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ABSTRACT: We have previously shown that the basic, amphipathic peptide melittin inhibits the Ca-ATPase 
of the sarcoplasmic reticulum membrane by inducing large-scale aggregation of the enzyme via electrostatic 
cross-linking. To better understand the physical mechanism by which melittin-induced Ca-ATPase 
aggregation inhibits the enzyme, we have performed time-resolved phosphorescence anisotropy (TPA) 
and steady-state fluorescence experiments in combination with enzyme kinetic assays, utilizing (1) native 
and charge-modified melittin in order to characterize the peptide charge dependence of the melittin-SR 
interaction, and (2) various calcium levels in order to define the effect of melittin on the enzyme’s E l  and 
E2 conformational equilibrium. TPA results showed that decreasing melittin’s positive charge dramatically 
decreases the ability of the peptide to aggregate the enzyme, which correlates with a reduced potency of 
the modified peptide to inhibit enzymatic activity. Steady-state fluorescence of fluorescein isothiocyanate- 
labeled Ca-ATPase showed that melittin reduces Ca-ATPase affinity for calcium by shifting the enzyme’s 
E l  -E2 conformational equilibrium toward E2, but increasing calcium progressively reverses this shift. 
Kinetic experiments showed that melittin does not prevent ATP-dependent enzyme phosphorylation, but 
it completely inhibits Pi-dependent EP formation and substantially slows Pi release during steady-state 
cycling. We conclude that melittin-induced aggregation of the Ca-ATPase depends on the electrostatic 
interaction of the peptide with cytoplasmic Ca2+-dependent sites on the enzyme, and that enforced Ca- 
ATPase protein-protein interactions inhibit the conformational transitions that facilitate phosphoenzyme 
hydrolysis. 

The Ca-ATPase in fast-twitch skeletal sarcoplasmic reticu- 
lum (SR)’ is a transmembrane protein of approximately 110 
kD, which couples the transport of 2 mol of Ca2+ across the 
SR membrane per mole of ATP hydrolyzed (Inesi, 1985). 
A thoroughly tested and widely accepted model for the Ca- 
ATPase enzymatic cycle is shown in Scheme 1. In this 
model, the enzyme cycles between two fundamental con- 
formations, E l  and E2, which couple ATP hydrolysis to 
calcium transport via differences in their affinities and 
vectorial specificities for ATP and Ca2+. In the absence of 
substrates and/or ligands, the enzyme is in equilibrium 
between E l  and E2 (step 8), but micromolar calcium shifts 
this conformational equilibrium [& x 1 x 10l2 M-2 (Alonso 
& Hecht, 1990)] strongly toward E l ,  forming Ca2*E1 (Inesi, 
1985; Froud & Lee, 1986; Wakabayashi et al., 1990). ATP 
binds rapidly and with high affinity to Ca2*E1 [step 1, 
(DuPont, 1980)], and a conformational change [CayEl*ATP 
to CayEl’*ATP (step 2)] activates the enzyme (Coan & Inesi; 
1977; Petithory & Jencks, 1986; Obara et al., 1988; Lewis 
& Thomas, 1992) for ATP-dependent phosphoenzyme 
formation (Froehlich & Taylor, 1975; Petithory & Jencks, 
1986). Calcium is translocated across the membrane (step 
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4) by a conformational change that isomerizes CayElP to 
CayE2P (Froehlich & Heller, 1985). Following the release 
of calcium (step 5) from the enzyme into the SR lumen 
(Beeler & Keffer, 1984), E2P is hydrolyzed (step 6) to E2Pi 
(de Meis, 1988; Wictome et al., 1992; Obara et al., 1988), 
after which Pi and Mg2+ are released [step 7 (de Meis, 1988)l. 

Extensive physical studies of skeletal SR have shown that 
the rotational dynamics of the Ca-ATPase have a substantial 
impact on Ca-ATPase activity (Thomas & Mahaney, 1993; 
Thomas & Karon, 1994), due to a requirement for dynamic 
changes in the oligomeric state of the enzyme during key 
steps the enzymatic cycle (Mahaney et al., 1994; Kaon et 
al., 1994; Karon & Thomas, 1993; Bigelow et al., 1992; 
Martonosi et al., 1990; Squier & Thomas, 1988; Vanderkooi 
et al., 1977). Saturation transfer EPR studies of Ca-ATPase 
rotational dynamics (Thomas & Hidalgo, 1978; Bigelow et 
al., 1986) have shown that enzymatic activity correlates with 
the protein’s rotational mobility, such that perturbations that 
decrease (increase) the Ca-ATPase mobility inhibit (enhance) 
enzymatic activity (Lewis & Thomas, 1986; Bigelow & 
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stored in liquid nitrogen until use. All preparation was done 
at 4 "C. SR vesicles prepared in this fashion were typically 
70% Ca-ATPase, determined by SDS-PAGE, and contained 
approximately 80 mol of phospholipid per mole of Ca- 
ATPase, determined by phosphorous assays (Chen et al., 
1956). The SR vesicles prepared in this fashion are also 
predominantly right side out, as described by Campbell 
(1986). 

SR Ca-ATPase activity was measured at 25 "C using an 
enzyme-linked, continuous ATPase assay, in the standard 
buffer with the addition of 20 ,ug/mL SR, 0.42 mM 
phosphoenolpyruvate, 0.15 mM NADH, 7.5 IU of pyruvate 
kinase, and 18 IU of lactate dehydrogenase. MgATP was 
added to start the assay, and the absorbance of NADH was 
monitored at 340 nm to determine the rate of ATP hydrolysis. 
All activity measurements were performed in the presence 
of 1 pg/mL of the ionophore A23187, which was added to 
SR prior to the start of the assays. Addition of the ionophore 
allows the Ca-ATPase activity to be measured in the absence 
of a Ca gradient, so that any vesicle leakiness produced by 
the addition of melittin will not affect the activity measured 
(Bigelow & Thomas, 1987). The activity measured in the 
presence of ionophore gives a maximal Ca-ATPase activity, 
since the enzyme does not have to work against a concentra- 
tion gradient. SR protein concentrations were determined 
by the biuret assay (Gornall et al., 1949) using bovine serum 
albumin as a standard. 

