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The effect of magnesium on the phospholipid order parameter and not the conformation of purified pig 
kidney outer medulla (Na + + K +)-ATPase was investigated by fluorescence techniques. Measurements with 
a fluorescent probe TMA-DPH and its sensitized fluorescence with tryptophan residues as donors revealed 
that magnesium increased the order of the membrane phospholipids both in the lipid annulus and in the bulk 
phase. Changes in the lipid order induced by Mg 2+ can be closely referred to the protein arrangement 
followed by the steady-state anisotropy of FITC-labeled (Na++ K +)-ATPase. 

Introduction 

The active transport of sodium and potassium 
across the plasma membrane of animal cells is 
catalyzed by (Na++K+)-ATPase ,  an enzyme 
specifically inhibited by cardiac glycosides [1]. 
During the transport cycle the enzyme passes 
through several conformational substrates induced 
by binding of different ligands (e.g., ATP, Na +, 
K +, Mg2+). Besides this, (Na + + K+)-ATPase ac- 
tivity is affected by polyunsaturated fatty acids 
[2], vanadium [3] and some other substances that 
have been also reported to influence phospholipid 
parameters described in terms of fluidity or order 
parameter [4].  Simultaneously, ( N a + +  K+)- 
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1-(4-trimethylammonium)phenyl-6-phenyl-l,3,5-hexatriene; 
DPH, 1,6-diphenyl- 1,3,5-hexatriene. 

Correspondence: E. Amler, Institute of Physiology, Czecho- 
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ATPase activity is sensitive to the composition 
and structural organization of membrane lipids in 
its closest neighborhood [5]. It seems, therefore, 
likely that, besides the direct interaction of several 
ligands (Na +, K +, ATP, ouabain, Pi) with cata- 
lytic sites located on the a-subunit, the enzyme 
activity could be modulated by lipid-protein in- 
teractions. 

In the present paper, an analysis of the action 
Mg 2+ on (Na++ K+)-ATPase is reported. Mg 2+ 
is known to be required for full activity of (Na + + 
K +)-ATPase [6], but modulations of enzyme activ- 
ity were observed at concentrations of Mg 2+ high 
enough to detect also the decrease of membrane 
fluidity [4]. 

The question remained, to what extent could 
the modulating effects of Mg 2+ be interpreted by 
direct magnesium binding to the protein and to 
what extent are they due to the indirect action of 
lipid-protein interactions. Therefore, we analysed 
the effect of magnesium on phospholipid parame- 
ters using nanosecond fluorescence spectroscopy 
of TMA-DPH. These results were related to the 
conformational changes of (Na + + K +)-ATPase 
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monitored by changes of the steady-state ani- 
sotropy of the enzyme labeled with FITC and to 
the quenching of tryptophans naturally occurring 
in the protein by a charged iodide quencher. 

Materials and Methods 

(Na + + K+)-ATPase (EC 3.6.1.3) from pig kid- 
ney outer medulla was prepared by Jorgensen's 
procedure [7]. The specific activity of the enzyme 
was 0.9-1.1 mmol phosphate per mg protein per h 
determined according to Ref. 9. FITC-labeled 
( N a + +  K+)-ATPase was prepared according to 
Ref. 9 as follows. 1 mg protein was incubated at 
pH 9.2 in 100 mM Tris-HC1/1 mM EDTA at 
room temperature in the dark for 6 h with 5 / t M  
FITC (stock solution in dimethyl sulfoxide). The 
labeled enzyme was then diluted 10-fold with 25 
mM imidazole (pH 7.0)/1 mM EDTA and 
dialyzed overnight. 

Freeze-thaw sonication of the cholate-solubi- 
lized enzyme was done to reconstitute of the 
FITC-labeled enzyme into the phospholipid lipo- 
somes according to Ref. 10. The total phospholi- 
pids were determined as in Ref. 11. Proteins were 
determined by the method of Lowry et al. [12]. 

Labeling of samples with TMA-DPH was done 
according to Kuhry et al. [13]. All measurements 
were performed at 22.0_+0.3°C. The excitation 
wavelength was 360 nm and fluorescence emission 
was isolated from Rayleigh and Raman scattering 
by using a Scott KV 420 filter. 

