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ABSTRACT: Catalytically important motions of the Ca-ATPase, modulated by the physical properties of
surrounding membrane phospholipids, have been suggested to be rate-limiting under physiological
conditions. To identify the nature of the structural coupling between the Ca-ATPase and membrane
phospholipids, we have investigated the functional and structural effects resulting from the incorporation
of the lysophospholipid 1-myristoyl-2-hydroxgr-glycerol-3-phosphocholine (LPC) into native sarcoplasmic
reticulum (SR) membranes. Nonsolubilizing concentrations of LPC abolish changes in fluorescence signals
associated with either intrinsic or extrinsic chromophores that monitor normal conformational transitions
accompanying calcium activation of the Ca-ATPase. There are corresponding decreases in the rates of
calcium transport coupled to ATP hydrolysis, suggesting that LPC may increase conformational barriers
associated with catalytic function. Fluorescence anisotropy measurements of the lipid analogue 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH) partitioned into SR membranes indicate
that LPC does not significantly modify lipid acyl chain rotational dynamics, suggesting differences in
headgroup conformation between LPC and diacylglycerol phosphatidylcholines. Complementary measure-
ments using phosphorescence anisotropy of erythrosin isothiocyanate&tdrythe Ca-ATPase provide

a measure of the dynamic structure of the phosphorylation domain, and indicate that LPC restricts the
amplitude of rotational motion. These results suggest a structural linkage between the cytosolic
phosphorylation domain and the conformation of membrane phospholipid headgroups. Thus, changes in
membrane phospholipid composition can modulate membrane surface properties and affect catalytically
important motions of the Ca-ATPase in a manner that suggests a role for LPC generated during signal
transduction.

Alterations in the phospholipid composition within bio- to measure directly the influence of differences in membrane
logical membranes, including sarcoplasmic reticulum (SR), phospholipid composition on catalytically important protein
occur in response to a wide array of physiological and structural changes has hindered a general understanding of
pathological conditions, and have been shown to modulatethe mechanisms responsible for the functional regulation of
the function of both peripheral and integral membrane membrane proteins by their surrounding phospholipids. In
proteins (—6). The physical basis for the functional regula- this respect, the recent identification of global conformational
tion of active transport proteins by different membrane changes that accompany calcium activation now permits an
phospholipids has been suggested to result from changes innvestigation of the physical mechanisms responsible for
membrane physical properties<{14). However, the inability modulation of active transport function by membrane phos-

pholipids (5—17).
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ATPase as a result of differences in the electrostatic potentialand 1-myristoyl-2-hydroxysn-glycerol-3-phosphocholine

at the membrane surfac2—26). To clarify the structural (LPC) were obtained from Avanti Polar Lipids (Alabaster,
linkage between membrane phospholipids and the Ca-AL). 1-[2-(5-Carboxyazol-2-yl)-6-aminobenzofuran-5-oxyl]-
ATPase, we have investigated the influence of the incorpora- 2-(2-amino-5-methylphenoxy)ethahN,N',N'-tetraacetic acid
tion of the lysophosphatidylcholine 1-myristoyl-2-hydroxy- (FURA-2) and N-[2-[2-[2-[bis(carboxymethyl)amino]-5-
snglycerol-3-phosphocholine (LPC) into native SR membranes [[(2',7'-dichloro-3,6'-dihydroxy-3-oxospiro[isobenzofuran-

on Ca-ATPase function and dynamics. Lysophosphatidyl- 1(3H),9-[9H]xanthen]-5-yl)carbonyllamino]phenoxy]ethoxy]-
cholines, in which the fatty acyl chain in thsg2 position 4-nitrophenyl]N-(carboxymethyl) glycine (calcium green-

is selectively cleaved, are generated following activation of 5N) were purchased from Molecular Probes, Inc. (Eugene,
phospholipase A(PLA,) (27). Lysophospholipids have been OR). SR membranes were isolated from rabbit fast-twitch
implicated as downstream affecters in signal transduction, skeletal muscle, essentially as previously descriB&l SR

and are present at significant concentrations in cellular lipids were extracted as previously describ8d4-35). All
membranes during intracellular signaling and following a samples were stored in 20 mM MOPS (pH 7.0) and 0.3 M
range of different pathological conditions that result in the sucrose at-70 °C.

activation of phospholipase A28, 29). While the role of Derivatization of Samples with Optical Probest-ITC
lysophosphatidylcholines in signal transduction remains was covalently bound to Lys on the Ca-ATPase at a
unclear, their presence in membranes has been suggested &toichiometry of approximately one nanomole of Er-ITC
modulate the activity of many different peripheral and bound per milligram of SR membranes, as previously
integral membrane protein3@—32). Because phospholipase described in detail36). Lyssis within the Ca-ATPase was
A, (PLA,) activity in cardiac and neuronal tissues has been labeled with FITC as previously described¥). TMA-DPH
shown to be activated at elevated intracellular calcium levels was partitioned into membranes for measurements of phos-
(30, 32), any decrease in Ca-ATPase activity may function pholipid acyl chain rotational dynamics at a concentration
to potentiate signal transduction cascades through theof 0.5% (mol/mol).

