BIOCHIMICA ET BIOPHYSICA ACTA

BB

oS

ELSEVIER Biochimica et Biophysica Acta 1326 (1997) 193-200

Rotational mobility of Ca?*-ATPase of sarcoplasmic reticulum in
viscous media

Marianna Torok 2°, Gyorgyi Jakab 2, Alajos Bérczi °, Laszlo Dux 2, LaszIo |. Horvath P+

& Department of Biochemistry, Szent-Gyorgyi Albert Medical School, Szeged, Hungary
® Institute of Biophysics, Biological Research Centre, Temesvéri krt 62, P.O. Box 521, H-6701 Szeged, Hungary

Received 8 November 1996; revised 24 January 1997; accepted 31 January 1997

Abstract

The rotational diffusion of Ca2*-ATPase [Ca?*,Mg?*-activated ATP phosphohydrolase E.C. 3.6.1.38] was studied in
native sarcoplasmic reticulum membrane by saturation transfer ESR spectroscopy after covalent labelling of intramembra-
nous sulfhydryl groups with nitroxyl derivative of maleimide (5-MSL) as a function of sucrose and glycerol in the
suspending medium. The relative enzymatic activity of sarcoplasmic reticulum was followed by increasing the viscosity of
the agueous phase. The ATP hydrolysing activity of the enzyme decreased differently on adding sucrose and glyceral. In the
case of sucrose the reciprocal of power dependence of viscosity was observed, whereas for glycerol an exponential decay
law was obtained, indicating solvent-protein interaction. On increasing the viscosity of the aqueous phase by either sucrose
or glycerol, no changes were observed in the intramembranous viscosity as measured using intercalated spin-labelled stearic
acid (16-SASL). The effective rotationa correlation time of the protein was measured, as a mobility parameter, using
saturation transfer ESR spectroscopy and found to be increased linearly with the viscosity of the sucrose containing medium
and for the extramembranous size a height of 6.8 nm was obtained, indicating that approx. 82% of the volume of
Ca?*-ATPase protein is external to the sarcoplasmic reticulum. The addition of glycerol probably promoted protein—protein
interaction, as indicated by the larger changes in rotational diffusion and non-linear viscosity dependence.
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1. Introduction

The overall molecular mobility of transmembrane
proteins is driven by the intramembranous frictional

" Abbreviations: SR, sarcoplasmic reticulum; ESR, eectron torque in the viscous hydrophobic phase unless the

spin resonance; STESR, saturation transfer electron spin reso- frictional forces in the agueous phase are signifi-
nance; EM, electron microscopy; EGTA, ethylene glycol bis( 5- cantly increased by adding polyols to the suspending
aminoethyl ether)-N,N,N’,N’-tetraacetic acid; MOPS, 3-(N-mor- medium [1,2]. The effect of increasing viscosity in

pholino)propanesulfonic acid; NEM, N-ethylmaleimide; 5-MSL, the agueous phase depends on the relative sizes of the
3-maleimido-1-oxyl-2,2,5,5-tetramethylpyrrolidine; 16-SASL, . P €p

16-(N-oxy-4' 4'-dimethyloxazolidin-2-yl) stearic acid extramemlzranous—to-lntramembrangus p_arts of'pro-
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voluminous extramembranous protrusions [3,4].
Clearly, molecular size data can be determined by
rotational measurements provided the addition of
polyols does not introduce large-scale conformational
changes in the protein [5]. The mobility of integral
membrane proteins is low; typical correlation times
are in the range of 107% to 10™* s. In such instant
saturation transfer ESR (STESR)1 spectroscopy [6—-8]
is a suitable technique for quantitative measurements
of rotational mobility and, hence, hydrodynamic sizes
using covaently attached nitroxyl spin labels.

