Biochimica et Biophysica Acta, 1028 (1990) 183-199 183
Elsevier

BBAMEM 74995

Structural dynamics of the Ca**-ATPase of sarcoplasmic
reticulum. Temperature profiles of fluorescence polarization
and intramolecular energy transfer
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The temperature dependence of fluorescence polarization and Forster-type resonance energy transfer (FRET) was
analyzed in the Ca’*-ATPase of sarcoplasmic reticulum using protein tryptophan and site-specific fluorescence
indicators such as 5-[2-((iodoacetyl)amino)ethyllJaminonaphthalene-1-sulfonic acid (IAEDANS), fluorescein 5’-isothio-
cyanate (FITC), 2’,3"-0-(2,4,3-trinitrophenyl)adenosine monophosphate (TNP-AMP) or lanthanides Pr3*, Nd**) as
probes. The normalized energy transfer efficiency between AEDANS bound at cysteine-670 and -674 and FITC bound
at lysine-515 increases with increasing temperature in the range of 10-37°C, indicating the existence of a relatively
flexible structure in the region of the ATPase molecule that links the AEDANS to the FITC site. These observations
are consistent with the theory of Somogyi, Matko, Papp, Hevessy, Welch and Damjanovich (Biochemistry 23 (1984)
3403-3411) that thermally induced structural fluctuations increase the energy transfer. Structural fluctuations were also
evident in the energy transfer between FITC linked to the nucleotide-binding domain and Nd>* bound at the putative
Ca’* sites. By contrast the normalized energy transfer efficiency between AEDANS and Pr3* was relatively insensitive
to temperature, suggesting that the region between cysteine-670 and the putative Ca’* site monitored by the
AEDANS-Pr3* pair is relatively rigid. A combination of the energy transfer data with the structural information
derived from analysis of Ca**-ATPase crystals yields a structural model, in which the location of the AEDANS-, FITC-
and Ca’?" sites are tentatively identified.

Introduction nates between two major conformations (E, and E,)

with distinct reactivities toward substrates and substrate

The ATP-dependent translocation of Ca** across the
sarcoplasmic reticulum membrane requires cyclic
changes in the structure of the Ca?*-ATPase. Based on
kinetic [2-7] and fluorescence data [8-11), it is assumed
that during the Ca®* transport cycle the enzyme alter-
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analogs.

Consistent with these observations the Ca”*-ATPase
was crystallized in two distinct conformations under
conditions that stabilize the E, or the E, conformation,
respectively [12-15].

The molecular basis of the structural change con-
nected with the E; — E, transition remains ill-defined.
There are no significant differences between the E; and
E, states in the secondary structures of Ca**-ATPase
determined by circular dichroism [16-17], and only
slight differences were observed by Fourier transform
infrared spectroscopy [18-20]. While deeper immersion
of the Ca2*-ATPase into the bilayer was suggested in
some phases of Ca?* transport based on X-ray and
neutron diffraction studies [21-22], and electron mi-
croscopy {23], the overall shape of ATPase molecules in
projection maps of the E, and E,V-type crystals re-
mained similar [12,24], and only their pattern of interac-
tions differed significantly.
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During recent years several critical intramolecular
distances have been determined in the Ca**-ATPase by
Forster-type resonance energy transfer. The high-affin-
ity Ca®*-binding sites have been located using
lanthanides as Ca®* analogs, in the alkyl chain region
of the bilayer [25,26] about 10 A from the phospholipid
headgroups [27], about 47 A from the FITC binding site
on lysine-515 [28] and about 35 A from the binding site
of TNP-AMP [28]. The intersite distance between the
two high affinity Ca’*-binding sites was suggested to be
of the order of 8-10 A [28-31].

IAEDANS preferentially reacts with the Ca?*-
ATPase at cysteine-670 and -674 [32,33]. The distance
between the bound AEDANS and the binding sites for
FITC, TNP-AMP and Pr** were estimated to be 56, 68
and 16-18 A, respectively [34]. A distance of 34-43 A
was suggested between rhodamine isothiocyanate
labeled dipalmitoylphosphatidylethanolamine incorpo-
rated in the phospholipid headgroup region and the
FITC bound at lysine-515 [27,35]. Cr-ATP [36] and
eosin [37] have also been used to label the nucleotide
site. A metal-binding site near the nucleotide-binding
region was detected [38], that may represent the subsite
involved in the binding of Mg2*-ATP. The height of the
ATPase molecule above the cytoplasmic surface of the
bilayer, derived from analysis of the Ca?*-ATPase
membrane crystals is about 60 A [13-15,39]. These
intersite distances are represented schematically in Fig.
1.

The temperature dependence of Forster-type reso-
nance energy transfer (FRET) can be used to probe
fluctuations in donor-acceptor distances and /or orien-
tations [40,41]. The basis of the technique can be briefly
summarized as follows: heating the protein gives rise to
a greater population of excited vibrational modes char-
acterized by larger vibrational amplitudes. Thus even if

Maximum height of ATPase
above bilayer surface

10A

Fig. 1. Intramolecular distances in the Ca?*-ATPase calculated from

energy transfer measurements. The indicated distances are compiled

from the literature as described in detail in the text. The scheme is not
drawn to scale.

the equilibrium distance between donor and acceptor
remains the same, the shortest distance between the two
will decrease. Since FRET depends on the inverse sixth
power of the donor-acceptor distance, these small
fluctuations will be expressed in large changes in energy
transfer efficiency. The normalized energy transfer
parameter [40] will be insensitive to temperature in a
rigid structure and the sensitivity to temperature in-
creases with the dynamics of the sampled region of the
molecule [40,42].

The purpose of our studies was to compare the
temperature dependence of the distances between the
AEDANS, FITC, TNP-AMP and lanthanide-binding
sites of the Ca’*-ATPase in the E, state stabilized by
0.1 mM Ca’* and in the E,V state stabilized by 0.1 mM
EGTA and 0.5 mM Na,VO,. The temperature profiles
of FRET and of the polarization of fluorescence of
FITC indicate differences in the motional and orienta-
tional relationships of covalently bound AEDANS and
FITC to each other and to the Ca’*-binding sites
noncovalently labeled with lanthanides (Pr3* or Nd**).
A comparison of the temperature dependence of the
normalized energy transfer parameter of the different
donor-acceptor pairs linked to specific regions of the
Ca®*-ATPase in the two principal conformations per-
mitted the tentative identification of ‘rigid’ and ‘soft’
regions within the ATPase molecule.

The functional significance of the intramolecular dy-
namics of Ca?*-ATPase, like that of other proteins and
enzymes [43,44], remains to be explored.

A preliminary report was presented at the Annual
Meeting of the Biophysical Society on February 21,
1990, in Baltimore, MD, U.S.A., [1].

Materials and Methods

Materials

The sources of materials were as follows. 5-2-
((Iodoacetyl)amino)ethyljaminonaphthalene-1-sulfonic
acid (1,5-1-AEDANS), fluorescein 5’-isothiocyanate
(FITC), 2’,3’-O-(trinitrophenyl)adenosine 5’-monophos-
phate (TNP-AMP): Molecular Probes, Eugene, OR,
U.S.A. Mops, Tris: Sigma Chemical Co., St. Louis, MO,
U.S.A. PrCl;, NdCl;: Alfa Products, Danvers, MA,
U.S.A. Na,VO, (ortho): Fisher Scientific Co., Pitts-
burgh, PA, US.A. Ludox light-scattering standard
(IBD-1019-69, 30.37% SiO,, average particle diameter
15.4 nm): gift of E. I. DuPont Nemours and Co. In-
dustrial Chemical Department, Wilmington, DE, U.S.A.

Methods

Preparation of sarcoplasmic reticulum vesicles. SR
vesicles were isolated from white skeletal muscles of
retired female rabbits according to the procedure of
Nakamura et al. {45]. The microsome preparations were
stored before use in a medium of 0.01 M Tris-maleate



(pH 7.0), 0.3 M sucrose, at a protein concentration of
24-40 mg/ml, at —70°C. For protein determination
the method of Lowry et al. [46] was used. The ATPase
activity of the preparations was checked occasionally by
a coupled enzyme assay, essentially as described by
Varga et al. [47].

Sarcoplasmic reticulum vesicles rather than purified
ATPase preparations were used for these studies, be-
cause there are strong indications that exposure to
detergents irreversibly alters the polarization of tryp-
tophan fluorescence [48] and the infrared spectra of the
Ca?*-ATPase [49], accompanied by decrease in the rate
of Ca?* accumulation (for review, see [24]). Changes in
the distribution of the profile structure of the Ca’*-
ATPase with respect to the bilayer [50] were also ob-
served in reconstituted Ca’*-ATPase preparations.
These observations suggest that the detergent-treated
ATPase preparations currently available may not be
suitable for analysis of the finer details of ATPase
structure.