modulation of intracellular calcium homeostasis and to  Enzymatic Actiity Assays.Protein concentrations were
further accentuate imbalances in the rates of phospholipidmeasured using the Amidoschwarz protein assay using
degradation and repair. For example, within several minutesnitrocellulose paper and Amidoblack sta88). Free calcium
following induction of long-term potentiation in the brain, concentrations were directly measured using either FURA-2
increased PLA activity functions to selectively deplete or calcium green, whose respective association constants for
membrane PC levels, resulting in a 4-fold decrease in PC calcium were measured to be 1863 nM and 3.0+ 0.4

and large increases in amounts of free fatty ackl; 82). uM under these experimental condition89). Calcium
However, under pathophysiological conditions LPC levels uptake was measured essentially as previously descuiied (
become sufficiently high so as to disrupt ion gradients and and was initiated by the addition of 1 mM ATP to a calcium-
to be primary mechanisms of cell deaB®). These observa-  buffered solution containing 200 mM MOPS (pH 7.0), 0.1
tions suggest that nonsolubilizing concentrations of lyso- mM KCI, 5 mM MgCl,, 0.5 uM CCCP, 5 mM calcium
phosphatidylcholines are physiologically relevant, and that oxalate, 2 mM EGTA, and sufficient calcium to yield a free
under these conditions that cell viability is maintained. To calcium concentration equal tau@. Fluorescence changes
identify the influence of nonsolubilizing concentrations of in calcium green-5N were used to measure changes in free
lysophosphatidylcholines in modulating Ca-ATPase function, calcium concentration, permitting the calculation of the total
we investigated structural changes involving both the Ca- amount of calcium uptake using the following relationship:
ATPase and surrounding lipids in native membranes using

both phosphorescence anisotropy measurements of Er-ITC o o
covalently bound to Ly, in the phosphorylation domain [Ca ]uptake= [Ca ]free{l
of the Ca-ATPase, and fluorescence anisotropy measurements

of TMA-DPH partitioned into membrane lipids. LPC induces
structural changes of the Ca-ATPase that are found to
correlate with catalytic activity, suggesting a physiologically
important role for lipid-protein interactions in modulating
calcium transport function.

KecTa[EGTA]
1+ KEGTA[Ca2+] free)

1)

where the association constant for calcium binding to EGTA
(KegTa) is 2.5 x 10° M~ (40). Calcium-dependent rates of
ATP hydrolysis were measured as an ammonium molybdate
complex of phosphate at Z& (41) and involved 0.1 mg/
mL SR vesicles in a medium containing 200 mM MOPS
EXPERIMENTAL PROCEDURES (pH 7.0), 100 mM KCI, 5 mM Mgd, 1 mM ATP, 6uM
A23187,0.54M CCCP, 2 mM EGTA, and sufficient calcium

to yield the indicated free calcium concentration.

The calcium-dependent activation of the Ca-ATPase was
to a model involving the cooperative binding of two
ligands:

Materials. KCI was purchased from Research Organics
(Cleveland, OH). Sucrose, TRIS (free base), and MOPS
[3-(N-morpholino) propane sulfonic acid] were obtained from fit
Fisher Scientific (Pittsburgh, PA). Caltandard solution
was from VWR (St. Louis, MO). A23187, ammonium
molybdate, ATP (disodium salt), isomer Il of Er-ITC 2+ 2412
(erythrosin 5-isothiocyanate), isomer | of fluorescein 5-isothio-  ATPase Activity= KolCA Jiree T 2KoCA liree
cyanate (FITC), and EGTA were from Sigma (St. Louis, 2(1+ K [Ca e+ Ko[CE 120
MO). The proton ionophore carbonyl cyanide 3-chlorophenyl 2)
hydrazone (CCCP) was obtained from Fluka Chemical Corp.

(Ronkonkoma, NY). 2-(3-(Diphenylhexatrienyl) propanoyl)- where K; is the macroscopic equilibrium constant, and
1-hexadecanoydglycero-3-phosphocholine (TMA-DPH)  corresponds to the sum of the intrinsic equilibrium constants
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(ky and kp) assoc_iated v_vith_ cz_ilcium _z_ict_ivation of the Ca- Nwi = fPALSNPALS +(1— fPALS)NBULK—LIPID (4)
ATPase; andK; is the intrinsic equilibrium constant for
calcium activation and corresponds to the product of equi- nd
librium constantsk:kok:) (42). This assessment of calcium
activation permits a determination of the cooperativity (i.e.,

kc) between high-affinity calcium binding sites in the Ca-
ATPase.

Fluorescence MeasurementExcitation of TMA-DPH Previous spin-label EPR measurements indicate that the Ca-
involved the 364 nm line from a Coherent Innova 400 argon ATPase modifies the rotational dynamics of 43% of mem-
ion laser (Santa Clara,CA) and the fluorescence emissionPrane phospholipids in SR membranes, which correspond
were detected by using a Schott GG400 long-pass filter usingt© the PALs 49). Therefore, an independent measurement
an ISS K2 frequency domain fluorometer, as described of_ the mdmdyal lifetime components and associated am-
previously @3). FITC was excited at 442 nm and emission Plitudes relating to TMA-DPH in membranes made from
was detected by using a Schott GG495 long-pass filter. €xtracted SR lipids (i.eq; andzi) provides a measurement
Excitation of FURA-2 and calcium green-5N were respec- Of the bulk lipid, and permits one to recover the average
tively at 345 and 488 nm; emission was monitored at 510 lifetime parameters (i.eq; andz;) and rotational dynamics

