (from 100 to 13% upon addition of SERCA) in SERCA. Other studies have shown a change in structural
accessibility for the membrane interface-localized DGGS order in cytoplasmic domain Ib upon SERCA binding.
NTA—Ni(Il). This corresponds well with the 13% mobile Experiments with a monomeric PLB mutant fluorescently
component observed in the EPR spectrum of IPBLB labeled at A24C showed that addition of SERCA increased
with SERCA, so the accessibility to DOGSITA—Ni(ll) the solvent exposure of the label, as well as the rate of local
may also reflect these two populations. Because Ni is probe motion%0). A contradictory result, obtained by solid-
confined to a 14 A slice on the aqueous side of the membranestate NMR of monomeric PLB, suggested not only that
interface in DOGS NTA—NI(Il) (46), cytoplasmic domain  residues 2424 remain helical upon addition of SERCA but
la must move a significant distance away from the membranealso that association with SERCA induces helical structure
interface upon SERCA binding, with little or no contact in between residues 24 and Z&l). Clearly, investigating the
the SERCA-bound state. relationship between the structural dynamics of PLB’s

Effects of Lipid Concentration on Line Shape. the cytoplasmic domain secondary structure will be an important
absence of SERCA, the EPR spectra exhibited more restric-factor in understanding PLBSERCA binding.
tion at higher PLB:lipid ratios, but this effect was abolished  Alternative Interpretations Although our dynamics and
by SERCA (Figure 10). This result is consistent with the accessibility data, taken together with other data cited above
model proposed above (Figure 12). If PLB’s cytoplasmic (17, 49), support the model in Figure 12, further work is
domain lies on the membrane surface, then a high PLB:lipid needed to rule out alternative models. For example, it is likely
ratio should cause crowding and thus restrict probe mobility, that the spin label motions observed in this study are
as observed. If SERCA binds PLB and raises it to a vertical influenced by motions of the probe relative to the protein
orientation, PLB-PLB interactions should be diminished, backbone, which might exaggerate the actual protein dynam-
thus eliminating the concentration effect, as observed. ics that are present and affect conclusions about multiple

MTSSL Disulfide Interchang®ur observations indicate = components. However, recent EPR studies (to be published
that the MTSSL disulfide bond is quite stable until SERCA separately) with a spin label rigidly coupled to the peptide
is allowed to interact with PLB, causing the spin label to be backbone show even more clearly the presence of two
released and simultaneously inducing bonds (presumablyconformational components. It is possible that the observed
disulfide) between PLB and SERCA, or between PLB and pattern of mobility and accessibility changes is due primarily
PLB. The formation of a disulfide bond with SERCA is to structural changes in the vicinity of Cys11, without the
interesting in light of two recent reports: the first showing large-scale conformational change envisioned in Figure 12.
that another PLB mutant, N30OC-PLB, can cross-link with This must be tested by the use of probes attached to other
Cys318 on SERCAZ7) and the second showing that N27C sites on PLB, but this effort is complicated by the high
in PLB forms a disulfide bond with the L321C SERCA sensitivity of PLB’s function to mutation and other structural
mutant, and V49C in PLB forms a disulfide bond with the perturbation %2).

V89C SERCA mutantZ4). To investigate whether A11C- Future StudiesAs discussed above, a more systematic
PLB also cross-links with a specific cysteine on SERCA, it investigation of the dynamic equilibrium between the ordered
will be necessary to analyze tryptic digests of the PLB  and disordered states will provide valuable insight into the
SERCA homodimer by peptide sequencing to determine themechanism of binding of PLB’s cytoplasmic domain to
identity of the reactive cysteine on SERCA. It will also be SERCA, elucidating the role of helix stability in the
important to test other cytoplasmic domain cysteine mutants inhibitory potency of PLB. In addition, SDSL of other
of PLB for similar behavior in the presence of SERCA. residues in PLB is essential for a complete understanding

Dynamic Equilibrium between an Ordered and a Disor- of the structural changes in PLB between the SERCA-bound
dered Cytoplasmic Helix:he observation of two components and unbound forms, and this work is ongoing in our
in the spectra of both PLB and PLB with SERCA probably laboratory. In particular, experiments with doubly labeled
reflects two structural states of the PLB protein backbone PLB should provide a more rigorous test for proposed
(ordered and disordered) in the vicinity of the spin label. changes in helix stability. Addition of physiologically
While spin label mobility can reflect motions of the spin important perturbants such as PLB phosphorylation and
label relative to the protein backbone, it has been shown thatcalcium are also vital for understanding inhibition by PLB.
the spin label MTSSL bound to a rigithelix consistently Fortunately, as we have established here, EPR is an efficient
has an order parameter 8f0.5 (38). Since both spin labels  and informative technique for elucidating these topics. In
exhibit order parameters much lower than 0.5 when bound addition to providing more detailed information about PLB’s
to SERCA-free PLB (Table 1), it is likely that the helix of interaction with SERCA, these studies may also suggest
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targets for disruption of inhibition of SERCA by PLB, which

could lead to therapies for treating heart disease that arises

from, or leads to, pathological calcium handling in cardiac
muscle.
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