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The Ca2+-ATPase of sarcoplasmic reticulum is irreversibly inactivated by exposure to 1.5-2.0 kbar pressure for 30-60 
min in a Ca2+-free medium; mono- or decavanadate (5 mM) or to a lesser extent Ca 2+ (2-20 mM) protect against 
inactivation (Varga et al. (1986) J. Biol. Chem. 261, 13943-13956). The structural basis of these effects was analyzed by 
FTIR spectroscopy of sarcoplasmic reticulum in 2H20 medium. The inactivation of the Ca2+-ATPase at 1.5-2.0 kbar 
pressure in a Ca2+-free medium was accompanied by changes in the Amide II region of the spectrum (1550 cm-l) ,  that 
are consistent with increased hydrogen-deuterium (H-2H) exchange, and by the enhancement of a band at 1630 cm-1 in 
the Amide I region, that is attributed to an increase in fl sheet. The frequency of the peak of the Amide I band shifted 
from about 1648 cm-1 at atmospheric pressure to 1642 cm-1 at --- 12.5 kbar pressure, suggesting a decrease in a helix, 
and an increase in fl and/or random coil structures. Upon releasing the pressure, the shift of the Amide I band was 
partially reversed. Vanadate (5 raM), and to a lesser extent Ca 2÷ (2-20 raM), protected the Ca2+-ATPase against 
pressure-induced changes both in the Amide I and Amide II regions of the spectrum, together with protection of 
ATPase activity. These observations establish a correlation between the conformation of the Ca2+-ATPase and its 
sensitivity to pressure. The involvement of the ATP binding domain of the Ca2+-ATPase in the pressure-induced 
structural changes is suggested by the decreased polarization of fluorescence of fluorescein 5'-isothiocyanate covalentiy 
attached to the enzyme. 

Introduction 

The hydrolysis of ATP and p-nitrophenyl phosphate 
by the Ca2+-ATPase was reversibly inhibited during 
exposure to 0.5-1.0 kbar pressure [1-3]. The loss of 
enzymatic activity became irreversible after pressure 
treatment at 1.5-2.0 kbar in a Ca 2+ free medium, but 
the irreversible inactivation of the enzyme could be 
prevented by inclusion of vanadate (5 mM) or Ca 2÷ 

Abbreviations: Ca2+-ATPase, Ca2+-transporting ATPase (EC 
3.6.1.38); CD, circular dichroism; DMSO, dimethylsulfoxide; EGTA, 
ethyleneglycol bis(fl-aminoethyl ether)-N,N'-tetraacetic acid; FITC, 
fluorescein 5'-isothiocyanate; FTIR, Fourier transform infrared; SR, 
sarcoplasmic reticulum. 
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(2-20 mM) in the incubation medium [4]. Some protec- 
tion against pressure-induced inactivation was also pro- 
vided by sucrose, glycerol, ethylene glycol and KC1 at 
relatively high concentrations [4,5]. These observations 
suggested that the Ca2+-ATPase is better protected 
against pressure-induced inactivation in the E 1 state 
stabilized by Ca 2+ or in the E 2 state stabilized by 
vanadate, than in the conformational equilibrium that 
exists in a calcium-free medium in the absence of 
vanadate [4]. 

In this report FTIR  and fluorescence data are pre- 
sented on the structural changes of sarcoplasmic reticu- 
lum associated with the pressure-induced inactivation of 
Ca2+-ATPase, and on the protection provided against 
these structural changes by vanadate and by Ca 2÷. 
Depending on the ionic composition of the medium, the 
application of high pressure (1-13 kbar) brought about 
readily observable, conformationally specific changes in 
the secondary structure of the Ca2+-ATPase, that are 
presumed to be related to the more subtle structural 
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differences between the E 1 and E 2 states of the enzyme 
at atmospheric pressures. 

Experimental procedures 

Materials 
Adenosine 5'-triphosphate, EGTA, imidazole, NAD- 

H, magnesium chloride, lactate dehydrogenase (rabbit 
muscle), pyruvate kinase (rabbit muscle), phos- 
phoenolpyruvate, and Trizma base were obtained from 
Sigma Chemical Co., St. Louis, MO 63178. Sodium 
vanadate was the product of Fisher Scientific Co., Fair- 
lawn, NJ 07410. Calcium chloride was obtained from 
Baker Chemical Co., Phillipsburg, NJ 08854; A23187 
from Behring Diagnostics, La Jolla, CA 92037; FITC 
from Molecular Probes, Inc., Eugene, OR 97402; 2H20 
(99.9% 2H) from MSD Isotope, Division of Merck 
Frosst, Canada, Inc., Montreal, Canada. All chemicals 
were of analytical grade. 

Isolation of sarcoplasmic reticulum 
Sarcoplasmic reticulum vesicles were isolated from 

rabbit muscles according to Nakamura et al. [6]. The 
preparations were frozen in liquid nitrogen and stored 
before use in a medium of 0.3 M sucrose, 10 mM 
Tris-maleate buffer (pH 7.0) at a protein concentration 
of 30-40 mg/ml in polyethylene containers at - 70  ° C. 

Preparation of sarcoplasmic reticulum vesicles for FTIR 
measurements 

Before pressure treatment, 4-ml aliquots of micro- 
some suspensions were thawed, diluted six times with 
2H20 medium containing 0.1 M KC1, 1 mM MgC12 
and 10 mM imidazole, p2H 7.4 (pH 7.0, according to 
Glasoe and Long [7]). The vesicles were centrifuged for 
30 min at 92000 x g; the pellets were resuspended in 
the same medium and centrifugations were repeated 
twice more. The final sediments were taken up in 2H20 
medium to a final protein concentration of 40-65 
mg/ml. A similar procedure was used for the prepara- 
tions of rnicrosomes in H20 medium. Protein con- 
centration was determined according to Lowry et al. [8]. 
Additions of Ca 2+, EGTA and vanadate were made 
from 2H20 or H20-containing stock solutions to final 
concentrations indicated in the legends. 