Phosphorescence Measuremef@sITC was covalently ~ values are detgrmlned using the me_thod of nonlmear least-
bound to Lysess on the Ca-ATPase at a stoichiometry of sdquares in which the reduced chi-squared (&’ is
approximately 0.2 mol of Er-ITC bound/mol of Ca-ATPase, Minimized. A comparison of;s” provides a quantitative
essentially as previously describ&6), Er-ITC derivatized =~ Measurement of the adequacy of different assumed models
SR vesicles (0.1 mg/mL) were excited using approximately f0 describe the data47). Data were fit using either the
1 mW of 514 nm modulated light from an argon ion laser CGlobals software package (University of lllinois, Urbana-
(Coherent Corp., Palo Alto, CA), and the phosphorescence Champaign) or using the program Mathcad 6.0 (MathSoft
emission was collected after a Schott RG697 long-pass filter Inc., Cambridge, MA). The reported experimental uncertain-
essentia”y as previous'y describe]:ﬂx_ Prior to the mea- ties aSSOCIath W|th eaCh pare}meter were determ”'\-ed from a
surement of phosphorescence, the concentration of dissolvedlobal analysis of the respective error surfaces, using the F
oxygen h a 3 mLsealed cuvette was reduced enzymatically Statistic associated with one standard deviatidd).(To
by the addition of 17 mM glucose, 3 units of glucose oxidase simplify the presentation of.the data, in cases where the error
activity, and 30 units of catalase activity, and subsequent Surfaces are not symmetrical the reported errors represent
incubation in the dark for at least 5 miaq, 44. the ma>_<ima_1| vgriance obtained from the error a_nalysis. Unless

Analysis of Fluorescence or Phosphorescence Intensity andotherwise indicated, data were analyzed using frequency-
Anisotropy Decays$?hosphorescence intensity or anisotropy independent errors in the phase and modulation that were
decays were fit to a sum of exponentials using the method @ssumed to be 0°2and 0.01, respectively.
of nonlinear least-squares using explicit expressions thatRESULTS
permit the calculation of the lifetime components relating
to a multiexponential decay( andi; refs 45—-46), where Influence of Lysophosphatidylcholine on Bilayer Structure

N Lysophosphatidylcholines (LPC) are involved in normal
_ © _ Iy 2 2 intracellular signaling; however, at sufficiently high concen-
Py, = arctanD—w and m,, =yN,"+D," (3) trations lysophosphatidylcholines act to disrupt biological
membranes resulting in increased membrane permeability
N, andD,, are specific mathematical transforms that relate and modified interactions between membrane proteins that
the measured phase shif,.) and modulationrf,) to the can result in cell death29, 39. Therefore, it is essential to
lifetime components associated with the excited-state inten-distinguish LPC concentrations at which SR membrane
sity decay of the chromophore. Alternatively, appropriate integrity is disrupted from lower nonsolubilizing concentra-
expressions have been derived that permit determination oftions where cell viability is expected to be preserved.
the initial anisotropy in the absence of rotational diffusion  To detect alterations in proteitprotein associations
(ro), the rotational correlation timeg], and the amplitudes  resulting from LPC solubilization of the membrane, we have
of the total anisotropy loss associated with each rotational monitored the loss of resonance energy transfer (RET)
correlation time(ro g). The derivation and application of between FITC chromophores bound to bysnear the
these expressions have previously been described in detaihucleotide binding site. Increased RET between identical
(43, 46—48). chromophores (homotransfer) was monitored with steady-

In the case of TMA-DPH partitioned into SR membranes, state polarization (P), which provides a sensitive means to
these transforms (i.eN,, andD,,) can be readily modified assess proteinprotein associations3{, 50-56). We find
to take into account a heterogeneous population of membrandhat increasing concentrations of LPC result in essentially
phospholipids that undergo slow exchange during the excited-no change in P for LPC concentrations below 0.2 mg/mg of
state lifetime of TMA-DPH, which can be approximated by SR protein (0.02 mg/mL), followed by a progressive increase
two populations of structural conformers corresponding to in P from 0.26 to 0.48 upon further increasing the concentra-
(i) phospholipids not in contact with the Ca-ATPase with a tion of LPC (Figure 1). These data agree with light scattering
structure analogous to lipids in vesicles made from SR lipids measurements used to measure vesicle integrity through
(i.e., bulk lipid) or (ii) protein-associated lipids (PALs) in  changes in turbidity. Thus, solubilization of SR membranes
contact with the Ca-ATPase, where only occurs at concentrations above 0.2 mg of LPC/mg of

D, = fearsPracs T (1 — fpars)Deuk-upo ()
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1.0 1 Table 1: Influence of LPC on Catalytic Function of Ca-ATPase in

8 Native SR Vesicles
o 08 108 — - - -
< ATPase activity calcium transport coupling ratid (Ca+
o [LPCJ/[SR] (umol of B activity® (umol of  transported/ATP
< 064 Y 106 (mass/mass) mglmin~t) Ca&*mg!min?) hydrolyzed)
-~ é °g’> 0 3.0+0.2 5.6+ 0.2 1.9+ 0.1
5 041 104 0.2 2.5+0.2 4.7+ 0.4 1.9+0.2

8 ; o2 aTemperature was 28C and buffer conditions are as indicated in
= 0.2 ’ the legend to Figure 2.Initial rates of ATP hydrolysis¢ Initial rates
T *‘\\ of calcium uptake? Coupling ratios are obtained by dividing the
< 00 e 2 0.0 calcium uptake rate by the ATPase activity.