Melittin was purified by HPLC in the presence of 4 M 
urea, as described by Wille (1989), with the modifications 
outlined previously (Voss et al., 1991). Acetylation of the 
three lysine residues and the C-terminal amide on melittin 
was performed as described by Dufton et al. (1984). The 
fraction of melittin bound to SR was measured by melittin 
tryptophan fluorescence in the supernatant following cen- 
trifugation sedimentation of the SR vesicles, as described 
previously (Voss et al., 1991). Consistent with previous 
findings (Voss et al., 1991), nearly all native melittin added 
to SR binds to the vesicles. Acetylated melittin bound to 
SR with 12 f 2% less potency than native melittin. To 
normalize for this difference, all melittin data report the 
amount of peptide bound per Ca-ATPase enzyme. Samples 
containing melittin were prepared by preincubating SR with 
the peptide in the experimental buffer for 20 min at room 
temperature, with intermittent gentle vortexing. 

Ca-ATPase Labeling. For fluorescence and phosphores- 
cence experiments, the Ca-ATPase in SR vesicles was 
labeled with FITC or ErITC, respectively, as described 
previously (Birmachu & Thomas, 1990). This procedure 
specifically labels Lys 515 on the Ca-ATPase, and results 
in enzyme inactivation, probably due to the labels' occupa- 
tion of the nucleotide binding site (Birmachu & Thomas, 
1990). However, extensive studies with skeletal SR labeled 
at this site with FITC show that the enzyme is otherwise 
unperturbed, has normal calcium binding, and goes through 
the normal calcium-pumping enzymatic cycle with less bulky 
substrates such as acetyl phosphate (Teruel & Inesi, 1988). 
Therefore, the conformational dynamics of FITC-SR are 
probably representative of the unlabeled protein, and, given 
the structural similarity between FITC and ErITC, the 
rotational dynamics of ErITC-SR are probably representative 
of the unlabeled protein. Labeled samples were kept on ice 
and used the same day for spectroscopic measurements. 

Thomas, 1987; Squier & Thomas, 1988; Squier et al., 
1988a,b). Time-resolved phosphorescence anisotropy (TPA) 
measurements (Thomas, 1986; Birmachu & Thomas, 1990) 
of the Ca-ATPase oligomeric state show a strong correlation 
between conditions that inhibit Ca-ATPase activity and those 
that promote protein association, including some perturba- 
tions that have negligible effects on lipid fluidity (Birmachu 
& Thomas, 1990; Karon & Thomas, 1993; Karon et al., 
1994). 

We have previously investigated the effects of melittin, a 
basic amphipathic peptide from bee venom [reviewed by 
Dempsey (1990)], on Ca-ATPase dynamics and function 
using P A  (Voss et al., 1991) and EPR (Mahaney & Thomas, 
1991; Mahaney et al., 1992), and these studies indicated that 
melittin binding to SR membranes inhibits Ca-ATPase 
activity by substantially increasing ATPase-ATPase as- 
sociation. Our results suggested a model for melittin-induced 
Ca-ATPase inactivation where the hydrophobic portion of 
the peptide partitions at the bilayer surface with its hydro- 
philic and basic portion free to interact with acidic residues 
on the cytoplasmic domain of the enzyme and thus electro- 
statically cross-link the ATPase into large aggregates. 

Since the rotational dynamics and oligomeric state of the 
Ca-ATPase play a key role in modulating calcium uptake, it 
is important to understand the underlying mechanism relating 
these physical properties to the enzyme's kinetic behavior. 
Therefore, in the present study, we have investigated the 
physical and kinetic bases for the melittin-induced inhibition 
of Ca-ATPase activity. Since melittin is structurally analo- 
gous to the endogenous regulatory peptide, phospholamban, 
associated with the cardiac SR Ca-ATPase (Simmerman et 
al., 1986), and the autoregulatory domain of the plasma 
membrane Ca-ATPase (Vorherr et al., 1992), the results of 
this study provide insight into the mechanism of Ca-ATPase 
regulation by these physiological agents. 

MATERIALS AND METHODS 

Reagents and Solutions. Erythrosin-5-isothiocyanate 
(ErITC) was obtained from Molecular Probes, Inc. (Eugene, 
OR) and stored in DMF at -70 "C. ATP, bee-venom 
melittin (approx. 85% pure), catalase, glucose, glucose 
oxidase type IX, and poly(L-lysine) (MW 3200-3800) were 
obtained from Sigma Chemical Co. (St. Louis, MO). [Y-~~PI -  
ATP and [y-32P]P043- were obtained from New England 
Nuclear (Boston, MA), All other reagents were of the 
highest purity available. Assays and spectroscopic experi- 
ments were carried out at 25 "C in a buffer containing 60 
mM KC1, 1 mM MgC12, 50 mM MOPS, pH 7.0, and either 
0.1 mM CaC12 or 10 mM EGTA plus a sufficient amount of 
CaC12 to provide a given ionized calcium level. The free 
calcium concentrations of these buffers were determined 
using software developed by Fabiato (1988). 

Preparations and Assays. Sarcoplasmic reticulum (SR) 
vesicles were prepared from the fast twitch skeletal muscle 
of New Zealand white rabbits (Femandez et al., 1980). The 
vesicles were purified on a discontinuous sucrose gradient 
(Lewis & Thomas, 1992) to remove heavy SR vesicles 
(junctional SR containing calcium release proteins). Purified 
light and intermediate SR vesicles were harvested and then 
pelleted in 20 mM MOPS, pH 7.0. The pellets were 
resuspended in 0.3 M sucrose and 20 mM MOPS, pH 7.0 
(henceforth denoted sucrose buffer), rapidly frozen, and 
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Enzyme Phosphorylation Using Pi. Prior to phosphoryl- 
ation, SR vesicles (0.5 mg/mL,) were suspended in a buffer 
containing 10 mM MgClz, 2 mM EGTA, and 100 mM 
MOPS, pH 6.8. To initiate the phosphorylation reaction, 
an equal volume of 8 mM [32P]Na~HP04 in the same buffer 
was added to the SR vesicles and vortexed. The reaction 
was quenched after 5 min by the addition of 3% perchloric 
acid -I- 2 mM H3P04 (final concentrations). The quenched 
vesicles were pelleted in a tabletop centrifuge and then 
washed three times with a solution of 5% trichloroacetic acid, 
4 mM H3P04, 6 mM polyphosphate, and 5 mM cold ATP. 
The final pellets were dissolved in 2 mL of 1 N NaOH 
overnight, and the [32P]phosphoenzyme was assayed by 
counting the Cerenkov radiation. 

