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Abstract

Intramolecular dynamics in Na,K-ATPase molecules have been studied by ultraviolet fluorescence spectro-
scopic methods: determination of temperature-dependent shifts in steady-state spectra, site-selective red-edge
effects and their temperature dependence, and time-resolved emission decay as a function of excitation and
emission wavelengths. The combination of these methods allows the characterization of the dipolar-relaxa-
tional mobility in the environment of the tryptophan residues. Our results show that the mean dipolar-relaxa-
tional time is of the order of one nanosecond at room temperature. This is much faster than what is usually
observed in globular proteins. The fast dynamics of the protein dipoles are rapid enough so that the dipoles
are in dielectric equilibrium during the slower ion transfer processes; this may have important functional

consequences.
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1. Introduction

The Na,K-ATPase is a protein in the cytoplas-
mic membranes of animal cells that utilizes the
free energy of ATP hydrolysis to transport Na
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and K ions against the concentration gradients
[1,2]. The protein consists of a larger a-subunit
and a smaller B-subunit with molecular weights
of 100,000 and 45,000 daltons, respectively [3].
The ion translocation is associated with a confor-
mational transition between two distinct confor-
mations of the protein, E, and E,. The equilib-
rium between these forms depends upon the state
of phosphorylation and the presence of sodium or
potassium ions in the medium. The transition
between both conformations can be detected by
spectroscopic methods, [4—6].

Fluorescence spectroscopy has been exten-
sively used in the studies of protein structure and
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dynamics. The high sensitivity of the tryptophan
fluorescence emission is a useful tool to detect
properties of its environment [7,8], especially po-
larity and mobility. This property is the basis of
different applications to study intrinsic uitraviolet
fluorescence of proteins [7,9]. The fluorescence
method can also be adapted conveniently to ob-
tain dynamic information on the fluorophore en-
vironment on a nanosecond time range.

Two complementary approaches are em-
ployed. One approach is to analyze the diclectric
relaxational dynamics, either by measuring the
decay directly or by using the excited state life
time, 7, as an intrinsic time marker [10]. The
second approach considers the loss of time-corre-
lation in the positions of groups of atoms sur-
rounding the fluorophore [7,9,11] during relax-
ation processes. The dynamics should lead to the
existence of a wide population of substates with
different interaction energies even in the well-de-
termined three-dimensional structure of a pro-
tein. Site-selective excitation at long wavelength
(at the “red-edge”) can excite selectively those
species of fluorophore plus environment within a
protein, which interact most strongly with the
environment in the excited state. They possess
the smallest energy of electronic transition
[7.9,11]. For that reason, the spectra are different
when excited at the band maximum and at their
red edge, and this difference is a function of the
extent of relaxation [7]. However, the investiga-
tions of different proteins by the latter approach
are fragmentary so far [12-14], and no general
conclusion can be made about their relaxation
rates up to now. In the tetrameric melittin
molecule the dipolar relaxation time is about 40
ns [13), for the staphylococcal nuclease it is in the
range of 100 ps [14]. However, usually steady-state
red-edge effects are observed that indicate relax-
ation rates slower than nanosecond.

Single reaction steps in the Na,K-ATPase con-
tributing to charge translocation across the mem-
brane and the conformational transition from
E, to E, have been measured to occur in the
millisecond time range [4.6]. However, charge
translocation and conformational changes proba-
bly involve elementary processes which involve
dynamic polarization of polar groups in the elec-
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tric field created by the ions. This effect could be
achieved by translocations and rotations of pro-
tein groups or domains, and these processes oc-
cur probably in the nanosecond time range or
faster [15,16]. The dynamic polarization of pro-
tein groups can also follow the process of light
absorption by a tryptophan fluorophore. Its dipole
moment is changed by 8-9 Debye units almost
immediately upon excitation [7]. This driving force
creates an inequilibrium electric field that in-
duces dynamic polarization; the surrounding
groups of atoms are induced to relax by changing
their positions, and this relaxation convolutes with
the decay of the excited state to produce time
dependent shifts of emission spectra. The obser-
vation of the time dependence reveals direct in-
formation on the rate of dynamic polarization in
proteins by a fluorescence spectroscopic method.