Labeling of sarcoplasmic reticulum vesicles with 1,5-
TAEDANS and FITC. SR vesicles (5 mg protein/ml)
were reacted for 30 min. at 25°C with 1,5-I-AEDANS
(4-50 nmol /mg protein) in a medium of 0.1 M KC], 20
mM Tris-Mops (pH 6.8), 5 mM MgCl, and 1 mM
CaCl,; in some cases the labeling medium was 50 mM
Tris-HCI (pH 8.0), 0.3 M sucrose, 0.1 mM EGTA and 5
mM MgCl,. The precise conditions for labeling are
given in the Legends. After gel filtration through a
Sephadex G-50 column, the microsome fractions were
diluted 10-fold with a solution of 0.1 M KCl, 30 mM
Tris-Mops buffer (pH 7.0), S mM MgCl, and centri-
fuged for 50 min at 4°C at 72800 X g. The sedimented
vesicles were resuspended in the appropriate buffer and
the protein concentration was determined. The SR
vesicles were reacted with FITC according to Papp et al.
[51]. In double labeling experiments the reaction with
FITC followed the labeling of enzyme with IAEDANS.

The labeling ratios of IAEDANS and FITC were
determined from absorbance measurements at 340 nm
and 495 nm, respectively, using €;,,=6.1-10> M~!.
cm™! for IAEDANS [52] and €, 8-10* M~ '-cm™!
for FITC [53]. The absorption measurements were car-
ried out in a Perkin-Elmer Lambda 3B spectrophotom-
eter (Perkin-Elmer Co., Norwalk, CT).

Fluorescence measurements. Most of the fluorescence
measurements were carried out in an SLM subnanose-
cond fluorescence lifetime spectrofluorometer (SLM
4800, SLM Instruments, Urbana, IL, U.S.A.). The tem-
perature was controlled using a circulating waterbath
(model RM-6; Lauda Div., Brinkmann Instruments,
Westbury, NY). Fluorescence intensities and lifetimes
were determined in a ratiometric operation mode, using
diluted Ludox suspension as scattering reference. The
lifetime of IAEDANS fluorescence was measured at 6
and 18 MHz with the emission monochromator re-
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placed by a Corion (P-10-460-S) interference filter with
a bandpass of 10 nm at half height. The lifetimes were
obtained and analyzed according to Spencer and Weber
[54] and Spencer [55], using the data collection and
analysis routine supplied with the instrument.

The intensity and polarization of tryptophan fluores-
cence of the microsomes was measured at 333 nm using
295 nm light for excitation, with slit widths of 8 and 4
nm for emission and excitation, respectively. The
steady-state fluorescence of AEDANS was excited at
340 nm (4 nm slit width) using an XB0O 450 W /2
(Osram) xenon arc lamp, and the emission was mea-
sured at 480 nm (8 nm slit width). Alternatively, the
365.5 nm line of a 500 W high density mercury lamp
(USH-5086A, Japan) was used for excitation of
AEDANS fluorescence. The excitation and emission
wavelengths of FITC fluorescence were 490 nm and 520
nm, respectively, unless otherwise stated. Polarization of
fluorescence was calculated according to Highsmith and
Cohen [56}.

Fluorescence energy transfer measurements. The ef-
ficiency of Forster-type resonance energy transfer
(FRET) was determined on SR vesicles labeled with
AEDANS or FITC as energy donors and FITC, Pr®*,
TNP-AMP or Nd** as acceptors. The energy transfer
{E) was calculated from the decrease of donor fluores-
cence intensity and lifetime in the presence of acceptor.
In the determination of (E) from steady-state fluores-
cence intensities the appropriate measured intensities
were corrected for inner filter effects by taking into
account the optical density increment caused by the
additive and for fluorescence emission cross-contribu-
tion by subtraction of the fluorescence signal of the
fluorophores from the total fluorescence. The average
energy transfer efficiency, { E), was calculated as:

(E)=1-(Fpa)/{Fp)or (E) =1—(1p,)/{p)

where (Fp,) and (Fp) or (tp,) and (7p) are the
population averages of fluorescence intensities and life-
times of the donor in the presence ((Fpa), {(Tps)) or
absence ({ Fp), {Tp)) of the acceptor. The approximate
distances, (r), between the donor and acceptor moieties
were estimated assuming random orientation using the
following equation:

ry=re ()"

where R, is the critical distance between donor (D) and
acceptor (A), when E=0.5, and F is the experimen-
tally determined energy transfer efficiency. For distance
calculations R, = 4.9 nm was used for the AEDANS —
FITC pair, and R, = 0.93 nm for the AEDANS — Pr?*
and for the FITC — Nd** pairs, respectively [34,57].
The temperature dependence of the FRET was
analyzed according to the method of Somogyi et al. [40].
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The thermal profile of FRET is expected to reflect
fluctuations in the donor-acceptor distances as a result
of the internal dynamics of the system. The basic condi-
tions required for this kind of analysis [40,42] were
tested, and proved to be sufficiently fulfilled in the case
of SR-Ca?*-ATPase. One important condition is that
the energy transfer depolarization factors (r3) should
be relatively independent of the temperature. The emis-
sion anisotropy of the acceptor excited through the
donor was tested for the AEDANS-FITC pair and
showed less than 10% change with temperature in the
range of 10-38°C. In the case of the AEDANS-Pr3+
and the FITC-Nd** pairs, x? is close to 2/3 the rapid
dynamic isotropic averaging value, and energy transfer
depolarization is negligible.

The normalized energy transfer parameter, f, was
calculated as f= (E)/{1p) from time-resolved data, or
as f=(E)/{Fp) from steady-state fluorescence data.
The thermal profile of f, f(T), is assumed to probe the
rigidity /flexibility of the macromolecular environment
around or between the fluorophore moieties as de-
scribed in detail earlier [40,42].

Results

The relationship between the conformation of Ca’*-
ATPase and the polarization of tryptophan fluorescence in
sarcoplasmic reticulum vesicles

As a preliminary to the studies with extrinsic fluoro-
phores the temperature dependence of the intensity and
polarization of the intrinsic tryptophan fluorescence of
the Ca?*-ATPase were analyzed.

The intensity of the tryptophan fluorescence of
Ca’*-ATPase is larger in the E, conformation stabilized
by Ca?* or lanthanides, than in the E,V conformation
stabilized by EGTA and vanadate [8,11,58-62]. Mem-
brane potential-dependent changes in the intensity of
tryptophan fluorescence have also been observed [11].

The decrease in fluorescence intensity caused by
vanadate in the presence of EGTA is accompanied by
an increase in polarization at 10°C while there was only
slight change at 20°C (Fig. 2A). Mono-, oligo- and
decavanadates had similar effects, and the change in
polarization approached saturation at millimolar con-
centrations of vanadate.

By contrast, stabilization of the E, conformation by
0.1 mM Ca®* slightly decreased the polarization of
tryptophan fluorescence (Fig. 2B); increase in Ca’”*
concentration from 0.1 mM up to 10 mM had no
further effect. The Ca®*-induced decrease in fluores-
cence polarization was particularly clearly observed
when prior to the addition of Ca%*, the endogenous free
Ca?* concentration of sarcoplasmic reticulum was re-
duced by EGTA (Fig. 2C). Alternating additions of
EGTA and Ca®* caused alternating changes in fluores-
cence polarization (Fig. 2C).

The Ca?*-induced decrease in the steady state polar-
ization of tryptophan fluorescence shown in Fig. 2, is in
apparent conflict, with a slight increase in the mod-
ulated anisotropy of tryptophan fluorescence in the
presence of 50 uM Ca®™ reported by Gryczynski et al.
[63], that was observed at modulation frequencies of
10-100 MHz. The reason for this difference is not clear.

The effect of temperature on the polarization of tryptophan
fluorescence

The temperature dependence of the emission ani-
sotropy of tryptophan was analyzed in the E,V state
stabilized by 0.2 mM EGTA and 0.5 mM vanadate, in
the E, state stabilized by 0.1 mM CaCl,, and in the
presence of 0.2 mM EGTA representing a mixture of
various subconformations (Fig. 3). The polarization of
tryptophan fluorescence decreased with increasing tem-
perature under all three conditions. The temperature
profiles of the fluorescence polarization were fully re-
versible in the range of 10-30°C (not shown), but
significant hysteresis occurred after exposure of the
vesicles to 37-38°C (Fig. 3). In the range of 10-30°C
the change in polarization (A P) was slightly greater in
the E,V state (0.012), than in the E, state (0.006), or in
the presence of EGTA (0.003).