For the estimation of structural and dynamic 
phospholipid parameters, Weber's theory of 
hindered rotations [14] was used, yielding the 
limiting anisotropy, r~, and the rotational relaxa- 
tion time, ~c- Eqn. 1 applies for these quantities: 

r = ( r  o - r o ¢ ) / ( 1 +  "r/~-c) + roo (1) 

where r is the steady-state anisotropy, r 0 the 
fluorescence anisotropy observed in the absence of 
depolarizing factors ( r  0 = 0.395) and ~- is the fluo- 
rescence lifetime. The order parameter, Soo, de- 
pends on the limiting anisotropy, roo, as S:¢ = 
(r~/ro) 1/2. To yield the above values, the steady- 
state anisotropy, differential tangent, tgA, and 
fluorescence lifetime were measured by the cross- 
correlation phase and modulation spectrofluo- 
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rometer SLM 4800 S [15] operating in the T-for- 
mat and were processed according to Eqn. 2 [16]: 

( 2 R ' r )  2 . ( r n  . t g A )  + ( 2 R ~ - ) . ( C . t g A  - A )  + ( D . t g A  - B )  = 0 

(2) 

where 

A = 3B = ~o~'(r 0 -  r ) ,  C = l / 3 - ( 2 r - 4 r  2 + 2 ) ,  

D = l / 9 - ( m  + mo~O2¢2), m = (1 + 2 r ) ( 1 -  r )  

and where R is the rotational relaxation rate and 
~0 the modulation frequency. All steady-state mea- 
surements were carried out with the radio- 
frequency electronics switched off. 

The excitation wavelength for tryptophan 
residues was 280 nm and the emission wavelength 
was 330 nm. For the analysis of the tryptophan 
quenching process in ( N a + + K + ) - A T P a s e  we 
supposed independent, equally absorbing, fluoro- 
phores. Although quantum yields can vary, ad- 
herence to the Stern-Volmer law [17] for each 
fluorophore was assumed. Besides this, we consid- 
ered all the tryptophan residues buried in the 
membrane to be totally inaccessible to KI and the 
others to be accessible with the same value of the 
Stern-Volmer constant, KQ. In such a condition, 
the classical Stern-Volmer equation becomes [18]: 

F o / (  F o - F )  = 1 / f  a. KQ. [Q] + 1/f~ (3) 

where F o and F are fluorescence intensities 
without and with the quencher (KI), respectively, 
[Q] is the concentration of the quencher and fa is 
the fractional maximum accessible protein fluores- 
cence. From Eqn. 3, a plot of Fo/(F o - F )  vs. 
1/[Q] yields a straight line of slope 1/(Fa'Ko) 
and intercept 1/f~, with KQ being equal to inter- 
cept/slope). 

Measurements of energy transfer from tryp- 
tophan residues to TMA-DPH were carried out on 
the SLM 4800 S spectrofluorometer (with radio 
frequency switched off) in a fluorescence cuvette 
containing 2 ml buffer solution. The total phos- 
pholipid content was kept constant and equal to 
100/ tg/ml .  TMA-DPH in acetone was added with 
a 2 /~1 glass micropipet under stirring. Spectro- 
scopic measurements were then performed after a 



378 

5 rain equilibration (kex = 280 nm; kem= 330 nm). 
After each experiment, the emission from vesicles 
labeled with the same amount of TMA-DPH, but 
without the protein, was recorded for correction. 

The energy-transfer efficiency (E) was calcu- 
lated from the reduction of donor emission 
according to Eqn. 4: 

E =1 - Q T / Q o  = R 6 / (  R6 + r6) (4) 

where QT and Q0 are the quantum yields of 
donor (tryptophan) in the presence and in the 
absence of acceptor (TMA-DPH), respectively, r 
is the average distance between fluorophores and 
R 0 is the distance at which the rate of excitation 
energy transfer between the donor and acceptor is 
equal to the sum of the rates of all other modes of 
deactivation, and is given by Eqn. 5: 

R 0 - 9.8" 10-6. ( j .  k 2. Q0" n 4  )1/6 (5) 

where J is the spectral overlap integral, k 2 the 
dipole-dipole orientation factor (its value is 2 /3  
when complete rotational depolarization takes 
place during the molecular lifetime) and n the 
refractive index of the medium. 

The anisotropy of sensibilized fluorescence of 
TMA-DPH (with tryptophan residues as donors) 
was measured by one channel on SLM 4800 S 
(kex = 280 nm; kern=430 nm). The anisotropy 
value was calculated according to Eqn. 6: 

r =  ( K . I , , / I  ± - 1 ) / (  K . I , , / I  % + 2) (6) 

where I,, and I_L are intensities polarized parallel 
and perpendicular to the polarization of the exci- 
tation beam and K is an instrument correction 
factor. Before each experiment the intensities 
without TMA-DPH were recorded for correction. 