In the present study of Na,K-ATPase we ob-
served temperature-dependent shifts of fluores-
cence spectra, measured their dependence on
excitation wavelength and detected site-photo-
sclection red-edge effects at different tempera-
tures with and without the application of high
concentrations of viscogens (sucrose or glycerol).
We conclude from these results, in combination
with time-resolved fluorescence decay data, that
the relaxational dynamics in the protein interior
occurs in the nanosecond time range.

2. Materials and methods

2.1. Materials

Sodium dodecylsulfate (SDS) was obtained
from Pierce Chemical (Rockford, IL), sodium
cholate from Merck (Darmstadt) and dioleoyl-
lecithin from Avanti Polar Lipids (Birmingham,
AlL). Phosphoenolpyruvate, pyruvate kinase, lac-
tate dehydrogenase, NADH and ATP (disodium
salt, special grade) were from Boehringer (Mann-
heim). Sucrose, glucose and ethylenediamine te-
traacetic acid (EDTA) were purchased from
Sigma. In the experiments with nominal absence
of K*, NaCl was used in Suprapur quality
(Merck). All other reagents were analytical grade.
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Sephadex G2S was obtained from Serva (Heidel-
berg).

2.2. Enzyme preparation

Na,K-ATPase was prepared from outer medul-
la of rabbit kidneys using procedure C of Jorgen-
sen [17]. This method yields purified enzyme in
the form of membrane fragments containing about
0.8 mg phospholipid and 0.2 mg cholesterol per

mg protein [18]. The specific ATPase activity was

determined by the

pyruvate kinasc /lactate dehy-

drogenase assay [19] and the protein concentra-

tion by the Lowry
albumin as a stand

ethod [20], using bovine serum
ard. For most preparations the

specific activity wds in the range between 1500
and 2200 pmol P per hour and mg protein at
37°C, corresponding to a turnover rate of 120-170
s~! (based on a molar mass of 280,000 g/mol).

The suspension of

Na,K-ATPase-rich membrane

fragments (about 3 mg protein per ml) in buffer

(25 mM imidazole
10 mg/ml sacchar

sulfate, pH 7.5, 1 mM EDTA,
pse) was frozen in samples of

100 pl; in this form the preparation could be

stored for several

months at — 70°C without sig-

nificant loss of actjvity. Enzyme concentration in

solutions used for

typically 0.2 mg/m].

fluorescence experiments was

2.3. Reconstituted vgsicles

Reconstituted vesicles with membrane-incor-
porated Na,K-ATPase were prepared as de-
scribed previously [21]. Na,K-ATPase membranes

were solubilized in

sodium cholate. After addi-

tion of dioleoyl phosphatidylcholine in sodium
cholate, the detergent was removed by dialysis at
4°C for 60 h. This yields unilamellar vesicles with
an average diametgr of 96 nm [21].

2.4. Buffers

All the experiments were performed in 30 mM

imidazole buffer,
EDTA. To obtain
the E, or E, form
added respectively.

pH 7.2, containing 1 mM
the enzyme preferentially in
50 mM of NaCl or KCl were
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2.5. Enzyme solutions in the presence of viscogens

The buffered solutions of enzyme in the pres-
ence of high concentrations of sucrose (44%) and
glycerol (57%) were prepared before the mea-
surements. The results were reproducible after
storage overnight. After storage no decline of the
enzyme activity was detected in the standard ac-
tivity test.