The temperature-dependent changes in tryptophan
fluorescence contain contributions from the tempera-
ture dependence of all pathways affecting tryptophan
orientation and deactivation of the active state [64],
including changes in energy transfer depolarization due
to temperature-dependent changes in the orientation of
and distances between tryptophan residues. The contri-
bution of energy transfer depolarization may be particu-
larly significant [63] in view of the suggested high den-
sity of tryptophan residues near the surface of the
bilayer [65].

The temperature dependence of the polarization and inten-
sity of the fluorescence of AEDANS and FITC covalently
bound to the Ca’*-ATPase

Sarcoplasmic reticulum vesicles were labeled with
AEDANS, largely at cysteine-670 and -674 [32,33], or
with FITC at lysine-515 [66]; the temperature profiles
of fluorescence intensity (Fig. 4) and polarization (Fig.
5) were measured with both types of preparation in the
E, and E,V states. The fluorescence intensity of the
AEDANS-labeled SR was about 13% higher in the E,;
than in the E,V state (Fig. 4A) at 10°C, in agreement
with [67]. By contrast, the intensity of FITC fluores-
cence was about 11% higher in the presence of EGTA
and vanadate (E,V), as compared with Ca?*-containing
systems (E, state) (Fig. 4B), confirming earlier observa-
tions [9,10,68]. There was pronounced hysteresis of tem-
perature vs. intensity profiles both with AEDANS and
with FITC-labeled SR in the E, state after exposure to
temperatures higher than 35°C (not shown). Between 10
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Fig. 2. Effect of vanadate and Ca* on the polarization of tryptophan fluorescence in sarcoplasmic reticulum vesicles. A. The effect of vanadate.
Sarcoplasmic reticulum vesicles (0.1 mg protein/ml) were suspended in 0.1 M KCl, 30 mM Tris-Mops (pH 7.0) and 5 mM MgCl,. The suspension
was pretreated with 0.1 mM EGTA, and small aliquots of mono- and decavanadate were added to final concentrations indicated on the abscissa.
Symbols: O, monovanadate, 10°C; 0, monovanadate, 20°C; 4, decavanadate, 20°C. B. The effect of calcium. To sarcoplasmic reticulum (0.1 mg
protein/ml) suspended in 0.1 M KCl, 30 mM Tris-Mops (pH 7.0) and 5 mM MgCl,, small aliquots of CaCl, were added to final concentrations
indicated on the abscissa. Temperature: 20°C, C. Alternating additions of EGTA and Ca®*. To SR vesicles (0.1 mg protein,/ml) suspended in the
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Fig. 3. Temperature dependence of the polarization of tryptophan
fluorescence in SR vesicles; the effect of Ca?*, EGTA and vanadate.
To SR vesicles suspended in 0.1 M KC], 30 mM Tris-Mops (pH 7.0),
5 mM MgCl, (0.15 mg protein/ml), the following ligands were
added: 0.2 mM EGTA (4, a); 0.2 mM EGTA + 0.5 mM monovana-
date (®, O); or 0.1 mM Ca* (m, O). After the additions, the samples
were warmed in 4-6 steps, each lasting about 5 min, from 10°C to
37°C, and the polarization values were determined at each step (filled
symbols). The samples were then cooled stepwise at the same speed to
the starting temperature and the polarization was again measured
(open symbols). Occasionally duplicates of independent samples were
run to determine the error of the measurements. The polarization of
SR fluorescence at 10°C without addition of EGTA, Ca?* or vana-
date is indicated by @.

and 30°C the intensity of AEDANS fluorescence de-
creased by approx. 11% both in the E; and E,V states
(Fig. 4A); the corresponding changes in the intensity of
FITC fluorescence were approx. 15% in the E,, and
approx. 18% in the E,V state, respectively (Fig. 4B).

The temperature-dependent decrease in the polariza-
tion of AEDANS fluorescence was greater than that
observed with tryptophan, suggesting greatly increased
motional freedom of the covalently bound AEDANS at
high temperature, both in the E, and E,V states (Fig. 5).

The polarization of FITC fluorescence remained es-
sentially unaltered by temperature in the E, state (Fig.
5A), while in the E,V state there was a slight increase in
polarization at temperatures higher than 25°C (Fig. 5B).
The small increase in polarization at high temperature
was not completely reversed upon cooling the samples
from 37°C to 10°C and may be due to some dissocia-
tion of ATPase oligomers together with intramolecular
changes.

Energy transfer between AEDANS and FITC covalently
bound to the Ca’*-ATPase

Sarcoplasmic reticulum vesicles were labeled with
AEDANS at cysteine-670 and -674 and with FITC at
lysine-515; the efficiency of energy transfer from
AEDANS (donor) to FITC (acceptor) was determined
from the effect of acceptor (FITC) on the intensity (Fig.
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6) and lifetime (Fig. 7) of donor (AEDANS) fluores-
cence.

The intensity of AEDANS fluorescence is reduced by
FITC at all temperatures in the range of 10-35°C,
consistent with energy transfer from AEDANS to FITC.
This is accompanied by an increased fluorescence emis-
sion by FITC when excited at the excitation maximum
of AEDANS (i.e., 365 nm). The energy transfer ef-
ficiency calculated from the quenching of donor fluores-
cence by FITC in the E; state stabilized by 0.1 mM
Ca’* (Fig. 6A, @-@) is slightly greater than that in the
E.V state stabilized by 0.1 mM EGTA and 0.5 mM
Na,VO, (Fig. 6A, mHl). Considering the relatively small
differences in energy transfer efficiency, one can only
conclude that the primary AEDANS sites (cysteine-670
and -674) and the FITC sites (lysine-515) are at similar
distances in the E, and E,V states consistent with
earlier observations [63,69]. The estimated distances be-
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Fig. 4. Effect of temperature, Ca?*, EGTA and vanadate on the
fluorescence intensity of 1,5-I-AEDANS and FITC bound to SR
vesicles. A. The IAEDANS-labeled SR vesicles (2.9 nmol
AEDANS/mg SR protein) were suspended in a medium of 0.1 M
KCl, 20 mM K-Mops (pH 7.0), 5 mM MgCl, (100 pg protein/ml)
and 0.1 mM Ca?* (0) was added to stabilize the E, state, or 0.1 mM
EGTA and 0.5 mM Na,vO, (a) to stabilize the E,V state. The
intensity of the AEDANS fluorescence was measured at 480 nm using
an excitation wavelength of 365 nm, at a series of temperatures during
stepwise warming from 10 to 38°C, followed by measurements during
cooling back to the starting temperature (not shown). Each value
represents the average of 200 data points. The AEDANS fluorescence
intensities measured in samples containing vanadate were corrected
for the absorption increment at 365 nm caused by Na,VO, addition.
B. The FITC-labeled SR vesicles (4.9 nmol FITC/mg protein) were
suspended in a medium of 0.1 M KCl, 20 mM K-Mops (pH 7.0) and 5
mM MgCl, to a final concentration of 100 ug protein/ml, and the
following additions were made: 0.1 mM Ca®* (®, E, state); 0.1 mM
EGTA and 0.5 mM Na.VO, (a4, E,V state). The intensity of FITC
fluorescence excited at 490 nm was measured at 520 nm, during
warming and cooling, as described above.
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Fig. 5. Temperature dependence of the polarization of FITC,
AEDANS and tryptophan fluorescence in sarcoplasmic reticulum
Ca?*-ATPase. The effect of Ca?* and vanadate. A. Temperature
effects on the polarization of fluorescence in the E, state. The
unlabeled (a), FITC-labeled (4.6 nmol FITC/mg SR, 0O) and
AEDANS-labeled (30 nmol AEDANS/mg SR, ©) SR vesicles were
suspended in a solution of 0.1 M KCl, 30 mM Tris-Mops (pH 7.0), 5
mM MgCl,, and 0.1 mM CaCl,. Protein concentration: 100 pg
protein/ml for unlabeled and 60 pg protein/ml for labeled SR. The
polarization of fluorescence of tryptophan (A : 295 nm; A.,: 333
nm, a4), AEDANS (A, 340 nm; A_,: 480 nm, ©) and FITC (A,:
490; A_,,: 525 nm, O0) were measured at the indicated temperatures as
described in Methods. B. Temperature effects on fluorescence polar-
ization in the E,V state. The unlabeled (100 pg protein/ml) and
labeled (60 pg protein/ml) SR vesicles were suspended in 0.1 M KC],
30 mM Tris-Mops (pH 7.0), 5 mM MgCl,, 0.1 mM EGTA and 0.5
mM Na VO, and the polarization of fluorescence was determined as
described under ‘A’

tween the two sites, assuming nearly random orienta-
tion of the two fluorophores, are 55 +£ 1.2 A in the E;V
and 53+ 1.3 A in the E, conformation, in reasonable
agreement with the observations of Squier et al. [34].
The temperature-dependent increase in normalized
energy transfer (f’) calculated from steady state mea-
surements of donor fluorescence (Fig. 6B) was similar in
the E; and E,V states at temperatures between 2 and
15°C. At higher temperatures (20-38°C) the normalized
energy transfer showed greater temperature sensitivity
in the E,V than in the E, state. Since much of the
experimental variation shown in Fig. 6A is associated
with the measurement of donor fluorescence intensity,
after normalization of energy transfer for donor fluores-
cence these variations are reduced (Fig. 6B). These
observations imply slightly greater flexibility of the



AEDANS-FITC region of the Ca**-ATPase in the E,V
state stabilized by EGTA and vanadate, than in the E;
state stabilized by Ca®*. This difference arises between
15 and 20°C, where the Ca’*-ATPase is known to
undergo a structural transition, as indicated by kinetic
and spectroscopic data [2]. Temperature-dependent
changes in the profile structure of SR membranes were
also seen by X-ray diffraction [22,70].