Results 

The ordering of bulk phospholipids by Mg 2 + 
Freshly prepared phospholipid liposomes and 

partly purified (Na + + K+)-ATPase from pig kid- 
ney outer medulla were used for measurement of 
the influence of Mg 2+ in physiologically relevant 
concentrations (10 -5 to 10 -2  M) on membrane 
phospholipids. Fig. 1 shows the effect of Mg 2+ on 
the steady-state anisotropy of TMA-DPH. Mg 2+ 
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Fig. 1. Steady-state anisotropy of TMA-DPH incorporated 
into phosphatidylserine liposomes (PS), phosphatidylcholine 
liposomes (PC) and (Na ÷ + K ÷ )-ATPase membranes from pig 
kidney outer medulla (E) as a function of concentration of 

Mg 2+ (log c); t = 22.0+0.3° C. 

in the millimolar range increased the steady-state 
anisotropy of TMA-DPH in both phosphati- 
dylserine ' and  phosphatidylcholine liposomes. 
However, the increase in anisotropy is more pro- 
nounced in phosphatidylserine liposomes, prob- 
ably due to their more negative surface charge. 
Different absolute values of TMA-DPH ani- 
sotropy are the consequence of different composi- 
tion in terms of both fatty acids and polar heads. 
The anisotropy of TMA-DPH in (Na++ K+)- 
ATPase increased already in submillimolar con- 
centrations of Mg 2+. Nevertheless, the fluidity or 
microviscosity of membranes often estimated from 
the steady-state anisotropy of TMA-DPH is inad- 
equate to describe the probe motion in the mem- 
brane because of non-zero limiting anisotropy. A 
resolution into the structural and dynamic parts 
characterized by limiting anisotropy and rota- 
tional relaxation time, respectively, seemed to be 
justified. 

Using the phase method we separated these two 
contributions to the steady-state anisotropy of 



T M A - D P H  according to Eqn. 1. While the rota- 
tional relaxation time remained without any 
change up to the 10 mM of magnesium (data not  
shown) the order parameter  or the lateral pressure 
(see Ref. 19) rapidly increased (Fig. 2). 

The effect of Mg 2 + on boundary phospholipids 
The negatively charged phosphat idic  acid and 

phosphatidylserine are assumed to have prefer- 
ential affinity for ( N a + + K ÷ ) - A T P a s e  [20]. It 
seems probable  that divalent cations can bind in 
the close neighborhood of  the protein (in the lipid 
annulus). Measurement  of  the sensitized fluores- 
cence of T M A - D P H  excited by t ryptophans  of  
( N a + +  K+) -ATPase  to T M A - D P H  incorporated 
into the membrane  was carried out. Because the 
F6rster  energy transfer can occur over distances of 
several nanometers  only, the sensitized fluores- 
cence of  T M A - D P H  must  reflect preferentially the 
properties of  the lipid annulus. On  assuming ho- 
mogeneously distributed T M A - D P H  and the 
membrane  to be a lattice with a lattice constant  of  
0.7 nm and a t ryptophan residue at a distance of 
0.4 nm from the half-plane of phospholipids,  then 
T M A - D P H  distributed in the first shell contrib- 
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TABLE I 

EFFICIENCY OF ENERGY TRANSFER, E, AND THE 
AVERAGE DISTANCE, r, BETWEEN TRYPTOPHAN RE- 
SIDUE AND TMA-DPH 

The value R o = 3.1 nm was calculated according to Eqn. 5. 

[Mg 2 + ] Efficiency of Average 
(raM) energy transfer (E) distance (r) 

(%) (nm) 

0 15.0 4.14 
2 16.7 4.05 

uted by almost 30% and in the second shell by  
approx.  20% to the total intensity of  sensitized 
fluorescence, Fig. 3 shows that Mg 2+ sharply in- 
creased the steady-state anisotropy of T M A - D P H  
sensitized by tryptophans.  We also calculated the 
critical separation distance, R 0 = 3.1 nm (see Ta- 
ble I), and  the average distance between 
t ryptophan residues and T M A - D P H  before and 
after Mg 2÷ treatment (see Table I). The average 
concentra t ion of T M A - D P H  was 0.4 #M;  that of 
protein 100 f fg /ml .  However, both T M A - D P H  
and t ryptophans  in ( N a + + K + ) - A T P a s e  were 
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Fig. 2. Limiting anisotropy of TMA-DPH (calculated accord- 
ing to Ref. 10) in phosphatidylserine (PS) and phosphati- 
dylcholine (PC) liposomes, respectively, at different concentra- 
tions of Mg 2+. The rotational relaxation time remained 
unchanged within the experimental errors range at all con- 

centrations; t = 22.0+0.3 ° C. 
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Fig. 3. Influence of Mg 2+ on the anisotropy of sensitized 
fluorescence of TMA-DPH (with tryptophan residues of (Na ÷ 