Optical Spectroscopy. The experimental and analytical 
procedures for TPA of skeletal SR have been described in 
detail previously (Birmachu & Thomas, 1990; Birmachu et 
al., 1993). Oxygen was enzymatically removed from the 
TPA samples with 100 pg/mL glucose oxidase, 15 pg/mL 
catalase, and 5 mg/mL glucose, according to the method of 
Eads et al. (1984). Deoxygenation was carried out in a sealed 
cuvette (0.3 x 1.0 cm) containing 0.2-0.4 mg/mL SR 
protein for 10-15 min prior to phosphorescence data 
collection. The spectrometer used to obtain time-resolved 
phosphorescence anisotropy (TPA) decays was described 
previously (Ludescher & Thomas, 1988). The phosphores- 
cence anisotropy decay r(t) is given by 

Voss et al. 

IVV - r ( t )  = 
‘vv + 2Gzvh 

where Zvv and Ivh are the time-dependent decays of the 
phosphorescence intensities observed through polarizers 
oriented parallel and perpendicular, respectively, to the 
vertically polarized excitation pulse. G is an instrumental 
correction factor determined by measuring the anisotropy of 
free dye in solution under experimental conditions. TPA 
decays of ErITC-labeled Ca-ATPase were detected and 
signal-averaged for 20 loops, each consisting of 2000 
acquisitions of I ,  and 2000 acquisitions of Ivh. The laser 
repetition rate was 100-200 Hz, so a typical measurement 
lasted about 10 min. Fluorescence spectra of FITC-labeled 
Ca-ATPase in SR were obtained with a SPEX Fluorolog I1 
fluorometer using an excitation wavelength of 495 nm and 
an emission wavelength of 525 nm. 

TPA Data Analysis. TPA decays were analyzed as 
reported previously (Birmachu & Thomas, 1990), using a 
nonlinear least-squares fit to a sum of exponentials plus a 
constant: 

where & are rotational correlation times, Ai are the normal- 
ized amplitudes (riho), A ,  is the normalized residual anisot- 
ropy ( r h o ) ,  and ro is the initial anisotropy [ r (0)  = ro = Zri 
+ r,]. The goodness-of-fit for the anisotropy decays was 
evaluated by comparing x2 values for the multiexponential 
fits and by comparing plots of the residuals (the difference 
between the measured and the calculated values). 

It has been shown previously (Birmachu & Thomas, 1990) 
that the TPA of ErITC-SR is dominated by the uniaxial 
rotation of the labeled Ca-ATPase about an axis normal to 

the bilayer. For this model, each different rotational diffusion 
coefficient should give rise to a biexponential decay com- 
ponent [Kinosita et al., 1984; reviewed by Thomas (1986)], 
but it has been shown that a single-exponential approximation 
is sufficient to describe the decay for each rotating species 
in ErITC-SR (Birmachu & Thomas, 1990). As long as the 
probe orientation relative to the protein is the same for all 
proteins, the mole fraction (f;) of probes in the ith rotating 
species, having rotational correlation time 4i, is given by 

wherefr is the fraction of probes (proteins) that are immobile 
on the time scale of the experiment (Birmachu et al., 1993). 
A d  is the residual anisotropy of a reference sample for which 
fr = 0 and describes the extent to which the probe’s motion 
is restricted in angular range, due to the fixed angles e,,, 
and 8, of the probe’s absorption and emissions transition 
moments relative to the membrane normal: 

where P z ( x )  = ( 3 2  - 1)/2, and 8, is the angle between the 
absorption and emission transition moments (Lipari & Szabo, 
1980). A d  has been shown to be 0.22 for ErITC-Ca-ATPase 
in skeletal SR (Birmachu & Thomas, 1990). 

The rotational diffusion coefficient (D,) for uniaxial 
rotation of a cylindrical membrane protein can be expressed 
as a function of the membrane lipid viscosity (r) ,  the 
temperature (T) ,  and the effective radius ( a )  of the portion 
of the protein in the bilayer (Saffman & Delbriick, 1975): 

kT 1 
4 m 2 h q  4 

D,=- oc- 

where h is the thickness of the hydrocarbon phase of the 
lipid bilayer. Thus, the rotational correlation time (inversely 
proportional to the diffusion coefficient) should be propor- 
tional to the lipid viscosity (inverse of fluidity) and to the 
intramembrane cross-sectional area (nu2)  of the rotating 
protein. This theory relating protein size and lipid fluidity 
to protein rotational mobility is supported by previous studies 
on the Ca-ATPase as measured by both ST-EPR (Squier et 
al., 1988a,b) and phosphorescence anisotropy (Birmachu & 
Thomas, 1990). Mahaney and Thomas (1991) have shown 
that melittin binding to SR membranes has only small effects 
on the bilayer fluidity (Tlq), and these changes are much 
too small to account for melittin-induced changes in Ca- 
ATPase rotational mobility. Therefore, any melittin-depend- 
ent changes in the observed rotational correlation times must 
be due to changes in the effective radius ( a  in eq 5 )  of the 
rotating protein. The only plausible source of large changes 
in protein size in SR is protein association into different sized 
oligomers, with the rotational correlation time 4i roughly 
proportional to the size of the oligomer (Birmachu & 
Thomas, 1990). Thus the distribution of oligomeric species 
is given by the fractions5 (eq 3). The fraction of proteins 
in immobile speciesfr, determined from the residual anisot- 
ropy A,, thus corresponds to protein aggregates so large that 
they undergo little or no rotational diffusion in the 1-ms time 
window of the TPA experiment. Since the correlation time 
of a Ca-ATPase monomer or dimer is on the order of 10- 
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FIGURE 1: Effect of acetylated melittin (O), native melittin (W), 
and native melittin after preincubation of SR at 0.01 pM Ca2+ (A), 
on Ca-ATPase activity at 25 "C. Enzyme-linked ATPase assays 
were measured in a buffer containing 10 pM Ca2+ as described 
under Materials and Methods. Errors represent the standard error 
of the mean from five separate experiments. 
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FIGURE 2: Time-resolved phosphorescence anisotropy decays of 
ErITC-labeled Ca-ATPase in SR vesicles at 25 "C. (A) Control 
SR without added melittin; (B) SR with 10 mol of acetylated 
melittin bound per mol of Ca-ATPase; (C) SR with 10 mol of native 
melittin bound per mol of Ca-ATPase enzyme; (D) SR preincubated 
with 10 mol of native melittin per mol of Ca-ATPase in the presence 
of 0.01 pM Ca2+ and then transferred into the standard experimental 
solution containing 10 pM Ca2+. 