The energy transfer data based on steady-state fluo-
rescence were supplemented in a limited series of ex-

Energy transfer efficiency

0.25

s 1

S 120} 2
<

2

g

- 0}

2
@@

g8 100r

f

i .

2 7 10 20 0 20

Temperature, °C

Fig. 6. Temperature dependence of AEDANS-FITC energy transfer
and normalized energy transfer in sarcoplasmic reticulum vesicles.
Fluorescence intensities were measured at 480 nm using 365 nm light
for excitation of AEDANS-SR (donor) or of (AEDANS +FITC) SR
(donor + acceptor) systems. For intensity measurements SR vesicles
labeled with AEDANS (2.9 nmol AEDANS/mg SR) or with
AEDANS (2.9 nmol AEDANS/mg SR) and FITC (4.9 nmol
FITC/mg SR) were suspended in 100 mM KCl, 20 mM K-Mops, 5
mM MgCl, (pH 7.0), containing either 0.1 mM CaCl, to stabilize the
E, state (circles) or 0.1 mM EGTA +0.5 mM Na VO, to stabilize the
E.V state (squares). Protein concentration: 100 pg SR/ml. A. Tem-
perature dependence of the efficiency of FRET. The efficiency of
AEDANS-FITC energy transfer, (E), was calculated from the
steady-state fluorescence intensities of the donor (AEDANS) mea-
sured in the absence and presence of acceptor (FITC), as described in
Methods. Symbols: @, energy transfer efficiency in the presence of 0.1
mM Ca’* (E, statc); B, energy transfer efficiency in the presence of
0.1 mM EGTA and 0.5 mM Na,VO, (E,V state); each point repre-
sents average of six independent determinations of (E) or f’. Error
bar corresponds to the standard deviation of these. B. Temperature
dependence of normalized energy transfer, f’, was calculated from
the average energy transfer efficiencies, (E), shown in ‘A’, as de-
scribed in Materials and Methods. The f’ value for data measured at
10°C was taken as 100%. Symbols: ©: normalized FRET in the
presence of 100 mM KCl, 20 mM K-Mops, 5 mM MgCl,, 0.1 mM
CaCl, (pH 7.0) (E,); O, normalized FRET in the presence of 100 mM
KCl, 20 mM K-Mops, 5 mM MgCl,, 0.1 mM EGTA, 0.5 mM
Na VO, (pH 7.0) (E,V).
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Fig. 7. Effect of temperature on the lifetime of fluorescence of
AEDANS in AEDANS-SR and in AEDANS/FITC-SR. A.
AEDANS-SR (50 nmol AEDANS/mg SR; 0.25 mg protein/ml, ®)
and AEDANS-FITC SR vesicles (50 nmol AEDANS/mg SR; 6
nmole FITC/mg SR, A) were suspended in 0.1 M KCl, 30 mM Tris
(pH 7.0), 5 mM MgCl,. The higher labeling ratios with AEDANS
were required to minimize noise. The phase and modulation lifetimes
were measured at 6 and 18 MHz on SLM 4800 phase fluorometer at
the emission and excitation wavelengths described in Methods. The
major component of the lifetime obtained from heterogeneity analysis
(about 15 ns at 10°C) was close to the apparent lifetime measured at 6
MHz. These values are displayed in the figure with their estimated
errors based on the average of 5-8 measurements. B. Temperature
dependence of the AEDANS-FITC energy transfer from time-re-
solved data. The normalized FRET parameter, f’, calculated from the
{E) and {p), as described in Methods, is presented as the function
of temperature (O). The energy transfer efficiency, (E) (inset), was
calculated from the lifetimes of the donor (AEDANS) fluorescence in
the absence and presence of acceptor (FITC) as described in Methods
(®).

periments by lifetime measurements of AEDANS fluo-
rescence in the E, state at different temperatures (Fig.
7). The principal lifetime of AEDANS fluorescence
determined by the phase-modulation technique in the
E, state in the absence of FITC decreased with increas-
ing temperature from 15 ns at 10°C to 13.1 ns at 30°C
(Fig. 7A); in the presence of FITC as energy acceptor
the lifetimes were reduced to 12.6 ns at 10°C, and to
approx. 10.5 ns at 30°C, indicating significant energy
transfer between the AEDANS-FITC pair. The energy
transfer (E) =1— {1p,)/{7p) ranged between 0.18
and 0.24.

Earlier time resolved fluorescence measurements on
sarcoplasmic reticulum vesicles labeled with IAEDANS
yielded two populations of lifetimes of 18.6—18.8 ns and
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2.5-2.7 ns, respectively [69,71]. According to Birmachu
et al. [69], the lifetime of the long lived component was
quenched in IAEDANS-FITC labeled preparations to
11.1 ns and 1.2-4.2 ns, respectively, giving two energy
transfer distances of 52 A and 31 A [69]. We have not
observed the component corresponding to the shorter
energy transfer distance that may be attributable to
nonspecific labeling at sites other than cysteine-670 and
-674. Denaturation of the Ca’*-ATPase during the de-
oxycholate extraction used by Birmachu et al. [69] may
have contributed to the nonspecific labeling.

The normalized energy transfer efficiency calculated
from the lifetime data (f=<(E)/{7p), %) increased
with temperature between 10 and 37°C, consistent with
increased motional and/or orientational freedom of
donor and /or acceptor fluorophores as the temperature
increases (Fig. 7B). The temperature dependence of the
effect of FITC on the lifetime of AEDANS fluorescence
(Fig. 7) was measured at a higher AEDANS labeling
ratio, where sites other than cysteine-670 and -674 may
have also become labeled. Nevertheless, the temperature
dependence of the AEDANS fluorescence lifetime even
under these conditions indicates the same general trend
as the energy transfer data based on steady-state fluo-
rescence intensity measurements at low AEDANS label-
ing ratios (Fig. 6). Further studies are needed to explain
whether the difference between the magnitude of the
temperature-dependent change in normalized FRET in
the E, state calculated from lifetime (Fig. 7) and from
intensity data (Fig. 6) is fully attributable to the dif-
ferences in the extent of labeling.

The similar temperature profile of the AEDANS-
FITC energy transfer at low and high AEDANS label-
ing ratios suggests that the heterogeneity of AEDANS
distribution, even at the high labeling ratios, is not
sufficiently great to exert a major effect on the energy
transfer. The Ca?*-ATPase activity of sarcoplasmic re-
ticulum was nearly fully retained even after labeling
with 50 nmol of AEDANS per mg protein, in agreement
with earlier observations [71].

Energy transfer between AEDANS and praseodymium
bound at the cation-binding sites of sarcoplasmic reticulum

Lanthanide ions at submicromolar concentrations in-
teract with the high-affinity Ca?*-binding sites of the
Ca’*-ATPase, stabilizing the enzyme in the E, confor-
mation [11,12]. At higher lanthanide concentration
binding occurs also at secondary cation-binding sites of
lower affinity and less-defined specificity [72].

The energy transfer between AEDANS covalently
linked to the Ca®’*-ATPase as energy donor, and the
bound Pr3* as energy acceptor is manifested as quench-
ing of AEDANS fluorescence by Pr>*. The relationship
between Pr3* concentration and the efficiency of en-
ergy transfer is shown in Fig. 8. The calculated distance
between AEDANS at cysteine-670, 674 and the Pr3*
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Fig. 8. Energy transfer between AEDANS and Pr’*. The AEDANS-
SR (34 nmol of AEDANS /mg SR; 60 pg protein/ml) was suspended
in 0.1 M KCl, 30 mM Tris-Mops (pH 7.0), 5 mM MgCl, and small
aliquots of PrCl; were added to final concentrations indicated on the
abscissa. The intensity of AEDANS fluorescence was measured at 480
nm using an excitation wavelength of 340 nm, at 20°C. The energy
transfer efficiency was calculated from the quenching of steady-state
intensity of donor (AEDANS) fluorescence.

bound to the high-affinity Ca®* sites at an ATPase
: Pr®* molar ratio of 1 is of the order of approx. 1.8 nm,
assuming x? approx. 2/3, in agreement with earlier
observations [34]. Significantly smaller distances (ap-
prox. 1.3 nm) were obtained at a Pr*>* concentration of
9 uM, indicating binding of Pr’* at nonspecific sites.