Since the Ca2+-ATPase accounts for about 80% of 
the protein content of sarcoplasmic reticulum, we as- 
sume that the FTIR spectra represent primarily features 
of the CaE+-ATPase. The use of purified ATPase pre- 
parations is precluded by the regular presence of dena- 
tured material and residual detergents. 

Measurement of the irreversible effects of 1-2 kbar pres- 
sure on the structure and A TPase activity of sarcoplasmic 
reticulum 

For pressure treatment, glass vials containing 300 /~1 
microsome suspensions were capped with three layers of 

parafilm and were placed in an SLM-Aminco French 
pressure cell (Model FA-030, 1-inch diameter piston, 35 
ml capacity, rated at 2.72 kbar). Pressure was applied in 
the range of 1 to 2 kbar in the SLM-Aminco French 
press (Model FA-078) at 2 -4°C for periods ranging 
from 1 to 2 h. Aliquots of the same solutions were kept 
at atmospheric pressure as controls. The FTIR and 
ATPase activity measurements were performed after 
return to atmospheric pressure. 

(a) FTIR measurements. Immediately after pressure 
treatment, 10-#1 aliquots were taken from the control 
and pressure treated samples for parallel measurements 
of FTIR spectra in a Mattson Cygnus 100 spectrometer 
equipped with barium fluoride windows and 50 #m 
spacers for samples in 2H20 medium and 12 ~tm spacers 
for samples in H20 medium. Temperature controlled 
cells were used (Model TFC-M25, Harrick Scientific 
Corp., Ossining, NY 10562) connected with a circulat- 
ing water bath (Brinkmann model RM6), and main- 
tained at 20 ° C. The temperature was recorded with a 
thermocouple placed close to the cell windows. 
Routinely 256 scans were collected, coadded, zero filled 
once, and apodized with triangular function. The reso- 
lution was 2 cm-1. 

(b) A TPase activity measurements. ATPase activities 
were measured by a coupled enzyme system of pyruvate 
kinase and lactate dehydrogenase [4,9]. Medium I con- 
tained 0.1 M KC1, 0.02 M Tris-HC1 (pH 7.5), 0.9 mM 
CaC12, 5 mM MgC12, 0.42 mM phosphoenolpyruvate, 
0.2 mM NADH, 7.5 IU/ml  of pyruvate kinase, 18 
IU/ml  of lactate dehydrogenase and 2 /~M A23187. 
Medium II contained 0.1 M KC1, 0.02 M Tris-HC1 (pH 
7.5), 1 mM EGTA, 5 mM MgC12, 10 mM ATP, 0.42 
mM phosphoenolpyruvate, 0.2 mM NADH, 7.5 IU/ml  
of pyruvate kinase and 18 IU/ml  of lactate dehydro- 
genase. 

Immediately after pressure treatment, 10-/xl aliquots 
of control or pressure treated samples were diluted with 
H20 medium to a final protein concentration of 1 
mg/ml. Then 10-/~1 aliquots of the diluted samples were 
added to 1 ml medium I (microsomal protein concentra- 
tion, 10 /~g/ml), and the reaction was started after 
incubation for 5 min at 25 °C by addition of 1 ml of 
medium II. The ATPase activity was measured in an 
Aminco DW-2 spectrometer at 340 nm at 25 o C. For 
measurements of the Ca2+-insensitive ATP hydrolysis, 
Ca 2+ was omitted from the medium. The ATPase activ- 
ity data were corrected for the Ca 2 +-insensitive hydroly- 
sis rate. 

(c) Polarization of fluorescence of FITC-labeled sarco- 
plasmic reticulum. Sarcoplasmic reticulum vesicles (2 mg 
protein/ml) were labeled either before or after the 
pressure treatment with FITC at a concentration of 5 
nmol/mg protein, essentially as described earlier [10]. 
The polarization of FITC fluorescence was measured at 
a protein concentration of 50 /~g/ml, at 25°C in an 



SLM 4800 fluorescence spectrometer equipped with 
Glan-Thompson polarizers, at excitation and emission 
wavelengths of 490 and 525 nm, respectively. 

Measurement of the FTIR spectra of sarcoplasmic reticu- 
lure in a diamond anvil cell at 0.5-13 kbar pressures 

Sarcoplasmic reticulum suspension was placed at 
room temperature in a 0.37 mm diameter hole on a 0.23 
mm thick stainless steel gasket mounted on a diamond 
anvil cell. Powdered a-quartz was usedas  internal pres- 
sure calibrant [11]. Spectra were acquired on a Digilab 
FTS-60 Fourier transform spectrometer equipped with 
a liquid nitrogen cooled mercury cadmium telluride 
detector. For each spectrum 512 interferograms were 
co-added and Fourier transformed to yield spectra with 
a resolution of 4 cm -1. The pressures on the sample 
were calculated from the pressure dependence of the 
frequency shift of the 695 cm -~ absorption band of 
a-quartz according to the expression P = alAv + a2av 2, 
where a 1 = 1.2062 and a2=0.015164 and Av is the 
measured frequency shift with respect to the frequency 
measured at atmospheric pressures. 

Results 

Pressure-induced changes in the FTIR spectra and en- 
zymatic activity of the Ca 2 +-ATPase in the El state 

Fourier transform infrared spectroscopy (FTIR) is a 
powerful method for analyzing structural changes in 
membrane proteins [12-17] and phospholipids [18-22], 
including sarcoplasmic reticulum. 

A typical FTIR  spectrum of sarcoplasmic reticulum 
in a 2H20 medium containing 0.1 M KC1, 10 mM 
imidazole, 1 mM MgC12 and about 10 -5 M Ca 2+ is 
shown in Fig. 1A. Under these conditions the Ca 2+- 
ATPase is assumed to be largely in the E1 conforma- 
tion. The band centered at 1728 cm -1 corresponds to 
the carbonyl stretching vibration of phospholipids. The 
intense asymmetric band centered at 1648 cm -1 is the 
Amide I mode of the proteins, while the two smaller 
bands at 1575 and 1548 cm -1 are attributed to side 
chain vibrations and to the Amide II mode of the 
protein, respectively. 