In this work the viscosity of the agueous phase
was increased by adding sucrose or glycerol and the
rotational rate of Ca?*-ATPase of sarcoplasmic retic-
ulum (SR) was measured by STESR spectroscopy
using covalently attached spin labelled maleimide
(5-MSL) at low labelling level (MSL,,,.q/Ca®"-
ATPase = 0.75 mol /mol). The effect of polyols on
the intramembranous viscosity was followed by inter-
calated lipid spin labels, using C-16 stearic acid spin
probes (16-SASL). In a parallel set of experiments
the effect of polyols on the relative enzymatic activ-
ity of the enzyme was followed. From hydrodynamic
data the size of the extramembranous domains pro-
truding to the aqueous phase was determined.

2. Experimental procedures
2.1. Materials

Sucrose and glycerol were of analytical grade pu-
rity from Serva (Heidelberg, Germany) and Sigma
(Munich, Germany), respectively. Spin labelled
maleimide (5-MSL) and C-16 labelled stearic acid
(16-SASL) were from Sigma (Munich, Germany) and
N-ethylmaleimide (NEM) was from Serva (Heidel-
berg, Germany), dissolved in dimethylsulfoxide
(DMSO, Sigma-Aldrich, Munich, Germany).

Sarcoplasmic reticulum vesicles were prepared as
described by Nakamura et a. [9] from rabbit skeletal
muscle. In the enzymatic activity and crystallization
experiments the following solutions were used 0.1 M
KCl, 10 mM MOPS (pH 7.4), 5mM MgCl,, 0.5 mM
EGTA (Medium S) and 0.1 M KCI, 10 mM imida
zole(pH 7.4), 5mM MgCl,, 0.5 mM EGTA (Medium
C) with 5 mM decavanadate, respectively. Viscosity
of Medium S mixtures supplemented with sucrose or

glycerol was measured with a thermostated rotating
disc viscometer at 298 K (Haake, Germany).

2.2. Enzymatic activity measurements and negative
staining electron microscopy

Ca®" ,Mg?*-activated ATPase activity was mea-
sured as described in Ref. [9] by colorimetric deter-
mination of liberated inorganic phosphate [10]. The
rate of phosphate liberation from ATP was measured
in Medium S supplemented with 0.45 mM CaCl , and
1 M A23187 at a protein concentration of 0.02
mg/ml a 25°C for 5 min [11], with and without
glycerol or sucrose. SR vesicle suspensions were
divided into two aliquots for instant spin labelling
and paralel crystallization experiments, after a 24-h
incubation period at 2°C in conjunction with electron
microscopic measurements at this temperature. For
negative staining the vesicle suspensions (1 mg of
protein/ml) were placed on carbon-coated parlodion
film and stained with freshly prepared 1% uranyl
acetate (pH 4.3) at 2°C. Electron micrographs were
recorded with a JEOL 100-B microscope at 80 kV
accelerating voltage [11].

2.3. Spin labelling

Ca?*-ATPase was prelabelled with NEM on the
fast reacting interfacial -SH groups (group 1) at a
labelling level of 1:1 mol /mol for 5 min [12]. Then,
the intramembranous -SH groups (group 1) were
labelled with 5-MSL, in the presence of intercalated
NEM, at a labelling level of < 1:1 mol /mol and of
NEM for 40 min, and the unreacted NEM and spin
labels were separated by centrifugation (Beckman
50Ti at 40000 rpm) for 30 min. Spin-labelled stearic
acid (16-SASL) was intercalated into SR membrane
prior to the addition of polyols and incubated at
ambient temperature (25°C) for 15 min before remov-
ing the non-intercalated spin probes by low-speed
centrifugation.

