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ABSTRACT: We have used frequency-domain fluorescence resonance energy transfer (FRET) and anisotropy
measurements to identify the structural properties of wheat germ calmodulin (CaM) bound to either the
plasma membrane Ca-ATPase (PM-Ca-ATPase) in native erythrocyte ghost membranes or a peptide
(C25W) that has an identical sequence to the CaM-binding domain on the PM-Ca-ATPase. Cross-linking
experiments using benzophenone labeled CaM in conjunction with immunoblots using antibodies specific
for either CaM or the PM-Ca-ATPase indicate that one molecule of CaM selectively binds one PM-Ca-
ATPase polypeptide chain in native erythrocyte ghost membranes. There are no other proteins in the
erythrocyte membrane that bind CaM with high affinity, permitting the measurement of the structural
properties of CaM bound to the PM-Ca-ATPase in native erythrocyte ghost membranes. FRET
measurements between the fluorophore pyrene maleimide (PMal) located at Cys27 in calcium binding
loop I and nitrotyrosine139 in calcium binding loop IV on wheat germ CaM indicate that the average
spatial separation and conformational heterogeneity associated with the two opposing globular domains
of CaM are virtually identical upon CaM binding to either the PM-Ca-ATPase or C25W. Measurements
of the solvent accessibility and segmental rotational dynamics of PMal-CaM bound to either the PM-
Ca-ATPase or C25W further indicate that the local environment around the pyrene label located at Cys27

is very similar. However, the overall rotational dynamics of CaM bound to the PM-Ca-ATPase is much
slower (φ2 ) 83( 14 ns) than observed when CaM binds C25W (φ2 ) 10.3( 0.5 ns). This implies that
CaM is tightly associated with the CaM-binding domain of the PM-Ca-ATPase and that the observed
rotational motion of pyrenylmaleimide labeled CaM is characteristic of the global motion of the CaM-
binding domain on the PM-Ca-ATPase. The similar conformational heterogeneity and local environment
of CaM bound to either the PM-Ca-ATPase or C25W indicates that CaM binds to a contiguous sequence
of amino acids on the Ca-ATPase that are analogous to C25W and that there are no significant interactions
with other structural elements within the PM-Ca-ATPase. The rate of rotational motion associated with
CaM bound to the PM-Ca-ATPase is consistent with hydrodynamic calculations in which the calmodulin-
binding domain located at the carboxyl-terminus of the PM-Ca-ATPase has a stable and defined tertiary
structure that is independent of the other cytoplasmic domains of the PM-Ca-ATPase.

The plasma membrane Ca-ATPase (PM-Ca-ATPase)1

belongs to the P-type ion-motive ATPases, which form
phosphorylated intermediates involving an aspartic acid
during their catalytic cycle (Pederson & Carafoli, 1987a,b).
The PM-Ca-ATPase represents the only high affinity calcium
transport system present in the plasma membrane of all
eukaryotic cells, and functions to maintain the low intrac-
ellular calcium levels present in all healthy cells by trans-
porting calcium from the cytosol to the outside of the cell
(Carafoli, 1994; James et al., 1995). Calmodulin (CaM)
binding activates the PM-Ca-ATPase, which acts both to
decrease the free calcium concentration necessary for half-
maximal activation of the PM-Ca-ATPase (KCa1/2 decreases
from about 20µM to about 0.5µM) and to stimulate the
maximal velocity of calcium transport activity by more than
2-fold (Jarrett & Penniston, 1977; Niggli et al., 1979). The
CaM-binding site on the PM-Ca-ATPase has been identified
through the use of a photoaffinity analog of CaM and consists

of approximately 30 amino acids near the carboxyl-terminus
of the PM-Ca-ATPase, which are highly basic and also have
a propensity to form amphipathicR-helices (James et al.,
1988; Falchetto et al., 1991; reviewed by Crivici & Ikura,
1995). Cleavage of the CaM-binding domain on the PM-
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1 Abbreviations: buffer A, 0.1 M HEPES (pH 7.5), 0.1 M KCl, 1
mM MgCl2, and 0.1 mM CaCl2; Bz, benzophenone-4-maleimide; CaM,
calmodulin; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; CaMKII,
calmodulin-dependent protein kinase II; C25W, a calmodulin target
peptide corresponding to the autoinhibitory domain of the plasma
membrane Ca-ATPase with the following sequence: QILWFRGL-
WRIQTQIRVVNAFRSSC (a cysteine was added to the carboxyl
terminal of peptide in order to create a fluorescent sensor on the
peptide); CSPD, chemiluminescent substrate for alkaline phosphatase;
DTNB, 5,5′-dithiobis(2-nitrobenzoic acid); DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; EGTA, ethylene glycol bis(â-amino-
ethyl ether)-N,N,N′,N′-tetraacetic acid; 5F10, mouse monoclonal anti-
Ca-ATPase antibody; FRET, fluorescence resonance energy transfer;
FURA-2, 1-[[2-(5-carboxyoxazol-2-yl)-6-aminobenzofuran-5-yl]oxy]-
2-(2-amino-5-methylphenoxy)ethane-N,N,N′,N′-tetraacetic acid; GnHCl,
guanidine hydrochloride; HEPES,N-(2-hydroxyethyl)piperazine-N′-(2-
ethansulfonic acid); HPLC, high performance liquid chromatography;
PAGE, polyacrylamide gel electrophoresis; PMal,N-(1-pyrenyl)-
maleimide; PM-Ca-ATPase, the plasma membrane Ca-ATPase; SDS,
sodium dodecyl sulfate; TEMPAMINE, 4-amino-2,2,6,6-tetramethyl-
1-piperidinyloxyl; TNM, tetranitromethane;φc, calculated rotational
correlation time.
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Ca-ATPase with either calpain or trypsin results in an
equivalent activation of the PM-Ca-ATPase to that observed
upon CaM binding (Falchetto et al., 1991). Furthermore,
photoaffinity reagents have been used to covalently cross-
link exogenously added peptides homologous to the CaM
binding sequence of the PM-Ca-ATPase to the calpain
truncated and fully active PM-Ca-ATPase, demonstrating a
specific structural interaction between the CaM-binding and
ATP binding domains of the PM-Ca-ATPase (Falchetto et
al., 1992). These results suggest that, in analogy to other
CaM-regulated enzymes, the CaM-binding domain of the
PM-Ca-ATPase functions as an autoinhibitory domain, and
acts to decrease either the accessibility or utilization of the
substrates ATP and calcium at the active site of the PM-
Ca-ATPase.
General features relating to the predicted topology of the

134 kDa PM-Ca-ATPase indicate an extensive homology to
the 110 kDa Ca-ATPase found in skeletal sarcoplasmic
reticulum (SR). Two major cytoplasmic domains of the Ca-
ATPase contain the ATP binding site and serve to couple
the hydrolysis of ATP to the translocation of spatially distant
calcium ions associated with the transmembrane helices
(reviewed by Inesi et al., 1992; Inesi, 1994; Adebayo et al.,
1995; Guerini et al., 1996). The PM-Ca-ATPase contains
an additional major cytoplasmic domain that contains about
150 amino acids located at the carboxyl-terminus of the
protein. This autoinhibitory domain of the PM-Ca-ATPase
contains important regulatory sites associated with the
binding of either CaM or acidic phospholipids. Sites within
this domain are specifically phosphorylated by either cAMP-
dependent protein kinase or protein kinase C (James et al.,
1988, 1989; Wang et al., 1991; Rodin et al., 1992; reviewed
by Carafoli et al., 1992)
While the physical mechanisms underlying the ability of

the autoinhibitory domain on the PM-Ca-ATPase to modulate
both the calcium dependence and maximal velocity of the
catalytic activity of the PM-Ca-ATPase have not been
elucidated, recent work has suggested that interactions
between the autoinhibitory domains on adjacent PM-Ca-
ATPase polypeptide chains may modulate the transport
function of the PM-Ca-ATPase (Kosk-Kosicka & Bzdega,
1988, 1990; Kosk-Kosicka et al., 1990). However, this
suggestion has been derived from studies of the associative
behavior between PM-Ca-ATPase polypeptide chains in
detergent micelles, and is probably not physiologically
relevant since the activation of the PM-Ca-ATPase through
the association of the autoinhibitory domains on adjacent
PM-Ca-ATPase polypeptide chains results in an active
species that is independent of CaM (Vorherr et al., 1991;
Sackett & Kosk-Kosicka, 1996). Furthermore, while aspects
of the structure of CaM bound to a peptide homologous to
the CaM-binding sequence in the autoinhibitory domain of
the PM-Ca-ATPase indicate that CaM binds to this sequence
in an analogous manner to that observed in other CaM-
activatable target proteins (Chapman et al., 1992; Yao &
Squier, 1996), there is little direct information relating to
the structural features of the autoinhibitory domain on the
PM-Ca-ATPase in native membranes.
In the present study, we have used fluorescently labeled

wheat germ CaM in conjunction with frequency-domain
fluorescence spectroscopy (i) to probe the structural proper-
ties of the autoinhibitory domain on the PM-Ca-ATPase
subsequent to CaM binding in intact erythrocyte ghost

membranes, and (ii) to assess the conformation of CaM
bound to the PM-Ca-ATPase. These measurements provide
the first direct assessment of the conformation and dynamics
of the autoinhibitory domain on the PM-Ca-ATPase in intact
erythrocyte ghost membranes.