The range of dynamic fluctuation of distances be-
tween the covalently linked AEDANS and the high-af-
finity Ca®*-binding site was analyzed by measuring the
temperature dependence of the effect of 1 uM and 9 uM
Pr’* on the intensity of fluorescence of AEDANS-
labeled ATPase (Fig. 9A). The efficiency of energy
transfer is greater at 9 pM than at 1 yM Pr** con-
centration, but at both Pr** concentrations it is nearly
independent of temperature between 15 and 32°C (Fig.
9B). Taken together with the very slight dependence on
temperature of the normalized energy transfer obtained
at 1 uM Pr3®* (Fig. 10) these observations imply that
the region of the ATPase molecule between the
AEDANS site and the high-affinity Ca™ sites is essen-
tially rigid and does not show significant thermally
induced structural fluctuations. Surprisingly the normal-
ized energy transfer data obtained at 9 uM Pr** were
also relatively insensitive to temperature (not shown),
raising the possibility that the nonspecific cation-bind-
ing sites are clustered near the high-affinity Ca’* sites
in the ATPase molecule.

Energy transfer between FITC attached at lysine-515 and
Nd>* bound at the high-affinity Ca’” site of the Ca’*-
ATPase

The fluorescence intensity of FITC covalently bound
to the Ca?*-ATPase is reduced by Nd** bound to the
cation-binding sites of sarcoplasmic reticulum due to



—_ ~9.

s \ X [Pr34]
s A

s \\\\‘

= ~ \

A ~A ®
S >,

S ) Al M
£

[

-2

= ‘D\\

T =m9 M

Fluorescence intensity

B%O 15 20 25 30 35 40

Temperature. °C
.08 B!

(3]

Pr24]
.06t

.04y

O —
1M

010 15 20 25 30 35 40

Temperature, °C

Energy transfer efficiency,

Fig. 9. Temperature effects on the AEDANS-Pr®* energy transfer. A.
Temperature dependence of fluorescence intensity of AEDANS-SR
was measured in a medium of 0.1 M KCl, 30 mM Tris-Mops (pH 7.0),
5 mM MgCl, without further addition (®, O) or in the presence of 1
M Pr3* (a, a) or 9 uM Pr** (m, 0) under conditions given in the
legend to Fig. 8. The filled symbols refer to intensities measured
during stepwise warming and the open symbols to those during
cooling of the samples from a starting temperature of 10°C. B. Energy
transfer efficiencies in the presence of 1 uM total Pr3* (a), or 9 uM
total Pr** (O) calculated from the data shown under A. Data for the
cooling cycle not shown.

energy transfer. The energy transfer efficiency increases
with increase in Nd’* concentration in a biphasic
manner; saturation of the high-affinity sites is ap-
proached at approx. 3 uM total Nd*>* concentration
and that of the low-affinity sites at approx. 17 pM
Nd** concentration (Fig. 11). Alternatively there may
be negative cooperativity between the Nd**-binding
sites.

The temperature dependence of the energy transfer
between FITC as donor and Nd** as acceptor was
analyzed at 1 pM total Nd** concentration that is
assumed to label selectively the high-affinity Ca®*-bind-
ing site of the Ca’'-ATPase (Fig. 12). The
temperature-dependent change in FITC fluorescence in-
tensity was reversible in the range of 10-30°C, but
showed striking hysteresis after exposure to 38°C; this
is in accordance with the observations in Fig. 4B that
indicated greater sensitivity of the FITC labeled enzyme
to temperature-induced structural change in the E, state.
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Fig. 10. Temperature dependence of normalized energy transfer, f’,
for different donor-acceptor systems. The normalized energy transfer,
f’, was calculated from the average energy transfer efficiencies, (E),
determined from steady-state intensity data, as described in M hods.
The f’ value for data measured at 10°C was taken as 100%. For other
details see Figs. 6, 9, and 12. Symbols: O, energy transfer from
£20ANS to FITC in the E; state (medium: 0.1 M KCl, 30 mM
Tris-Mops (pH 7.0), 5 mM MgCl, +0.1 mM CaCl,); @, energy
transfer from AEDANS to FITC in the E,V state (medium: 0.1 M
KCl, 30 mM Tris-Mops (pH 7.0), 5 mM MgCl, +0.1 mM EGTA, 0.5
mM Na,V0,); O, energy transfer from FITC to Nd3* (1 gM); a,
energy transfer from AEDANS to Pr®* (1 uM); +, data published
by Somogyi et al. [40] on the soluble enzyme RNAse T,, using
tryptophan as donor and pyridoxamine-phosphate as acceptor. In this
experiment the f* value determined at 20°C was taken as 100%.

The energy transfer between FITC and Nd** is rela-
tively weak, ( E) = 0.011-0.018 (Fig. 12, inset); this is
consistent with a minimum distance of approx. 2.2 nm
between the two sites. Similar estimates were made
earlier by Highsmith and Murphy [57]. The normalized
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Fig. 11. Energy transfer from FITC to Nd>*. The energy transfer
efficiency calculated from the quenching of steady-state fluorescence
of donor (FITC) by the bound acceptor (Nd3*) is shown as a
function of total Nd*>* concentration. The FITC-labeled SR (6 nmol
FITC/mg SR, 50 ug protein/ml) was suspended in 0.1 M KCl, 30
mM Tris-Mops (pH 7.0), 5 mM MgCl, and aliquots of NdCl; were
added to final concentrations indicated on the abscissa. The intensity
of FITC fluorescence was measured at 520 nm using an excitation
wavelength of 490 nm (slit widths: 4 nm for both sides). Temperature:
20°C.
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FRET, or f’, increased by about 25% with temperature
between 10 and 38°C (Fig. 10), suggesting a tempera-
ture-dependent increase in the motional and /or orienta-
tional freedom of one or both probes.

The sensitivity of the FITC-Nd** energy transfer to
temperature (Fig. 10) indicates that the region of the
Ca?*-ATPase molecule between the high-affinity Ca*
site and the nucleotide-binding domain, that is expected
to undergo structural changes during ATP-energized
Ca’* translocation, is subject to considerable structural
fluctuations, while the region between the Pr** and the
AEDANS sites is relatively rigid (Fig. 10). This is
consistent with the independent flexible motion of the
domains of Ca®*-ATPase involved in the binding of
AEDANS and N-(1-anilinonaphth-4-yl) maleimide, re-
spectively [73].

Energy transfer between AEDANS covalently attached to
Ca’*-ATPase and TNP-AMP

The fluorescence intensity of IAEDANS covalently
bound to the Ca?*-ATPase is reduced by TNP-AMP
bound to the substrate binding site due to energy trans-
fer. The energy transfer efficiency increases with in-
crease in TNP-AMP concentration and reaches its half-
maximum value at about 0.5-0.6 pM concentration
(Fig. 13). The efficiency of energy transfer at 20°C is
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Fig. 12. Effect of temperature on FITC-Nd>* energy transfer. The
temperature dependence of the intensity of FITC fluorescence in SR
vesicles (6 nmol FITC/mg protein) was measured in the absence (®,
O) or presence (4, a) of 1 pM total Nd*t, during stepwise warming
(®, a) and subsequent cooling (O, A) of the samples from a starting
temperature of 10°C. The data are averages of 12 measurements of
fluorescence intensity at each temperature, with standard deviations
ranging from 0.11 to 0.22% of the mean. In view of the small error,
the error limits are not indicated for the individual measurements.
The corresponding energy transfer efficiencies (E) are shown in
the inset.
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Fig. 13. Effect of TNP-AMP concentration on the efficiency of energy
transfer between AEDANS and TNP-AMP. Microsomes were labeled
with 2.9 nmol AEDANS/mg SR protein, as described under Materi-
als and Methods. Energy transfer efficiency was determined at 20°C
after successive additions of TNP-AMP to final concentrations indi-
cated on the abscissa, followed by measurement of fluorescence
emission at 480 nm, using light of 360 nm wavelength for excitation
(slit width, 4 nm). Protein concentration: 100 pg AEDANS-SR /ml.
Data represent seven independent series of measurements with stan-
dard error of the mean, indicated by error bars. Circles: energy
transfer efficiency in a medium of 100 mM KCl, 20 mM K *-Mops, 5
mM MgCl,, 0.1 mM CaCl, (pH 7.0) (E; state). Squares: energy
transfer efficiency in a medium of 100 mM KCl, 20 mM K *-Mops, 5
mM MgCl,, 0.1 mM EGTA, 0.5 mM Na,VO, (pH 7.0) (E.V state).

greater in media containing Ca?* (E, state), than in the
presence of EGTA and vanadate (E,V state).