0002 04 06 08 10 12 14
[LPC]/[SR] (wiw)

Ficure 1: Modulation of Calcium-Dependent Structural Changes

by LPC. Influence of LPC on calcium-dependent fluorescence o 3
intensity changes associated with intrinsic tryptoph®@)sof FITC ~ Iy
covalently bound to Lyss (O), which respectively increase 4% *E‘ &
and decrease 8% upon calcium activation. Membrane integrity was 3 z
assessed using light scattering at 600 ma ¢r changes in the ﬁ ES
fluorescence polarizarization of FIT@) resulting from fluores- @ i’
cence resonance energy transfer (FRET) to detect alterations in the = .
spatial arrangement of Ca-ATPase polypeptide chains with respect <

to one another. Experimental conditions involved 0.1 mg/mL SR 002 . 0.0

in 50 mM MOPS (pH 7.0), 80 mM KCI, 5 mM MgGJ and 0.1 ) 107 10 )

mM EGTA. Calcium activation was assayed after the addition of [ Calcium ], ( Molar )

0.2 mM CaC}. FITC and tryptophan were respectively excited using

490 and 298 nm light, and the resulting fluorescence was detectedFIGURE 2: Calcium Dependence of the Activation of the Ca-

at 520 nm and using a Schott WG-335 long-pass filter, respectively. ATPase. Samples correspond to either native SR membranes (
left abscissa) or following the addition of 0.2 mg of LPC per

SR protein. Furthermore, since significant changes in the milligram of SR protein ®; right abscissa). The line represents

conformation of the nucleotide binding site would be the experimental fit to eq 2 (see Experiment Procedures) where

expected to alter FITC probe orientation and thuss®,( ~ AG1 = —6.94 1.2 kcallmolAG, = —17.9+ 0.1 kcal/mol, and

o . AG, = —5.0+ 1.2 kcal/mol. Maximal rates of ATP hydrolysis at
these results further indicate that Ca-ATPase structure ISsaturating calcium are also listed in Table 1. Calcium-dependent

relatively unaffected at these lower LPC concentrations.  rates of ATP hydrolysis were measured using 0.1 mg/mL SR at 25
The partition coefficient for lysophospholipid incorporation °C in the presence of 200 mM MOPS (pH 7.0), 0.1 M KCI, 5 mM

into membranes has previously been determined to be 1.1IMgClz, 1 mM ATP, 2 mM EGTA, 6uM A23187, 0.5uM CCCP,
« 10 (59), indicating that under these experimental condi- and sufficient CaGlto yield the indicated free calcium concentra-

. . . tions. Free calcium concentrations were directly measured using
tions 98% of the added LPC is incorporated into the SR pyra-2 and calcium green, whose respective binding affinities

membrane. To avoid nonspecific effects that may involve were measured to be 186 3 nM and 3.0+ 0.4 xM under these
alterations in the integrity of the SR membrane, we have experimental conditions3@). Values for reconstituted samples

chosen an LPC concentration of 0.02 mg/mL to investigate represent the average of three_ in_dependent determinations, and
how LPC incorporation into the SR membrane modifies aVerage errors were 6% of the indicated values.
function. The addition of 0.02 mg/mL LPC into SR gradient generated by the Ca-ATPase is maintained following
membranes (0.1 mg/mL) corresponds to about 35 mol of the consumption of ATP irrespective of the presence of LPC
LPC/mol of Ca-ATPase, or approximately 24% of the total (data not shown), ruling out nonspecific calcium leaks. LPC
phospholipids based on typical molar ratios of 145 phos- results in the same decrease in catalytic activity irrespective
pholipids/mol of Ca-ATPase in native SR membrangs).( of the calcium concentration, indicating that there are no
Since PC and PE respectively represent 58%40% and changes in apparent calcium affinity or in the cooperativity
16% + 4% of the total phospholipid content of SR between the high-affinity calcium binding sites. Therefore,
membranesH9), the incorporation of 35 mol of LPC/mol  LPC modifies the rate of calcium transport involving catalytic
of Ca-ATPase results in a 7% increase in the relative steps following calcium activation.
concentration of PC headgroups and a corresponding 3% Modulation of Ca-ATPase Structure by Membrane Phos-
decrease in the molar fraction of PE headgroups. This smallpholipids. The influence of LPC on structural transitions
alteration in the relative amounts of PC and PE is expectedbetween enzymatic states involved in the transport cycle of
to have little influence on membrane functios).( the Ca-ATPase can be readily examined through measure-
Measurement of Calcium Transport and ATP Hydrolysis ments of calcium-dependent alterations in the steady-state
Rates To identify the functional consequences of nonsolu- fluorescence intensity of intrinsic chromophores (i.e., tryp-
bilizing concentrations of LPC on the Ca-ATPase, we have tophans) that are predominantly located near the bilayer
compared rates of both calcium uptake and ATP hydrolysis surface or FITC covalently bound to Lis near the
for native SR membranes before and after the addition of nucleotide binding cleftq0, 61). These fluorescence signals
0.2 mg of LPC/mg of SR protein. At this nonsolubilizing reflect the long-range structural coupling between the high-
concentration, LPC incorporation results in a small but affinity calcium binding sites located within the transmem-
reproducible decrease in function of the Ca-ATPase, resultingbrane helices and spatially distant nucleotide binding site(s)
in a 16%+ 8% decrease in the maximal rate of calcium (15, 62, 63). Calcium activation induces a-31% increase
uptake and a 17%t 9% decrease in the rate of ATP in the intrinsic fluorescence of tryptophans and an 8%
hydrolysis (Table 1, Figure 2). Furthermore, the calcium decrease in that of bound FITG({, 64—66). The addition
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Table 2: Calcium-Dependent Changes in the Average Fluorescence Table 3: Calcium-Dependent Changes in the Rotational Dynamics