The Amide I band in the frequency region between 
1600 and 1700 cm -~ is due to in-plane C--O stretching 
vibration weakly coupled with C-N stretching and in- 
plane N-H bending [23]. The Amide II band located at 
1565-1535 cm -1 is a mixture of N-H in-plane deforma- 
tion and C-N stretching modes. This band shifts to 
-= 1457 cm -1 after exchange of the labile protons on 
the amide groups with deuterium, where it overlaps with 
the 2H-O-H bending band centered at 1450 cm -1. The 
presence of the Amide II band at 1548 cm -1 after 
extensive washing and overnight incubation of sarco- 
plasmic reticulum in a 2 H 2 0  medium at 2 ° C  implies 
that a significant portion of the amide groups of the 

109 

H l r , ~ l l  
5.80 5.70 5.80 5.50 6.00 6.10 6,20 6.210 6.40 6.50 6,60 

A I t I I t _1 I I I I I 

o .  4 0  ~ , +  

b 030 il 
5 I 

p 

b oAo _ 
a 0 . 0 5  

n ~.~ 

e m e  

o~ . o 

, , , , , , , , , , , , ' ' ' ' [ , , . . . . . .  
leO0 1750 17 / I I I 1650 1600 1550 1500 

A 0.~_ 

b o.~_ 
$ 

0 O.ZS~ 

r 

b 0.2. T 

na o., "L I- T~ .0 pt ~-...~'~ 
0 . I 0  

e 

0 . 0 5  

,,= ' ' ' , -~  . . . .  ,~ ' ' ' , - ' ' '  1,o, 
l ( s v e n u l l l l 3 e P  

Fig. 1. FTIR spectra of  sarcoplasmic reticulum in 2H20  medium 
containing ---10 -5  M Ca 2÷. A (top panel). Infrared spectrum of SR 
vesicles (35 m g / m l  protein) in 2 H 2 0  medium containing 0.1 M KC1, 
10 m M  imidazole (pEH 7.4), 1 m M  MgC12, and ---10 -5  M Ca 2÷. 
Samples kept at 1 bar at 2 ° C  (full line); samples after pressure 
treatment at 2 kbar for 2 h at 2 o C (dashed line). The spectra have not 
been corrected for 2 H 2 0  medium but  water vapors were subtracted 
and baseline correction was applied. The path length was 5 0 / t m  and 
windows were BaF 2. Bottom trace: difference spectrum of the two 
samples shown in A after baseline correction. Similar results were 
obtained after pressure treatment at 28°C.  B (bottom panel). 
Deconvolved spectra  after basel ine correction. A 25 cm - t  
Lorentzian bandwidth and a resolution factor of 1.8 have been used 

for deconvolution. 

Ca2+-ATPase is not accessible to exchange with medium 
2H20 in the native sarcoplasmic reticulum at atmo- 
spheric pressure (Fig. 1A). 

After exposure of the sarcoplasmic reticulum to 2 
kbar for 2 h at 2 ° C, significant changes are observed in 
the Amide II and Amide I regions of the spectrum (Fig. 
1A). The decrease in the intensity of the Amide II band 
(1548 cm -1) indicates faster H-2H exchange under high 
pressure. Similar H-2H exchange was observed in sarco- 
plasmic reticulum during thermal denaturation [14,17], 
in the presence of DMSO (>  50%), or at alkaline pH 
[24]. Interestingly, the residual Amide II band of the 
pressure treated samples does not show continued H-2H 
exchange during several days of incubation at 2 o C after 
return to atmospheric pressure. 

The maximum of the intense Amide I peak shifted 
after pressure treatment from 1648 cm-1 to 1645 cm-  
coupled with an increase in the intensity of the shoulder 
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at --- 1630 cm-  a (Fig. 1A). The phospholipid headgroup 
band at --- 1728 cm - ;  was not affected significantly by 
pressure. 

The Amide I band of proteins is usually broad and 
asymmetrxc because the various secondary substructures 
present in the molecule give peaks at different frequen- 
cies. The components of the Amide I band of sarco- 
plasmic reticulum were analyzed by deconvolution 
[25-27] using a resolution enhancement factor of 1.8 
and 25 cm - t  for the width of the Lorentzian band [14]. 
The Amide I envelope was resolved by deconvolution 
into three component bands located at 1675, 1654, and 
1637 cm -1, respectively (Fig. 1B). The 1675 and 1637 
cm-1 components are assigned to fl structures, and the 
1654 cm -1 band to a helix. Random coil and other 
structures also contribute. The increased intensity of the 
1637 cm -1 band after pressure treatment (Fig. 1B) 
suggests an increase in /3 structure, while the decrease 
in the intensity at 1547 cm -~ band is attributed largely 
to H-2H exchange. Similar changes are seen in the 
difference absorbance (Fig. 1A) obtained by subtraction 
of the original spectrum of control sarcoplasmic reticu- 
lum kept at atmospheric pressure from the spectrum 
obtained from the same preparation after treatment at 2 
kbar pressure for 2 h. 

The structural changes observed after exposure to 2 
kbar for 2 h are accompanied by a decrease in Ca 2+- 
stimulated ATPase activity from 4.40 ___ 0.5 to 0.28 _+ 
0.05 /~mol/mg per min, in agreement with earlier data 
[4]. 

The protection of Ca 2 +-A TPase by vanadate against pres- 
sure-induced changes in structure and enzymatic activity 

Vanadate (5 mM) in the presence of sufficient EGTA 
to lower the free Ca 2+ concentration of the medium 
below 10 -8 M stabilizes the Ca2+-ATPase in the E2-V 
conformation and induces the formation of P2 type 
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Fig. 2. FTIR spectra of sarcoplasmic reticulum in 2H20 medium 
containing EGTA and vanadate. A (top panel). Infrared spectrum of 
SR vesicles (33 m g / m l  protein) in 2H20 medium containing 0.1 M 
KC1; 10 mM imidazole (p2H 7.4), 1 mM MgC12, 1 mM EGTA and 5 
mM vanadate. Sample kept at 1 bar at 2 ° C  (full line); sample after 
pressure treatment at 2 kbar for 2 h at 2 ° C  (dashed line). Other 
details as in Fig. 1. Bottom trace: difference spectrum of the samples 
shown in A. B (bottom panel). Same spectra after deconvolution, as 

described in the Legend to Fig. lB. 

