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The effect o f pressure on the calcium dependent hydrolysis o f  />ara-nitrophenyl phosphate by 
the calcium transport enzyme of the sarcoplasmic reticulum was studied under different condi­
tions: temperature, solutes, substrate and ion concentrations. The calcium transport enzyme 
exhibits a large positive activation volume which does neither depend on the enzym e’s inhibition 
by high salt concentrations nor its activation by ethylene glycol. The activation volum e further 
proves to be pressure-independent but exhibits a pronounced negative temperature coefficient. 
The volume changes connected with the entrance o f  /?ara-nitrophenyl phosphate, calcium or 
magnesium ions into the substrate ion complex are quite small, indicating that the transfer of 
water connected with the binding of these ligands is compensated by volume changes o f the 
protein, accompanying the transition of the enzyme from its activated into its ground state.

Introduction

The calcium transport enzyme of the sarco­
plasmic reticulum  like many other energy trans­
ducing enzymes passes through a num ber of con­
formational states during its reaction cycle leading 
to calcium translocation and ATP hydrolysis [1 -4 ]. 
In quantitative terms, however, these changes in 
the enzyme’s structure accom panying its interaction 
with magnesium, calcium and ATP are poorly 
understood. In recent studies conducted with various 
enzymes, it has been shown that the activation 
volume can be considered to be a quantita tive 
param eter for the description o f structural changes 
occurring during enzymatic activity [5 -7 ], The 
activation volume is derived from the transition 
state theory which describes the effect o f pressure 
on the reaction rate by the relation [8 ]:

- P A V

kp =  k0 -e  RT

where kp is the reaction rate at a gauge pressure P, 
k0 is the reaction rate at one atm osphere, A V is the 
activation volume and R the gas constant. Hence,
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the activation volume is ob tained from the depen­
dence of the reaction rate on the hydrostatic pres­
sure.

The inhibition or activation of the reaction by 
pressure results from its effect on a presum ed 
chemical equilibrium  between two reaction in ter­
mediates, the transition o f which determ ines the 
rate o f the reaction. This follows because chem ical 
equilibria are affected by pressure if the sum of the 
volume of the reactants differ from that o f the 
products according to the therm odynam ic relation:

-PAV
K p = K 0 -e~ ^ ~

where for example A V is the volume difference 
between reactant A and product B of the reaction 
A - ^ B  with the equilibrium  constants £ 0 =  B/A 
at a pressure of one atm osphere and K p at pres­
sure P. As to the physiochem ical m eaning of the 
pressure induced volume changes o f enzymes or 
proteins in general, they are essentially assigned to 
two mechanisms: 1. The hydration density of the 
protein is changed due to the exposure o f protein 
residues to water. These residues m ight either be 
located on the surface or in the interior o f the 
protein molecule. 2. The volum e occupied by the 
protein itself m ight be changed. This change has 
been designated as structural volume change [5],

The effect o f pressure on the ATPase activity of 
the sarcoplasmic reticulum  m em branes has pre­
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viously been studied by H erem ans et al. [9]. The 
authors related the observed pressure effects to 
changes in the physical state o f the m em brane lipids 
which were assumed to trigger changes in the con­
formation of the protein. Yet, in these studies no 
distincton was made between the p rep ara tio n ’s total 
splitting of ATP and its hydrolysis by the calcium  
dependent transport enzyme. The studies described 
in the present paper therefore focus on the pressure 
dependence of the activity of the calcium  transport 
enzyme proper. In order to obtain  the activity o f the 
calcium transport enzyme, the calcium  independent 
activity must be measured too and subtracted  from  
the total activity [10]. F urtherm ore, one has to con­
sider that the calcium dependent hydrolysis by the 
vesicular shaped m em brane fragm ents o f the sarco­
plasmic reticulum is strongly inh ibited  by the 
calcium concentrated inside the vesicles in the 
course of the experiment [11]. This effect has to be 
prevented by making the vesicles perm eable for 
calcium ions with an ionophore [ 1 2 ].