EXPERIMENTAL PROCEDURES

Materials. N-(1-Pyrenyl)maleimide (PMal) was obtained
from Molecular Probes, Inc. (Junction City, OR). Tetrani-
tromethane (TNM) was obtained from Aldrich (Milwaukee,
WI). Nitrocellulose paper was purchased from Millipore
(Bedford, MA). Rabbit polyclonal anti-calmodulin antibody
was purchased from STI (San Diego, CA). Horseradish
peroxidase was purchased from Sigma (St. Louis, MO).
Western-light plus chemiluminescent detection system was
purchased from Tropix, Inc. (Bedford, MA). Mouse anti-
erythrocyte PM-Ca-ATPase monoclonal antibody 5F10 was
a gift from Drs. Adelaida G. Filoteo and John T. Penniston
(Mayo Clinic). The C25W peptide (QILWFRGLNRIQT-
QIRVVNAFRSSC) was synthesized by the Kansas State
University Biotechnology Microchemical Core Facility. All
other chemicals were the purest grade commercially avail-
able. Wheat germ CaM was purified using the procedure
outlined by Strasburg et al. (1988) and was found to be
greater than 99% pure as assessed by both SDS-PAGE and
HPLC. Bovine testes CaM was purified using the procedure
outlined by Gopalakrishna and Anderson (1982). Porcine
erythrocyte ghosts were prepared essentially as described by
Niggli et al. (1979). Purified wheat germ CaM, bovine testes
CaM, and erythrocyte ghost membranes were stored at-70
°C. The concentration of C25W peptide was determined
using the published extinction coefficient (ε280 ) 5600 M-1

cm-1; Chapman et al., 1992).
Specific DeriVatization of CaM. The chemical modifica-

tion of Cys27 with N-(1-pyrenyl)maleimide (PMal) was
carried out essentially as described in Yao et al. (1994),
where the specificity of labeling the single cysteine in wheat
germ CaM is described in detail. The chemical derivatization
of CaM with benzophenone-4-maleimide (Bz) was carried
out essentially as described by Strasburg et al. (1988), and
DTNB was used to assess the remaining number of unreacted
sulfhydryl groups on each CaM. We find approximately 0.90
( 0.10 mol of Bz incorporated per mole of CaM. Prior to
chemical derivatization, CaM was first dissolved in a buffer
containing 6 M GnHCl, 25 mM HEPES (pH 7.5), 50 mM
DTT, and 1 mM EDTA and incubated at room temperature
for 2 h in order to eliminate intermolecular cross-linking.
DTT was removed by dialysis against deionized water or
with a Sephadex G-25 desalting column (1.6× 23 cm) prior
to lyophilization. The concentration of CaM was determined
using the micro BCA assay (Pierce), using a stock solution
of desalted bovine CaM whose concentration was determined
using the published extinction coefficient for bovine CaM
as a standard (ε277) 3029 M-1 cm-1; Strasburg et al., 1988).
Derivatized CaM was stable at-70 °C for at least 2 months,
as evidenced by the ability to activate the erythrocyte Ca-
ATPase and fluorescence measurements relating to protein
structural changes (see Yao et al., 1994). The extent of
nitration was measured in 6 M GnHCl, 1 mM EDTA, and
50 mM CAPS (pH 10.0) using the molar extinction coef-
ficient for nitrotyrosine (ε428 ) 4200 M-1 cm-1; Richman
& Klee, 1978) and corresponds to 0.96( 0.06 moles of
nitrotyrosine per mole of CaM. Incorporation of Bz was
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determined using the published molar extinction coefficient
(ε280 ) 13 000 M-1 cm-1; Tao et al., 1985) in the presence
of 0.1 mM CaCl2 after subtracting the absorbance associated
with wheat germ CaM (ε280 )1565 M-1cm-1; Yao et al.,
1996).
Preparation of CaM Saturated Ghost Membranes for

either Photolysis or Fluorescence Experiments.CaM satu-
rated ghost membranes were prepared by incubating 40µg
(about 2.4 nmol) of either Bz-CaM or fluorescently labeled
CaM in the presence of 6.0 mg of porcine erythrocyte ghost
membranes (corresponding to about 240 pmol of Ca-ATPase)
in a total volume of 1 mL in a buffer composed of 0.1 M
HEPES (pH 7.5), 0.1 M KCl, 1 mM MgCl2, and 0.1 mM
CaCl2 (buffer A). The mixture was allowed to sit on ice in
the dark for 15 min prior to centrifugation at 31000gmax for
20 min. The resulting pellet was homogenized and resus-
pended in the same buffer, and then recentrifuged to remove
unbound CaM from the erythrocyte ghost membranes. The
pellet was again homogenized and resuspended in buffer A
at a final protein concentration of 6 mg mL-1. In the case
of the cross-linking experiments, 0.5 mL of the sample was
then irradiated at 350 nm using a Rayonet photoreactor for
20 min at 25°C in a quartz test tube (diameter) 1.5 cm).
The sample was then immediately analyzed using SDS-
PAGE. In the case of the frequency-domain fluorescence
experiments relating to the lifetime and rotational dynamics
of CaM, the ghost membranes were resuspended in buffer
A at a protein concentration of 0.25 mg mL-1. All
preparations were carried out in the dark.
Immunoblotting Experiments. Photolyzed ghost mem-

branes were applied onto SDS-PAGE and then transferred
to nitrocellulose paper. Anti-Ca-ATPase and anti-CaM
antibodies were used to identify specific interactions between
CaM and the PM-Ca-ATPase in the ghost membrane. In
the former case, the nitrocellulose paper was incubated with
mouse monoclonal anti-Ca-ATPase antibody (5F10), as
described by Borke et al. (1989), and the color was developed
using the horseradish peroxidase system. In the latter case,
the nitrocellulose paper was first incubated with rabbit
polyclonal anti-CaM antibody and the positive band was
developed with the Western-light plus chemiluminescent
detection system, which uses a biotinylated secondary
antibody, followed by an anti-biotin streptavidin-alkaline
phosphatase conjugate and CSPD, a direct chemiluminescent
substrate for alkaline phosphatase, to visualize the rabbit
polyclonal antibody.
Enzymatic Analysis. The Ca-ATPase activity of erythro-

cyte ghosts was determined using the methods described by
Lanzetta et al. (1979) for measuring phosphate release. The
ghost membrane protein concentration was determined by
the method of Biuret (Gornal et al., 1949). The free calcium
concentration was calculated using a modified version of the
computer program previously described (Fabiato & Fabiato,
1979; Fabiato, 1988), which calculates the multiple equilibria
between all ligands in solution. The free calcium concentra-
tion was confirmed using 1-[[2-(5-carboxyoxazol-2-yl)-6-
aminobenzofuran-5-yl]oxy]-2-(2-amino-5-methylphenoxy)-
ethane-N,N,N′,N′-tetraacetic acid (FURA-2;λex ) 340 nm;
λem ) 510 nm), as described previously (Yao et al., 1994).
The activation of the Ca-ATPase activity upon CaM binding
was fit using a simple Langmuir binding isotherm (Matthews,
1993; Pedigo & Shea, 1995), as previously described for the
activation of the PM-Ca-ATPase by CaM (Yao et al., 1996).

The free CaM concentration was calculated assuming that
40 pmol of CaM binds to 1 mg of erythrocyte ghost
membranes, as discussed in the Results. Therefore:

where ATPase is the observed CaM-dependent ATPase
activity, ATPase0 is the basal (CaM-independent) ATPase
activity, and ATPasemax is the maximum ATPase activity.
[Ghosts] is the concentration of erythrocyte ghost membranes
in mg mL-1.
Spectroscopic Measurements. Excitation of PMal-CaM

involved the 351 nm line from an Innova 400 argon ion laser
(Coherent, Santa Clara, CA), and fluorescence detection
involved the use of an ISS K2 frequency-domain fluorometer,
as described previously (Yao et al., 1994). Steady-state
fluorescence emission spectra were measured in the ratio
mode using a bandwidth of 4 nm. All measurements
involved the detection of the fluorescence emission subse-
quent to the combination of a Schott GG400 long-pass filter
together with an Oriel band-pass filter centered at 420 nm
(full width at half-maximum is 10 nm). The sample
temperature was maintained at 25°C.
The measurement of the solvent accessibility of PMal

located at Cys27 on CaM involved the quenching of the
steady-state fluorescence of PMal-CaM (i.e.,F/F0) as a
function of the concentration of the spin label TEMPAMINE,
where the slope of the line represents the Stern-Volmer
quenching constant (Ksv; Lehrer & Leavis, 1978). FromKsv

and the average fluorescence lifetime of the fluorophore (τj),
one can determine the bimolecular collisional frequencykq,
which is directly related to the solvent exposure of the
fluorophore and is calculated by dividingKsv by τj.
Decays of Fluorescence Intensities. The lifetime compo-

nents for PMal-CaM are obtained from the frequency
response of the amplitude-modulated light and are character-
ized by the frequency (ω)-dependent values of the phase shift
(φω) and the extent of demodulation (mω). The parameters
describing the decay law are compared with the calculated
(c) values (φcω andmcω) from an assumed decay law, and
the parameters chosen are those that minimize the squared
deviation. Explicit expressions have been provided that
permit the ready calculation of either the lifetime components
relating to a multiexponential decay (i.e.,Ri andτi; Weber,
1981; Lakowicz et al., 1985) or the distribution of distances
between donor and acceptor chromophores for any assumed
function (Haas et al., 1978; Beechem & Haas, 1989), as
previously described for PMal-CaM (Yao et al., 1994). In
either case, the recovered parameters relating to the separa-
tion of donor and acceptor chromophores are corrected for
the incomplete nitration of tyrosine139 (Lakowicz et al., 1991).
A distribution of donor-acceptor separations is expected
from measurements of molecular dynamics of a range of
proteins, as well as statistical mechanical simulations that
indicate the conformational heterogeneity associated with
long polymers can be adequately described using Gaussian
distribution functions (reviewed by Cheung, 1991).
Alternatively, appropriate expressions have been derived

permitting the determination of the limiting anisotropy in
the absence of rotational diffusion (r0), the rotational

[CaM]free) [CaM]total - (( ATPase- ATPase0
ATPasemax- ATPase0) ×

[Ghosts]× 40 pmol mg-1)
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correlation times (φi), and the amplitudes of the total
anisotropy loss associated with each rotational correlation
time (r0gi), as previously described in detail (Lakowicz et
al., 1985; Lakowicz & Gryczynski, 1991). The parameter
values are determined by minimizing theøR2 (theF statistic)
which serves as a goodness-of-fit parameter that provides a
quantitative comparison of the adequacy of different assumed
models (Lakowicz & Gryczynski, 1991; Johnson & Faunt,
1992). Data are fit using the method of nonlinear least
squares to a sum of exponential decays, using frequency-
independent errors (δphase) 0.2°, δmod ) 0.005; Bevington,
1969).