2.4. ESR measurements

ESR spectra were recorded on a Bruker ECS 106
Series 9 GHz spectrometer equipped with a tempera-
ture regulation system based on pressured air gas
flow. Spin labelled Ca?*-ATPase rich vesicles were
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packed in 1 mm I.D. capillaries by low-speed cen-
trifugation. Temperature was measured by a fine-wire
thermocouple located at the bottom of the microwave
cavity within the Dewar insert. Conventional (V,-dis-
play) and saturation transfer (V,-display) ESR spectra
were recorded using 100 kHz and 50 kHz modula-
tions using the recommended protocol for STESR
measurements as described in Ref. [13]. The signal-
to-noise ratio of the STESR spectra was improved by
smoothing over a 5-point-window at low field, a
3-point-window in the centre, and a 7-point-window
at high field in the case of line height ratio measure-
ments. (It should be noted that the anisotropy in the
three regions are 2.18, 1.01, and 3.70 mTesla, respec-
tively.) Spectral amplitudes of the diagnostic points
(L, L”, H, and H") of STESR spectra were evaluated
as described in Ref. [14], and calibrations of STESR
line height ratios (L” /L and H’/H) and normalised
STESR intensities of spin labelled haemoglobin were
taken from Refs. [15,16].

3. Results

3.1. Enzymatic activity measurements of Ca?*-
ATPase

The enzymatic activity of Ca?*-ATPase was
sharply reduced on increasing the viscosity of the
aqueous phase. However, as shown in Fig. 1, after
the addition of sucrose or glycerol to the agueous
phase, the relative activity was reduced to different
extent. As the viscosity was increased from 1.1 to
13.2 mPa-s (1 X102 Pa-s=1x 102 Poise) by
adding glycerol, the relative activity of the enzyme
was reduced to 0.12, whereas on increasing the vis-
cosity from 1.1 to 12.0 mPa- s by the addition of
sucrose the relative activity was reduced to lesser
extent, to 0.64. As to the anaytical form of the
viscosity induced relative activity reduction, in the
case of sucrose the decline in relative enzymatic
activity varied according to the inverse power law,
~1/7° with b=0.21, typica for non-interacting
solvents [17]. Glycerol, on the other hand, led to an
exponential activity decay, ~e#7 with g=0.17,
indicating interaction between the solvent molecules
and the extramembranous part of the polypeptide; a

more complete discussion for proteins of the plasma
membrane is given in Ref. [18]. For the sake of
comparison, the complementary forms of the viscos-
ity dependence, namely exponential curve for sucrose
and inverse power law for glycerol, are also shown in
Fig. 1. Less acceptable fits were obtained with typical
root-mean-square (R.M.S.) values of 97.2% versus
94.5% in the case of sucrose for fitting according to
power law and exponential decay, and 89.2% versus
99.5% in the case of glyceral for fitting according to
power law and exponential decay, respectively.

Crystalline arrays of Ca?*-ATPase from native SR
induced by vanadate were could be formed in the
presence of glycerol, and essentially very similar
arrays were obtained after the addition of glycerol to
preformed 2D-crystals of the enzyme by negatively
stained SR in agreement with previous results (EM
pictures not shown, [4]). As demonstrated by EM
neither the incorporation of spin labels [19] nor glyc-
erol had any effect on 2D-crystal formation, at least
using negative staining EM at low resolution.

Relative enzymatic activity

0 I 1b
nm,

Fig. 1. The relative enzymatic activity of Ca?*-ATPase as a
function of the viscosity of the aqueous phase and best-fitting
curves assuming reciprocal power law ~ 1/7® (A) and exponen-
tial decay lav ~ e #" (B) for calculation. Best fitting coefficient
values were b= 0.21 in the case of sucrose (@) and 8 =0.17 in
the case of glycerol (a); the root-mean-square error (R.M.S.) of
fitting of inverse power law for sucrose (solid line in panel A)
was 97.2%, while for glycerol the R.M.S. error was 99.5% (solid
line in panel B). Best-fitting complementary curves in these cases
(dashed lines) gave significantly worse fits. For sucrose, assum-
ing the exponential decay law with 8 = 0.066 an R.M.S. error of
94.5%, while for glycerol assuming inverse power law with
b=0.62, an R.M.S. error of 89.2% was obtained.
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3.2. Conventional ESR spectra