The calcium transport enzym e’s natural energ\ 
yielding substrate, ATP, is difficult to use in these 
experiments. The m aintenance of a defined sub­
strate concentration and the registration o f the 
reaction process require the use o f ATP regener­
ating and indicating enzyme systems which are 
themselves pressure sensitive. We therefore p er­
formed the experiments with the substrate analog 
/wra-nitrophenyl phosphate which allows to m onitor 
the enzymatic activity in a large concentration range 
by optically measuring the form ation o f para-nitro- 
phenol. Furtherm ore, />tfra-nitrophenyl phosphate is 
not only hydrolytically split by the enzym e but is 
used as an energy yielding substrate for calcium  
translocation.

In order to evaluate the volum e change occurring 
in a specified reaction step, we have analyzed the 
enzyme’s activity at different degrees o f sa tu ration  
with respect to each reactant, calcium , m agnesium  
and /rara-nitrophenyl phosphate. The m inim um  
scheme, necessary to describe the dependence o f the 
enzyme’s activity on the concentration o f one o f the 
reactants, requires, according to M ichaelis and 
Menten, fast and reversal enzyme substrate com plex 
formation on the one hand and its spontaneous slow 
and irreversable decay on the other hand. It is the 
decay of the enzyme substrate com plex w hich lim its 
the rate of the reaction. The transition state theory 
assignes the rate lim iting step to a slow transition

from the initially formed enzyme substrate com plex 
(ES) to an hypothetically activated com plex ES* as 
indicated by the following scheme:

E +  S ^ -  E S ^  E S * ^  E +  P k2 and k - X !> fc, .

For the fully saturated enzyme, this reaction 
sequence yields the following rate expression:

- p a v 2

v — k ' ' e RT k' =  k j • k 2l(k - \  +  k 2) ~  k\ • a

which allows to determ ine the activation volum e for 
the transition from the nonactivated to the activated 
complex. On the other hand, the volum e change 
which accompanies the form ation o f the enzyme 
substrate complex can be com puted from the effect 
of the pressure on the activity o f the unsaturated  
enzyme. U nder these conditions the following rela­
tion holds:

- P ( J V 1+ J V 2)

v =  K  • k' • c • e RT

The volume change is com posed of the volum e 
change (A V2) -  the activation volum e — and the 
volume change which occurs when the enzyme 
combines with one o f its reactants (A F,). Hence, the 
latter can be obtained by substracting the activation 
volume (A V2) from the observed volum e change 
(A V2 +  A V\).

For selecting the appropriate concentration of 
/?ara-nitrophenyl phosphate as well as of the 
activating ions, calcium and m agnesium , the ap p a r­
ent dissociation constant previously reported were 
used [14, 15]. To discrim inate between volum e 
changes arising from changes in the hydration  
density of the protein and changes in the volum e 
occupied by the protein itself, we further studied 
the influence of high salt concentration and of 
ethylene glycol on the activation volum e as it has 
been proposed by Low and Somero [5, 6 ],

Materials and Methods

The sarcoplasmic reticulum  vesicles were p re­
pared from rabbit skeletal muscle as described by 
de Meis and Hasselbach [16]. The protein content o f 
the vesicular suspension were determ ined by the 
Biuret procedure calibrated by Kjeldahl nitrogen 
determinations. The /?ara-nitrophenyl phosphatase 
activity was m easured in m edia containing 6  mM 
histidine, i4mM  sodium glycerophosphate pH 7.0, 
20 |iM of the calcium ionophore Lasolocid and
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0.2 m M  dithioerythritol. The tem perature and the 
concentration of the reactants, /w ra-nitrophenyl 
phosphate, m agnesium calcium and of m odifying 
agents, NaCl and ethylene glycol are specified in the 
legends of figures and tables. The concentration of 
the vesicles in the assay m edia were chosen between
0.05 mg/m l and 0.25 gm /m l depending on the 
enzymatic activity under the experim ental condi­
tions. The assay m edia were brought to the respec­
tive tem peratures prior to the addition of the 
enzyme. The suspension was subsequently filled into 
the pressure cell equipped with sapphire windows, 
Nova Swiss Switzerland, Effretikon. Pressure was 
generated by a sim ple hand-driven pum p. The 
pressure was transm itted by silicon oil which was 
separated from the cell by a tw o-parted piston 
sealed with a silicon paste plug in the m iddle. The 
pressure was m onitored m echanically or elec­
tronically. The pressure cell was surrounded by a 
thermostatically controlled water jacket and installed 
in a Philips double beam  photospectrom eter. The 
reaction was followed by m onitoring the appearance 
of /wra-nitrophenol at 420 nm using 8000 for its 
molar absorbance at pH 7.0.