Lifetimes of Tryptophaf of Tryptopha#
[LPCJ/[SR] 2 T 3 [0 [LPCV/[SR] z0 o1
(mass/mass) ligand fi  (ns) fo  (ns) fa  (ns) (ns) xw? (mass/mass) ligand (ns)  giro (ns) I Vg
0.0 +EGTA 0.026 0.2 026 21 071 50 41 06 0.0 +EGTA 4.1 0.132 0.9 0.144 1.9
(0.003) (0.1) (0.04) (0.1) (0.04) (0.2) (0.3) (0.3) (0.008) (0.2) (0.002)
+calcuim 0.032 0.2 056 29 041 75 4.7 3.8 tcalcium 4.7 0.162 0.60 0.142 1.6
(0.002) (0.1) (0.08) (0.1) (0.08) (0.5) (0.9) (0.9) (0.003) (0.05) (0.001)
0.2 +EGTA 0.035 0.2 067 33 029 9 49 43
(0.005) (o 1) (0.08) (o 3) (0 08) 2) (1.2) 0.2 +EGTA 4.9 0.12 1.2 0.160 2.9
+calcium 0.034 0.2 068 33 029 9 48 43 (1.2) (0.01) (0.4) (0.002)
(0.004) (o 1) (0.05) (o 1) (0.05) (1) (0.8) +calcium 4.8 0.12 0.9 0.168 2.5

- - - . 0.8) (0.01 0.2 0.003

a Differential phase and modulation were collected at 23 frequencies 0.8 ( ) (02 ( )
between 7.5 and 200 MHz. Excitation was at 298 nm and emission 2 Experimental conditions are as described in the legend to Table 2,
was collected using WG-320 long-pass and Corning 7-51 interference Where numbers in parentheses represent the standard deviation from
filters. Experimental conditions involved 0.1 mg/mL SR in 50 mM two independent measurements. Parameter values are obtained from
MOPS (pH 7.0), 80 mM KCI, 5 mM MgG| and 0.1 mM EGTA. When fitting the data to a sum of exponentials, as previously descrihéd (
appropriate, 0.2 mM Caglor 20 ug/mL LPC was included in the  67).
buffer. Temperature was 2%.

lization of the Ca-ATPase in a state analogous to calcium

of nonsolubilizing concentrations of LPC to native SR activation following incorporation of LPC60Q, 66). Alter-
membranes results in progressive decreases that eventuallyatively, LPC may stabilize the Ca-ATPase in a conformation
abolish these calcium-dependent changes in fluorescencalifferent from that observed in native SR membranes (Tables
signals (Figure 1). The diminished calcium-dependent change2 and 3).
in these fluorescence signals is analogous to previous results Phosphorescence Anisotropy Measurements of Protein
where alterations in the lipid environment surrounding the Rotational DynamicsTo investigate the influence of LPC
Ca-ATPase also have been shown to reduce these calciumen catalytically important motions that have been implicated
dependent changes in fluorescence inten€iy 66). as important to the transport activity of the Ca-ATPdse (

Lifetime and Rotational Dynamics of Tryptophan Side 17), we have measured the rotational dynamics of the
Chains Changes in the average fluorescence intensity of the phosphorylation domain covalently modified with Er-ITC.
thirteen tryptophan residues in the Ca-ATPase could resultEr-ITC has previously been shown to selectively modify
from differences in phospholipid-induced changes in the Lysss,within the phosphorylation domain of the Ca-ATPase,
environment of a minor fraction of tryptophan side chains, without interfering with the catalytic activity associated with
rather than reflecting global structural changes. In contrast, the high-affinity nucleotide binding site86). Furthermore,
fluorescence lifetime decays require changes in the environ-frequency domain measurements of phosphorescence ani-
ment of themajority of the tryptophan side chaing7). We sotropy have been shown to accurately measure membrane
have, therefore, measured the frequency response of therotein rotational dynamics, providing equivalent resolution
tryptophan fluorescence in the presence and absence of addet time domain measurements while avoiding artifacts from
LPC (Table 2). In agreement with previous results, the fluorescence and light scatterin, (17). Thus, dynamic
intensity decay associated with tryptophan can, in all cases,structural changes involving the phosphorylation domain of
be adequately described by a model involving three expo- the Ca-ATPase that result from alterations in lipftotein
nentials 67). Prior to the addition of LPC, calcium activation interactions can be directly measured using frequency domain
results in a shift in the frequency response to lower phosphorescence spectroscopy. In addition, these measure-
frequencies, consistent with the observed 4% enhancemenments permit the resolution of alterations in either interactions
in steady-state fluorescence intensity. The addition of non- between Ca-ATPase polypeptide chains or changes in the
solubilizing concentrations of LPC abolishes the calcium- membrane fluidity, since the rate of overall rotational motion
dependent shift in the frequency response of the fluorescenceof the Ca-ATPase with respect to the membrane normal has
decay, and the calcium-dependent changes in both thebeen shown to be sensitive to both the size of the Ca-ATPase
fractional intensities and lifetime components of the tryp- and the viscosity of the membrane bilayé&7,(68—70).
tophan intensity decay are diminished (Table 2). Thus, the The average phosphorescence lifetime of Er-ITC co-
loss of the calcium-dependent changes in the steady-statevalently bound to the Ca-ATPase was 2@0 50 us
fluorescence intensity of tryptophan is a reflection of irrespective of the presence of LPC (data not shown). This
diminished global conformational changes involving the lifetime is sufficiently long to permit the measurement of
majority of the membrane-embedded tryptophans upon internal domain motions and the overall rotational motion
addition of LPC (Table 2; Figure 1). of the Ca-ATPase with respect to the membrane norval (