RESULTS

Fluorescently labeled wheat germ CaM has been used to
probe the structure of the autoinhibitory domain of the PM-
Ca-ATPase as a result of its unique cysteine and tyrosine
residues located near calcium binding sites I and IV,
respectively (Figure 1). These amino acids can be covalently
modified so as to permit the measurement of the conforma-
tion and dynamics of CaM in association with the autoin-
hibitory domain of the PM-Ca-ATPase. As previously
described (Yao et al., 1994), the single Cys27 present in
calcium binding site I has been covalently modified using
N-(1-pyrenyl)maleimide (PMal), allowing us to investigate
the fluorescence lifetime and rotational dynamics associated
with the amino-terminal domain of CaM upon binding to
either the PM-Ca-ATPase or a peptide that is homologous
to the CaM-binding sequence on the PM-Ca-ATPase (i.e.,
C25W). The selective nitration of the single Tyr139 present

in calcium binding loop IV permits the measurement of the
spatial separation and conformational heterogeneity between
PMal and nitrotyrosine139 using lifetime-resolved FRET
measurements, as described in the Experimental Procedures.
Our experimental goal is to use these fluorescence methods
to compare the conformation and dynamics of CaM bound
to the PM-Ca-ATPase in native erythrocyte ghost membranes
with that of CaM bound to a peptide corresponding to the
CaM binding sequence on the PM-Ca-ATPase.
Comparison of Biological ActiVity between Wheat Germ

and BoVine CaM. Wheat germ CaM has 90% sequence
identity to animal CaM, and in agreement with previous
observations (Strasburg et al., 1988) we find that wheat germ
and bovine CaM are both able to enhance the catalytic
activity of the PM-Ca-ATPase to an equivalent extent and
have comparable binding affinities to the PM-Ca-ATPase
(Figure 2). Since wheat germ and bovine CaM are indis-
tinguishable with respect to their ability to activate the PM-
Ca-ATPase, we are able to use fluorescently labeled wheat
germ CaM to assess the structure and dynamics of CaM
bound to the CaM-binding domain of the PM-Ca-ATPase.
Furthermore, the low basal activity and large activation in
the CaM-dependent ATPase activity associated with the PM-
Ca-ATPase resulting from the addition of exogenous CaM
indicates (i) that there is little endogenous CaM present in
our inside-out erythrocyte ghost preparation and (ii) that the
majority of the PM-Ca-ATPase in our preparation contains
the intact autoinhibitory domain, which functions to inhibit
substrate utilization by the calcium pump (reviewed by
Carafoli, 1994).
Determination of the Extent of CaM Binding to Porcine

Erythrocyte Ghost Membranes.In order to assess the
possible specificity of CaM to the PM-Ca-ATPase, we have
directly measured the binding capacity of CaM to native
erythrocyte ghost membranes. As described in detail in the

FIGURE 1: Positions of donor and acceptor chromophores within
calmodulin. The relative positions of Cys27 and Tyr139 are high-
lighted within the tertiary structure of CaM in the ribbon drawing
of the backbone fold of the calcium saturated form of CaM. The
coordinates are taken from the Brookhaven Protein Data Bank file
1cll.pdb (Chattopadhyaya et al., 1992), and the ribbon drawing was
created using MolScript (Kraulis, 1991). Filled circles represent
calcium ligands. The model does not attempt to depict known
alterations in the tertiary structure of CaM that occur in solution
(Török et al., 1992; Yao et al., 1994; reviewed by Crivici & Ikura,
1995).

FIGURE 2: CaM stimulation of the erythrocyte ghost PM-Ca-
ATPase activity. The CaM dependence of the ATPase activity of
porcine erythrocyte PM-Ca-ATPase using wheat germ (9) and
bovine testes CaM (O) was fit to a simple Langmuir binding
isotherm, as described in the Experimental Procedures. There is a
6.8( 0.2 (9) and 6.9( 0.2 (O) fold increase in ATPase activity
at saturating CaM concentrations, and the corresponding dissociation
constants are 2.7( 0.4 and 2.6( 0.4 nM for wheat and bovine
CaM, respectively. ATPase activity was measured at 25°C in a
reaction medium containing 0.4 mg mL-1 protein (approximately
16 nM Ca-ATPase) and 3µM A23187 in buffer A, with a free
calcium concentration equal to 30µM. Measured ATPase activity
represents the mean of the two separate experiments and has a
standard deviation of 5%.
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Experimental Procedures, native erythrocyte ghost mem-
branes are incubated in the presence of saturating concentra-
tions of CaM, and the unbound CaM was removed through
two steps involving the homogenization and centrifugation
of the sample. Under these conditions, the high-affinity CaM
binding sites associated with the PM-Ca-ATPase are fully
saturated, as indicated by the retention of maximal ATPase
activity subsequent to the removal of the unbound CaM from
the erythrocyte ghost membranes (data not shown). Sub-
sequent to the dissociation of the bound CaM from the
erythrocyte membrane upon the addition of 0.1 mM EGTA,
we can compare the associated fluorescence of PMal-CaM
that was bound to the erythrocyte ghosts to that of known
concentrations of PMal-CaM in an analogous buffer. We
find that 40 ( 4 pmol of CaM binds per milligram of
erythrocyte ghost membranes (data not shown). Previous
estimates relating to the concentration of the PM-Ca-ATPase
in porcine erythrocyte ghost membranes suggest that the PM-
Ca-ATPase accounts for about 0.5% (w/w) of the membrane
protein (Knauf et al., 1974; Haaker & Racker, 1979; Bewaji
& Bababunmi, 1987; Adamo et al., 1990), or about 37 pmol
of PM-Ca-ATPase/mg of erythrocyte ghost protein. There-
fore, the binding capacity of the erythrocyte ghost membrane
for CaM is consistent with earlier suggestions that the PM-
Ca-ATPase represents the only high-affinity CaM binding
protein in erythrocyte ghost membranes (Hinds & Andreasen,
1981).
Determination of CaM Binding Proteins in the Erythrocyte

Ghosts. It has been previously suggested that CaM can
selectively associate with either a 168 kDa protein (that was
presumed to be the PM-Ca-ATPase cross-linked with CaM;
Hinds & Andreasen, 1981) or spectrin (Husain et al., 1984;
Anderson & Morrow, 1987; Yacko et al., 1991) in erythro-
cyte ghost membranes. Therefore, prior to an examination
of the structural properties of CaM in association with
proteins in our inside-out erythrocyte ghost membranes, it
is critical that we first determine the target protein(s) that
bind CaM. We have therefore labeled wheat germ CaM with
the photoactivatable cross-linking reagent benzophenone-4-
maleimide (Bz) at Cys27 (Strasburg et al., 1988; Dorma´n &
Prestwich, 1994). Subsequent to the incubation of erythro-
cyte ghost membranes with excess Bz-CaM, unbound Bz-
CaM is removed by repeated centrifugation as described in
the Experimental Procedures. The resulting preparation is
exposed to intense ultraviolet light for 20 min, and the
resulting products are analyzed using SDS-PAGE (Figure
3). The associated immunoblots using antibodies specific
to either the PM-Ca-ATPase (Figure 3B) or CaM (Figure
3C) allow us to visualize the cross-linking product(s)
obtained subsequent to the photoactivation of benzophenone.
The Coomassie blue stained gel obtained subsequent to

SDS-PAGE does not have sufficient sensitivity to resolve
either the PM-Ca-ATPase or the 2 pmol of CaM that is
tightly associated with the erythrocyte ghost membranes
(Figure 3A). However, it is apparent that our inside-out
erythrocyte ghost preparation contains substantially less
spectrin (which migrates with apparent molecular masses of
about 200 and 220 kDa on SDS-PAGE) than previously
observed using preparations developed to investigate the
erythrocyte cytoskeleton (Yacko et al., 1991). Immunoblots
using antibodies specific for both the PM-Ca-ATPase (i.e.,
5F10) and CaM were used to investigate the target protein-
(s) in erythrocyte ghost membranes that bind CaM with high

affinity. The association of Bz-CaM with the PM-Ca-
ATPase was assessed in Figure 3B, using the 5F10 antibody