The temperature dependence of energy transfer be-
tween AEDANS as energy donor and TNP-AMP as
energy acceptor was analyzed at 2 uM TNP-AMP con-
centration, that nearly saturates the nucleotide-binding
site of the Ca?*-ATPase. The temperature dependence
of the fluorescence intensity of the donor in the pres-
ence of 2 uM acceptor is fully reversible in the E, state
between 2 and 26°C (Fig. 14B), but in the E,V state
there was significant hysteresis (Fig. 14C).

The normalized energy transfer efficiency (f’) de-
creases with increasing temperature, both in the E, and
E,V states (Fig. 14A). The TNP-AMP and FITC are
presumed to be attached to similar regions of the ATPase
molecule. As the normalized energy transfer efficiency
of the JAEDANS-FITC pair increased with tempera-
ture both in the E; and E,V states (Figs. 6, 7, 10), the
opposite temperature dependence observed with the
AEDANS-TNP-AMP pair is surprising and suggests
the contribution of some other mechanisms. Since the
TNP-AMP is noncovalently attached to the Ca’*-
ATPase, we first assumed that the affinity of the TNP-
AMP-binding decreases with increasing temperature and
the decrease in the energy transfer efficiency may reflect
the progressive desaturation of the TNP-AMP-binding
site at higher temperatures. The experiments described
in Fig. 13 were repeated at 10 pM and at 20 pM
TNP-AMP concentrations (not shown), with similar
results. Therefore, in addition to slight temperature-de-
pendent change in the affinity of TNP-AMP, a change
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Fig. 14. Temperature dependence of normalized energy transfer from
AEDANS- to TNP-AMP. Microsomes were labeled with 2.9 nmol of
AEDANS/mg SR protein, as described under Materials and Meth-
ods. Fluorescence was measured in a medium of 100 mM KCl, 5 mM
MgCl,, 20 mM K-Mops (pH 7.0), 2 pM TNP-AMP and 0.1 mM
CaCl, to stabilize the E, conformation (circles) or 0.1 mM EGTA +0.5
mM Na VO, to stabilize the E,V conformation (squares); protein
concentration was 100 pg/ml. Each symbol represents the average of
8 independent determinations, the bars indicating the standard error.
A. The normalized energy transfer efficiency expressed as percentage
of the energy transfer efficiency at 2°C. B, C. The temperature
dependence of JAEDANS fluorescence intensities are given in the
absence of TNP-AMP in the E, medium (B) and in the E,V medium
(C), respectively. Fluorescence was excited at 365 nm and the emis-
sion monitored at 480 nm. Open symbols (solid line): warming; filled
symbols (broken line): cooling.

in the relative orientation of the two fluorophores is
also expected to contribute to the decrease in normal-
ized energy transfer at higher temperatures. This sugges-
tion is supported by temperature-dependent changes in
the polarization of TNP-AMP fluorescence.

The excitation spectrum of TNP-AMP is shown in
Fig. 15 in the absence and presence of sarcoplasmic
reticulum. The spectrum contains at least two compo-
nents represented by excitation maxima at 408 nm and
at 480 nm, respectively, in agreement with the data of
Moczydlowski and Fortes [74]. The polarization of fluo-
rescence steadily increased with increase in excitation
wavelength between 420 and 500 nm {74]. In the pres-
ence of sarcoplasmic reticulum the fluorescence inten-
sity was enhanced several-fold.

A large increase in the polarization of fluorescence of
TNP-AMP was observed in the presence of sarco-
plasmic reticulum, with increasing temperature at an
excitation wavelength of 405 nm (Fig. 16). The polariza-
tion of fluorescence was slightly greater at 0.8 uM than
at 2.0 uM TNP-AMP concentration at all temperatures
in the range of 2 to 26°C, consistent with a larger
amount of unbound TNP-AMP being present at the
higher (2 pM) TNP-AMP concentration. At both TNP-
AMP concentrations the polarization of fluorescence
was greater in the E,V state of the sarcoplasmic reticu-
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Fig. 15. The excitation spectrum of TNP-AMP and the dependence of
fluorescence polarization on excitation wavelength. The fluorescence
was measured at 545 nm at the indicated excitation wavelength at 2°C
in a medium of 0.1 M KCl, 5 mM MgCl,, 20 mM K-Mops (pH 7.0),
at a TNP-AMP concentration of 2 uM without sarcoplasmic reticu-
lum (+) or with 100 pg sarcoplasmic reticulum protein/ml (solid
line). The corresponding polarization data (a- - - - &) were taken from
Moczydlowski and Fortes [74], determined at 0°C at pH 7.5.

lum, stabilized by vanadate, than in the E, state, stabi-
lized by Ca*, and the difference in polarization be-
tween the two states became more pronounced with
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Fig. 16. Temperature profile of the polarization of TNP-AMP fluores-
cence in sarcoplasmic reticulum vesicles. SR vesicles (100 pg
protein/ml) were suspended in a medium of 0.1 M KCl, 5 mM
MgCl,, 20 mM K-Mops (pH 7.0) in the presence of 0.8 uM (0, O) or
20 pM (e, ®) TNP-AMP, and either 0.1 mM CaCl, (o, ®) to
stabilize the E; state, or 0.1 mM EGTA +0.5 mM Na VO, (O, ®) to
stabilize the E,V state. The intensity of TNP-AMP fluorescence was
measured at 545 nm at a series of temperatures during stepwise
warming from 2° to 32°C. The excitation wavelength was either 405
nm (solid lines), or 480 nm (broken lines), corresponding to the two
major components of the excitation spectrum shown in Fig. 15. At
any given temperature, 200 measurements were averaged. Symbols
show the mean of 2 independent sets of measurements; the standard
deviations were less than 10% of the mean. The polarization of
fluorescence of 2 pM TNP-AMP in the E, (a) and E,V (+) media,
but in the absence of sarcoplasmic reticulum is included as control.
The polarization values obtained at 2°C are in close agreement with
the polarization data of Moczydlowski and Fortes [74] obtained under
similar conditions.
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increasing temperature (Fig. 16). Upon return from high
to low temperature the polarization of fluorescence de-
creased with moderate hysteresis (not shown). The in-
tensity and polarization of fluorescence of TNP-AMP
in the absence of sarcoplasmic reticulum was low (P =
0.03-0.05) when excited at 405 nm and did not change
significantly with temperature (Fig. 16).

The polarization of fluorescence measured at an exci-
tation wavelength of 480 nm was much greater at all
temperatures compared with the polarization of 405 nm
excitation, and changed relatively slightly with tempera-
ture, either in the presence or absence of sarcoplasmic
reticulum (Fig. 16).

Based on these observations the decrease in normal-
ized energy transfer efficiency with increasing tempera-
ture (Fig. 14) is presumably related to the increase in
the polarization of TNP-AMP fluorescence seen at 408
nm excitation in the presence of sarcoplasmic reticulum.
This change suggests the immobilization of the bound
TNP-AMP at high temperature, since the polarization
of fluorescence of free TNP-AMP excited at 408 nm
remained essentially unchanged between 2 and 26°C.

The effect of pressure on the polarization of TNP-AMP
fluorescence

Exposure of sarcoplasmic reticulum to 1.5 kbar pres-
sure for 1 h in the presence of 1 mM EGTA causes
nearly complete loss of Ca%*-stimulated ATPase activ-
ity [47], accompanied by structural changes in the mem-
brane detectable by FTIR spectroscopy [19,20]. After
pressure treatment of sarcoplasmic reticulum at 1.5
kbar for 1 h, the change in the polarization of TNP-AMP
fluorescence between 15 and 26°C was sharply reduced
(Table I), accompanied by a decrease in ATPase activity
from 2.08 to 0.12 pmole-mg~! min~'. Vanadate (5
mM) in the presence of 1 mM EGTA protected the
enzyme against pressure-induced structural changes

TABLE 1

[19,20,47]. This protection by vanadate was also ex-
pressed in the retention of the fluorescence polarization
of TNP-AMP at all temperatures between 2 and 26°C
near the level of the control samples maintained at 1
bar pressure; the ATPase activities of the vanadate-con-
taining control (2.56 pmol - mg~' - min~') and pressure
treated samples (2.41 umol-mg~'-min !) also re-
mained nearly identical. These observations support the
conclusion that the polarization of fluorescence of
TNP-AMP is dependent upon the native structure of
the protein.