20 ps, these immobile aggregates must contain more than 
10 Ca-ATPase molecules (Birmachu & Thomas, 1990; Voss 
et al., 1991; Birmachu et al., 1993). 

RESULTS 

Melittin Inhibits Ca-ATPase Activity and Enzyme Rota- 
tional Mobility. Melittin binding to SR strongly inhibits Ca- 
ATPase activity, with 50% inhibition occurring at about 8 
mol of melittin per mol of ATPase (Figure 1). Melittin 
binding to SR also substantially decreases the rotational 
mobility of the Ca-ATPase. The TPA decays obtained from 
ErITC-labeled Ca-ATPase in Figure 2 show that the anisot- 
ropy of the enzyme in the presence of 10 mol of melittin 
per mol of ATPase (trace C) is greater than in control SR 
membranes without added melittin (Trace A). We have 
previously demonstrated (Voss et al., 1991) that melittin 
affects the component amplitudes (A, in eq 2) but not the 
component rates (l& in eq 2) of the anisotropy decay; that 
is, melittin decreases Ca-ATPase rotational mobility by 
aggregating smaller, more mobile enzyme units into larger, 
less mobile enzyme units, rather than slowing the rates at 
which each component rotates (Mahaney & Thomas, 1991). 

In a previous study, we found that increasing the ionic 
strength of the incubation medium decreases melittin-induced 
inhibition of both Ca-ATPase inhibition and aggregation. 
Given that there is only a trace amount of acidic lipids in 
SR (Hidalgo, 1987) that could interact directly with melittin, 
and that the Ca-ATPase is the predominant protein species 
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FIGURE 3: Dixon plots showing that melittin is an uncompetitive 
inhibitor of the Ca-ATPase. The concentration of bound melittin 
is given on the abscissa. Enzyme-linked ATPase assays were 
performed at 25 "C in a buffer containing 10 pM Ca2& as described 
under Materials and Methods. The lines are the best fit by least- 
squares analysis to the data at each ATP concentration, and the 
apparent KI, 1.8 k 0.5 pM, was determined as described under 
Results. Errors represent the standard deviation of three separate 
measurements. 

in our SR preparation (70% total protein), this result 
suggested that electrostatic interaction between melittin's 
basic charges and known acidic residues on the Ca-ATPase 
stalk domain (Asturias et al., 1994) plays a primary role in 
melittin-induced enzyme inhibition (Voss et al., 1991). In 
the present study, we tested the electrostatic interaction 
proposal directly by studying the efficacy of a charge- 
modified melittin to inhibit and aggregate the enzyme. For 
this experiment, we reduced the basic charge on melittin from 
+5 to +2 by acetylating the peptide (Dufton et al., 1984). 
Acetylated melittin (a) inhibits ATPase activity with only 
half the potency of native melittin (Figure 1) and (b), at 10 
moles bound per mole ATPase, increases the anisotropy of 
the enzyme (Figure 2, trace B) to only half the extent as 
native melittin (Figure 2, trace C) relative to control enzyme 
without added melittin (Figure 2, trace A), consistent with 
the proposal that melittin's basic residues play an important 
role in its ability to inhibit and aggregate the Ca-ATPase. In 
fact, decreasing the positive charge on melittin protects Ca- 
ATPase mobility (Figure 2) and activity (Figure 1) to the 
same extent (50%), strengthening our previous conclusion 
that melittin binding to SR inhibits the Ca-ATPase by 
converting optimally active Ca-ATPase monomers and small 
oligomers into inactive large-scale aggregates (Voss et al., 
1991; Mahaney & Thomas, 1991). Since melittin-induced 
aggregation of the Ca-ATPase correlates with the loss of 
ATPase activity, we next investigated the mechanistic 
consequences of melittin-induced Ca-ATPase aggregation. 

Melittin Is an Uncompetitive Inhibitor of the ATPase. In 
order to characterize the mechanism of melittin's inhibition 
of the Ca-ATPase, we measured the inhibitory effects of 
melittin at several ATP concentrations. The Dixon plot of 
these data (Figure 3) indicates that melittin is an uncom- 
petitive inhibitor of the Ca-ATPase (Segel, 1976), with an 
apparent Ki of 1.8 & 0.5 pM. As an uncompetitive inhibitor 
of the enzyme, melittin should inhibit V,, and decrease K,. 
To test this, we measured the inhibitory effects of the peptide 
over a large ATP concentration range (0.001, 0.005, 0.01, 
0.05, 0.1, 0.5, and 1.0 mM). Melittin reduced ATPase 
activity over the entire ATP concentration range and analysis 
of the double-reciprocal plot of the V vs [ATP] data (Segel, 
1976) confirmed that the peptide (at 10 mol of melittin per 
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Table 1: Effect of Melittin (MLT) on the Fluorescence Intensity of 
FITC-LSR at 25 “C“ 

7.0 6.5 6.0 5.5 5.0 

PCa 
FIGURE 4: Effect of melittin on the Ca2+-dependence of Ca-ATPase 
activity. SR vesicles were preincubated either without melittin (0) 
or with 10 mol of melittin per mol of ATPase (U) and assayed for 
activity at the indicated ionized Ca2+ concentration using the 
enzyme-linked assay described under Materials and Methods. The 
dashed lines indicate the Ca2+ concentration where Ca-ATPase 
activity was 50% the maximal level. Errors represent the difference 
between two separate measurements. 

~~ 

E2 

+ MELlTnN 
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FIGURE 5: Effect of calcium and melittin on the Ca-ATPase El- 
E2 conformational equilibrium, as measured by the relative 
fluorescence intensity of FITC bound to Lys 515 on the enzyme. 
FITC-SR vesicles were preincubated either without melittin (0) or 
with 10 mol of melittin per mol of ATPase (U) and analyzed at 
the indicated ionized Ca2+ concentration. Errors represent the 
standard deviation of three separate measurements. 

mol of ATPase) inhibited V,, by 45% and decreased K,,, 
by 36%. 

Melittin Reduces the Ca-ATPase’s Calcium Aflnity. We 
measured melittin’s effects on the calcium concentration 
dependence of the Ca-ATPase activity (Inesi, 1985). Figure 
4 shows that at each Ca2+ concentration studied, melittin (at 
a level of 10 mol of melittin per mol of Ca-ATPase) reduces 
ATPase activity relative to the control enzyme in the absence 
of melittin. Comparison of the KC, (dashed lines, Figure 4) 
in the absence and presence of melittin shows that the peptide 
shifts the calcium concentration dependence of ATPase 
activity by nearly 0.25 pCa units, consistent with the 
interpretation that melittin reduces the enzyme’s affinity for 
calcium. 