On labelling Ca®*-ATPase with spin-labelled
maeimide (5-MSL), after brief prelabelling of the
fast reacting interfacial -SH groups (group 1) with
NEM, a strongly immobilised line shape was ob-
tained, indicating no significant segmental motion of
the spin label when covalently bound (group I1, [20]).
It should be noted that spin labelling experiments
were done at 20°C in a short time (<1 h). The
ubiquitous weakly immobilised component, which
unlike the immobile component could be quenched
by Ni%?* ions and, thus, assigned to covalently at-
tached labels at the interface of the lipid bilayer or
intercalated, but unbound spin labels in the intra-
membranous phase, was reduced to < 5% in asingle
washing step. The hyperfine splitting, 2A ., and the
line widths at haf-height, H,,, and Hg,, of the
outer extrema (spectra not shown) were 68.0 Gauss,
3.0 Gauss, and 3.8 Gauss, respectively. It should be
noted that the line width data depended on the la-
belling level and, thus, the MSL .../ Ca&*-ATPase
molar ratio was kept constant at 0.75 mol /mol. The
obtained spectral parameters agreed with previous
results on label /protein stoichiometry experiments
[12]. Since all spectra were close to the rigid limit
line shape more quantitative experiments required
STESR methods which have a time scale of 10~ °-
107* s

The intramembranous viscosity of the centre of the
lipid bilayer was followed by spin-labelled stearic
acid (16-SASL) intercalated prior to the addition of
polyols to the agueous phase. The rotational correla-
tion time of C-16 spin labelled stearic acid was
1.41 + 0.02 X 10~ ° s as measured by the line width
method [21]. After the addition of sucrose or glycerol
by increasing the agueous viscosity of the extramem-
branous phase from 1.1 mPa-s to 12.0 or 20.5
mPa- s the correlation time remained unchanged:
1.40 X 107 ° sand 1.38 X 10~ ° s, respectively.

3.3. Saturation transfer ESR spectra

A series of second-harmonic, 90° out-of-phase (V)
STESR spectra of covalently labelled 5-MSL +
Ca?*-ATPase in Medium S supplemented with su-
crose or glycerol of increasing viscosity is shown in
Fig. 2. The signal-to-noise ratio of these spectra were

Fig. 2. Second harmonic, 90° out-of-phase absorption (V}) STESR
spectra of covalently-labelled sarcoplasmic reticulum vesicles at
a labelling level of 5-MSL: Ca?*-ATPase= 0.75 mol /mol and
adding various amounts of sucrose or glycerol to Medium S and
using the noise filter of 5-point-window method. (A) Spin-labelled
SR vesicles in Medium S; (B) 50 w /v% sucrose and Medium S;
(©) 52 w/v% glycerol and Medium S; (D) 64 w/v% glycerol
and Medium S. Total scan width was 10 mTesla and the tempera-
ture was 293 K.

improved by smoothing over 5/3 /7-point-window in
the low-field, central, and high-field region and the
signal-to-noise ratios were (at least) 8:1, 16:1, 3:1
and 18:1, 28:1, 8:1 in the untreated and smoothed
spectra, respectively. On increasing the viscosity of
the extramembranous phase progressive changes were
observed in the line shapes of STESR spectra and, in
particular, in the line heights in the diagnostic regions
at low and high fields. All these spectra were ob-
tained at the same labelling level (MSL ./ Ce*-
ATPase=0.75 mol /mol) in order to control the
effect of spin-spin interaction which was shown to
influence selectively the normalised STESR intensity
[12]. As the viscosity of the agueous phase was
increased from 1.1 to 12.0 mPa- s and 20.5 mPa- s
by adding 50 w /v% sucrose and 74 w /v% glycerol
at 20°C, respectively, the diagnostic line height ra
tios, which are sensitive to the rotationa correlation
time [22], were increased from L” /L = 0.29 to 0.94
and H"/H =0.30 to 0.86 as expected for slowing
molecular rotation.