Discussion

The thermal profiles of Forster-type energy transfer
were explored in the Ca?*-ATPase of sarcoplasmic re-
ticulum using AEDANS-FITC, AEDANS-Pr®*, FITC-
Nd** and AEDANS-TNP-AMP as donor-acceptor
pairs. Each of the probes are identified with defined
regions of the ATPase molecule. AEDANS is covalently
linked to cysteine-670 and -674 [32,33], and FITC to
lysine-515 near the nucleotide-binding site [53]. The
precise spatial relationship between FITC and the
nucleotide-binding domain remains to be determined.
Recent observations [75] indicate that ATP at high
concentration interacts with the FITC-labeled ATPase,
albeit with diminished affinity, indicating that FITC
does not block completely the ATP-binding site. The
lanthanides are assumed to mark the high affinity
Ca?*-sites [26,28,29,76], TNP-AMP, the nucleotide do-
main and 11 out of 13 tryptophan residues are tenta-
tively located in the membrane spanning regions of the
protein near the membrane surface in the headgroup
region of phospholipids [65]. Therefore measurement of
the distances between these sites in the E, and E,V
conformations of the Ca?*-ATPase by FRET provides
an experimental test of the proposition [3,16] that the

Temperature dependence of fluorescence polarization of TNP-AMP after pressure treatment

Sarcoplasmic reticulum vesicles (27 mg protein/ml) were pressure treated at 1.5 kbar for 1 h at room temperature in a medium of 0.1 M KCl, 5
mM MgCl,, 20 mM K-Mops (pH 7.0) and 1 mM EGTA or 1 mM EGTA and 5 mM Na,VO,. Control samples were kept at atmospheric pressure
under the same conditions. Polarization of fluorescence of TNP-AMP (0.8 pM) was measured in a medium of 0.1 M KCl, 5 mM MgCl,, 20 mM
K-Mops (pH 7.0) and 0.1 mM EGTA or 0.1 mM EGTA and 0.5 mM Na)VO, at a protein concentration of 100 pg/ml, at the indicated
temperatures. For measurements of polarization the samples were warmed up stepwise and the intensity of fluorescence was determined at 545 nm
at each temperature using 200 data readings for each setting of the polarizers. The intensities were corrected for blanks (no TNP-AMP) and the
value of the polarization calculated. Excitation wavelength was 405 nm with a slit width of 16 nm. Each polarization value is the average (1 S.D.) of
four or five sets of measurements carried out on two different microsome preparations.

Temperature Polarization of fluorescence ( P)
O 1 mM EGTA 1 mM EGTA + 5 mM vanadate
1 bar 1.5 kbar 1 bar 1.5 kbar

2 0.069 1 0.002 0.069 +0.002 0.060 + 0.005 0.073+£0.015
10 0.080+0.007 0.086+0.007 0.084 4+ 0.011 0.083+0.009
15 0.109+40.007 0.105+0.016 0.112+0.016 0.133+0.014
20 0.142+0.013 0.122+0.021 0.150+0.008 0.160 1 0.023
26 0.166 +0.010 0.119+0.008 0.176 +0.027 0.176 £0.033




conformational change connected with Ca’* transport
may involve a relative motion of domains without major
rearrangement of the secondary structure of the protein.

The thermal profile of the normalized energy transfer
from AEDANS to FITC indicates an about 13% and
20% increase in normalized energy transfer efficiency
(f’) between 10°C and 38°C, in the E, and in the E,V
states, respectively (Fig. 10). Given the nonrandom
orientation of donor and acceptor, as indicated by the
anisotropy of fluorescence emission, the increase in the
normalized energy transfer at higher temperature may
reflect increased fluctuation amplitude of the fluoro-
phores, changes in their orientation or average distance,
or a combination of these. In any case, the thermal
profiles of normalized energy transfer indicate the ex-
istence of a relatively soft, flexible structure in the
region of the Ca®*-ATPase that links the AEDANS to
the FITC site.

The thermal dependence of the normalized transfer
efficiency of Ca’*-ATPase, together with earlier ob-
servations on the ribonuclease T,-pyridoxamine 5'-
phosphate conjugate [40], and on calmodulin and trans-
ferrin [42] support the theory proposed by Somogyi et
al. [40] that thermally induced structural fluctuations
increase the energy transfer; in fact, the magnitude of
the effect in the region of the Ca’*-ATPase sampled by
the AEDANS-FITC pair is almost as great as that
observed in soluble proteins (Fig. 10).

Considerable thermal fluctuation of structure was
also evident in the energy transfer between FITC and
Nd** (Fig. 10); these probes are assumed to sample the
regions between the nucleotide binding domain (FITC)
and the putative Ca’*-binding domain (Nd**).

In contrast to these relatively flexible structures, the
region monitored by the AEDANS-Pr3* pair appears
to be rigid, judged from the insensitivity of the normal-
ized energy transfer efficiency to temperature in the
range of 10-37°C (Fig. 9-10). Since specific binding of
Pr’* to the high affinity Ca®* sites is plausible only at
stoichiometric (1 uM) Pr®* concentration, the similar
thermal profile obtained with 1 gM and with 9 uM
Pr3* (Fig. 9) may imply that the nonspecific Pr>*-bind-
ing also occurs at the cluster of acidic amino acids near
the putative Ca’* binding site of the Ca?*-ATPase
[65,77,78]. A decrease in the affinity of Pr’* at higher
temperature is not likely to account for the absence of
the temperature dependence of energy transfer in view
of the similar results obtained at 1 uM and 9 uM Pr3*
concentration.

It is expected that the temperature dependence of
normalized energy transfer would be greater with in-
creasing distances between donor and acceptor fluoro-
phores even if the intervening structures have identical
intrinsic flexibility per unit length, because the ampli-
tude of oscillation is likely to increase with length. This
trivial explanation cannot satisfactorily account for the
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observations. The change in normalized energy transfer
efficiency with temperature shows no clear relationship
with the average distance between donor and acceptor
fluorophores either between 10 and 25°C or between 25
and 37°C. Furthermore the normalized energy transfer
approaches a plateau above 25°C for the AEDANS-
FITC pair, while for the FITC-Nd** pair it continues
to rise up to and above 37°C, and for the AEDANS-
Pr3” pair it remains low throughout the whole range of
temperatures (Fig. 10).

The binding of TNP-AMP to the Ca’*-ATPase in-
creases the intensity and polarization of TNP-AMP
fluorescence in a conformationally sensitive manner,
and there is a large further increase in polarization with
increasing temperature between 2 and 26°C, both in the
E, and E,V states. This implies a reorientation of the
probe at higher temperature in an increasingly rigid,
hydrophobic environment. Therefore the decrease in
normalized energy transfer efficiency between AEDANS
and TNP-AMP bound to the Ca?*-ATPase with in-
creasing temperature may be caused by the progres-
sively more unfavorable orientation of the highly im-
mobilized acceptor fluorophore for FET, as the temper-
ature is increased. The unusual temperature dependence
of the TNP-AMP fluorescence polarization may also be
related to dissociation of ATPase oligomers or to a
conformational transition of the native enzyme at
elevated temperatures, consistent with earlier observa-
tions (for review see [2]). These complications empha-
size the caution required in the use of FRET for the
analysis of the conformational dynamics of proteins
with noncovalently attached probes.

The different behavior of the AEDANS-FITC and
the AEDANS-TNP-AMP pairs with respect to the tem-
perature dependence of the normalized energy transfer
needs some explanation, in view of the assumed proxim-
ity of the FITC and TNP-AMP-binding sites. Although
the two sites may be close, they are distinct, and the
differences in their behavior probably reflect local dif-
ferences in the orientational freedom at various temper-
atures, rather than differences in the structure of the
region between the AEDANS and the nucleotide-bind-
ing sites of the Ca®*-ATPase. Further studies are needed
to assess the contribution of ATPase-ATPase interac-
tions to the polarization of fluorescence of TNP-AMP
and to the efficiency of AEDANS-TNP-AMP energy
transfer.

Extension of these studies to new donor-acceptor
combinations, together with refinement of the structure
of Ca®>*-ATPase by development of three-dimensional
crystals suitable for X-ray diffraction analysis [39,79]
may help to identify the structural changes that are
involved in Ca* translocation.