FIGURE 3: Specific interaction between CaM and the PM-Ca-
ATPase on the erythrocyte ghosts. (A) 10% acrylamide gel obtained
by SDS-PAGE of wheat germ CaM and porcine ghost membranes.
SDS-PAGE was performed as described by Laemmli (1970).
BioRad’s kaleidoscope prestained molecular mass standards are
shown in lane 1 with the associated molecular mass and represent
myosin (205 kDa), bovine serum albumin (83 kDa) carbonyl
anhydrase (45 kDa), soybean trypsin inhibitor (32.6 kDa), and
aprotinin (7.5 kDa). Lane 2 is loaded with 2µg (100 pmol) of wheat
germ CaM. Lanes 3 and 4 were loaded with 50µg of ghost
membranes (approximately 2 pmol of PM-Ca-ATPase) in the
absence and presence of a saturating amount of added Bz-CaM.
(B) Visualization of the PM-Ca-ATPase and its cross-linked product
using mouse monoclonal anti-Ca-ATPase antibody following the
separation of erythrocyte ghost proteins by SDS-PAGE using a
7-17% continuous polyacrylamide gradient and resulting transfer
of the erythrocyte ghost proteins onto nitrocellulose paper by
electroblotting. Lane 1 is prestained molecular mass standards and
represents myosin (205 kDa),â-galactosidase (140 kDa), and bovine
serum albumin (83 kDa). Lanes 2 and 3 are loaded with 50µg of
ghost membranes (approximately 2 pmol of PM-Ca-ATPase) in
the absence and presence of saturating amount of Bz-CaM. Lane 2
shows the PM-Ca-ATPase and lane 3 shows the PM-Ca-ATPase,
and the cross-linked product between Bz-CaM and PM-Ca-ATPase
(indicated by the arrow). (C) Visualization of CaM and its cross-
linked product(s) using rabbit polyclonal anti-CaM antibody fol-
lowing the separation of either 0.5µg (30 pmol) of purified wheat
germ CaM (lane 2) or 200µg of erythrocyte ghost proteins
(approximately 7 pmol of the PM-Ca-ATPase) in the absence and
presence of saturating amounts of Bz-CaM (lanes 3 and 4,
respectively) by SDS-PAGE using a 10% polyacrylamide gel. In
lane 4 the arrow indicates the cross-linked product between Bz-
CaM and PM-Ca-ATPase. Lane 1 is molecular mass standards and
represents myosin (200 kDa),â-galactosidase (116.2 kDa), bovine
serum albumin (83 kDa), and lysozyme (14.4 kDa). In all cases
the erythrocyte ghost membranes were exposed to ultraviolet light
for 20 min in order to activate the benzophenone cross-linking
reagent, and unbound CaM was removed prior to cross-linking, as
described in the Experimental Procedures.
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to visualize the PM-Ca-ATPase. In the absence of added
Bz-CaM one observes a major band with an apparent
molecular mass of about 134 kDa (corresponding to the intact
PM-Ca-ATPase; Strehler et al., 1990) and several smaller
bands with apparent molecular masses of about 123 and 113
kDa (Figure 3B, lane 2). The smaller molecular masses may
be related to the presence of endogenous proteases in our
preparation that cleave the autoinhibitory domain on the PM-
Ca-ATPase (James et al., 1989) or as a result of the
photolyzing conditions associated with the activation of the
Bz cross-linking reagent (see below). However, the smaller
molecular mass degradation products associated with the PM-
Ca-ATPase are not observed prior to illumination of the
sample (data not shown) or subsequent to cross-linking if
Bz-CaM is added to the erythrocyte ghost membrane
preparation (Figure 3B, lane 3), consistent with the observa-
tion that the binding of CaM prevents the proteolytic cleavage
of the carboxyl-terminus (which contains the CaM-binding
domain) of PM-Ca-ATPase by a range of proteases (Benaim
et al, 1984; Zurini et al., 1984).
Subsequent to the addition and photoactivation of Bz-CaM

to erythrocyte ghost membranes, a major component is
observed with an apparent molecular mass of about 148 kDa
(Figure 3B, lane 3, indicated by the arrow) that corresponds
to the cross-linked product between Bz-CaM and the PM-
Ca-ATPase. Densitometric analysis of the immunoblots
indicates that the 148 kDa component corresponds to about
77% of the intensity associated with the immunologically
detected proteins that are visualized using the anti-PM-Ca-
ATPase antibody. A smaller component with a molecular
mass of about 134 kDa accounts for about 23% of the PM-
Ca-ATPase protein and corresponds to the PM-Ca-ATPase
that was not cross-linked with Bz-CaM (Figure 3B, lane 2).
The presence of the 134 kDa band is in good agreement with
the observation of a corresponding fraction (about 25%) of
Bz-CaM that was not cross-linked to the PM-Ca-ATPase
(Figure 3C, lane 4). The observation that most of the Bz-
CaM becomes cross-linked to the PM-Ca-ATPase under our
photolysis conditions provides strong evidence that under
physiological conditionsone molecule of CaM is able to
associate with one PM-Ca-ATPase polypeptide chain.
In order to quantitatively determine the possible presence

of other CaM-binding proteins in erythrocyte ghosts in
addition to the PM-Ca-ATPase, we have used the Western-
light plus chemiluminesent detection system to detect a rabbit
polyclonal anti-CaM antibody, which is able to detect cross-
linked products between about 1 pmol of CaM and other
proteins present in the erythrocyte ghost membrane. As
described in the Experimental Procedures, this detection
system uses a biotinylated anti-rabbit secondary antibody in
conjunction with an anti-biotin streptavidin-alkaline phos-
phatase conjugate and CSPD to visualize the anti-CaM rabbit
polyclonal antibody and, as a result, also detects biotinylated
proteins normally present in erythrocyte ghosts. Therefore,
prior to the incubation and subsequent cross-linking of Bz-
CaM to CaM-binding proteins in erythrocyte ghost mem-
branes, it is first necessary to determine the presence of
endogenously biotinylated proteins in erythrocyte ghost
membranes. We find two bands with apparent molecular
masses of 137 000 and 113 000 Da in our erythrocyte ghost
membrane preparation that react with the anti-biotin antibody
independent of the addition of exogenous CaM or the anti-
CaM antibody (Figure 3C, lane 3). Our erythrocyte ghost

preparation contains essentially no endogenous unbound
CaM, as indicated by the absence of any lower molecular
weight bands that would correspond to CaM (which migrates
with an apparent molecular mass of 18 kDa), in agreement
with the low basal activity associated with our preparation
(Figure 2).
Subsequent to the addition and photoactivatable cross-

linking of Bz-CaM to erythrocyte ghost membranes, we
observe the appearance of two new bands with apparent
molecular masses of 157 and 18 kDa that are observed only
subsequent to the inclusion of Bz-CaM prior to photoacti-
vation and subsequent to the incubation of the sample in the
presence of anti-CaM antibodies (Figure 3C, lane 4).
Quantitation of the relative intensity of the 157 kDa band
relative to the 18 kDa band indicates that the 157 kDa band
corresponds to about 75% of the CaM in the erythrocyte
ghost preparation subsequent to the photoactivation of the
Bz-CaM cross-linking reaction. The remaining intensity
associated with the 18 kDa band corresponds to free Bz-
CaM that is not cross-linked to any membrane components
(Figure 3C, lane 1). Furthermore, the relative molar ratio
between the 157 kDa band and the 18 kDa band is virtually
the same as the observed molar ratio between the bands
corresponding to the Bz-CaM cross-linked PM-Ca-ATPase
and the PM-Ca-ATPase that is observed using the anti-PM-
Ca-ATPase antibody (Figure 3B, lane 3). The absence of
any other species than the PM-Ca-ATPase in association with
CaM suggests that no other proteins in our erythrocyte ghost
membrane preparation bind CaM to an appreciable extent
with high affinity. The differences in the apparent molecular
weights of the cross-linked product between Bz-CaM and
the PM-Ca-ATPase observed using anti-PM-Ca-ATPase
antibodies (Figure 3B, lane 3) and anti-CaM antibodies
(Figure 3C, lane 4) are related to differences in the relative
mobility of the PM-Ca-ATPase on these different gel
systems, which use different concentrations of acrylamide.
Since each CaM associates with a single PM-Ca-ATPase
polypeptide chain, it is furthermore evident that there is about
40 ( 4 pmol of PM-Ca-ATPase/mg of erythrocyte ghost
membrane. Since the PM-Ca-ATPase has a molecular mass
of 134 kDa, this implies that about 0.5% of the membrane
protein in the erythrocyte ghost membrane preparation
corresponds to the PM-Ca-ATPase, in good agreement with
earlier estimations (Knauf et al., 1974; Haaker & Racker,
1979; Bewaji & Bababunmi, 1987; Adamo et al., 1990).
In addition to the biotinylated 137 000 and 113 000 Da

proteins, we also observe a band with apparent molecular
mass of 257 kDa in the erythrocyte ghost membranes both
prior to and after the addition and photoactivation of
exogenous Bz-CaM to the erythrocyte ghost membranes (data
not shown). However, the densitometric analysis of the gel
indicates that the relative intensity associated with the 257
kDa bands does not change when Bz-CaM is cross-linked
to proteins associated with the erythrocyte ghost membrane.
Therefore, it is apparent that the 257 kDa protein is another
endogenous biotinylated protein present in the erythrocyte
ghost membranes. We observe no cross-linked product
between Bz-CaM and spectrin, in agreement with earlier
results that indicate CaM does not normally associate with
spectrin in mammalian erythrocyte membranes (Repasky &
Gregorio, 1992). However, it should be mentioned that
spectrin associated with avian erythrocytes and other mam-
malian tissues, and theâ-isoform of spectrin in the denatured
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form from mammalian erythrocytes, are all able to bind CaM
(Repasky & Gregorio, 1992). Therefore, differences in both
the animal source, tissue, and tertiary structure of spectrin
can all influence CaM’s binding properties.
Fluorescence Emission Spectra of PMal-CaM Bound to

the Plasma Membrane Ca-ATPase.Having defined condi-
tions that permit the selective association of CaM with the
PM-Ca-ATPase, it is possible to address structural questions
relating to the conformation and dynamics of CaM bound
to the PM-Ca-ATPase. This task is complicated by the
relatively small amount of CaM associated with the eryth-
rocyte ghost membrane, resulting in a weak fluorescence
signal. One does observe upon laser excitation of the PMal-
CaM bound to the PM-Ca-ATPase on erythrocyte ghost
membranes an emission spectrum characteristic of PMal-
CaM with emission maxima centered at about 375 and 395
nm, and a broad shoulder centered at about 415 nm (Figure
4A). However, this spectrum contains substantial amounts
of light scattering originating both from the suspension of
erythrocyte ghost membranes and as a result of Raman
scattering from the aqueous buffer centered at 398 nm, which
account respectively for about 22% and 6% of the relative
spectral intensity associated with PMal-CaM bound to the
erythrocyte ghost membranes (Figure 4A). This level of light
scattering will interfere with our ability to use frequency-
domain fluorescence spectroscopy to resolve the structural
properties of PMal-CaM bound to the PM-Ca-ATPase in
erythrocyte ghost membranes. Therefore we have used a
combination of two optical filters to minimize the contribu-
tion of light scattering to our measurement (Figure 4B).
While the total integrated fluorescence signal associated with
PMal-CaM is reduced about 27-fold relative to that observed
in the absence of these filters, the interference due to scattered
light is reduced about 250-fold. We are therefore in a
position to measure the lifetime and rotational dynamics of
PMal-CaM associated with the PM-Ca-ATPase in intact
erythrocyte ghost membranes.
Measurement of the Fluorescence Lifetimes of PMal-CaM