Ca2+-ATPase membrane crystals [28-35]. Saturation of 
the high affinity Ca 2÷ sites of the Ca2+-ATPase by 
Ca 2+ stabilizes the E a conformation with the formation 
of P1 type crystals of the Ca2+-ATPase [36]. The transi- 

TABLE 1 

Effects of ions on the pressure sensitivity of  Ca 2 + -A TPase, and on the fluorescence of  covalently attached F ITC  

SR vesicles (protein concentration 20-50 mg/ml)  were suspended in 2H 2 ° medium containing 0.1 M KC1, 10 mM imidazole (pEH 7.4), and 1 mM 
MgCI 2 with additions as indicated. After exposure to 1.5 kbar pressure for 1 h the samples were diluted and ATPase activities were measured as 
described under Methods. The activities are expressed as means + standard deviation. The numbers in brackets correspond to the number of 
independent measurements. The sarcoplasmic reticulum vesicles were labeled with FITC before and after pressure treatment at a protein 
concentration of 2 mg/rnl,  as described earlier [10]. The polarization of FITC fluorescence was measured as described under Methods; for each 
polarization value an average of 400 data points were collected with a standard error ranging between 0.0004 and 0.001. 

Additions ATPase activities (/x mol ATP. mg - 1. m i n -  1 ) Polarization of FITC fluorescence 

control pressure-treated control pressure-treated 
(1 bar) (1.5 kbar, 1 h) (1 bar) (1.5 kbar, 1 h) 

None 4.40 -1- 0.50 (9) 1.49 ± 0.44 (6) 0.3551 0.3278 
2 mM Ca 2+ 4.32+0.65 (5) 1.71 d:0.24 (6) 0.3647 0.3299 
20 mM Ca 2 + 4.10 + 0.56 (7) 2.27 5:0.40 (9) 0.3681 0.3335 
200 mM Ca 2 ÷ 3.86 + 0.68 (5) 1.13 5:0.52 (6) 0.3587 0.3280 
1 mM EGTA 4.47-t-0.53 (6) 0.59_+0.15 (6) 0.3635 0.3066 
1 mM EGTA and 

5 mM vanadate 3.71 + 0.56 (4) 3.29 ! 0.35 (5) 0.3653 0.3607 



tion from the E1 into the E2-V state occurred with the 
appearance of a faint band in the FTIR spectrum at 
1650 cm -1 that was attributed to a new a-helical sub- 
structure, while the fl sheet content remains essentially 
unchanged [37]. In contrast to earlier observations [37], 
in our experiments the C--O stretching vibrations at 
1760-1700 cm -1, and the N-H bending vibrations at 
1565-1535 cm -1 were unaltered by the E 1 -* E 2 transi- 
tion at atmospheric pressure. 

Stabilization of the CaE+-ATPase by vanadate in the 
EE-V state provides striking protection against pressure- 
induced inactivation at 1.5 kbar (Table I). Correspond- 
ingly, the FTIR spectra show only a slight change in the 
Amide I region after exposure of sarcoplasmic reticu- 
lum to 1.5-2.0 kbar pressure, in the presence of 1 mM 
EGTA and 5 mM vanadate (Fig. 2A). The protection 
afforded by vanadate against pressure-induced struct- 
ural changes is best seen by comparing the deconvolved 
spectra shown in Fig. 1B (no vanadate) with those in 
Fig. 2B (with vanadate). There was only slight change in 
the intensity of the shoulder at 1636 cm -1 in the 
deconvolved spectra shown in Fig. 2B, indicating that 
vanadate nearly completely prevented the pressure-in- 
duced formation of fl structure. A slight decrease in the 
intensity of the Amide II band at 1548 cm -~ is still 
observed after pressure treatment in the presence of 
EGTA and vanadate (Fig. 2B), indicating that a H-2H 
exchange due to exposure of protein amide groups to 
2H20 during pressure treatment continued even in the 
E2-V state, but its rate was much lower. Therefore the 
inhibition of ATPase activity observed after exposure of 
SR to 1.5-2 kbar pressure in the absence of vanadate 
(Table I) is correlated with the formation of fl structure 
indicated by the increased intensity of the 1636 cm -1 
band, and with the increased H-EH exchange shown by 
the decrease in intensity at 1550 cm-1. 

The effect of C a  2+ on the pressure sensitivity of the 
Ca 2 +-A TPase 

Protection of ATPase activity against inactivation at 
1.5 kbar pressure was also observed in the presence of 
20 mM Ca 2÷ (Table I). An increase in Ca 2÷ concentra- 
tion to 200 mM or a decrease to 10 -5 M or below 
abolished this protection (Table I). Ca 2÷ (20 mM) also 
moderated the pressure-induced increase in the intensity 
of the 1630 cm -1 shoulder in the Amide I region of the 
spectrum (Fig. 3), and slightly reduced the pressure-in- 
duced changes in the Amide II region connected with 
H-2H exchange (Fig. 3). The protection of Ca 2 +-ATPase 
against pressure-induced inactivation shows a similar 
dependence on Ca 2÷ concentration as the formation of 
membrane crystals of Ca2+-ATPase [38]. 

Circular dichroism data 
The circular dichroism spectra of sarcoplasmic re- 

ticulum vesicles measured before and after exposure to 
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Fig. 3. Effect of Ca 2+ on the pressure sensitivity of Ca2+-ATPase. A 
(top panel). Infrared spectrum of SR vesicles (35 mg/ml protein) in 
2H20 medium containing 0.1 M KC1, 10 mM imidazole (pZH 7.4)i 1 
mM MgClz, and 20 mM Ca 2+. Full line: sample kept at atmospheric 
pressure, dashed line: sample after pressure treatment at 1.5 kbar for 
1 h. Bottom trace: difference spectrum of the two samples shown in A 
after baseline correction. B (bottom panel). Same spectra after de- 

convolution, as described in the legend to Fig. lB. 