In the histidine -  glycerophosphate buffered 
assay media — the absorbance of para-n itrophenol 
proved to be pressure independent. Activity m ea­
surements at pH 6.5, 7.0, 7.5 revealed that in this 
pH range the enzyme’s /rara-nitrophenyl phos­
phatase activity is nearly constant. Thus, pressure 
induced pH changes as they can occur in the buffer 
system [17] do not affect substrate hydrolysis.

Results and Discussions

The results depicted in Fig. 1 dem onstrate that 
the hydrolysis of pm z-nitrophenyl phosphate p ro ­
ceeds linearly with tim e for approxim ately half an 
hour when the hydrostatic pressure on the reaction 
medium  is stepwise increased. It furtherm ore shows 
that rising pressure progressively inhibits enzyme 
activity and that activity com pletely recovers when 
the pressure is released. These experim ents were 
perform ed in the pressure of calcium — 0.2 m M  in 
the medium  to determ ine the total splitting and in 
m edia containing 2 m M  EGTA to determ ine basic 
splitting. The activity pressure relationship for the 
calcium dependent activity was obtained by sub- 
stracting for every pressure the m easured calcium  
independent activity from the total activity (Fig. 2).

Fig. 1. Inhibition at rising pressure o f para-nitrophenyl 
phosphatase activity o f sarcoplasmic reticulum vesicles 
and its recovery after pressure release. Pressure was step­
wise increased and /?ara-nitrophenyl phosphate hydrolysis 
was continuously registered for 30 min. The progress o f the 
reaction for each pressure step is plotted from the origin: 
O, before pressure application; O', after pressure release 
from 1000 bar. The standard medium contained 20 m M  
NaCl, 10 m M  MgCl2, 0.20 m M  CaCl2, 10 m M  para-nitro- 
phenyl phosphate, Ö.1 mg protein/ml vesicles, T =  20 °C. 
On the ordinate the registered absorbance is plotted. 
Abscissa: Pressure in bar.

Fig. 2. Effect o f pressure on total, calcium independent and 
calcium dependent /wra-nitrophenyl phosphate hydrolysis. 
The standard medium contained 20 m M  NaCl, 10 m M  
MgCl2, 10 m M  /rara-nitrophenyl phosphate, 0.2 m M  CaCl2 
and 0.05 mg protein/ml, T  =  30 °C. For measuring calcium  
independent splitting the medium contained 4 m M  EGTA 
and 0.25 mg protein/ml. Total-A, calcium independent-V, 
calcium dependent-« /wra-nitrophenyl phosphate hydro­
lysis. Ordinate: logarithmical plot o f the splitting rate. 
Abscissa: pressure in bar.
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Fig. 3. Pressure induced inhibition o f calcium dependent 
para-nitrophenyl phosphate hydrolysis at different temper­
atures. The standard assay contained 20  m M  NaCl, 
lO m M  MgCl2, 0.25 mM  CaCl2, 0 . 0 5 - 0 . 2 5  mg protein/m l, 
1 mM para-niirophenyl phosphate in (a) and 10 m M  para- 
nitrophenyl phosphate in (b). ■ 4 0  °C, ▲ 30 °C, •  20  °C. 
Ordinate: logarithmical plot o f the splitting rate. Abscissa: 
pressure in bar.