Bound to the Plasma Membrane Ca-ATPase.PMal-CaM
was added to erythrocyte ghost membranes, and unbound

CaM was removed (see above), permitting us to use
frequency-domain fluorescence spectroscopy to measure the
lifetime and to thereby assess the structure of CaM bound
to the PM-Ca-ATPase in native erythrocyte ghost mem-
branes. The phase lag and demodulation of intensity-
modulated light were measured at 20 frequencies between 1
and 200 MHz for PMal-CaM in the presence of saturating
amounts of calcium and native erythrocyte ghost membrane
Ca-ATPase (Figure 5). The erythrocyte ghost membrane
concentration was maintained at 0.25 mg mL-1 to both
minimize light scattering and maintain sufficient signal for
the fluorescence measurements. The intensity decay of
PMal-CaM can be adequately described as a sum of three
exponentials, as indicated by the random distribution of the
weighted residues (Figure 5). There was a greater than 8-fold
improvement in the goodness of fit (i.e.,øR2) for a model
involving three exponentials relative to the two-exponential
model (Table 1), further indicating that a model involving
three exponentials is statistically justifiable. Inclusion of
additional parameters results in no further improvement of
øR2.
The average fluorescence lifetime of PMal-CaM com-

plexed with the PM-Ca-ATPase in native erythrocyte ghost
membranes (τj ) 1.7 ( 0.2 ns, Table 1) is much smaller
than that observed when PMal-CaM is complexed with the
peptide C25W (τj ) 5.3 ( 0.3 ns, Table 1), which has an
identical sequence to the CaM-binding sequence of the PM-
Ca-ATPase. The shorter average lifetime observed for PMal-
CaM in association with the PM-Ca-ATPase relative to that
observed when CaM is complexed to C25W indicates that
the local environment around the PMal located at Cys27 on
CaM is substantially different upon the association of CaM
with the PM-Ca-ATPase in erythrocyte ghost membranes

FIGURE 4: Fluorescence emission spectra associated with PMal-
CaM bound to the PM-Ca-ATPase in native erythrocyte ghost
membranes. Spectra were acquired in the absence (A) or presence
(B) of the combination of a Schott GG400 long-pass filter together
with an Oriel band-pass filter centered at 420 nm (full width at
half-maximum is 10 nm) and correspond to PMal-CaM saturated
ghost membrane (solid line), ghost membranes (dashed line), and
buffer A alone (dotted line). When applicable, the total ghost
membrane protein concentration was 0.25 mg mL-1, and unbound
PMal-CaM was eliminated by centrifugation (see the Experimental
Procedures). Excitation was 351 nm, and the sample temperature
was 25°C.

FIGURE 5: Frequency-domain fluorescence lifetime data of donor
and donor-acceptor labeled CaM bound to erythrocyte ghost
membranes. The frequency response of the phase shift (0, 9) and
demodulation (O,b) for N-(1-pyrenyl)maleimide labeled CaM (i.e.,
donor only;0, O) and forN-(1-pyrenyl)maleimide labeled CaM
in the presence of nitrotyrosine139 (i.e., donor-acceptor;9, b).
Symbols represent the experimental data, and solid lines represent
the best fit to the data, as described in the Experimental Procedures.
The goodness of fit was assessed both by theøR2 and by the
weighted residuals which correspond to the difference between the
experimental data and the experimental fit normalized by the
experimental error associated with the phase (i.e.,δphase) 0.2°)
and modulation (i.e.,δmodulation) 0.005). In all cases, measurements
were made in buffer A at 25°C using a ghost membrane protein
concentration of 0.25 mg mL-1, and samples were prepared as
described in the Experimental Procedures.
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relative to that observed when CaM associates with C25W,
and may be related to additional contact or electrostatic
interactions between CaM and the PM-Ca-ATPase. The
large decrease in the average fluorescence lifetime of PMal-
CaM bound to the PM-Ca-ATPase relative to the average
fluorescence lifetime of PMal-CaM bound to C25W is
consistent with (i) our previous measurements that indicate
that the observed lifetime of PMal-CaM complexed to a
series of peptides that are identical to the primary sequence
of the CaM-binding sequence in a series of target proteins
is highly dependent on the structure and electrostatic proper-
ties of the neighboring amino acids adjacent to the CaM-
binding sequence (Yao & Squier, 1996), and (ii) the large
charge density associated with the sequence of the PM-Ca-
ATPase’s autoinhibitory domain adjacent to the carboxyl-
terminal binding sequence for CaM (approximately 22% of
the residues are acidic amino acids). Therefore, it is possible
that either the sequence of the PM-Ca-ATPase adjacent to
the CaM binding site or aspects of the tertiary structure of
the PM-Ca-ATPase modify the conformational properties of
the bound CaM. The modulation of the conformation of
CaM bound to the PM-Ca-ATPase by the primary structure
of the PM-Ca-ATPase has important implications with
respect to the regulation of the PM-Ca-ATPase, since much
of the isoform diversity associated with the PM-Ca-ATPase
involves alterations in the carboxyl-terminal domain of the
PM-Ca-ATPase near the CaM-binding sequence (reviewed
by Carafoli et al., 1992; Stauffer et al., 1993).
SolVent Accessibility of N-(1-Pyrenyl)maleimide on CaM

Bound to the PM-Ca-ATPase.The decrease in the average
lifetime of PMal-CaM bound to the PM-Ca-ATPase relative
to PMal-CaM bound to C25W may also be related only to
the modification of the excited state properties of pyrene
(Lakowicz, 1983; Scho¨neich et al., 1995). In order to better
define possible conformational differences between PMal-
CaM bound to the PM-Ca-ATPase in erythrocyte ghost
membranes relative to PMal-CaM complexed to the peptide
C25W, we have measured the solvent accessibility of PMal
to the collisional quencher TEMPAMINE, as described in

the Experimental Procedures. While we do observe signifi-
cant differences in the Stern-Volmer quenching constant
for PMal-CaM bound to erythrocyte ghosts relative to PMal-
CaM bound to C25W (Table 2), the much larger Stern-
Volmer quenching constant associated with CaM complexed
to C25W (K ) 206.6( 0.4 M-1) relative to CaM bound to
the PM-Ca-ATPase in erythrocyte ghost membranes (K)
70.0( 0.1 M-1) is the result of the much larger average
lifetime of PMal-CaM bound to C25W (τj ) 5.3( 0.3 ns,
Table 1) relative to the average lifetime of PMal-CaM bound
to the PM-Ca-ATPase (τj ) 1.7( 0.2 ns, Table 1). If one
corrects for differences in the average lifetime, one finds
that the bimolecular collisional quenching constant between
TEMPAMINE and PMal-CaM bound to either C25W (i.e.,
kq ) (3.9 ( 0.2) × 1010 M-1 s-1) or the PM-Ca-ATPase
(i.e.,kq ) (4.1( 0.5)× 1010M-1 s-1) are virtually identical
(Table 2), indicating that the structural environment sur-
rounding PMal is similar for PMal-CaM bound to either
C25W or the PM-Ca-ATPase in erythrocyte ghost mem-
branes. The similar collisional rate constants for CaM bound
to either C25W or the PM-Ca-ATPase is in contrast to
substantial alterations associated with the bimolecular col-
lisional rate constant observed between TEMPAMINE and
PMal-CaM bound to different target peptides derived from
the CaM-binding sequence of a range of CaM-activatable
proteins (Yao & Squier, 1996). Therefore, it is apparent that
the primary structure of the CaM binding sequence on the
PM-Ca-ATPase directly modulates the tertiary structure of
the bound CaM, and that the conformation of CaM bound
to the PM-Ca-ATPase is not modified by potential interac-
tions with other aspects of the PM-Ca-ATPase sequence.
Spatial Separation between Globular Domains of CaM

Bound to the PM-Ca-ATPase. In order to quantitatively
assess the conformational changes associated with CaM
binding to the native erythrocyte ghost membrane Ca-
ATPase, we have used frequency-domain fluorescence
spectroscopy to measure the FRET between PMal located
at Cys27 and nitrotyrosine139, providing a direct assessment
of the average spatial separation between the opposing

Table 1: Lifetime Data For PMal-CaM in the Presence and Absence of Nitrotyrosinea

sample R1 τ1 (ns) R2 τ2 (ns) R3 τ3 (ns) τj (ns)b øR2 c

PMal-CaM+
erythrocyte ghostsd

0.86 (0.02) 0.85 (0.06) 0.130 (0.005) 5.8 (0.2) 0.005 (0.001) 52 (4) 1.7 (0.2) 2.2 (18.9)

PMal-TNM-CaM+
erythrocyte ghostsd

0.87 (0.02) 0.74 (0.04) 0.125 (0.003) 5.0 (0.2) 0.005 (0.001) 43 (1) 1.5 (0.2) 0.8 (8.9)

PMal-CaM+ C25We 0.78 (0.01) 2.14 (0.08) 0.200 (0.008) 9.8 (0.4) 0.016 (0.001) 104 (4) 5.3 (0.3) 0.7 (7.9)
PMal-TNM-CaM+ C25We 0.78 (0.02) 1.54 (0.06) 0.200 (0.007) 7.3 (0.3) 0.016 (0.001) 77 (5) 3.9 (0.2) 1.3 (11.9)

a Average amplitudes (Ri) and lifetimes (τi) obtained from three-exponential fits to frequency-domain data collected for donor only (PMal-CaM)
and donor-acceptor (PMal-TNM-CaM) labeled CaM. Uncertainties (in parentheses) represent the maximal variance associated with a rigorous
analysis of the correlated errors between the five fitting parameters relative to the parameter of interest, as previously described (Beechem et al.,
1991; Yao et al., 1994).b Average lifetime (τj) is calculated as:τj ) ΣRiτi, and is proportional to the quantum yield (Luedtke et al., 1981). Errors
were propagated as described in Bevington (1969).c øR2 for a two-exponential fit to the data is shown in parentheses.d Experimental conditions
were identical to those described in the legend of Figure 5.eFrom Yao and Squier, (1996).