Information about the polarization of fluorescence of
donor and acceptor, together with its temperature de-
pendence is a prerequisite for the interpretation of
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energy transfer data in terms of distances and fluctua-
tion amplitudes [40,80,81]. The AEDANS-FITC dis-
tances calculated assuming random orientation are 5.5
nm in the E,V conformation stabilized by vanadate and
5.3 nm in the E,; conformation stabilized by calcium.
The assumption of random orientation of the two
fluorophores may not be fully justified in view of the
high polarization of their fluorescence. The polarization
of FITC fluorescence at low labeling ratios is near the
limiting polarization (£,) for fluorescein ([56]; con-
firmed in this report), and that of AEDANS (P =0.2)
also indicates a somewhat restricted motion, in agree-
ment with earlier observations of Vanderkooi et al., [71].
The range of distances calculated for orientation factors
(x?) ranging between 0.33 and 1.3 [82] are 4.9 — 6.1 nm
for the E,V and 4.6 — 5.9 nm for the E, state. If the
polarization of donor and acceptor are close to 0.3 most
of the donor-acceptor pairs have orientation factors in
the range 0.33 <x?<1.3 [83,84]. In a recent report,
Squier et al., [34] obtained unrealistically low values of
polarization for conjugates of Ca®*-ATPase with
AEDANS (P =0.011), and FITC (P =0.056); these
values were used as a justification for the assumption of
random orientation of both fluorophores in energy
transfer distance calculations.

The polarization of fluorescence of tryptophan in
native sarcoplasmic reticulum (P = 0.2) is much higher
than in most soluble proteins [63,64,85]. The fluores-
cence polarization of AEDANS, FITC and tryptophan
decreased significantly after several days storage of
sarcoplasmic reticulum vesicles at 2°C without signifi-
cant change in ATPase activity. These observations
suggest that even relatively subtle changes in the struc-
ture of the sarcoplasmic reticulum may alter the confor-
mation of the Ca?*-ATPase, and urge caution in using
only fresh preparations for energy transfer measure-
ments.

Solubilization of the Ca2*-ATPase by detergents de-
creases the tryptophan fluorescence polarization [48],
indicating that exchange of membrane lipids by deter-
gents changes the microenvironment of protein tryp-
tophans. This is consistent with spectroscopic evidence
allocating the majority of tryptophan residues into a
hydrophobic environment [86,87], and with the predic-
ted structure of the Ca’*-ATPase [65] that places 11 out
of the total of 13 tryptophan residues in the membrane
spanning region, near the headgroups of the phospho-
lipids.

The increase in the intensity of tryptophan fluores-
cence caused by 0.1 mM Ca’* (E, conformation) is
accompanied by a decrease in polarization; conversely
there is a decrease in tryptophan fluorescence intensity
and an increase in polarization in the presence of EGTA
and vanadate that stabilize the E,V conformation. The
inverse relationship between the polarization and the
intensity of tryptophan fluorescence may arise from

quenching interactions of the aromatic side chains, that
would be enhanced in the E,V state shortening the
lifetime of excited state and increasing the polarization,
while weakened in the E, state increasing the lifetime
and decreasing polarization. The changes in the second
derivative spectrum of the Ca?*-ATPase and the small
shift in the emission maximum of tryptophan fluores-
cence toward shorter wavelengths induced by Ca’* [86]
are consistent with such interpretation. A similar mech-
anism may explain the temperature profile of tryptophan
fluorescence polarization that implies increased mobil-
ity and /or longer excited state lifetime with increasing
temperature; these changes are also more pronounced
in the E,V than in the E,; state. Other mechanisms that
could alter the polarization of tryptophan fluorescence
are energy transfer from tyrosine to tryptophan or from
tryptophan to tryptophan. We have no explanation for
the different effects of Ca®* upon the polarization of
tryptophan fluorescence observed by us and by Gryc-
zynski et al. [63], using different techniques on different
sarcoplasmic reticulum preparations.

The intensity of AEDANS fluorescence was greater
in the E, than in the E,V conformation, while the
covalently bound FITC at lysine-515 showed the oppo-
site response, consistent with earlier observations
[10,11,67,88]. These changes in the intensity of AEDANS
and FITC fluorescence with enzyme conformation were
not accompanied by major changes in fluorescence
polarization. Therefore the greater efficiency of normal-
ized energy transfer between AEDANS and FITC in
the E,V as compared with the E, state at temperatures
of 15-38°C (Fig. 10) is likely to indicate changes in the
fluctuation amplitude and average distance between the
two fluorophores, rather than changes in their relative
orientation.

At temperatures between 2 and 15°C there were only
slight differences in the AEDANS to FITC energy
transfer efficiency between the E,Ca and E,V states
(Fig. 6), consistent with observations from another
laboratory [69). The Ca?*-ATPase profiles derived from
analysis of the E, and E,-type Ca’*-ATPase crystals
were also similar [12]. There were only slight differences
in FTIR spectra [18,20] and essentially no differences in
the circular dichroism spectra [16,17] between the two
conformers of the Ca’*-ATPase. Based on these ob-
servations Ca2* transport may occur with a structural
change that is too small compared with the relatively
large error inherent in energy transfer measurements.
This is not surprising, since the amplitude of internal
motions in proteins rarely exceeds a few A [89], that
would not be detectable with any of the techniques
applied so far to the sarcoplasmic reticulum. Therefore
no meaningful conclusion can be drawn from the ap-
parent lack of a significant difference in energy transfer
efficiency between the E, and E, states of the Ca’*-
ATPase at low temperatures. Interestingly, such dif-



ferences begin to appear in the normalized energy trans-
fer efficiency measured at temperatures closer to the
physiological range (approx. 30°C); further exploration
of these differences is in progress.

The data presented in this report lead to a revised
model of the relationship of the various functional sites
of the Ca?*-ATPase to each other and to the membrane
bilayer. The most significant change from the original
structural model put forward by Brandl et al. [65] is that
the Ca?*-binding sites previously located in the stalk
helices are now positioned within the bilayer (Fig. 1). In
support of this model, mutagenesis of the acidic amino
acids in the stalk helices that were originally thought to
form the Ca®*-binding domain of the Ca?*-ATPase [65]
did not inhibit Ca®* transport [77] while Glu-309, -771
and -908, Asp-800, Asn-796, Thr-799 and Lys-297 of
the membrane spanning domains were essential for
Ca** transport [78]. Therefore the transmembrane Ca?*
channel is probably formed by a cluster of membrane
spanning helices, in analogy to the structure proposed
for the Na* channel [90,91] and for other membrane
spanning proteins [92]. The observations of Scott [25,26]
also indicate effective proximity quenching of the fluo-
rescence of Tb’* bound to the Ca?* sites by
doxylstearates in which the nitroxyl group is at posi-
tions 12-15, deep in the alkyl chain region of the
bilayer. Since Tb**, like most lanthanides, is expected
to stabilize the enzyme in the E, state [11,12] and Ca?*
translocation occurs in the E, state, the Ca®* site is
expected to be in the bilayer region in both conforma-
tions.

The large apparent distance between the AEDANS
and FITC sites places them far apart in the cytoplasmic
domain of the Ca?*-ATPase, although they are rela-
tively close in the primary sequence. To match the
intramolecular distances derived from energy transfer
with the shape of the ATPase molecule determined by
reconstruction of Ca?*-ATPase crystals [13-15], we as-
sume that the AEDANS site (cysteine-670 to -674) is
located on the lower surface of the lobe [13] portion of
the ATPase molecule near the phospholipid headgroups
and about 1.6 — 1.8 nm from the Ca?* site, while the
FITC site is on the top of the main cytoplasmic mass
forming the bridge, about 3.5 — 4.7 nm from the Ca?*
site. This places the AEDANS and FITC sites at oppo-
site ends of the pear-shaped cytoplasmic domain about
5.0 - 6.0 nm from each other. Such a location of the
AEDANS site is supported by studies with monoclonal
antibodies directed against the AEDANS binding re-
gion of the Ca’*-ATPase [93]. Juxtaposition of the
AEDANS and FITC sites located on distinct ATPase
molecules within ATPase oligomers may contribute to
the energy transfer. Assuming the localization of the
AEDANS site on the lower surface of the lobe and of
the FITC site on the top of the bridge region of the
Ca®*-ATPase [13], the estimated distance between the
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two sites on adjacent ATPase molecules in the E,V-type
crystals also roughly matches the distance calculated
from energy transfer data.

The wide separation between the nucleotide-binding
domain and the putative Ca?* transport sites implied
by the energy transfer data is frequently taken to indi-
cate long-range energy transfer during Ca?* transport
through a propagative change in enzyme conformation
[3]. Nevertheless, these observations do not conclusively
rule out a more direct effect of enzyme phosphorylation
on the gating properties of the Ca’* channel, as sug-
gested by Dupont [94]. More precise data, obtainable
only by high-resolution X-ray crystallography will be
needed to establish whether the internal motions of the
Ca’*-ATPase molecule are sufficient to bring critical
elements of the structure within contact distances to
effect a direct coupling between the phosphorylation
and the Ca?* transport sites.
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