1.5 kbar for 1 h in the presence of 1 mM EGTA (Fig. 
4A) or 1 mM EGTA and 5 mM Na3VO4 (Fig. 4B) 
indicate no significant change in the secondary struc- 
ture of the sarcoplasmic reticulum proteins, although 
the Ca2+-stimulated ATPase activity decreased from 
3.57 + 0.12 /~mol- mg -1 • min -1 in the control sample 
(1 bar) to 0.23 #mol-  mg -1 • min -1 after pressure treat- 
ment at 1.5 kbar for 1 h in the presence of 1 mM 
EGTA. The corresponding values in the presence of 1 
mM EGTA and 5 mM Na3VO 4 were 3.67 + 0.22/ tmol-  
mg -1 -m in -1 in the control (1 bar) and 3.59 + 0.11 
/ tmol.  mg -1 • min -1 in the pressure treated sample, in- 
dicating full protection of ATPase activity. The absence 
of a significant change in the CD spectrum after pres- 
sure treatment that causes irreversible loss of ATPase 
activity (Fig. 4A) indicates that the inhibition of ATPase 
occurs without major rearrangement of the secondary 
structure. We estimate that changes of less than 5% 
would be difficult to detect reliably by circular dichro- 
ism spectroscopy, while with FTIR the detection limit is 
of the order of 1%. The difference in sensitivity between 
the two techniques may partly explain why the 
pressure-induced changes seen by FTIR are not ob- 
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Fig. 4. Circular dichroism spectra of sarcoplasmic reticulum before 
and after pressure treatment. Sarcoplasmic reticulum vesicles (20 nag 
protein/ml) suspended in 0.1 M KC1, 10 mM imidazole (p2H 7.4), 1 
mM MgCI 2 and 1 mM EGTA (Fig. 4A), or 1 mM EGTA and 5 mM 
NaaVO 4 (Fig. 4B) were exposed to 1 bar (broken line) or 1.5 kbar 
(solid line) for 1 h. After pressure treatment the samples were diluted 
with the same medium to a protein concentration of 3 m g / m l  for 
measurement of the CD spectra on an Aviv 60DS spectropolarimeter 
as described earlier [58]. ATPase activities of the same samples were 
determined as described in Methods. The slight difference between 
the two spectra in Fig. 4A was not reproducible and for this reason is 

not considered significant. 

served by CD. FTIR also detects side chain vibrations 
near the Amide I and Amide II regions of the spectra 
[39]; the possibility of pressure-induced changes in side 
chain vibrations cannot be excluded. 

Reversible and irreversible pressure-induced changes in 
the FTIR spectra of sarcoplasmic reticulum between 0 and 
12. 5 kbar 

The FTIR spectra shown in Figs. 1-3 record the 
irreversible structural changes caused by exposure of 
sarcoplasmic reticulum to 1.5-2.0 kbar pressure after 
return to atmospheric pressure. The diamond anvil cell 
allows measurement of the FTIR spectra of the sample 
as it experiences high pressure. Reversible effects can 
thus be observed, in addition to the irreversible changes 
described above. A second advantage of the diamond 
anvil cell is the wider pressure range accessible. 

• The FTIR spectra of SR membranes in a medium 
containing 1 mM EGTA obtained during a stepwise 
increase of pressure from 0.09 to 12.8 kbar are shown in 
Fig. 5C. Upon compression, there is a gradual decrease 
of the frequency of the Amide I band maximum from 
1648 cm -1 at atmospheric pressure to approx. 1642 
cm - ]  at 12.8 kbar (Fig. 6). This frequency shift and the 
accompanying modification of the band shape is caused 
by an intensity redistribution among the various con- 
formers present in the protein. Resolution enhancement 
using self-deconvolution (Fig. 5D) reveals dramatic 
changes in the Amide I region. The comparison between 
spectra taken at increasing pressure (solid line) and 
during the following pressure release (dashed line) in 
the three bottom traces confirm the irreversible changes 
described in Fig. 1, that is an increase in r-sheet 
structure giving rise to an increase in intensity at ap- 
prox. 1630 cm - ]  and 1675 cm -1, and a concomitant 
decrease in a helix responsible for the decrease in 
absorbance at 1653 c m - k  The band maximum on the 
deconvolved spectrum in Fig. 5D at the end of the 
experiment, 1649 cm-J ,  falls close to the range normally 
found for random coil, but the overlap of random coil 
Amide I band with a-helix and r-sheet peaks precludes 
any conclusion relative to the effect of pressure on its 
intensity. As the pressure is raised above 4 kbar, the 
Amide I band shape is further modified. The rather 
good coincidence of spectra at increasing and decreas- 
ing pressure indicates that these changes are reversible. 
They consist mainly of band broadening and a relative 
increase of the low frequency component at 1635 cm-~, 
which suggest a further increase of fl sheet. Fig. 5D also 
shows a decrease in the intensity at 1550 cm -1 with 
increasing pressure, reflecting the course of H-2H ex- 
change. This latter is essentially complete at approx. 4 
kbar and the residual intensity is attributed to side 
chain vibrations [39,40]. 

In the presence of 1 mM EGTA and 5 mM vanadate 
(Fig. 5A,B), there is also an increase in the intensity at 
approx. 1630 cm -~ and at 1675 cm -~, and a decrease of 
the 1653 cm - ]  component. In addition to these irre- 
versible changes, some band broadening is observed at 
pressures above 4 kbar and the maximum of the unde- 
convolved Amide I band shifts to lower frequency (Fig. 
6). 