The low-field (L” /L) and high-field (H” /H) line
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height ratios were determined and compared to spin-
labelled haemoglobin calibrations [15,16]. The differ-
ence between the correlation time values from low-
field and high-field line height ratios were < 10—25%
provided the signal-to-noise ratios allowed such com-
parisons. As a rule, the low-field line height ratio
(L” /L), after smoothing over a 5-point-window, was
more affected by the overlapping mobile spectra
component (Fig. 2). It should be noted that the
experimental error in determining the STESR line
height from the high-field region (H” /H) was filtered
by smoothing over a 7-point-window. The extramem-
branous height was estimated from average values
obtained in low-field and high-field STESR measure-
ments. The correlation time had an uncertainty of
2.5 X 10~® syielding a propagated error in the height
data of 5x 1071° m. Qualitatively similar spectral
changes were reported by Lewis and Thomas [19]
and Napier et al. [23] for STESR spectra of cova
lently labelled Ca?*-ATPase in two-dimensiona E,
crystaline form.

The effective rotational correlation time of the
protein depends on the orientation of labels to the
membrane fixed co-ordinate axes [14]. However, this
dependence is not influenced by the viscosity of the
aqueous phase and so the ratio of the effective rota-
tiona correlation times in Medium S with and with-

0 10 20
Viscosity/mPa.s

Fig. 3. The normalised effective correlation time increase of
covalently labelled Ca?*-ATPase as a function of agueous phase
viscosity after the addition of sucrose (A, @) or glycerol (B, a).
The correlation times were determined from the combined appli-
cation of the low-field (L” /L) and high-field (H” /H) line height
ratios of STESR spectra. The measured points for sucrose are
shown together with a best-fitting straight line (solid line) follow-
ing Eq. (1) in the interval of n=0-12 mPa-s and for glycerol
with a logarithmic curve in the interval of n = 0—20 mPa-s.

out polyol is a suitable relative parameter which is
not dependent on the orientation of spin labels. The
ratio of the effective rotational correlation times from
the STESR spectra of covalently labelled Ca?*-
ATPase suspended in sucrose or glycerol supple-
mented Medium S of different concentrations of
polyols and normalised with the control, i.e.,, (7
Tem)/ Trm» &€ given as a function of the measured
viscosity in Fig. 3. 7; and 7, denote the rotational
correlation time in the intramembrane phase with and
without polyols in the agueous phase, respectively.
The effective correlation times for the native SR
membranes in Medium S supplemented with glycerol
were al significantly greater than those supplemented
with sucrose at the same viscosity. The change in the
rotational correlation time vs. viscosity curve was
approximately linear in the case of sucrose, whereas
it was linear in the semilogarithmic plot for glycerol.

4. Discussion

Ca?*-ATPase of sarcoplasmic reticulum is one of
the well-characterised integral membrane proteins for
which a correlation has been found between molecu-
lar dynamics and enzymatic activity data[24,25]. The
molecular structure of the enzyme was determined to
2.5 nm resolution and the height of the extramembra-
nous segment was estimated to be ~6.0 nm as
measured by the combined application of frozen hy-
dration EM of the intramembranous segment and
negative staining EM of the extramembranous part
[26]. Several data suggest that, athough protein
monomers retain many functions of the protein dimers
which are held together by interacting extramembra-
nous parts, the functional unit of SR calcium pump is
a dimer [27]. The connection of neighbouring ex-
tramembranous domains has a decisive role in form-
ing protein dimers and 2D protein crystals [11]. Ac-
cording to three-dimensional reconstruction protein
dimers are connected by peptide-bridges formed at a
height of 4.2 nm above the membrane surface, and in
two-dimensional E, protein crystals an additional
peptide-bridge was observed at the height of 1.6 nm
above the interfacial surface [26].

In previous reports of multilamellar crystals of
detergent solubilised Ca?*-ATPase it was suggested
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that glycerol has an inhibitory effect on in-plane
nucleation, but crystal fusion after nucleation was
facilitated [28-30]. As known from crystalization
experiments, the presence of glycerol does not influ-
ence the formation of peptide-bridges which are es-
sential in building-up of protein crystals [26,31]. Im-
plicit to these crystallization experiments is that the
molecular dimensions are not greatly perturbed by
the presence of glycerol molecules, the effect of
sucrose on crystallization is discussed later.