The activation volume was com puted from the 
slope of the line resulting from plots o f the logarithm  
of the respective splitting rate as function o f the 
pressure (Fig. 3 a, b).

Under all conditions applied in this study, the 
logarithm activity pressure relation proved to be 
linear. Hence, the activation volum e could be 
calculated by an exponential curve fitting proce­
dure.

The calcium independent para-nitrophenyl 
phosphate hydrolysis

The activation volume of the calcium indepen­
dent para-nitrophenyl phosphate hydrolysis is 
significantly larger at low than at high concentration 
of the substrate 30 m l/m ol versus 20 m l/m ol. Be­
tween 20 °C  and 40 °C the activation volum e does 
not significantly depend on the tem perature (Fig. 4). 
In this tem perature interval the rate o f para-nitro ­
phenyl phosphate hydrolysis increases sixfold cor­
responding to an activation energy of 18 0 0 0  cal/m ol.

The calcium dependent para-nitrophenyl 
phosphate hydrolysis

Like the two experim entally determ ined activities 
the total and the calcium independent hydrolysis, 
their difference, the calcium dependent p a ra -n itro ­
phenyl phosphate splitting, does not exhibit any

Fig. 4. Activation volume o f calcium dependent and cal­
cium independent para-nitrophenyl phosphate hydrolysis 
at different temperatures. Calcium independent hydrolysis 
(▼) was measured in standard medium containing 2 0  m M  
NaCl, 10 mM  MgCl2, 10 mM  para-nitrophenyl phosphate, 
2 m M  EGTA and 0.2 mg protein/ml. Calcium dependent 
hydrolysis was measured in standard media containing 
2 0  mM  NaCl, 10mM MgCl2, 0 .25  mM  CaCl2, 10 m M  
para-nitrophenyl phosphate (o) or 1.0 mM para-nitro­
phenyl phosphate (•). Abscissa: t °C and 105x \ /T.
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break in the logarithm -activity pressure relation,
i.e. the activation volume does not depend on 
pressure. The activation volum e o f the enzyme fully 
saturated with para-nitrophenyl phosphate, calcium  
and magnesium declines from 62 to 32 m l/m ol w hen 
the tem perature is raised from 20 °C  to 40 °C  
(Fig. 4). Thus, the volume change connected with 
the activation of the enzyme substrate com plex has 
a large negative tem perature coefficient. In the 
same tem perature interval the activation energy o f

0.2 0A 0.6 M NaCl (▼)

Fig. 5. Modulating effect o f NaCl (▼) and ethylene 
glycol ( • )  or the calcium dependent hydrolysis o f  para- 
nitrophenyl phosphate by the calcium transport enzyme. 
The standard assay contained 10 m M  MgCl2, 0.25 m M  
CaCl2, 10 m M  /wo-nitrophenyl phosphate, 0.2 mg 
protein/ml and the concentration of NaCl and ethylene 
glycol given on the abscissa, temperature 20 °C.

Table I. Dependence on reaction conditions o f volum e  
changes accompanying calcium dependent hydrolysis o f  
/rara-nitrophenyl phosphate by the sarcoplasmic reticulum  
calcium transport enzyme. T =  30 °C. The volume changes 
are means ±  S.E. o f  5 - 8  experiments.

Conditions Volume
--------------------------------------------------  change
Calcium Magne- para-Nitro- 

sium phenyl-
phosphate

[m M ] [mM] [m M ] [ m l / m o l ]