+ K + )-ATPase membranes as donors). 
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concentrated in membranes because the ratio of 
total cuvette and membrane volumes was approx. 
1000:1. If we took this fact into account, the 
effective concentrations of both TM A-DP H and 
tryptophan residues (12 tryptophan residues (12 
tryptophan residues per cPsubunit of enzyme [21] 
reached several millimoles per liter. The FtSrster 
theory of the effect of acceptor concentration upon 
fluorescence quantum yield assumes that no en- 
ergy migration occurs between donor molecules 
(of the same kind) so that the following condition 
is fulfilled: 

~ / 2  
y = CD/C A" (/p(D,D)/lvID,A) ) <<  1 (7) 

where c A and c D are the acceptor and donor 
concentrations, respectively, and Iu(D,D) and I~,(D,A) 
are the donor-donor and donor-acceptor overlap 
integrals, respectively [22]. Because, in our case, 
both the overlap integrals and the donor and 
acceptor concentrations were comparable, condi- 
tion [7] was not fulfilled. An increase in y is 
accompanied by an enhancement of the probabil- 
ity of excitation energy migration between identi- 
cal molecules. Therefore, one must consider the 
possibility that the donor molecules (in our case 
tryptophan residues) mediate a radiationless exci- 
tation energy transfer to the acceptors (TMA- 
DPH). Furthermore, the concentration quenching 
is accompanied by a decrease in the mean lifetime 
of the molecular excited state and thus an increase 
in the fluorescence anisotropy of the donor. The 
anisotropy value of tryptophan residues in (Na + 
+ K+)-ATPase was r(0.099 + 0.001). Although the 
donor anisotropy was not zero, this does not justify 
conclusions about the anisotropic arrangement of 
the residues or permit one to estimate the order 
parameter. However, even if one assumes an iso- 
tropic orientation of tryptophan residues, the ani- 
sotropy of sensitized fluorescence of T M A - D P H  
with tryptophans as donors would be higher than 
the anisotropy of T MA-DP H excited by non- 
polarized light due to the higher order parameter  
of phospholipids in the annulus. Our measure- 
ments indicated that the anisotropy of sensitized 
fluorescence ( r = 0 . 1 0 3 )  was approximately the 
same as the anisotropy of TMA-DP H excited by 
nonpolarized light ( r  = 0.101). 
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Fig. 4. Steady-state fluorescence anisotropy of FITC-labeled 
(Na ÷ +K+)-ATPase membranes from pig kidney outer 

medulla as a function of Mg 2 + concentration. 

Protein structural rearrangement 
Mg 2+ in millimolar concentrations increased 

the order parameter  of T M A - D P H  both in bulk 
phospholipids and in the lipid annulus (Figs. 1, 3). 
Nevertheless, the question remained whether such 
changes were connected with changes in protein 
conformation. We labeled ( N a + + K + ) - A T P a s e  
with FITC and followed its fluorescence ani- 
sotropy at different concentrations of Mg 2+. Fig. 
4 shows that also the anisotropy of FITC in- 
creased after Mg 2+ treatment, indicating a motion 
restriction of the probe. To obtain more informa- 
tion on normal movement  with respect to the 
membrane plane, we followed the collisional 
quenching of tryptophan residues with KI. Mod- 
ified Stern-Volmer plots of quenching in with and 
without 2 mM Mg 2+ are shown in Fig. 5. The 
intercepts suggest that the presence of magnesium 
resulted in a slightly higher effective Stern-Volmer 
constant and simultaneously in a greater portion 
of tryptophan residues fully accessible to KI. 
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Fig. 5. A modified Stern-Volmer  plot of  colfisional quenching 
of tryptophan residues from (Na ÷ + K ÷ )-ATPase with KI as a 
quencher (a) in the absence of Mg 2÷, yielding 84% of accessi- 
ble tryptophan residues and KQ = 2.31 nmo1-1 and (b) in the 
presence of 2 m M  Mg 2 +, yielding 95% of accessible tryptophan 

residues and KQ = 2.26 mmol-1 .  