Table 2: Stern-Volmer Quenching Constants

sample Ksv (M-1)b τj (ns)b kq (M-1 s-1)c kq/kq(PMal-Cys)d

PMal-Cysa 385.1( 0.3 3.9( 0.2 (9.9( 0.5)× 1010 1.0( 0.07
PMal-CaM+ erythrocyte ghostse 70.0( 0.1 1.7( 0.2 (4.1( 0.5)× 1010 0.42( 0.05
PMal-CaM+ C25Wf 206.6( 0.4 5.3( 0.3 (3.9( 0.2)× 1010 0.40( 0.03

a PMal-Cys is used to obtain a maximal value for the bimolecular quenching constant in the absence of steric influences relating to the tertiary
structure of the protein.b Ksv is the Stern-Volmer quenching constant, andτj is the average lifetime (see Table 1).c kq ≡ Ksv/ τj, and is the bimolecular
quenching constant.d The quenching efficiency of PMal-CaM was normalized to that of PMal-Cys.eExperimental conditions were as described in
the legend to Figure 5.f From Yao et al. (1996).
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globular domains of CaM upon complexation with the PM-
Ca-ATPase (Yao et al., 1994). In the presence of nitroty-
rosine139, we observe that the frequency response of PMal-
CaM shifts toward higher frequencies (compare closed
symbols to open symbols in Figure 5), consistent with the
observed decrease in the average lifetime of PMal-CaM due
to the presence of FRET to the acceptor nitrotyrosine139

(Table 1). The intensity decay of PMal-nitrotyrosine139-CaM
is adequately described as a sum of three exponentials, as
indicated by the random distribution of the weighted residues
and the 11-fold improvement inøR2 relative to a two-
exponential model (Figure 5; Table 1).
A consideration of the Fo¨rster critical distance (R0) under

the conditions of interest in conjunction with the assessment
of the average lifetime of PMal-CaM in the presence and
absence of nitrotyrosine139 (Table 1) permits us to measure
the apparent donor-acceptor separation (rapp), which neglects
any conformational heterogeneity in CaM by assuming a
single donor-acceptor distance (Cheung, 1991). We observe
very similar average distances between PMal located at Cys27

and nitrotyrosine139 located on the opposing globular domains
of CaM irrespective of whether CaM is bound to the PM-
Ca-ATPase in erythrocyte ghost membranes (rapp) 19.6(
0.7 Å; Table 3) or to the peptide C25W (rapp ) 20.8( 0.2
Å; Table 3).
Resolution of Conformational Heterogeneity of CaM

Bound to the Erythrocyte Ghost Membrane Ca-ATPase.The
frequency-domain intensity decays of PMal-CaM in the
absence (donor only) and presence of nitrotyrosine139 (donor-
acceptor pair) were used to recover the time-dependent terms
relating to the distribution of the donor-acceptor distances,
permitting a measurement of the conformational heterogene-
ity between the opposing globular domains of CaM bound
to the CaM binding sequence on the PM-Ca-ATPase (Haas
et al., 1978; Lakowicz et al., 1988; Beechem & Haas, 1989;
James et al., 1992; Yao et al., 1994; Yao & Squier, 1996).
The average donor-acceptor separation (rav ) 20.2 Å; Table
3) is very similar to the apparent donor-acceptor separation
calculated assuming a single unique conformation of CaM
bound to the PM-Ca-ATPase (rapp ) 19.6( 0.7 Å; Table
3). The width of the donor-acceptor separation between
the opposing globular domains is related to the conforma-
tional heterogeneity of CaM bound to the PM-Ca-ATPase
and is the result of both the range of bound conformations
of CaM associated with the PM-Ca-ATPase and the inherent
flexibility of the CaM binding sequence. The observed HW
(full width at half-maximum height) of the donor-acceptor
distance distribution of CaM bound to the PM-Ca-ATPase
is 8.6( 2.2 Å and is virtually identical to the width of the
donor-acceptor distance distribution for CaM bound to

C25W (i.e., 8.5( 1.3 Å; Table 3). The observed half-width
is significantly narrower than the half-width of the distance
distribution for either calcium saturated CaM (i.e.,∼12 Å)
or apocalmodulin (i.e.,∼20 Å; Yao et al., 1994), indicating
that there is less conformational heterogeneity between the
opposing globular domains of CaM when complexed with
either C25W or the PM-Ca-ATPase. The similar average
distance and conformational heterogeneity of CaM bound
to C25W and the PM-Ca-ATPase indicates that CaM binds
to the PM-Ca-ATPase and C25W in a similar conformation,
and that the conformational dynamics of the CaM binding
site on the PM-Ca-ATPase are relatively unconstrained by
the surrounding autoinhibitory sequence. Furthermore, these
results provide strong evidence that the structural properties
of CaM bound to a target peptide that is identical to the CaM-
binding sequence on the PM-Ca-ATPase and CaM bound
to the PM-Ca-ATPase in native erythrocyte ghost membranes
are virtually identical.
Rotational Dynamics of CaM Bound to the Erythrocyte

Ghost Membrane PM-Ca-ATPase.In order to further assess
the structural properties of both CaM and the associated
autoinhibitory domain of the PM-Ca-ATPase, we have
measured the rotational dynamics of CaM in association with
the PM-Ca-ATPase using frequency-domain fluorescence
anisotropy. These measurements resolve both the segmental
rotational motion associated with PMal at Cys27 on CaM and
the overall rate of rotational motion of CaM associated with
the PM-Ca-ATPase. The rate of segmental rotational motion
is related to the steric hindrance around the chromophore
and provides complementary information to the solvent
accessibility data (Table 2), while the overall rate of rotational
motion associated with the complex between CaM and the
PM-Ca-ATPase provides information relating to the hydro-
dynamic properties of the autoinhibitory domain of the PM-
Ca-ATPase.
In order to determine the rate of rotational motion for

PMal-CaM associated with either the PM-Ca-ATPase or the
C25W peptide, we measured the differential phase for PMal-
CaM associated with these targets over 24 frequencies
between 0.5 and 200 MHz (Figure 6). One observes that
there is a continuous increase in the differential phase as
the modulation frequency is increased, and that there is a
substantial difference in the frequency response of the
differential phase for calcium saturated CaM complexed with
PM-Ca-ATPase relative to CaM bound to C25W. Further-
more, one observes that the steady-state polarization associ-
ated with PMal-CaM bound to the PM-Ca-ATPase (P )
0.337( 0.003) is substantially higher than that of PMal-
CaM in association with C25W (P ) 0.138 (0.002),
suggesting that the rate of rotational motion occurring during

Table 3: Spatial Separation between Chromophores on Opposing Globular Domains of CaM

sample E (%)a R0 (Å)b rapp(Å)c Rav(Å)d HW (Å)d øR2

CaM+ erythrocyte ghostse 15 (2) 14.7 (0.2) 19.6 (0.7) 20.2 (0.4) 8.6 (2.2) 2.1
CaM+ C25Wf 27 (2) 17.6 (0.2) 20.8 (0.2) 20.9 (0.3) 8.5 (1.3) 1.6

a Energy-transfer efficiency is obtained from changes in the average fluorescence lifetime (τj) of PMal-CaM upon nitration of Tyr139, whereE )
(1 - τjda / τjd) and is multipled by 100. Errors are the standard deviation of the mean.b The Förster critical distance (R0) represents the distance
between a given donor-acceptor pair under a given set of experimental conditions where the energy-transfer efficiency is 50% (Stryer, 1978).
Indicated errors (in parentheses) represent the standard deviation of the mean.c Apparent donor-acceptor separation assuming a single unique
protein conformation, as previously described (Yao et al., 1994), where the indicated errors are propagated (Bevington, 1969).d Average donor-
acceptor separation (Rav) and associated full width at half-height (HW) assuming a Gaussian distribution of distances, where indicated errors (in
parentheses) represent the maximal variance associated with a rigorous analysis of the error surfaces associated with each experimental parameter
(Beechem et al., 1991).eExperimental conditions are as described in the legend in Figure 5.f From Yao and Squier (1996).
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the excited state lifetime of PMal for CaM bound to the PM-
Ca-ATPase is substantially less than that of PMal-CaM
bound to C25W.
The frequency-domain anisotropy data obtained for PMal-

CaM in association with either the PM-Ca-ATPase or C25W
requires two exponentials to adequately describe the data,
as is evidenced by the evenly distributed weighted residuals
(Figure 6) and the greater than 12-fold reduction in the
goodness of the fit (øR2) relative to the one-exponential model
(Table 4). Inclusion of additional fitting parameters results
in no significant improvement in the calculated fit to the
data. The amplitude (g1r0) and rate (1/φ1) of rotational
motion associated with the segmental motion of PMal-CaM
bound to the PM-Ca-ATPase (gir0 ) 0.18( 0.01;φ1 ∼ 0.8
( 0.1 ns) are essentially the same as those of CaM bound
to C25W (g1r0 ) 0.17( 0.01;φ1 ∼ 0.9( 0.1 ns; Table 4),
suggesting that the conformation surrounding PMal at Cys27

is very similar when CaM binds to either the PM-Ca-ATPase
or the peptide derived from its autoinhibitory domain
(C25W). Therefore, in conjunction with the FRET measure-
ments (discussed above), these results indicate that the two
globular domains of calcium saturated PMal-CaM move into
closer juxtaposition upon binding to either the erythrocyte
ghost plasma membrane Ca-ATPase or C25W with a similar
reduction in their associated conformational heterogeneity
(Table 3). The observed variation in the lifetime of PMal-
CaM in association with either the PM-Ca-ATPase (τj ) 1.7
( 0.3 ns) or C25W (τj ) 5.3 ( 0.3 ns; Table 1) suggests
that the differences in the average lifetime of PMal located
at Cys27 on CaM are related to minor alterations in the
polarity of the surrounding environment, and are not the
result of structural differences in the tertiary conformation
of CaM. The rotational correlation time associated with the
overall rotational motion of CaM bound to the PM-Ca-
ATPase (φ2 ≈ 83( 14 ns) is much longer than that observed
when CaM is bound to C25W (φ2 ≈ 10.3( 0.5 ns; Table
4), indicating that CaM is both rigidly bound to the PM-
Ca-ATPase and that the CaM-binding domain of the PM-
Ca-ATPase contains considerable tertiary structure. The
structural implications relating to the observed rotational

correlation times are examined in more detail in the Discus-
sion.