The dependence of the rotational correlation time
increase on agueous Viscosity, 7, is given according
to Esmann et al. [2] by

2
TR™TRMm = S~ Z

D)

where V, denote the volumes of enzyme in the matrix
and intracellular sides of the sarcoplasmic reticulum
membrane (i = 1,2) and F,’s are the respective ellip-
ticity factors [8]; other parameters, as usual, k and T
denote Boltzmann's constant and temperature, respec-
tively. The effective rotational correlation time, thus,
depends primarily on the intramembranous viscosity
1., [1], the ellipticity contour F, [31] and the orienta-
tion of the spin label [8,14], as discussed below.

The leading term in the rotational correlation time
Tg 1S the contribution to the correlation time due to
the intramembranous part 7 ,, which varies with the
intramembranous viscosity in the range of n = 200—
500 mPa- s (a vaue of n =370 mPa- s is used in
[32]) and the contribution of the extramembranous
part in the agueous phase (1.1 mPa-s) is usually
neglected to first approximation, i.e., 7 = 75 .. EQ.
(1) is based on two assumptions: namely, (1) the
torque due to the intramembranous and extramembra-
nous parts of the enzyme consists of additive, aimost
collinear, vectors [33] and, hence, the increase in
rotational correlation time is linearly proportional to
the viscosity of the aqueous phase, and (2) the ex-
tramembranous and intramembranous segments are
rigidly connected. This assumption is certainly appli-
cable in the case of Ca?*-ATPase according to recent
three-dimensional modelling [26,34].

A simplifying assumption, in agreement with
three-dimensional reconstruction of the enzymein E;
and E, forms, is that the ellipticity factor is uniform
across the various parts in different viscous phases.

According to morphological data the ellipticity factor
is 0.87 and will only change by the formation of
two-dimensional aggregation [12]. The * pear-shaped’
molecule has no large extensions either in the intra-
membranous or extramembranous parts, suggesting
an evenly round mobile contour [35].

Strictly speaking the effective correlation time is
related to the diffusion tensor and the orientation of
NO-group, as discussed in Ref. [14]. By paramag-
netic quenching of transition ions, like nickel soluble
in the agueous phase, it has been shown that the spin
label has covalently been attached to -SH groups in
the intramembranous part of the enzyme molecule
prior to the addition of polyols and it is assumed that
the orientation of spin label is not modified by the
agueous viscosity. In this case the ratio of the correla-
tion times prior to and after the addition of viscous
polyols is not dependent on the orientation of the
label.

For guantitative evaluation an experimental param-
eter is introduced

TR™ TRm nVy

TR,m 77me

(2)

normalising the measured correlation time increase
(TrTrm) With that due to the intramembranous con-
tribution g . It should be noted that the ratio (7g-
Tem)/ Trm IS dependent on the ratios of viscosity of
the different phases (n and 7,,) and the respective
volume parts of the enzyme (V and V,) but not
dependent on the dlipticity factor and the orientation
of the spin labels. The protruding part of the enzyme,
as a rotating body, is taken as a cylinder of eliptic
cross-section; denoting the semi-axes of the élipsis
by a and b, and its height by h for its volume
V = Ah=absh is obtained [36]. The protrusion on
the luminal side is neglected (V, = 0) with respect to
that on the cytosolic side (V,) since the location of
Ca®"-ATPase in the two aqueous phases is fairly
asymmetric [24,26,34]. Ca?"-ATPase, like many pro-
teins, has a discontinuous contour at the
membrane/agqueous phase interface: the areas of
compact intramembranous ( A,) and more extensive
extramembranous (A) segments change markedly
[34,37]. The ratio of two adjoining segments, A/A.,,
can vary from 1, i.e,, no change at the interface, to 4,
corresponding to a twofold size increase. According
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to low-resolution diffraction measurements on two-
dimensional E, crystals of Ca?*-ATPase the ratio of
the cross-sections in the extramembranous and intra-
membranous segments is A/A,, ~ 3 [34,35,37]. In
this approximation the ratio of the extramembranous
and transmembrane segments is given by

TR ™ TR

= n— (3)

and so the normalised correlation time increase will
be proportional to the viscosity of the aqueous phase
7 and the height of the extramembranous part h.