Similarly, calcium-dependent changes in tryptophan ro- Resolution of the rotational dynamics of the Ca-ATPase
tational dynamics are abolished upon partitioning nonsolu- involved the measurement of the differential phase and
bilizing concentrations of LPC into these SR membranes modulated anisotropy between 0.1 and 20 kHz. Addition of
(Table 3). These calcium-dependent changes in tryptophanLPC results in a shift in the frequency response of the
rotational dynamics have previously been suggested to reflectmodulated anisotropy and differential phase to lower fre-
steric differences in side chain packing that accompany the quencies (Figure 3), indicating decreased rotational mobility.
reorientation of the transmembrane helidgg (The reduced Irrespective of the addition of LPC, the frequency domain
calcium sensitivity to changes in both the lifetime and anisotropy data can be adequately described by a model
rotational dynamics of tryptophans is consistent with stabi- involving a sum of two exponentials and a residual anisot-
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127 A Table 4: Rotational Dynamics of Er-ITC-Modified Ca-ATPase
Q104
8 4] [LPCV/[SR] ¢ ¢2
o (mass/mass) ro 01 (us) o2 (us) le
g 0 0.34 0.58 6.4 0.18 170 0.08
(0.01) (0.01) (0.5) (0.02) (40) (0.01)
@ 0.2 0.34 0.52 7.4 0.28 170 0.07
& (0.01) (0.01) (0.8) (0.01) (10) (0.01)
*;" a Experimental conditions are as described in the legend to Table 2.
Indicated values represent averages of five independent measurements;
@ standard errors of the mean are indicated in parentheses. Parameter
<o values were obtained by fitting the data to the following equation:
g Alt) = royigie ™ + re.
2o
w0 Table 5: Rotational Dynamics of TMA-DPH
[
e D - W B [LPCJ/[SR]
z 2] ' . (mass/mass) [0 (ns) ro S ¢1(ns)  yR?
01 ! 10 SR Lipids
Frequency (kHz) 0 41401 0.37+£0.01 0.70+0.01 2.44+02 15
Ficure 3: Influence of LPC on the Rotational Dynamics of the 02 4.2+£02 0.38+001 069:001 23+01 08
Ca-ATPaseDifferential phase (A) and modulated anisotropy (B) SR (Fast Exchange Model)
data and corresponding multiexponential fits for native SRsplid 0 44402 0.39+0.01 0.77-0.01 1.8+0.1 04
line) and following the addition of 0.2 mg of LPC per milligram 0.2 45+03 039+001 077001 1.7+02 10
of SR protein @, dashed line). Weighted residuals are shown below SR (Protein-Associated Lipids Calculated
their respective data sets, and correspond to the difference between Assuming Slow Exchange)
the experimental and calculated least-squares fit to the data 0 494+ 0.3 0.39+0.01 0.84+0.01 1.0+£0.2 0.6
normalized by frequency-independent experimental errors that were 0.2 5.4+0.3 0.39+0.01 0.87+£0.01 0.8+03 15

assumed to be 02nd 0.01 for the differential phase and modulated ™ Eyperimental conditions are as described in the legend to Table 2.

anisotropy, respectively. The% values are 0.8 (solid lines) and | gicated values represent averages of two measurements assuming
1.7 (dashed lines). Experimental conditions involved 0.1 mg/mL frequency-independent errors in the phase and modulation to be 0.2

SR in 200 mM MOPS (pH 7.0), 0.1 M K(.:l' 5> mM MgQIZ_ mM and 0.005, respectively. Data were collected at 16 frequencies between
EGTA, and 1.65 mM CaG] the free calcium concentration was 3 and 200 MHz; standard deviations are indicated in parentheses.