Melittin Shifts the Ca-ATPase E l  -E2 Conformational 
Equilibrium. The steady-state fluorescence emission of 
fluorescein isothiocyanate (FITC) bound to Lys 515 of the 
Ca-ATPase has been shown to be a sensitive measure of the 
E l  -E2 conformational equilibrium (Froud & Lee, 1986). 
In response to increasing Ca2+ concentration, the relative 
FITC fluorescence of the control enzyme without added 
melittin decreased (Figure 5) as the conformational equilib- 
rium of the enzyme shifted toward the El  state. The addition 
of melittin (at a level of 10 mol of per mol of ATPase) to 
FITC-SR incubated at various Ca2+ concentrations increased 
the fraction of enzyme in the E2 state at each Ca2+ level. 

FITC-LSR sample 
(ionized TCa2+1) Intensity ( x  lo-’) AF (cord 

initial 100pM Ca (100 mM) 
add 0.5 mM EGTA (100 nM) 
initial 100 mM Ca (100 pM) 
add 1O:l MLT (100pM) 
after 5 min incubation 
after 20 min incubation 
add 0.5 mM EGTA (100 nM) 
after 5 min incubation 
after 20 min incubation 
initial 1 mM EGTA (0) 
addlmMCa(100pM) 
initial 1 mM EGTA (0) 
add 1O:l MLT (0) 
after 5 min incubation 
after 20 min incubation 
add 1 mM Ca (100 pM) 
after 5 min incubation 
after 20 min incubation 

5.02 f 0.16 
5.27 f 0.09 
4.98 f 0.21 
4.85 f 0.13 
4.85 f 0.14 
4.85 f 0.10 
4.85 f 0.15 
4.98 f 0.09 
5.32 f 0.01 
5.51 f 0.01 
5.04 f 0.01 
5.31 f 0.08 
5.20 f 0.05 
5.34 f 0.08 
5.80 f 0.15 
5.70 f 0.18 
5.70 f 0.20 
5.70 f 0.25 

8% 

0% 
0% 
0% 
0% 
3% 

10% 

-6% 

1% 
4% 

12% 
11% 
11% 
11% 

YIntensity of FITC-LSR fluorescence measured as described under 
Materials and Methods. The samples were prepared in a buffer 
containing either 100 pM Ca2+ or 1 mM EGTA (designated “initial”), 
and subsequent additions of either melittin (denoted MLT), EGTA, or 
Ca2+ were made as indicated. The ionized calcium concentration (given 
in parentheses after each sample) was calculated as described previously 
(Voss et al., 1994). The total intensity represents the average of 2-3 
experiments, and the errors listed are either the standard deviations ( n  
= 3) or the difference from the mean (n = 2). AF (corr) is percent 
change ( F  - FdFo) from control (either 100 pM Ca or 1 mM EGTA) 
corrected for the effects of sample dilution (AFdii = 3%), which was 
calculated by adding an equal volume of water to the sample under 
experimental conditions. 

However, above 1 pM Ca2+, melittin became less effective 
at shifting the conformation toward E2, and by 10 p M  Ca2+ 
the peptide was unable to shift the enzyme conformation 
toward E2 at all. The results of Figure 5 provide a physical 
basis for the observed shift in the enzyme’s calcium 
affinity: more calcium is required to overcome the melittin- 
induced shift of the enzyme’s E l  -E2 equilibrium toward 
E2. Figure 5 also suggests that melittin’s interaction with 
the Ca-ATPase may be dependent on ATPase conformation. 

Ca-ATPase Conformation Affects the Potency of Melittin 
Inhibition. Since melittin shifted the enzyme’s El  -E2 
conformational equilibrium toward E2 more strongly at low 
Ca2+ concentration than at high Ca2+ concentration, which 
shifts the control enzyme toward El ,  we tested whether 
melittin preferentially interacts with the enzyme in the E2 
form relative to the El  (Table 1). We found that addition 
of 0.5 mM EGTA to FITC-SR in the presence of 100 p M  
Ca2+ (change in Ca2+ concentration from 100 pM to 100 
nM) increased FITC fluorescence by 8%, consistent with a 
shift in the El  -E2 conformational equilibrium toward E2 
(Karon et al., 1994). This change was instantaneous and 
stable over 60 min of observation. Addition of 1.1 mM 
CaC12 to FITC-SR in the presence of 1 mM EGTA (change 
in Ca2+ concentration from 0 to 100 pM) decreased FITC 
fluorescence by 6%, consistent with a shift in the El-E2 
conformational equilibrium toward El  (Karon et al., 1994). 
As before, the change was instantaneous and stable over 60 
min of observation. The addition of 10 mol of melittin per 
mol of ATPase did not affect the intensity of FITC-SR in 
the presence of 100 pM Ca2+ (’99% El ;  Alonso & Hecht, 
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1990), even after 20 min. However, in response to the 
addition of EGTA after melittin, the fluorescence intensity 
increased in a time-dependent manner to lo%, a level which 
is greater than that induced by the addition of EGTA alone 
(Table 1). The addition of 10 mol of melittin per mol of 
Ca-ATPase to FITC-SR in the presence of 1 mM EGTA 
(which favors the E2 conformation) induced an initial 
increase (1 %) in the fluorescence intensity, and the intensity 
continued to increase in a time-dependent manner, reaching 
12% at 20 min after the addition of melittin. Subsequent 
addition of 1.1 mM CaC12 had no significant effect on the 
fluorescence intensity. All of the values listed in Table 1 
are shown corrected for the effects of sample dilution caused 
by successive additions of reagents (see Table 1). These 
results demonstrate that melittin has no effect on the E l  
conformation of the enzyme and does not block the E l  to 
E2 transition; rather, melittin preferentially interacts with the 
E2 form of the enzyme, stabilizing that form of the enzyme 
and preventing the E2 to E l  transition. 