The viscosity dependence is determined, according
to Eg. (2), by the viscosity of the intramembranous
phase and the measured values for various mem-
branes specify a range of 200-500 mPa- s [32]. At
the lower and upper limits, assuming equal heights
for the intramembranous and extramembranous seg-
ments h.,=h, for the dope vaues of the (74
Trm)/Trm VS M cUrves 0.015 (mPa- s)~* and 0.006
(mPa- s) ™! are expected, respectively. The measured
dope of the (tx-7gxm)/Trm VS 1 CUVE Was
0.0235(5) (mPa-s)~! on increasing the viscosity of
the aqueous phase by the addition of sucrose (Fig. 3).
Thus, the ratio of the two segments is related to the
membrane thickness as h/h,, ~ 1.6 and 3.9 at the
lower and upper limits of intramembranous viscosity
ranges, respectively. Assuming a membrane thickness
of h,=45 nm, this measurement gives for the
height of the extramembranous segment h = 6.8 nm
and 17 nm at the lower and upper limits of the
viscosity range, respectively. Accordingly 82—92% of
the volume of the volume of Ca?*-ATPase protein is
external to the sarcoplasmic reticulum. The value at
the lower limit of intramembranous viscosity range is
in good agreement with previous data obtained from
low-resolution diffraction and three-dimensional
molecular reconstruction estimates [27]. It should be
noted that the calculated height of the extramembra-
nous segment depends on the value of intramembra-
nous viscosity and, thus, fluidity modulation due to
temperature changes or alteration in the concentration
of membrane-soluble drugs could modify the size of
protruding segments.

There are two independent lines of indications that
glycerol and sucrose exert qualitatively different al-
terations on interacting with Ca?™-ATPase. In the

case of these polyoals, athough both inhibited enzy-
matic activity, qualitatively different viscosity depen-
dencies were observed. Large concentrations (> 0.5
M) of sucrose have prevented the formation of deca-
vanadate induced E, crystals, whereas 40 w/v%
glycerol even improved the self-association of the
solubilised enzyme [28]. The simple linear depen-
dence on viscosity predicted by Eq. (1), which has
given a consistent explanation of correlation time and
enzymatic activity data for sucrose, does not give an
acceptable fit for glycerol (cf. Figs. 1 and 3). In
addition, glycerol is a generaly used polyol to facili-
tate the polymerisation of crystal patterns of solu-
bilised Ca?*-ATPase [28,38], whereas sucrose was a
polyol supplement which at low concentrations (up to
0.4 M) had no effect on two-dimensional (2D) crystal
formation in native SR, while at high concentrations
(0.5-1 M) it abolished the process [39].

The correlation time data evaluated from STESR
line height parameters display similar correlation time
increases on adding glycerol for varying the viscos-
ity, but the observed changes were both quantitatively
and qualitatively rather different from that measured
after the addition of sucrose. The effective correlation
times of covalently labelled Ca?*-ATPase in glycerol
suspensions are much greater than those in sucrose
suspension of the same viscosity, suggesting the for-
mation of larger protein aggregates. Alternatively, the
height of the extramembranous fraction ought to be
increased by a factor of ~5 on expense of the
intramembranous fraction; this is in contradiction
with the balance of hydrophobic forces. It should be
noted that the addition of glycerol, which leads to the
formation of such aggregates, could serve as an
effective enzyme inhibitor in agreement with the
steeply declining activity data. As another mecha
nism, namely the effect of dehydration due to
solute/protein interaction, is discussed by Esmann et
al. [2].

In conclusion, the ATP hydrolysing activity of the
enzyme decreased differently on adding sucrose and
glycerol. The effective rotational correlation time of
the protein increased linearly with the viscosity of the
sucrose containing medium giving an extramembra-
nous height of 6.8 nm. Glycerol, as indicated by the
greater changes in rotational mobility and non-linear
viscosity dependence, led to the formation of larger

aggregates.
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