DISCUSSION

Summary of Results.In order to assess the mechanisms
associated with the ability of CaM to activate the PM-Ca-
ATPase, we have used a fluorescent analog of wheat germ
CaM to investigate the structural properties of CaM bound
to the PM-Ca-ATPase in intact erythrocyte ghost membranes.
The specific binding of one molecule of CaM to one PM-
Ca-ATPase polypeptide chain in erythrocyte ghost mem-
branes was established through the use of a photoactivatable
cross-linking reagent conjugated to the single cysteine on
CaM (i.e., Bz-CaM). Immunoblots using antibodies specific
for both CaM and the erythrocyte PM-Ca-ATPase permit
the identification of specific cross-linked products between
CaM and the PM-Ca-ATPase (Figure 3). Structural mea-
surements involving frequency-domain fluorescence spec-
troscopy were used to measure both the spatial separation
and conformational heterogeneity between the opposing
globular domains of CaM (Table 3) and the overall hydro-
dynamic properties of CaM bound to the CaM-binding
domain of the PM-Ca-ATPase through the measurement of
the overall rotational motion (Table 4, Figure 6). In addition,
we have been able to assess more subtle conformational
differences in CaM bound to either the entire PM-Ca-ATPase
or the C25W peptide using fluorescence measurements of
the lifetime (Table 1), segmental rotational dynamics (Table
4), and collisional quenching (Table 2) of PMal located at
Cys27 on wheat germ CaM.
The average lifetime (τj) for PMal-CaM bound to the PM-

Ca-ATPase in native erythrocyte ghost membranes (τj ) 1.7
( 0.2 ns) is substantially shorter relative to that of PMal-
CaM bound to C25W (τj ) 5.3 ( 0.3 ns), indicating a
substantially greater polarity in the vicinity of Cys27 when
CaM is bound to the PM-Ca-ATPase (Lakowicz, 1983;
Schöneich et al., 1995). The observed difference inτj is not
the result of significant differences in the tertiary structure
of CaM bound to the PM-Ca-ATPase relative to C25W, since
we find (i) that CaM has a similar average spatial separation
and distance distribution between PMal located at Cys27 in
calcium binding loop I and nitrotyrosine139 located in calcium
binding loop IV (Figure 1; Table 3), (ii) that CaM has a
similar solvent accessibility for PMal to collisional quenchers
(Table 2), and (iii) that PMal undergoes a similar rate of
segmental rotational dynamics (Table 4). Rather these
differences inτj reflect the much greater charge density near
the PMal on CaM bound to the PM-Ca-ATPase, which may
include the cluster of acidic residues adjacent to the CaM-
binding sequence of the PM-Ca-ATPase (Strehler et al.,
1990). The very similar structure of CaM bound to either
the PM-Ca-ATPase or C25W indicates that (i) peptides with
sequence identity to the CaM-binding domain of the PM-
Ca-ATPase provide a realistic depiction of the structural
properties of both CaM bound to the PM-Ca-ATPase and
the associated secondary structure of the binding sequence
on the PM-Ca-ATPase and (ii) the CaM binding sequence
on the PM-Ca-ATPase is a contiguous sequence of amino
acids within the primary structure of the PM-Ca-ATPase that
is identical to C25W.
Since CaM is tightly associated with the CaM binding site

on the autoinhibitory domain of the PM-Ca-ATPase, it is

FIGURE6: Rotational dynamics ofN-(1-pyrenyl)maleimide labeled
CaM bound to the PM-Ca-ATPase in erythrocyte ghost membranes.
Frequency dependence of the differential phase for PMal-CaM
bound to the PM-Ca-ATPase in erythrocyte ghost membranes (b)
or to C25W (O). The weighted residuals (Wt. Res.) represent the
difference between experimental and calculated values normalized
by the assumed experimental error (i.e., 0.2°). Experimental
conditions are as described in the legend to Figure 5, except that,
in the case of PMal-CaM in association with C25W, the concentra-
tions of CaM and C25W were 1.2 and 3.6µM, respectively.
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possible to measure the dynamic properties of CaM com-
plexed to the PM-Ca-ATPase. We find that (i) there is no
residual motional anisotropy and (ii) the overall rotational
correlation time of the PMal-CaM bound to the PM-Ca-
ATPase is much slower (φ2 ) 83 ( 14 ns; Table 4) than
observed when CaM binds C25W (φ2 ) 10.3( 0.5 ns; Table
4). The lack of residual anisotropy indicates that PMal-CaM
undergoes essentially isotropic rotational motion. The overall
rotational correlation time associated with PMal-CaM bound
to either the PM-Ca-ATPase or C25W is consistent with the
tight binding of CaM. However, the rate of rotational motion
is much faster than the corresponding rate of overall
rotational motion associated with integral membrane proteins,
which occurs on the time scale of tens of microseconds
(Thomas et al., 1985; Cherry, 1992; Birmachu & Thomas,
1990; Birmachu et al., 1993). Therefore, the relatively rapid
rotational dynamics of the CaM-binding domain relative to
the overall rotational dynamics of the PM-Ca-ATPase and
the absence of any residual anisotropy indicate that the
autoinhibitory domain on the PM-Ca-ATPase undergoes
large amplitude fluctuations during the excited state lifetime
of PMal-CaM (i.e.,τj ) 1.7 ( 0.2 ns). Thus, the CaM-
binding domain is not undergoing significant inter- or intra-
domain stabilizing interactions with other portions of the PM-
Ca-ATPase when CaM is bound.
Calculation of the Hydrodynamic Properties of the Au-

toinhibitory Domain of the PM-Ca-ATPase Complexed to
CaM. The expected rotational correlation times for proteins
of variable shape has been discussed in detail (Garcia de la
Torre & Bloomfield, 1981; reviewed by Steiner, 1991), and
coupled with some knowledge of the primary structure of a
protein, it is possible to use the rate information from our
frequency-domain anisotropy measurements for CaM bound
to the PM-Ca-ATPase in erythrocyte ghost membranes to
obtain structural information relating to the overall shape of
the CaM-binding domain of the PM-Ca-ATPase. It is
therefore useful to consider the known structural features
associated with the autoinhibitory domain of the PM-Ca-
ATPase subsequent to CaM binding in order to better
understand the structural implications associated with the
observed rotational correlation time of PMal-CaM bound to
the PM-Ca-ATPase (φ2 ) 83 ( 14 ns; Table 4). For
purposes of our discussion, we will emphasize the primary
sequence of PMCA4, which is the dominant isoform in
erythrocyte ghost membranes (Stauffer et al., 1995). The
autoinhibitory domain of PMCA4 contains about 150 amino
acids located on the carboxyl-terminal side of the tenth
transmembrane sequence of the PM-Ca-ATPase (Figure 7).
The autoinhibitory domain is delimited by a sequence that
is especially prone to tryptic cleavage (IPTR1052), which is

predicted to be disordered and highly flexible (Zurini et al.,
1984). There are 37 amino acids between this flexible linker
and the CaM-binding sequence, which has been predicted
to have a strong propensity to form an amphipathicR-helical
structure (Garnier, 1978; reviewed by Carafoli et al., 1992).
The remaining 116 amino acids contained within the auto-
inhibitory domain are predicted to contain substantial
amounts of secondary structure, but little is known about
the overall tertiary structure. Assuming that the autoinhibi-
tory domain (which has a mass of 16,862 daltons) with CaM
bound can be represented as a helical stalk connected to a
globular domain (Figure 7), it is possible to calculate the
expected rotational correlation time (φ) of this complex using
the interpolating function provided by Garcia de la Torre
and Bloomfield (1981), where:

Dr is the rotational diffusion coefficient relative to the

Table 4: Rotational Dynamics of PMal-CaMa

sample Pb g1r0c φ1 (ns)c g2r0c φ2 (ns)c øR2 d

CaM+ erythrocyte ghostse 0.337 (0.003) 0.18 (0.01) 0.8 (0.1) 0.09 (0.01) 83 (14) 0.71 (8.7)
CaM+C25Wf 0.138 (0.002) 0.17 (0.01) 0.9 (0.1) 0.10 (0.01) 10.3 (0.5) 0.78 (10.4)
aReported correlation times and associated amplitudes were obtained from a multiexponential fit to the differential phase data, as described in

the Experimental Procedures.b P is the steady-state polarization.c gir0 are the amplitudes of the total anisotropy associated with each rotational
correlation time (φ i), whereφ1 andφ2 are the rotational correlation times associated with segmental and overall rotational motion of CaM. Indicated
errors were obtained from a rigorous consideration of the errors and account for all correlations between the measured parameters (Beechem et al.,
1991; Yao et al., 1994), where the reported uncertainty is obtained using theF statistic and represents the maximal variance associated with one
standard deviation relative to the reported values.d øR2 describes the deviations between the model and experimental data, and the number in
parentheses represents theøR2 obtained from a one-component fit to the data.eExperimental conditions are described in the legend of Figure 5.
f Data taken from Yao et al. (1996).