0 10 10 2 0 + 3
0 10 1 30 ±  3
0.25 10 10 4 4 + 4
0.2 xlO"4 10 10 28 ±  10
0.25 10 1 50 ±  5
0.2 1 10 33 ±  5
0.2 10 10 0.30 M NaCl 36 ±  4
0.2 10 2 0.30 M NaCl 45 ±  4
0.2 10 10 20% EG 3 8 +  5

the enzyme changes from 24 000cal/m ol below to
16 000cal/m ol above 25 °C. In contrast to the 
marked effect o f tem perature the ionic strength up 
to 7 = 0 .3  does not affect the activation volume, 
although the enzymatic activity is strongly reduced. 
Enzme activation as it can be produced by ethylene 
glycol likewise doe not affect the activation volum e 
(Fig. 5 and Table). As it has been discussed by Low 
and Somero [5, 6 ], the absence of salt or solvent 
effects on the activation volum e indicates that 
hydration or dehydration o f am ino acid side-chains 
and/or peptide linkages do not contribute to the 
observed activation volume. Hence, the observed 
activation volume most likely arises from a struc­
tural volume change.

The pressure invariance of the activation volum e 
is in contrast to the result o f H erem ans et al. [9] who 
studied the pressure effect on the splitting of ATP 
by the calcium transport enzyme. The break in the 
logarithm-activity pressure relation observed by the 
authors were interpreted as being the result o f a 
change in the conform ation o f the protein or its 
state o f association m ediated by pressure induced 
phase transition o f the m em brane lipids. Yet, if  the 
enzymatic activity should be affected by the pres­
sure via its action on the lipids, the pressure should 
equally influence the interaction o f all substrates 
with the enzyme. This is evidently not the case. 
The lipid hypothesis is further difficult to reconcile 
with our observation that m odulation  o f the lipid 
matrix by Triton X-100 or phospholipase A 2 d i­
gestion does only very little affect the activation 
volume (unpublished results). A sim ilar discrepancy 
concerning the logarithm -activity pressure relation 
exists for the hydrolysis o f ATP and para-nitro- 
phenyl phosphate by the (Na,K )-A TPase. The 
enzyme's small activation volum e for para-nitro- 
phenyl phosphate hydrolysis and its independence 
on pressure contrasts to the m uch larger activation 
volume of ATP hydrolysis and the distinct break in 
its logarithm -activity pressure relation. De Sm edt et 
al. [18] attributed this splitting m ode o f para-nitro- 
phenyl phosphate to its splitting by only the term inal 
potassium dependent segment o f the reaction cycle 
o f the (Na,K)-ATPase. This explanation fails in the 
case of the calcium transport enzyme because the 
/wra-nitrophenyl phosphate is a com plete substrate 
analog able to drive calcium transport effectively.

The volume expansion deduced for the transition 
o f the initial enzyme substrate com plex to the
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activated com plex must be reversed in the reaction 
sequence leading from 

p
ES* E +  S ^ E S .

The volume changes in this sequence connected 
with binding o f the three ligands can be obtained 
from the volume change exhibited by the calcium  
transport enzyme partially saturated  with the respec­
tive ligands. U nder the presum ption that the 
volume change o f the subsaturated enzyme com ­
prises in addition  to the volum e change o f the 
activating step — activation volum e — the volum e 
change resulting from the binding of the respective 
reactant with the enzyme, the activation volum e for 
the formation o f the initial enzyme substrate 
complex is sim ply obtained by substraction o f the 
respective num bers given in the Table. Yet, the 
volume change com puted for a given set o f reactant 
concentrations cannot unam biguously be related to 
the binding o f a distinct reactant. Such an assign­
m ent requires knowledge concerning the order in 
which the reactants are bound: Sequential binding 
modes or random  binding with independent or 
dependent binding steps. Yet, these com plications 
can largely be ignored due to the fact tha t the 
com puted volum e changes are quite small, being 
positive when the concentrations of m agnesium  or 
/?ara-nitrophenyl phosphate are suboptim al or 
slightly negative for the enzyme subsaturated  with 
calcium.