Even though the effects of high pressure seen in Fig. 
5 are qualitatively similar with and without vanadate 
ions, the extent of the changes is markedly different. 
The decrease in the frequency of the Amide I peak with 
increasing pressure is slightly less in the vanadate-con- 
taining than in the vanadate-free samples (Fig. 6). The 
superposition of deconvolved spectra with vanadate (Fig. 
5B) and without vanadate (Fig. 5D) reveals that both 
the increase in fl sheet and the decrease in a helix are 
reduced in the presence of vanadate ions. As a conse- 
quence of this protective effect of vanadate, the spectral 
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differences in the Amide  I region are dramatical ly 
enhanced at 12.5 kbar. Al though high pressure p romo-  
tes the H - 2 H  exchange in the presence of  vanadate  ions, 
as evidenced by the decrease in the intensity of  the 
Amide  II  band  at approx. 1550 cm -1 (Fig. 5A,B), the 
persistence of  an Amide  I I  band  even at the highest 
pressures indicates that vanadate  ions impede the com- 
pletion of  the pressure-induced H - 2 H  exchange. This 

inaccessibility of  some regions of  the protein to solvent 
molecules is thus a second aspect of  the protect ion by 

vanadate.  
U p o n  pressure release, the frequency of  the maxi- 

m u m  of the Amide  I band  increases back more or less 
linearly, bo th  in the presence and absence of  vanadate  
(Fig. 6), reaching a max imum of only approx. 1646 
cm - ]  at a tmospher ic  pressure. The absence of  any 
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significant hysteresis between compression and decom- 
pression in the range of 4-13 kbar reflects the reversi- 
bility of the pressure-induced changes above 4 kbar. 
Below 4 kbar, the profiles at increasing and decreasing 
pressures differ markedly owing to the irreversible 
changes or conformational drift [41] that have occurred 
in the structure of Ca 2 +-ATPase. So far, no reactivation 
of the pressure denatured protein has been observed 
after incubation for several days at 2 o C, but additional 
studies at higher temperatures must be done, since the 
energy required to convert the 'drifted' aggregates into 
native, enzymatically active ATPase aligomers may be 
greater than that available at 2 o C. 

The effect of pressure treatment on the polarization of 
fluorescence of FITC covalently bound to the Ca 2÷- 
A TPase 

FITC selectively reacts with lysine 515 in the vicinity 
of the ATP binding site of the Ca2+-ATPase [42-49]. 
The high polarization of fluorescence of covalently 
bound FITC indicates significant restriction of the mo- 
bility of FITC in the native ATPase molecule [50]. The 
polarization of FITC fluorescence decreased from a 
control value of 0.363 at atmospheric pressure to 0.306 
after pressure treatment at 1.5 kbar for 1 h in the 
presence of 1 mM EGTA (Table I). The decrease in 
polarization indicates either a 'loosening' of the ATP 
binding domain of Ca2+-ATPase, with increased seg- 
mental mobility of the FITC binding site or increased 
association of the denatured ATPase molecules that 
leads to energy transfer depolarization [50]. Irreversible 
inhibition of ATPase activity accompanied this change 
(Table I). The presence of 1 mM EGTA and 5 mM 
vanadate during pressure treatment nearly completely 
prevented the change in the polarization of FITC fluo- 

rescence, with preservation of ATPase activity (Table I). 
Ca 2+ (20 mM) provided partial protection against the 
pressure-induced changes in enzymatic activity and flu- 
orescence polarization, while 200 mM Ca 2÷ was less 
effective (Table I). The pressure-induced changes in the 
polarization of FITC fluorescence and the protective 
effects of vanadate and Ca 2 ÷ suggest that the structural 
changes may involve the putative ATP binding site 
labeled by FITC. 

The emission and excitation spectrum of protein 
tryptophan remained unaltered after pressure treatment 
at 2 kbar for 2 h (not shown), indicating no significant 
changes in the average environment of tryptophan 
residues. 

The rate of H-2H exchange 
The sarcoplasmic reticulum membranes used in these 

studies were exposed to the 2H20 medium before the 
FTIR measurements for several hours at 2°C, permit- 
ting some H-2H exchange to take place. The remaining 
Amide II band corresponds to the NH groups that are 
not deuterated and assumed to be poorly accessible to 
the solvent. The approximate rate of H-2H exchange 
was determined from the decrease in the intensity of the 
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cm -1 ) due to H-2H exchange reaction during incubation of sarco- 
plasmic reticulum in 2H20 medium at 2 and 20°C.  Sarcoplasmic 
reticulum vesicles (35 mg protein/ml)  were suspended in 0.1 M KC1, 
10 mM imidazole (p2H 7.4), 1 mM MgC12 and 1 mM EGTA (11, ©, 
zx), or 1 mM EGTA and 5 mM vanadate ( ) )  and incubated at 2 ° C  
(zx, II) or at 20 ° C  (o ,  O) for times indicated on the abscissa. One of 
the samples (zx) was exposed to 2 kbar pressure at 2 ° C  before the 
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The intensity of the Amide II band was measured between 1570 and 
1520 c m - )  and after a linear baseline correction between these limits, 
the integrated intensity was determined from the area under the 
Amide II peak. The error in the measurement of the intensity of the 

Amide II band is 0.1 cm - l .  



remaining Amide II band as a function of time during 
continued incubation in 2HzO medium at 2 and 20°C 
(Fig. 7). The rate constant of exchange was calculated 
according to the following equation: 

l ( t ) = l ( O )  e - k t  

where I(t) is the integrated intensity of the Amide II 
band (measured between 1570 and 1520 cm -1) as func- 
tion of time, t, and k is the rate constant. This equation 
is an approximation, since it does not take into account 
the heterogeneous kinetics of the process [12,51,52]. 

There is only a slight decrease in the intensity of the 
Amide II band in the samples incubated at 2 °C  for 2 
days in the presence of 1 mM EGTA (Fig. 7). On 
raising the temperature to 20°C,  the rate of H-2H 
exchange increased about 5-6-fold (Fig. 7). Addition of 
5 mM vanadate did not alter markedly the rate of H-2H 
exchange at 20 °C  and atmospheric pressure (Fig. 7). 
This is in contrast to the protection provided by vana- 
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Fig. 8. Difference FTIR spectra of sarcoplasmic reticulum during 
incubation in 2H20 medium during the H-2H exchange reaction. 
Sarcoplasmic reticulum vesicles (35 mg/ml) were suspended at 2°C 
in a 2H20 medium containing 0.1 M KC1, 10 mM imidazole (p2H 
7.4), 1 mM MgC12 and 1 mM EGTA (top panel) or 1 mM EGTA and 
5 mM vanadate (bottom panel). After incubation at 2°C for 8-10 h 
the samples were transferred to 20 °C  and incubated for 3-49 h at 
that temperature. The difference spectra represent the difference 
absorbance between spectra taken at the time the samples were 
transferred to 20 o C (zero time) and the incubation times indicated in 

the figure. 
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date against the pressure-induced increase in the rate of 
H-2H exchange (Figs. 1 and 2). The H-2H exchange 
rate was at least 230-times greater after pressure treat- 
ment at 2 kbar for 2 h at 2 ° C  than in the control 
sample incubated at 2 ° C  at 1 bar (Fig. 7). These are 
minimum estimates, since the exchange was determined 
1-2  h after the release of high pressure, but there was 
no indication of fast H-2H exchange after return of the 
pressure treated samples to 1 bar. 