FIGURE 7: Model illustrating activation of the plasma membrane
Ca-ATPase by CaM association. Structural cartoon depicting the
relationship between the autoinhibitory domain of the PM-Ca-
ATPase (large circle) before (left) and subsequent (right) to the
binding of CaM (represented as two shaded circles connected by a
flexible linker). The PM-Ca-ATPase is represented as containing
ten putative transmembrane sequences and three major cytoplasmic
domains. Sites associated with either phosphorylation (D475) or
FITC binding (K609) are indicated as small circles and are generally
thought to form part of the nucleotide binding site (Strehler et al.,
1990). The CaM-binding site is adjacent to the autoinhibitory
domain of the PM-Ca-ATPase and is located near the carboxyl-
terminus. Prior to CaM binding, the autoinhibitory domain interacts
with both major cytoplasmic domains of the PM-Ca-ATPase
(Falchetto et al., 1992) and is presumed to block either access or
utilization of substrates at the active site (reviewed by Carafoli,
1994). Subsequent to the association of CaM with the PM-Ca-
ATPase, the autoinhibitory domain of the PM-Ca-ATPase both
becomes dissociated from the nucleotide binding region and
contains considerable tertiary structure. Under these conditions the
associated calcium affinity of the PM-Ca-ATPase and maximal
velocity are enhanced by about 7-fold (Figure 2).
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principal axis of the autoinhibitory domain,k is Boltzman’s
constant,η is the solvent viscosity (0.89 cP at 25°C), T is
the absolute temperature in K,L is the length of the stalk,
σ2 is the radius of stalk, andσ1 is the radius of the globular
domain complexed with CaM. The coefficients of the
interpolating functions areb11 ) 3.886,b12 ) 0.9412,b13 )
2.816,b21 ) 4.546,b22 ) 27.98,b23 ) 6.335,b31 ) 0.8185,
b32 ) 20.76, andb33 ) -5.557. In our calculation the length
(L) of the stalk region is taken to be 55.5 Å based on
secondary structure predictions for Ser1053 to Gly1109, which
is predicted to beR-helical (reviewed by Carafoli, 1994),
and the hydrated radius of the stalk (σ2) is assumed to be
3.8 Å. The hydrated radius (σ1) of the globular domain
(Gln1110 to Val1205 has a mass of 13,178 daltons) bound to
PMal-CaM (which has a mass of 17,210) is 22.5 Å, assuming
a spherical shape, a partial specific molar volume of 0.73
cm3 g-1, and 30% hydration (Cantor & Schimmel, 1980).
The calculated rotational diffusion coefficient is 2.5× 106

s-1. Since:

the calculated rotational correlation time (φc) for the auto-
inhibitory domain of the PM-Ca-ATPase bound to CaM is
about 68 ns. Whileφc is relatively insensitive to small
changes in the length of the stalk region (for a 10 Å decrease
in L there is a 15 ns decrease inφc), it is clear that the
measured rotational correlation time associated with PMal-
CaM bound to the PM-Ca-ATPase (φ2 ) 83( 14 ns; Table
4) is consistent with the general features of this model.
Therefore, our measurements relating to the hydrodynamic
properties of CaM bound to the PM-Ca-ATPase indicates
that the complex between CaM and the autoinhibitory
domain of the PM-Ca-ATPase forms a structurally distinct
domain and that there are essentially no interactions between
the autoinhibitory domain and other structural elements of
the PM-Ca-ATPase. These results are consistent with earlier
models in which the autoinhibitory domain of the PM-Ca-
ATPase is predicted to be structurally distinct upon CaM
association, and to undergo essentially no interactions with
other structural elements of the PM-Ca-ATPase (Carafoli,
1994).
AlternatiVe Models with Respect to the Structure of the

Autoinhibitory Domain.High-resolution structural informa-
tion is available for the the autoinhibitory domains of only
two CaM-dependent enzymes (i.e., twitchin kinase and CaM-
dependent protein kinase I; Hu et al., 1994; Goldberg et al.,
1996), and there is no high-resolution information relating
to the structural features of any autoinhibitory domain
subsequent to CaM binding. However, the entire CaM-
binding sequence is disordered in CaM-dependent protein
kinase I, suggesting that the CaM-binding sequence does not
undergo stabilizing interactions with other protein elements
in either the catalytic core or within the autoinhibitory
domain prior to CaM binding (Goldberg et al., 1996). If
CaM bound to the PM-Ca-ATPase were to involve such a
mobile structural element,φc would be about 10 ns (Yao &
Squier, 1996). Likewise if one assumes (i) that the linker
between Arg1052 and Gly1089were disordered and mobile so
as to uncouple the rotational dynamics of CaM bound to the
autoinhibitory domain from the transmembrane structural
elements of the PM-Ca-ATPase and (ii) that the complex

between CaM and the autoinhibitory domain of the PM-Ca-
ATPase could be approximated as a sphere, one can calculate
that the expected rotational correlation time for CaM bound
to the autoinhibitory domain of the PM-Ca-ATPase would
be about 12 ns, which is much smaller than the observed
rotational correlation time (see above). Assuming that the
rotational dynamics of the autoinhibitory domain is un-
coupled from the stalk, the calculated rotational correlation
time approaches the observed rotational correlation time only
if one assumes that the complex between CaM and the
autoinhibitory domain of the PM-Ca-ATPase can be ap-
proximated as a rigid prolate ellipsoid with an axial ratio of
about 20:1, corresponding to a minor radius of about 8.5 Å
and a long axis of 170 Å. However, the latter structure is
inconsistent with the dimensions of CaM bound to a range
of target peptides (including C25W; Meador et al., 1993;
Yao & Squier, 1996), whose minor axis should represent
the minimal dimensions associated with the autoinhibitory
domain of the PM-Ca-ATPase.
Other possible models associated with the activation of

the PM-Ca-ATPase subsequent to CaM binding include the
association of the autoinhibitory domains on adjacent PM-
Ca-ATPase polypeptide chains, which has previously been
shown to activate the PM-Ca-ATPase solubilized in detergent
(Kosk-Kosicka & Bzdega, 1988; Vorherr et al., 1991).
However, the activation of the PM-Ca-ATPase through the
association of the autoinhibitory domains is competitive with
respect to CaM binding (Sachett and Kosk-Kosicka, 1996)
and is not consistent with 1:1 stoichiometry of CaM binding
with the PM-Ca-ATPase in native erythrocyte ghost mem-
branes (Figure 3). Therefore, the formation of oligomeric
complexes between PM-Ca-ATPase polypeptide chains and
the associated CaM-independent activation of the PM-Ca-
ATPase in detergent is not physiologically relevant.
Relationship to Other Studies.Earlier experiments have

demonstrated an ability to fully activate the PM-Ca-ATPase
upon proteolytic cleavage of the CaM-binding domain, to
restore CaM regulation upon the addition of peptides that
are identical to the CaM-binding site on the PM-Ca-ATPase,
and to cross-link these regulatory peptides to the transduction
domains of the PM-Ca-ATPase (Benaim et al., 1984; Zurini
et al., 1984; Wang et al., 1988; James et al., 1988; Enyedi
et al., 1989; Falchetto et al., 1991, 1992). Our results
demonstrate that, upon CaM binding, the autoinhibitory
domain of the PM-Ca-ATPase is dissociated from the PM-
Ca-ATPase, consistent with earlier suggestions that CaM
binding to the PM-Ca-ATPase results in the removal of steric
inhibition at the catalytic site of the PM-Ca-ATPase due to
the dissociation of the autoinhibitory domain from the PM-
Ca-ATPase (reviewed by Carafoli, 1994). While there are
currently no direct measurements relating to the structure of
the autoinhibitory domain of the PM-Ca-ATPase prior to
CaM binding, there are multiple sites located in the CaM-
binding domain that are especially prone to proteolytic
cleavage by either trypsin or calpain (Carafoli et al., 1992).
The susceptibility of the CaM binding site to proteolytic
cleavage suggests that the CaM-binding site is both exposed
and highly flexible prior to CaM binding, consistent with
the structure of the CaM-binding sequence in CaM-dependent
protein kinase I (Goldberg et al., 1996). Upon CaM binding,
the autoinhibitory domain of the PM-Ca-ATPase undergoes
essentially isotropic rotational motion as a rigid body (Figure
7; see above). Previous measurements indicate that, subse-

φc ) 1
6× Dr
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quent to their association with CaM, the structures of a wide
range of peptides that are identical to the CaM-binding
sequences of a variety of CaM-dependent target proteins
assume anR-helical conformation (reviewed by Trewhella,
1992; Meador et al., 1992, 1993; Yao & Squier, 1996), and
that the structures of CaM bound to C25W and the PM-Ca-
ATPase are virtually identical (see above). Therefore, a
disordered to ordered structural transition associated with the
CaM-binding sequence of the PM-Ca-ATPase upon CaM
binding may represent the trigger associated with the
disruption of the stabilizing interactions between the auto-
inhibitory domain and other protein structural elements.
Conclusions and Future Directions.We report (i) that

CaM specifically and selectively associates with the CaM-
binding sequence on the autoinhibitory domain of the PM-
Ca-ATPase in native porcine erythrocyte ghost membranes
at a stoichiometry of one molecule of CaM bound to one
PM-Ca-ATPase polypeptide chain, (ii) that the structural
properties of CaM and the associated CaM-binding site on
the PM-Ca-ATPase are virtually identical to the structural
properties of CaM complexed with a peptide (i.e., C25W)
that has an identical sequence to the CaM-binding site on
the autoinhibitory domain of the PM-Ca-ATPase, and (iii)
that the CaM-binding domain of the PM-Ca-ATPase under-
goes essentially unrestricted rotational motion subsequent to
CaM binding, providing direct evidence that CaM binding
releases the inhibition associated with the autoinhibitory
domain of the PM-Ca-ATPase through the dissociation of
the autoinhibitory domain from the catalytic portion of the
calcium pump. Our current measurements do not address
the regulation of the PM-Ca-ATPase by the site-specific
phosphorylation of residues associated with the autoinhibitory
domain by protein kinase C and cAMP-dependent protein
kinase, which may also modulate the interaction between
the autoinhibitory domain and other structural elements in
the PM-Ca-ATPase. Future studies will emphasize additional
regulatory mechanisms associated with post-translational
modifications involving site-specific oxidative modifications
and phosphoryl group transfer reactions to both CaM and
the autoinhibitory domain of the PM-Ca-ATPase (James et
al., 1988, 1989; Wang et al., 1991; Rodin et al., 1992; Yao
et al., 1996), and their relationship to the structure of the
autoinhibitory domain of the PM-Ca-ATPase.
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