Discussion 

An early study [4] suggested that cations such 
as Mg 2+, Ca 2+, Na + and K + interact primarily 
with the polar headgroups of the phospholipids in 
purified (Na++ K+)-ATPase, inducing structural 
changes in the lipid vesicles. Addition of divalent 
cations to lipid is known to decrease the fluidity 
of the bilayer structure [23], in contrast to the 
cations which are known to displace divalent ca- 
tions from the polar headgroup binding sites [4], 
resulting in an increase of fluidity. However, the 
steady-state anisotropy of hydrophobic probes 
(DPH, TMA-DPH) from which fluidity were often 
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estimated, included contributions of both the 
structural properties of the bilayer (expressed as 
limiting anisotropy, r~) and its dynamic state 
(expressed as the rotational relaxation time, %). 

Our results show that Mg 2÷ increased the limit- 
ing anisotropy of phospholipids in millimolar con- 
centrations, while the rotational relaxation time, 
in agreement with previous results [3], remained 
unchanged within the experimental error limits. 
The more expressed effect of Mg 2÷ on phos- 
phatidylserine than on phosphatidylcholine is 
probably due to the more negative surface charge 
and higher Mg :÷ binding by the first phospholi- 
pid. 

The second topic of the present paper was to 
clarify the role of lipid annulus in the acting of 
Mg 2+ on (Na++ K+)-ATPase. Protein boundary 
lipids are usually believed to be highly ordered 
structures [24] and they might stabilize the con- 
formation of the protein and protect the protein 
from the effect of changes in the bulk phase. The 
question was whether the ordering effect of Mg 2+ 
would manifest itself in the lipid annulus. Sensi- 
tized fluorescence of TMA-DPH with tryptophan 
residues as donors (reflecting the property of lipids 
from the nearest protein environment) showed 
that bulk and boundary lipids did not differ sig- 
nificantly in their order, as was also theoretically 
predicted recently [25]. It is also possible, how- 
ever, that the more ordered lipids exist only in a 
very narrow ring of one molecule thickness around 
the protein, as was supposed earlier [20]. In any 
case, Mg 2+ significantly increased the anisotropy 
of sensitized fluorescence of TMA-DPH, suggest- 
ing a high ordering in the lipid annulus after 
Mg 2+ treatment. Clearly, changes in the lipid 
structural parameters may but need not to be 
reflected in the structure of the protein. Measure- 
ments with FITC-labeled enzyme revealed a close 
relationship between the increase of the order 
parameter (Figs. 1, 2) and the rotational restric- 
tion of FITC, resulting in higher anisotropy values 
(Fig. 5) and indicating a more stable protein con- 
formation after Mg 2+ treatment due to the higher 
order of lipids in the annulus. Besides this, the 
bridges created by Mg 2+ on the negatively charged 
heads of phospholipids led to an increase in the 
average lipid-lipid exchange lifetime and caused 
the slowing down of phospholipid diffusion in the 
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l ip id  annulus.  Both these effects favor the stabi l i -  
za t ion  of p ro te in  conformat ion ,  p robab ly  neces- 
sary  for a fully active complex.  

The col l is ional  quenching  of p ro te in  t ryp tophan  
residues by  KI  showed that  af ter  2 m M  Mg 2+ 
t rea tment  94% of  the t ryp tophan  residues are fully 
accessible to KI,  c o m p a r e d  with 83% of  residues 
in the absence of  Mg 2+, which suppor t s  the view 

of  the normal  movemen t  (with respect  to the 
m e m b r a n e  plane)  of  the pro te in  dur ing  its confor-  
mat iona l  change caused by Mg 2+ [26]. F r o m  the 
p r imary  s t ructure  of k idney  ( N a ÷ +  K + ) - A T P a s e  
a - subun i t  [21,27] it follows that  10 t ryp tophan  
residues occur in the hyd rophob ic  par t s  of  the 
molecule,  while only  Trp-100 and Trp-926 are 
bur ied  in the membrane .  In the case of  the /3-sub-  
unit,  three of  the four  t ryp tophan  residues [28] are 
loca ted  in the hydrophi l i c  regions. I t  seems, there- 
fore, that  af ter  Mg 2+ t rea tment  the Trp-926 on the 
a - subun i t  (which is loca ted  near  the m e m b r a n e /  
water  interface)  and  the Trp-31 on the /3 - subun i t  
will emerge f rom the m e m b r a n e  and  become 
accessible to KI.  The Trp-100 residue, deeply  
bur ied  in the h y d r o p h o b i c  interior,  will r emain  in 
the membrane .  
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