approximately 2«M. b Average lifetime of TMA-DPH.¢ Parameter Y/alues were obtained
. . fitting the data to the equatiof(t) = roYigie " + r., whereS =

rOpy’, . ShOWI’l by the randomly weighted reSIduaIS.. A bri/ro]o-5gassel.|rcrj1ing ghomogene%s)popﬁa%ign of membranee?)hospho-
consideration of the temperature dependence of the rotationalipids. ¢ Parameter values for protein-associated lipids were calculated
dynamics of Er-ITC bound to the Ca-ATPase, and compari- assuming slow exchange and that lifetime and rotational dynamics of
son of the Arrhenius activation energies with those associatedthe bulk Iipids not in contact with the Ca-ATPase are identical to that
with lipid dynamics (measured using TMA-DPH), indicate gtr)sgé\éi%g)veswles made from extracted SR lipids (see Experimental
that the measured rotational correlation times correspond to '
the rotational motion of the phosphorylation domagn £ state lifetime and rotational dynamics of TMA-DPH parti-
6 us) and the overall rotational motion of the Ca-ATPase tioned into homogeneous vesicles made from either SR lipids
with respect to the membrane normab & 170 us) (17). or SR membranes. The excited-state lifetime of TMA-DPH
These rotational correlation times are sensitive to changesis longer in native SR membranes (Table 5), suggesting that
in the average structure of either the phosphorylation domain,the presence of the Ca-ATPase alters the polarity near the
alterations in the interactions between Ca-ATPase polypep-bilayer surface. Furthermore, in agreement with previous
tide chains, or changes in membrane fluidi§9,( 71). observations we find that the Ca-ATPase functions to reduce
Likewise, the residual anisotropy. is sensitive to differ- the rotational mobility of membrane phospholipid acyl chains
ences in the average orientation of the phosphorylation (49). These latter results are consistent with earlier sugges-
domain relative to the membrane normd&8( 70). A tions that specific interactions between phospholipid head-
consideration of the fitting parameters for native SR and groups and the Ca-ATPase are functionally import&pt (
following incorporation of LPC indicates that LPC primarily and emphasize that these lifetime and anisotropy measure-
acts to reduce the amplitude,] associated with domain ~ ments are sensitive to changes in lipjgrotein interactions.
motion @1); no significant changes in the rotational correla- It is therefore significant that incorporation of LPC has
tion times or residual anisotropies are observed (Table 4).essentially no effect on the average lifetime or rotational
Thus, these results imply that LPC does not directly modify dynamics of TMA-DPH, irrespective of the presence of the
the average conformation of the phosphorylation domain, Ca-ATPase (Table 5). These observations are furthermore
interactions between Ca-ATPase polypeptide chains, orconsistent with measurements of the overall rotational
membrane fluidity. Rather LPC modulates catalytically dynamics of the Ca-ATPase (see above), which are unaf-
important dynamic structural changes of the phosphorylation fected by the incorporation of LPC (Table 4). Thus, LPC
domain within individual Ca-ATPase polypeptide chains. does not modify the structural dynamics (fluidity) of the

Fluorescence Anisotropy Measurements of Phospholipid phospholipid acyl chains.
Acyl Chain Dynamics Additional resolution of possible
changes in the structure of membrane phospholipids resultingDISCUSSION
from the incorporation of LPC were obtained using frequency  Summary of Resultsdncorporation of nonsolubilizing
domain fluorescence spectroscopy to measure the excitedconcentrations of LPC into native SR membranes reduces
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0.60 catalytic function through changes in the structural dynamics
® of the phosphorylation domain (Figure 4). Furthermore, in
a manner similar to LPC addition, different PE concentrations
do not alter other dynamic structural properties of the Ca-
[ | ATPase or membrane fluidity. The amplitude of the phos-
0.50 O phorylation domain motion has been previously suggested
to be sensitive to the stiffness of the stalk region located
proximal to the membrane surface, whose density is signifi-
cantly altered by calcium bindind.6, 17). Thus, membrane
phospholipids may function to modulate catalytically im-
A portant motions normally involved in the transport cycle of
05 06 07 08 09 10 the Ca-ATPase through the modification of protein structural
ATPase Activity elements critical to conformational coupling.
Ficure 4: Correlation Between ATPase Activity and Rotational Relationship to Preious StudiesThe fluidity of membrane
Dynamics of the Phosphorylation Domain. Amplitude of domain phospholipids has previously been shown to constrain

motion (i.e.,g;; see Table 4) and corresponding enzymatic activities . . . . .
for the ((:a_ A?'erase in nati\Ze SR meml?ran.ﬁ;%nd fgllowing the catalytically important motions associated with Ca-ATPase

addition of 0.2 mg of LPC per milligram of SR proteim, Data  function (72—75). For example, the length of the phospho-
corresponding to the Ca-ATPase reconstituted into vesicles contain-lipid acyl chains must complement that of the transmembrane