Proteolysis of the Ca2+-ATPase during pressure 
treatment at 1-2  kbar for 1-2  h is not likely to contrib- 
ute to the increased H-2H exchange since there was no 
significant change in the protein pattern of sarcoplasmic 
reticulum determined by polyacrylamide gel electro- 
phoresis ([4]; confirmed in this study). 

Incubation of SR for several hours at 20°C  also 
induces changes in the Amide I region spectrum (Fig. 8) 
that are qualitatively similar to those observed during 
and after pressure treatment and probably reflect an 
increase in fl or random structures and a decrease in a 
helices. 

These structural changes are likely to contribute to 
the loss of Ca 2+ transport activity in sarcoplasmic re- 
ticulum vesicles after prolonged incubation at room 
temperature. 

Discussion 

The molecular description of the Ca 2+ transport 
process requires the integration of the available kinetic 
information with data on the structure of the Ca 2÷- 
ATPase. The primary sequences of the Ca2+-ATPase 
isoenzymes are established [47-49,53], and reconstruc- 
tions of Ca2+-ATPase crystals are beginning to yield 
information on the overall shape of the Ca2+-ATPase 
[33-36,54,55]. Relatively little is known about the sec- 
ondary, tertiary and quaternary structure of the ATPase 
molecule [56,57]. Circular dichroism studies of sarco- 
plasmic reticulum yielded a secondary structure of 46% 
et helix, 7% fl sheet, 12% turn, and 35% random coil 
[58]. Similar estimates were derived from Raman spec- 
troscopy [59], and from secondary structure prediction 
based on amino acid sequence [47]. The predicted sec- 
ondary structure of Ca2+-ATPase was arranged into 
hypothetical functional domains [47] that show some 
consistency with the general shape of the ATPase mole- 
cule [34,35], and with the intramolecular distances 
calculated from energy transfer measurements [60,61], 
but the model requires corroboration by other physical 
techniques. 

The transition of the Ca2+-ATPase between the E 1 
conformation stabilized by 0.1 mM Ca 2÷ and the E 2 
conformation stabilized by 0.1 mM EGTA and 0.5 mM 
vanadate was not accompanied by significant changes 
in the circular dichroism spectra [58], leading to the 
conclusion that the E 1 ~ E 2 transition, and by implica- 
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tion the transport of Ca 2+, involves primarily a re- 
arrangement of domains within the ATPase molecule by 
hinge-type or relative sliding motions, rather than a 
refolding of the polypeptide backbone. Although there 
are slight differences between the FTIR spectra of 
sarcoplasmic reticulum in the E 1 and E 2 states [37], 
these are near the limit of detection by present instru- 
mentation and difficult to apply as a routine test of the 
conformational transition between the E1 and E 2 states. 

The application of pressure to sarcoplasmic reticu- 
lum in media that favor different conformations of the 
CaE+-ATPase brings about highly significant, readily 
reproducible changes in the structure and ATPase activ- 
ity of the SR that are defined by the preexisting confor- 
mation of the CaE+-ATPase at atmospheric pressures. 

Pressure treatment of SR at 0.8 kbar for 1 h in the 
presence of 0.5 mM EGTA decreased the ATPase activ- 
ity by --- 20% without significant change in the Amide I 
region of the FTIR spectrum; some increase in H-2H 
exchange is shown by a slight decrease in intensity at 
1550 cm -1. In the presence of 5 mM vanadate these 
changes were prevented. After exposure of sarcoplasmic 
reticulum to 1.5-2.0 kbar pressure for 1-2 h in a 
medium of 0.1 M KC1, 10 mM imidazole (pEH 7.4), 1 
mM MgC12 and = 10-8-10 -5 M CaC12 there was a 
nearly complete irreversible loss of ATPase activity, an 
increase in the intensity of a band at 1630 cm -1, 
signaling an increase in fl structures, and a decrease in 
the intensity of the Amide II band at 1548 cm -~, due to 
increased rate of H-2H exchange. 

The irreversible inactivation of the enzyme occurred 
at similar pressures where Verjovski-Almeida et al. [62] 
observed the dissociation of CaE+-ATPase dimers into 
monomers. Therefore the inactivation of the enzyme 
may follow the pressure-induced dissociation of ATPase 
oligomers into unstable monomers. It is interesting that 
this dissociation occurred even at the very high ATPase 
concentration (--- 5 raM) that exists in the membrane of 
sarcoplasmic reticulum. 

The volume change calculated for the pressure-in- 
duced inactivation of CaE+-ATPase in the presence of 
> 10 -5 M Ca 2+ is --- 200-250 ml/mol [4], i.e., greater 
than the volume change (--- 160 ml/mole) calculated for 
the pressure-induced dissociation of Ca2+-ATPase 
oligomers into monomers in detergent solutions [62]. 
The larger partial specific volume of the ATPase 
oligomers that exist in low-Ca 2+ medium can be 
explained by poor atomic packing at the interfaces 
between the ATPase molecules, leaving voids between 
the subunits; these would disappear upon dissociation 
due to improved packing of solvent molecules against 
the interfaces of the dissociated monomers [41,62,63]. 
Charge fluctuations that affect carboxyl groups involved 
in salt linkages at the intersubunit or interdomain inter- 
faces may also play a role [41]. The increased ionization 
of carboxyl groups with pressure [64] supports this 

possibility. Based on this interpretation, the stabiliza- 
tion of Ca2+-ATPase against pressure by vanadate and 
by Ca 2÷ may be related to a decrease in the molecular 
volume of CaE+-ATPase during the formation of crys- 
talline arrays by improved packing at the protein/ 
protein or protein/lipid interfaces. 