The functional and physical consequences of this prefer- 
ential interaction between melittin and the enzyme’s E2 
conformation were also investigated. The experiments of 
Figure 1 and 2 were repeated (using native melittin only) 
except that the SR was preincubated with melittin in the 
presence of 0.01 pM Ca2+, prior to transferring the sample 
into the measurement medium which contained 10 pM Caz+. 
Under these conditions (which favor E2, Figure 5 ) ,  melittin 
both inhibited (Figure 1) and aggregated (Figure 2, trace D) 
the Ca-ATPase more potently than when the preincubation 
buffer contained 10 pM calcium (whlch strongly promotes 
the 2caE1 form of the enzyme). These Ca2+-dependent effects 
were only observed at higher melittin levels (e&, more than 
5 mol of melittin per mol of ATPase), where melittin-ATPase 
interactions are characterized by electrostatic forces (Voss 
et al., 1991). Thus, the enhanced interaction between the 
peptide and the enzyme’s E2 conformation is due to 
enhanced electrostatic interaction between melittin and the 
ATPase, presumably at Ca-dependent sites coupled to the 
El-E2 transition. Our finding that the enhanced melittin 
inhibition and aggregation following the 0.01 pM CaZ+ 
preincubation is maintained even after transferring the sample 
into the assay medium containing 10 pM Ca2+ suggests that 
the interactions between the Ca-ATPase and melittin formed 
in the absence of calcium are very stable and not rapidly 
reversed. 

Effect of Melittin on Enzyme Phosphorylation by Pi. In a 
final set of experiments, we tested whether the enzyme 
preincubated with melittin at low calcium ([Ca2+] < 0.01 
pM) could undergo phosphorylation by Pi, and we studied 
the effect of melittin on enzyme phosphorylated by Pi prior 
to the addition of melittin. Table 2 shows that melittin 
decreases the enzyme’s ability to undergo phosphorylation 
by Pi. The same levels of phosphoenzyme were observed 
when melittin was added a f e r  enzyme phosphorylation. This 
result suggests that by stabilizing the E2 conformation of 
the enzyme, melittin prevents the enzyme from undergoing 
the conformational change required to accept the phosphate 
molecule in the formation of E2P (Sagara et al., 1992a; 
Wictome et al., 1992), thus shifting the E2 + Pi = E2P 
equilibrium strongly toward E2 + Pi. 
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Table 2: Effect of Melittin on Ca-ATPase Phosphorylation by Pia 
melittin (moVmo1 

of Ca-ATPase) 
0 
2 0.77 f 0.04 
5 0.52 f 0.06 
7 0.23 f 0.02 

10 0.21 f 0.04 

EP (nmoVmg of SR) 
1.25 f 0.2 

“Enzyme phosphorylation was carried out as described under 
Materials and Methods. SR samples were preincubated with melittin 
for 20 min prior to phosphorylation. The same results were obtained 
when melittin was added to SR after phosphorylation (not shown). 
Errors represent the standard deviations of four separate measurements. 

o 2 4 6 a i o  12 14 16 
MELITTIN BOUND PER ENZYME ””.-:.- 0.6 

0.4 

0.2 
0.00 0.05 0.10 0.15 0.20 0.25 

AGGREGATION (f , ) 
FIGURE 6: (A) Effect of acetyled melittin (0) and native melittin 
(B) on the normalized residual anisotropy (Aw) from a three- 
exponential fit of the ErITC-labeled Ca-ATPase TPA decay (see 
Materials and Methods). (B) Correlation of the fraction Ca-ATPase 
in large-scale aggregates [fr = (Aw - 0.22)/(1 - 0.22); see Dis- 
cussion] with enzyme activity in the presence of various levels of 
acetylated melittin (0) and native melittin (B). In panel B, numbers 
by the data points indicate the amount of melittin added (mol) per 
mol of Ca-ATPase. Errors represent the standard deviations of three 
separate measurements. 

DISCUSSION 

Molecular Interpretation of Results. Melittin binding to 
the SR membrane inhibits Ca-ATPase activity (Figure 1). 
The peptide also restricts Ca-ATPase mobility (Figure 2), 
as indicated by melittin-induced increases in the normalized 
residual anisotropy (A=, Figure 6A). Figure 6B shows the 
relationship between the melittin’s inhibition of Ca-ATPase 
activity (from Figure 1) and melittin’s increase in the fraction 
of Ca-ATPase that exists as large, immobile aggregates VI), 
calculated from the normalized residual anisotropy (Aw, 
Figure 6A) using eq 3, with A, = 0.22 (Birmachu & Thomas, 
1990). There is a strong correlation between Ca-ATPase 
aggregation and inactivation (Figure 6), consistent with the 
proposal by Voss et al. (1991) that melittin induces large- 
scale Ca-ATPase aggregation, forcing the enzyme into a 
kinetically unfavorable state. 

The Role of Electrostatic Interactions between Melittin and 
the Ca-ATPase. We have previously shown that melittin’s 
effects on Ca-ATPase activity and mobility are decreased 
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by high ionic strength (Voss et al., 1991; Mahaney & 
Thomas, 1991), suggesting that electrostatic interaction 
between the peptide’s basic residues and acidic residues on 
the enzyme play a role in the observed inhibition. Therefore, 
we investigated the role of melittin’s basic charge by 
acetylating the peptide’s lysine residues, which decreases the 
net charge of the peptide from i-5 to +2. The ability of 
acetylated melittin to both inhibit (Figure 1) and immobilize 
the enzyme (Figure 2) is markedly reduced by this charge 
decrease. The relationship between activity and aggregation 
is similar for normal and acetylated melittin (Figure 6B), 
suggesting that the decreased ability of acetyl melittin to 
inhibit the Ca-ATPase is reflected by its decreased ability 
to immobilize the enzyme in large aggregates. We conclude 
that melittin’s basic (i.e., lysine) residues play a substantial 
role in the peptide’s ability to aggregate and inhibit the Ca- 
ATPase. Werkmeister et al. (1993) have recently shown that 
melittin’s arginine residues are also important to the cytolytic 
activity of the peptide, suggesting that future studies should 
be directed at understanding the role of melittin’s two 
arginine residues in aggregating and inhibiting the ATPase. 