ing 0, 25, and 50 mol % phosphatidylethanolamid@ 4re obtained  sequences of the Ca-ATPase in order to minimize hydro-
from ref 5. phobic mismatch and prevent aggregation between Ca-
the maximal transport rate of the Ca-ATPase without ATPase polypeptide chaing&—77). However, within liquid
affecting (i) maximal coupling efficiency between ATP crystalline bilayers lipid fluidity is not a primary factor in
hydrolysis and calcium transport, (i) apparent calcium determining enzyme function, as changes in phospholipid
affinity, or (iii) cooperative interactions between high-affinity composition modulate Ca-ATPase function in a manner
calcium binding sites (Figure 2; Table 1). There are corre- independent of acyl chain rotational dynami@8-{79). It
sponding decreases in rotational mobility of the phospho- has therefore been suggested that differences in the interac-
rylation domain (Figure 3), suggesting the structural coupling tions between membrane phospholipids may modulate
between the nucleotide binding and phosphorylation sites inmembrane protein function through changes in the lateral
the cytosolic region and the spatially distant transmembranetension or elastic stress of the bilay8 80). Alternatively,
helices in contact with membrane lipids. At the same time, interactions between specific membrane phospholipids and
LPC does not significantly alter either the rate of overall the Ca-ATPase have been suggested to be critical to the
rotational motion of the Ca-ATPase with respect to the optimal function of a range of different membrane proteins,
membrane normal or the lipid acyl chain rotational dynamics including the Ca-ATPasel{—18, 81). However, the weak
(Tables 4 and 5), indicating that interactions between neither binding affinities of different membrane phospholipids to the
Ca-ATPase polypeptide chains nor lipid fluidity are affected Ca-ATPase are very similar irrespective of headgroup or acyl
by LPC 68, 70). chain structure 19), suggesting essentially no selective
Lipid—Protein Interactions and Ca-ATPase Functioh binding interactions between membrane phospholipids and
similar relationship between catalytic function and the the Ca-ATPase. In contrast the membrane surface potential,
rotational dynamics of the phosphorylation domain is which is sensitive to differences in the average conformation
observed upon reconstitution of the Ca-ATPase in the of membrane phospholipid headgroups relative to the
presence of variable amounts of PE, which was altered membrane normal, is expected to be altered by the phos-
between 0% and 50% (mol/mol) of the membrane phospho- pholipid headgroup compositiol§, 24, 43).
lipids (5) (Figure 4). DOPE (50%) was found to be necessary  Previous studies have shown that van der Waals contact
to obtain rates of ATP hydrolysis that approximate that interactions between phospholipid acyl chains function to
observed in native SR membranes (which contain 1%  constrain the cross-sectional area available to the phospho-
4% PE; ref59) in these earlier experiments involving the lipid headgroup, which undergoes rapid rotational motion
reconstitution of affinity-purified Ca-ATPase with variable around the C(1)yC(2) bond of the glycerol backbone relative
amounts of DOPE and DOPG)( suggesting that this simple  to the membrane normal; this rotational motion is essentially
lipid composition can substitute for native SR lipids. Thus, uncoupled from the slower rotational motion of the phos-
increasing the amount of PE functions émhanceboth pholipid acyl chains relative to the membrane nornZe, (
enzymatic activity and the amplitude of rotational motion 82, 83). Therefore, the remarkable lack of effect on the
involving the phosphorylation domain of the Ca-ATPase. In dynamics of fatty acyl chains by either 20% (mass/mass)
contrast, addition of LPC to native SR membranes functions LPC in native SR or variations in PE content in reconstituted
to reduce both enzymatic activity and the amplitude of proteoliposomes suggests that primary effects of LPC on
domain motion. These results indicate that PE headgroupsfunction are the result of changes in headgroup conformation
and LPC have opposite effects on enzymatic activity and and concomitant modifications of membrane surface poten-
the rotational dynamics of the phosphorylation domain of tial. Membrane surface potential, in turn, has the potential
the Ca-ATPase, as is expected since they have oppositdo alter conformational barriers of catalytically important
effects on membrane surface structure. However, the similarmotions of the Ca-ATPase and thus modifying transport
relationship between the amplitude of domain motion and function 22—26, 84, 85).
the enzymatic activity of the Ca-ATPase suggests that a Physiological SignificanceThe precise role of lysophos-
number of different membrane phospholipids can modulate pholipids in membrane signaling remains unclear, and may

0.454

Amplitude of Domain Motion
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involve the direct modulation of the functional properties of 9.
ion channels and electrogenic ion pum@6-{90). However,
with the exception of gramicidin, whose oligomeric state is 10.
modulated by LPC, there is currently little structural infor- ;4
mation regarding the modulation of membrane protein
function by LPC 00). In this respect, the Ca-ATPase 12.
represents both a model system for studies of LPC modula-
tion of active transport as well as a potential cellular target
of LPC. The structural coupling between LPC and the 14
phosphorylation domain of the Ca-ATPase provides direct g
evidence that changes in membrane phospholipid composi-
tion can modulate the structure and function of membrane 16.
proteins. In addition, LPC itself may play a role in promoting
cellular survival under conditions of oxidative stress mediated 17-
by the Ca-ATPase. For example, during ischemia and 8
reperfusion in cardiomyocytes, reactive oxygen species
(ROS) selectively oxidize highly unsaturated phospholipid 19
acyl chains, which are primarily located at th@2 position
of membrane phospholipids. Subsequent cleavage of the 20.
oxidatively modified fatty acyl chain by phospholipase A 21
(PLA,) is modulated by intracellular calcium concentrations '
either directly or through calmodulir29). Thus, the inhibi- 22
tion of the Ca-ATPase following generation of LPC under
conditions of oxidative stress has the potential to prolong 23.
the activation of PLA necessary for membrane remodeling
by increasing the length of the calcium transient. Following
the generation of LPC there is a substantial increase in PE 55
levels B0, 32, 91), which has the potential to activate the 2g.
Ca-ATPase through modulation of its phosphorylation
domain and thus restoring calcium homeostasis (Figure 8) 27.
(5). Similar increases in PE levels have also been observed
under other conditions of oxidative stress (i.e., chronic ,g
administration of ethanol)92—93), suggesting that physi-
ological changes in lipid composition resulting from arange 29.
of physiological stimuli may play an adaptive role in
modulating intracellular calcium transients. 30.
Conclusions and Future Directiong/e have demonstrated 1
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