2.6. Fluorescence measurements

The studies of fluorescence spectra at low tem-
peratures were performed with a Hitachi MPF-4
spectrofluorimeter equipped with a quartz dewar.
The temperature was maintained by a homemade
device producing flow of cold nitrogen vapor and
measured with a thermocouple. The sample was
immersed in a quartz tube of 3 mm in diameter.
To reduce the stray light an additional cut-off
filter was used in the excitation beam. The slits of
the monochromators for excitation and emission
wavelengths were set 3 and 5 nm respectively.

At temperatures above 0°C the excitation-
wavelength dependence of fluorescence spectra
was studied with a Perkin-Elmer 650-40 fluores-
cence spectrophotometer, equipped with a ther-
mostated cuvette holder. The slits were set to 2
nm for excitation and 5 nm for emission.

2.7. Time-resolved spectroscopy

Time-resolved data on fluorescence-emission
decay were obtained on a frequency-domain fluo-
rometer equipped with wide-band acousto-optic
light modulator in a frequency range of 20 to 200
MHz, constructed in the Max-Planck-Institute of
Biophysical Chemistry in Géttingen, Germany
[22]. The sample was excited by a Spectra-Physics
2035 argon-ion laser through interference filters
(bandwidth 10 nm) with transmission maxima at
290 or 300 nm. The latter filters caused a trans-
mission of different proportions the laser lines at
301 and 305 nm. Emission wavelengths were se-
lected by interference filters with a bandwidth of
10 nm. The protein samples were the same as for
steady-state fluorescence studies, the tempera-
ture was set to 20°C.
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3. Results

3.1. Temperature dependent studies of fluorescence
spectra

The position of maximum fluorescence emis-
sion of tryptophan in proteins depends upon in-
teractions of the chromophores with specific
groups in the local environment. In general, they
are controlled by two different universal factors:
polarity and dynamics of the environment of a
tryptophan residue [7-9). Polarity refers to the
magnitudes and concentrations of the surround-
ing dipoles, and dynamics concerns the rate of
their reorientation. If the dipoles have slow reori-
entation rates compared to the lifetime of the
excited state, the observable effect is the same as
if they are static. In this case, dipolar interactions
are small and they should shift the excitation
spectra to higher excitation energies. In order to
obtain dynamic information from the spectral
shifts one must know the limiting casecs—the slow
and fast relaxation limits within the same protein
conformation. Studies over an extended tempera-
ture interval are complicated with protein struc-
tures, because they are not stable above their
transition temperatures, typically in the range of
40°C. At temperatures below 0°C pure water
freezes; this produces significant effects on the
properties of dissolved proteins. The addition of
glycerol stabilizes the native protein conforma-
tion at high temperature [23,24], and prevents the
formation of water crystals in the sub-zero tem-
perature range, glycerol-water mixtures form a
transparent glass at low temperatures.

In Fig. 1 the temperature dependence of the
intrinsic emission spectra Na,K-ATPase is pre-
sented for two different excitation wavelengths
(290 nm and 305 nm), for room temperature
(24°C) and low temperature { — 100°C). The aque-
ous buffer contains 57% glycerol. When exciting
at 290 nm the emission spectrum is shifted sub-
stantially to shorter wavelengths when the tem-
perature is decreased; the shape of the spectrum
remains unchanged. When excited at 305 nm the
spectrum shows no temperature-dependent shift.
This dependence of the spectral shift upon the
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wavelength of excitation will be discussed in the
next section.

In model experiments measuring the emission
spectra of indole or tryptophan in glycerol or
propylene glycol solutions [7,9,10] the shift of
fluorescence spectra are temperature-dependent
with a sigmoidal shape. At the low-temperature
limit the dipoles surrounding the fluorophore
cannot reorient during the fluorescence emission
lifetime. In the high-temperature limit these re-
laxations are too fast to influence the time depen-
dence of the spectra. The half-transition point,
17 5, should correspond to the condition when the
relaxation time T is equal to the emission life-
time 7.