Since the regulatory effects by structurally analogous 
peptides on other Ca2+-transporting ATPases (Toyofuku et 
al., 1993; Vorherr et al., 1992) are exerted significantly only 
in the submicromolar Ca2+ range, we investigated the Ca2+ 
dependence of melittin’s effects on the Ca-ATPase. When 
melittin is preincubated with the SR vesicles at very low 
(0.01 pM) Ca2+ prior to data collection, melittin-induced 
inhibition (Figure 1) and large-scale Ca-ATPase aggregation 
(Figure 2) are enhanced, but only at higher melittin levels 
( ’5 mol of melittin per mol of ATPase). Since this is the 
range where melittin-ATPase interactions are dominated by 
electrostatic forces (Voss et al., 1991; Mahaney & Thomas, 
1991), and Ca2+ modulates this interaction, melittin’s basic 
residues may be interacting with the ATPase at negatively 
charged, cation binding residues in the Ca-ATPase stalk 
domain that have recently been characterized by Asturias et 
al. (1994). The extent to which low Ca2+ enhances melittin’s 
effects on activity and mobility is similar, thus strengthening 
the correlation between Ca-ATPase association state and 
functional state, and the role that electrostatics play in the 
melittin-ATPase interaction. 

Conformational Consequences of Melittin-Induced Enzyme 
Aggregation. It has been shown previously in this laboratory 
that inhibitors that aggregate the Ca-ATPase also shift its 
conformational equilibrium toward the E2 forms (i.e., E2, 
E2P, and/or (2ca1E2P in Scheme 1) (Karon et al., 1994). We 
found that melittin also shifts the E1E2 equilibrium toward 
E2 (Figure 5 ) ,  and the shift is greater at low Ca2+ concentra- 
tion (< 1 pM) than at high Ca2+ concentration. Figure 7 
shows that melittin-induced enzyme aggregation is also more 
extensive at low Ca2+ concentration than at high, strengthen- 
ing the correlation between aggregation and stabilization of 
the E2 conformation. Modulating Ca2+ concentration has 
no effect onfi in control SR without added melittin (Figure 
7), suggesting that the enzyme does not self-aggregate in 
response to a shift in the E l  -E2 conformational equilibrium 
toward E2. Rather, it appears that melittin-induced aggrega- 
tion stabilizes E2, thus decreasing Ca2+ affinity and shifting 
the Ca2+ dependence of ATPase activity (Figure 4). We 
cannot, however, rule out any direct interaction between the 
peptide and the bound FITC probe, because we do not know 
the exact site of melittin binding to the Ca-ATPase. Future 
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8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 

pCa 
FIGURE 7: CaZf dependence of melittin-induced immobilization 
of the Ca-ATPase in SR vesicles in the absence (0) or presence 
(U) of 10 mol of melittin per mol of Ca-ATPase. The fraction of 
large-scale enzyme aggregates (fI) at each ionized Ca2+ level was 
calculated as described under Materials and Methods. Errors 
represent the standard deviations of three separate measurements. 

studies directed toward localizing the interaction site(s) of 
the peptide on the enzyme (cf. Cuppoletti, 1990; Cuppoletti 
et al., 1990) should provide insight into this possibility. 

We also investigated whether the melittin-stabilized E2 
form of the enzyme is able to undergo phosphorylation by 
Pi (Table 2), since E2 is the most Pi-reactive state. The 
phosphorylation conditions ([Ca2+] < 10 nM) were selected 
to maximize E2P formation (Chaloub et al., 1979), which 
also maximizes melittin-induced enzyme aggregation (Figure 
6). Melittin almost completely eliminates EP formation 
when the peptide is added to SR prior to phosphorylation, 
and the peptide reduces EP levels almost completely when 
added to SR under steady-state phosphorylation conditions. 
We conclude that the melittin-induced aggregation that 
stabilizes E2 also blocks subsequent conformational transi- 
tion(s) necessary for the formation and stabilization of E2P 
(Wictome et al., 1992). 

This effect of melittin on EP formation from Pi is opposite 
to that observed for the effects of the Ca-ATPase specific 
inhibitor thapsigargin (TG). TG, like melittin, stabilizes the 
enzyme in the E2 form (Sagara et al., 1992a). However, 
Sagara et al. (1992b) have demonstrated that TG decreases 
EP levels by only 50%, and that the TG-E2-stabilized 
enzyme can be phosphorylated by Pi (up to 50% of the 
control level) even in the presence of 35 pM Ca2+. A key 
difference between TG and melittin is that TG pushes the 
Ca-ATPase from E l  to E2 prior to aggregating the enzyme 
(Mersol et al., 1995), whereas large-scale enzyme aggregation 
probably precedes melittin-induced E2 stabilization and Ca- 
ATPase inhibition. If the aggregated enzyme cannot in fact 
undergo the conformational change required for phos- 
phorylation by Pi, this difference explains why TG-Ca- 
ATPase is phosphorylated by Pi whereas the melittin-Ca- 
ATPase is not. Support for this interpretation is provided 
by Karon et al. (1994) who have shown that cyclopiazonic 
acid (CPA), which also promotes enzyme aggregation, 
prevents enzyme phosphorylation by Pi. This highlights the 
need for caution when describing the enzyme in two principle 
states, as several substates exist with different chemical and 
physical properties. Future experiments designed to test the 
effects of melittin on each of the Ca-ATPase partial reactions 
should help define which transition(s) between Ca-ATPase 
E l  and E2 conformational substrates are inhibited by the 
peptide, with concomitant inhibition of the whole cycle. 

Mechanistic Consequences of Melittin-Induced Enzyme 
Aggregation. Saturating Ca2+ (10 pM) decreases melittin’s 
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ability to aggregate the Ca-ATPase and prevents melittin 
from shifting the E l  -E2 equilibrium toward E2 (Figure 5 
and Table 1). However, when the enzyme is in the E2 form, 
melittin-induced aggregation is maximized, and melittin 
strongly stabilizes the enzyme against Ca2+-induced shifts 
to the E l  form (Table 1). Therefore, under the conditions 
of the steady-state ATPase assay (0.01 mM Ca2+) shown in 
Figure 1, melittin inhibition of enzyme activity can be 
interpreted in terms of the stabilization of E2, via enzyme 
aggregation, as the enzyme cycles. Figure 3 shows that 
melittin is an uncompetitive inhibitor of the Ca-ATPase, 
indicating the peptide decreases the enzyme’s V,, (defined 
as k,,t[E]t,,t). Since Voss et al. (1991) have demonstrated 
that melittin binding to SR membranes is quantitative and 
essentially irreversible, we conclude that the peptide inhibits 
Ca-ATPase activity by forcing the enzyme (via aggregation) 
into a stable enzyme-melittin complex (i.e., E2-melittin), 
thus reducing [E],,, with apparent loss of activity. 