The increased deuterium exchange during pressure 
treatment is consistent with increased solvation of the 
pressure-treated membrane, and with the replacement 
of nonpolar interactions between ATPase molecules by 
dipole-induced dipole interactions in which water and 
hydrophobic protein residues participate [65]. These 
changes are likely to affect both the cytoplasmic and the 
membrane embedded domains of the Ca2+-ATPase. 
There are suggestions that the depth of immersion of 
Ca2+-ATPase into the bilayer may be different in the E 2 
from that in the E 1 state [66,67]. Although the excita- 
tion and emission spectrum of protein tryptophan re- 
mained unchanged after pressure treatment, localized 
changes in the polarity of the environment of tryptophan 
residues under pressure due to water penetration into 
the protein cannot be excluded. 

The H-EH exchange rate for the backbone and side 
chain amide groups located on the protein surface is 
much faster than for the amide groups that are buried 
in the protein interior or are involved in internal hydro- 
gen bonding within elements of the secondary structure 
[68-71]. Therefore the residual Amide II band observed 
at ---1550 cm -1 after several hours of incubation of 
sarcoplasmic reticulum in 2H20 medium is attributable 
to N-H groups in the protein interior that are inaccessi- 
ble to solvent. At atmospheric pressure the residual 
Amide II band of sarcoplasmic reticulum is extremely 
stable and shows little exchange, even after several days 
of incubation at 2 ° C. Upon application of greater than 
--- 1 kbar pressure the rate of H-EH exchange dramati- 
cally increases, and at about 4-6 kbar pressure, essen- 
tially complete deuteration of the Amide II band is 
achieved within a few hours. The remaining intensity at 
--- 1570 cm-1 is attributed to the bending mode of the 
ionized carboxyl groups [40]. Similar effects of pressure 
were observed on chymotrypsinogen [72], and on other 
proteins [73]. Release of pressure before the deuteration 
of the amide groups is completed immediately stops 
further exchange; therefore the acceleration of H-EH 
exchange takes place only under the influence of pres- 
sure. 

Pressure is known to enhance hydrogen bonding and 
restrict molecular fluctuations [18-20]. Therefore it is 
difficult to explain the increased rate of H-2H exchange 
at high pressures by local or regional unfolding of the 
protein due to breaking of the hydrogen bonds, or by 
increased penetration of solvent into the protein interior 
due to fluctuations and mobile defects in the protein 
structure. We suggest that in addition to these mecha- 
nisms, exposure of interfaces between protein domains 



to the solvent due to their rearrangement by sliding or 
hinge-like motions under the influence of pressure may 
provide a significant contribution to H-2H exchange. 
We attribute the protection by vanadate against the 
pressure-induced increase in H-2H exchange rate to the 
stabilization of the interactions between domains within 
the ATPase molecules and to increased association of 
ATPase molecules into crystalline arrays. 

Such rearrangement of protein domains during E 1 ---} 
E 2 transition was also invoked as the explanation for the 
relatively small differences in secondary structures be- 
tween the E1 and E 2 conformations of the Ca2+-ATPase 
[37,58], that is in striking contrast with the large dif- 
ferences in their crystal structures [36,56,57], tryptic 
digestion profiles [36], and differential sensitivity to 
high pressure. 

Some pressure-induced change in the secondary 
structure of Ca2÷-ATPase is suggested by the shift of 
the peak of the Amide I band to lower frequencies and 
by the increased intensity of the 1635 cm -1 and 1675 
cm -1 bands at high pressure. These changes are con- 
sistent with the conversion of a helix into fl structure. 
The changes are partially reversed upon return to atmo- 
spheric pressures, but irreversible structural change as- 
sociated with irreversible loss of ATPase activity re- 
mains. The shift of the Amide I peak to lower frequency 
at high pressure is not a general property of proteins, 
but apparently depends on their unique structure. A 
shift of the Amide I peak with increasing pressure to 
higher frequencies was observed in chymotrypsinogen 
[72] and attributed to the conversion of a helix and fl 
sheet into random coil. 

The stabilization of Ca2+-ATPase against pressure 
by vanadate can be attributed with reasonable confi- 
dence to the stabilization of the E 2 state and the 
induction of P2 type crystals of Ca2÷-ATPase [56,57,74]. 
The conformational basis of the protective effect of 20 
mM Ca 2÷ is less obvious. Based on kinetic studies, the 
Ca2÷-ATPase has high-affinity Ca 2÷ binding sites in the 
E1 state with a dissociation constant of about 0.1 #M, 
and low-affinity Ca 2÷ binding sites in the E 2 conforma- 
tion with apparent dissociation constant of -= 1 mM 
[75,76]. Therefore Ca 2÷ at millimolar concentrations 
may be expected to shift the conformational equi- 
librium in favor of the E 2 form. However, based on the 
fluorescence responses of tryptophan and FITC, re- 
moval of Ca 2÷ by EGTA was also suggested to produce 
the E 2 state [45,74]. Yet EGTA in the absence of 
vanadate, not only did not stabilize the enzyme, but 
promoted the pressure-induced inactivation. Therefore 
the description of the system in terms of two distinct 
conformations (E~ and E2) is an oversimplification. 
Several conformational substates of the Ca2+-ATPase 
must exist in the presence of different substrates and 
ions, that differ in their interactions, molecular volumes 
and sensitivity to pressure. 
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The Ca2+-transport and ATPase activities of sarco- 
plasmic reticulum are dependent on membrane phos- 
pholipids [77-79], suggesting an intimate relationship of 
the ATPase with the lipid bilayer [75]. Therefore the 
pressure-induced modification of the structural and dy- 
namic properties of the lipid phase [20] may also con- 
tribute indirectly to the structural changes induced by 
pressure in the proteins of sarcoplasmic reticulum. While 
detailed information is available on pressure effects on 
the properties of model membranes of well-defined 
phospholipid composition [20], the effects of compres- 
sion on the structure of sarcoplasmic reticulum lipids 
remains to be investigated. 
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