The results of temperature-dependent studies
of the Na,K-ATPase in buffer containing 50 m M
NaCl and 57% of glycerol demonstrate a more
complex behavior than model studies. A single
sigmoid function which usually describes the tem-
perature-dependent shifts of fluorescence spectra
[7,26] does not result in a good fit to experimental
data (Fig. 2). Instcad we observe clearly two steps
in the temperature dependence of spectra: be-
tween 45 and —10°C, and between —25 and
—100°C (Fig. 2A). The approximation by a super-
position of two sigmoid functions, each expressed
in the form:

A -
2 \/d2+(t°—t§’/2)2

where A%, is the maximum of fluorescence spec-
trum at temperature ¢, and A, and A, are its
values for the high-temperature and low-temper-
ature limits respectively, ¢? /2 is the half-transition
point, and 4 is the transition half-width, resulted
in the following: The parameters of the high-tem-
perature transition range are: A, =340.5 nm, A,
=333.7 nm, 1{,,=16°C and d =12°C. The low
temperature transition is fitted by A_ = 334.3 nm,
Ag=3292 nm, t{,, = ~64°C and d =20°C.

For comparison a tryptophan solution in 57%
glycerol has been examined in the temperature
range between —100°C and 50°C (Fig. 2B). A
single sigmoidal curve has been found as ex-
pected. The wavelength positions (A, =317 nm

0 i

max 2
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Fig. 1. Fluorescence spectra of Na,K-ATPase in buffer con-

taining 30 mM imidazole, 1 mM EDTA, pH 7.2, and 57%

glycerol at 24°C (1, 3) and —100°C (2, 4) at excitation wave-
lengths 290 nm (1, 2) and 305 nm (3, 4).

and A, =346 nm) and the half-transition point
(17, = —48C) Iead us to the conclusion, that the
lower transition of the Na,K-ATPase data corre-
sponds to those tryptophanes which are closer to
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Fig. 2. Temperature dependence of positions of the fluores-
cence maximum, A, of the steady-state fluorescence spec-
tra of Na,K-ATPase in buffer as given in Fig. 1 (excitation at
290 nm). (A) Results of a typical experiment. (1) - the
approximation by a superposition of two sigmoid functions. (2)
— the approximation by a single sigmoid function. (B) Tem-
perature dependence of the fluorescence of tryptophan dis-
solved in water containing 57% glycerol.
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the surface and which are under influence of the
solvent dynamics.

The higher temperature transition apparently
reports upon dielectric relaxations in the Na,K-
ATPase protein, and because the fluorescence
emission occurs in the range of nanoseconds (see
below), our results suggest that the characteristic
time for the protein dielectric relaxations is in the
nanosecond time domain. To further investigate
this transition we have measured the excitation-
wavelength dependence of the spectra (“red-edge
effect”) and a dependence of time-resolved emis-
sion decay on excitation and emission wave-
lengths.

3.2. Red-edge effect

The dependence of fluorescence spectra of
Na,K-ATPase on excitation wavelength has been
studied. At the maximum to the short wavelength
range of the absorption spectrum (i.e. in the
range of 270-290 nm) no influence on the excita-
tion wavelength was observed. However, an effect
was demonstrated clearly at the red edge of the
absorption spectrum (295 nm and above); a sub-
stantial shift of the maximum of fluorescence
spectra to longer wavelengths (Fig. 1, e.g. traces 1
and 3) is seen when exciting in this red region of
the absorption curve. If this effect is associated
with the nanosecond dipolar relaxation of the
fluorophore environment, a characteristic pattern
is expected, namely the spectra should display
temperature dependent maximum wavelength at
the main-band excitation, but at the red edge
excitation this temperature dependence should
vanish (excitation at 305-307 nm) [7]. The red
excitation photoselects those molecules that have
lowest energy of interaction with the environment
at any temperature; the conformations of these
photoexcited molecules are already in the “re-
laxed state” with respect to their environment,
before absorbing a photon. The results in Fig. 1
(traces 3 and 4) demonstrate that an effect of
temperature on the maximum of the fluorescence
spectrum of Na,K-ATPase excited at the red edge
could not be observed, and the maximum of
fluorescence is substantially shifted to longer
wavelengths.
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Fig. 3. Excitation wavelength dependence of the position of