Thus, the volum e changes com puted for the 
completion o f the reactant cycle are sm aller than the 
expected change o f 44 m l/m ol. This apparen t dev ia­
tion can tentatively be explained if  we consider that 
magnesium and calcium ions loose at least part o f 
their hydration shell when the initial enzyme sub­
strate complex is formed. In the hydration shell of 
both ions the density of w ater is much higher than 
in the surrounding m edium  as deduced from  the 
fact that calcium  and m agnesium  have negative 
partial m olar volumes o f 2 0 -3 0  ml, respectively 
[19]. When the ions are bound by the protein, the 
ions’ hydration shells becom e sm aller or are lost 
(c.f [20]). The release o f bound water should result 
in a volume increase. Since no change or only a 
small volume decrease has been observed in our 
experiment, the predicted volum e increase, due to 
the release o f w ater from the ions, has evidently 
com pensated for the volume decrease o f the protein.

The large water m ovem ent o f 18 mol per reaction 
cycle proposed by D upont [4, 21] as being an 
essential feature of calcium  transport m echanism  is 
not detectable as a pressure sensitive volum e 
change. The transfer for these quantities o f solva­
tion water can occur volum e neutral only either if 
the volume change connected w ith the prim ary 
hydration is com pensated by secondary volum e 
changes or if it takes place in a reaction step which 
is neither pressure sensitive nor rate lim iting.

Conclusions

The calcium transport enzyme exhibits a quite 
large positive activation volum e for the hydrolysis 
o f the calcium transport supporting  pseudo-sub- 
strate /?ara-nitrophenyl phosphate. As in the case of 
ATP hydrolysis by the (N a,K )-A TPase, structural 
changes in the enzyme substrate com plex occurring 
during calcium dependent hydrolysis, evidently, 
com pensate the negative volum e changes as they are 
characteristic for the hydrolytic decom position of 
“energy rich” phosphate com pounds (c.f. [18]). 
Since pressure like tem perature is known to affect 
the physical state o f the m em brane lipids, the 
observed pressure independence o f the activation 
volume indicates that pressure induced changes do 
not discem ably affect the enzym e’s activity. A m ost 
rem arkable property of the activation volum e is its 
pronounced tem perature coefficient. A sim ilar 
negative correlation between activation  volum e and 
tem perature has previously been reported  for the 
oligomeric enzyme glutam ate dehydrogenase and 
explained by the assum ption that the increase o f the 
intermolecular free volume produced by rising 
tem perature, is accom panied by solvent b inding to 
the newly exposed protein residues resulting in a 
decrease of the volum e change [7], This explanation  
illustrates the difficulties to assign structural 
changes of the molecule to observed volum e change. 
The fact that activation volum e is neither affected 
by high salt concentrations nor by change in the 
nonionic solute, ethylene glycol indicates tha t sol­
vent changes do not essentially contribu te to the 
observed activation volume. F o r various enzymes 
Low and Somero [5, 6 ] et al. have shown tha t the 
activation volume is strongly affected by salts and 
they suggested that water density m odifying groups 
on the protein surface were changing the exposure
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to water during catalysis. The salt insensitive 
activation volume o f the calcium  transport enzym e 
thus argues for the preponderance o f the structural 
contributions arising from changes in the volum e of 
the protein itself.

According to the b ipartition  o f the reaction chain, 
substrate binding and activation of the enzym e sub­
strate complex, the reaction step connected w ith this 
structural change must be assigned to the activation 
of the enzyme substrate complex. In the m ulti-step  
reaction cycle, proposed for the calcium  enzym e 
(.c .f  [1 -4 ]), the activation step m ight correspond to 
one or more reaction steps which lim it the reaction 
rate and which are most pressure sensitive. On the 
other hand, the form ation of the enzyme ion sub­
strate complex can be assigned m ore precisely to the 
reaction sequence following the release o f inorganic

phosphate and the entrance of the reactants in to  the 
reaction chain. The small volum e change found for 
this reaction points to the com pensating effect o f  a 
num ber of volume changes. The chelation o f m ag­
nesium and calcium ions by the enzyme should 
result in a volume increase due to the release of 
water from their hydration shell, while, on the o ther 
hand, the return of the activated enzyme in its 
ground state should cause a volume decrease. 
Evidently, these opposing effects largely cancel each 
other.
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