Kinetic and spectroscopic evidence supports the proposal 
that the Ca-ATPase enzymatic cycle (Scheme 1) involves a 
dimeric enzyme complex with coupled subunits, such that 
the E l  (or E1P) to E2 (or E2P) transition in one subunit is 
coupled to the E2 (or E2P) to E l  (or E1P) transition in the 
other subunit (Froehlich & Heller, 1985; Mahaney et al., 
1994). Karon et al. (1994) have shown that either over- 
stabilizing Ca-ATPase oligomers with cyclopiazonic acid or 
excessively depleting enzyme oligomers with halothane 
(Karon & Thomas, 1993) inhibits the enzyme, suggesting 
that oligomeric interactions are necessary to optimize con- 
formational changes in the coupled subunits. Voss et al. 
(1991) have previously demonstrated that melittin promotes 
large-scale aggregation of the Ca-ATPase by converting 
optimally active and mobile Ca-ATPase monomers and small 
oligomers into less active, intermediate sized oligomers (less 
than 10 ATPase units) that display substantially restricted 
mobility. These intermediate oligomers are, in turn, con- 
verted into inactive and immobile large aggregates (’10 
ATPase units). At the level of 10 mol of melittin per mol 
of ATPase, where ATPase activity is inhibited by 60%, we 
find that 25% of the enzyme exists as large-scale aggregates 
(Figure 6B) and 35% of the enzyme exists as intermediate 
sized oligomers (data not shown; cf. Voss et al., 1991). The 
role that the intermediate aggregates play in the mechanism 
of melittin-induced enzyme inhibition is not well understood, 
yet the sum of the mole fractions of these oligomers and 
that of the immobile aggregates matches the level of ATPase 
inactivation we observed. This result suggests that any 
enforced aggregation beyond dimers and tetramers is detri- 
mental to Ca-ATPase activity, due to the restriction of either 
conformational changes within subunits or oligomeric changes 
in the Ca-ATPase. 

Relationship to Other Systems. The interaction of melittin 
with other proteins suggests that proteins with metal ion 
binding sites may be targets for amphipathic peptide regula- 
tion. Melittin inhibits the Na+,K+-ATPase and the H+,K+- 
ATPase, but these enzymes can be protected against melittin 
inhibition by increasing the levels of the transported ion 
(Cuppoletti et al., 1992; Cuppoletti & Abbot, 1990). The 
sensitivity of the melittin-enzyme interaction to the level 
of Ca2+ in the 0.01-10 pM range suggests involvement of 
residues on the Ca-ATPase which have relatively high 
affinity for Ca2+. Melittin interacts strongly with several 
other acidic, Ca2+ -binding proteins including protein kinase 
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C (Gravitt et al., 1993), phosphorylase kinase (Paudel et al., 
1993), calsequestrin (He et al., 1993), calmodulin (Malencik 
& Anderson, 1985), and acyl carrier protein (Emst-Fonberg, 
1990). Lanthanides bind with high affinity to acidic residues 
on the stalk domain of the Ca-ATPase (Sprowl & Thomas 
et al., 1989; Asturias et al., 1994; Henao et al., 1992; Asturias 
& Blasie, 1991; Itoh & Kawakita, 1984). Although lan- 
thanide binding to these sites displaces Ca2+, these residues 
are separate from the high-affinity Ca2+ transport sites which 
are located in the transmembrane domain (Clarke et al., 
1989). Asturias et al. (1994) have recently provided physical 
evidence suggesting that these residues play a role in 
directing Ca2+ toward its high-affinity transport sites on the 
enzyme during ATPase conformational changes. The results 
of the present study show that, by binding to these sites and 
promoting large-scale enzyme aggregation, melittin disrupts 
the affinity for Ca2+ and key conformational changes related 
to enzyme turnover. 

The interaction of melittin with the Ca-ATPase in SR 
provides insight into the functional consequences of Ca- 
ATPase self-association. On a more general level, this 
interaction is also an excellent model system for the study 
of the regulation of P-type ion pumps by endogenous 
amphipathic peptides. The SR Ca-ATPase in cardiac SR 
(and to a lesser extent in smooth and slow-twitch muscle 
SR) and the plasma membrane Ca-ATPase are regulated by 
analogous basic, amphipathic peptide structures. In cardiac 
SR, Ca-ATPase regulation by phospholamban (PLB) shares 
several characteristics with the melittin-SR system. The 
interaction of the hydrophilic portion of PLB (residues 
1 -31), which contains the peptide’s basic residues, with the 
Ca-ATPase decreases the enzyme’s V,, (Sasaki et al., 1992; 
Toyofuku et al., 1993), whereas the hydrophobic portion of 
the peptide (residues 28-47) decreases the Ca-ATPase’s 
affinity for Ca2+ (Sasaki et al., 1992). Neutralization of 
PLB’s basic charges via peptide phosphorylation relieves Ca- 
ATPase inhibition (Jones et al., 1985). Voss et al. (1994) 
have recently shown that the inhibitory influence of PLB 
on Ca-ATPase activity correlates strongly with PLB-induced 
aggregation of the enzyme (e.g., fr = 0.5 in cardiac SR), 
which is also relieved by neutralization of PLB’s basic 
charges. The inhibitory influence of PLB on Ca-ATPase 
activity can be decreased significantly by increasing the ionic 
strength of the bulk solution but more efficiently by 
neutralizing basic charges at the SR membrane surface (Xu 
& Kirchberger, 1989; Chiesi & Schwaller, 1989). Finally, 
PLB inhibition of both Ca-ATPase activity and Ca-ATPase 
aggregation is severely diminished by micromolar Ca2+ (Voss 
et al., 1994). The plasma membrane Ca-pump is regulated 
by a basic, amphipathic autoinhibitory domain, homologous 
to PLB (Carafoli, 1992). The interaction of this domain with 
either calmodulin or acidic lipids relieves enzyme inhibition. 
A synthetic peptide corresponding to the plasma membrane 
autoregulatory domain has been added exogenously to the 
SR Ca-ATPase, resulting in Ca-dependent inhibition (Vorherr 
et al., 1992). 

The number of recognized membrane surface-active pep- 
tides is growing (Raynor et al., 1991). We suggest that 
perturbations in the association state of target proteins due 
to peptide binding may be a common regulatory mechanism. 
For example, epidermal growth factor is known to affect its 
receptor by inducing self-association (Zidovetzki et al., 1986). 
Further spectroscopic studies should continue to provide 
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detailed information on which membrane components are 
targets for amphipathic peptides and the molecular mecha- 
nism of the peptide’s action. 

Voss et al. 
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