the maximum, A%, of fluorescence spectra of Na,K-ATPase

in membrane fragments at different temperatures. a: in buffer

containing 30 mM imidazole, 1 mM EDTA, and 50 mM

NaCl, pH 7.2, b: additionally 44% sucrose, ¢: additionally to a
57% glycerol.

The dependence of the position of maxima of
the fluorescence emission spectra on excitation
wavelengths shows a pronounced effect on the
red edge, which, as expected, does not tend to
any limit (Fig. 3). These experiments have been
performed in a conventional spectrofluorometer
which allows only temperatures in a range be-
tween 1 and 35°C. We extended our studies to
enzyme preparations containing no glycerol and
in which glycerol was substituted by another
viscogen, sucrose. We observed the same temper-
ature-dependent changes in positions of fluores-
cence maximum as a function of the excitation
wavelength, the results converged and superim-
posed at 305-307 nm. The excitation wavelength
could not be increased further because the inten-
sity became too low to determine a maximum.

It is essential that the observed red-edge effect
with and without viscogen was very similar. This
means that the viscogen does not influence sub-
stantially the dynamics of the protein which is
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detected by tryptophanes. The small-scale dynam-
ics controlling the dipolar protein relaxations in
the temperature range between 1 and 35°C are
apparently uncoupled with the dynamics of the
solvent. The general conclusion drawn from the
relaxation rates obtained by the low-temperature
studies in the presence of high concentrations of
glycerol, can be extended to solutions of enzyme
in an aqueous buffer. However, some minor dif-
ferences, have to be considered. In glycerol and
sucrose the red-edge effect tended to be more
pronounced. The addition of these viscogens
shifted the emission spectra not only when ex-
cited at the red edge, but also when excited at
absorption maximum. This could be the result of
a perturbation of the tryptophan residues by the
solvent or of some minor conformational modifi-
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Fig. 4. Excitation wavelength dependence of position of the
maximum, AE_ . of fluorescence spectra of Na,K-ATPase,
reconstituted into phospholipid vesicles, at different tempera-
tures. a: in buffer containing 30 m M imidazole, 1 mM EDTA
and 50 mM NaCl, pH 7.2, b: additionally 44% sucrose, ¢
additionally to a 57% glycerol.
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cations of the protein, which influence the trypto-
phanes and /or their environment.

In order to investigate whether the packing
and composition of lipids attached to the protein
has an influence on the tryptophan fluorescence,
we performed a series of experiments with Na,K-
ATPase reconstituted into phospholipid vesicles.
The results are presented in Fig. 4. A comparison
with the data on native membrane fragments
(Fig. 3) demonstrated that the red-edge effect
was present, and it displayed essentially the same
regularity. Moreover, the position of the fluores-
cence maxima and the magnitude of the red-edge
effect were basically retained. Reconstitution into
lipid vesicles did not alter the fluorescence spec-
tra at the main-band excitation in aqueous buffer
or in the presence of glycerol, whereas a shift by
2 nm to shorter wavelength was observed in su-
crose containing buffer. In the case of reconsti-
tuted enzyme the magnitude of the red-edge ef-
fect tended to be increased in glycerol and su-
crose. Essentially the same results were found for
the temperature dependence of the effect in
membrane fragments and vesicles. These findings
suggest that the pattern of dynamics we are char-
acterizing reflected intrinsic properties of the
ATPase molecule and was not influenced sub-
stantially by the surrounding environment.

3.3. Time-resolved spectroscopic studies

The results of fluorescence experiments with
nanosecond time resolution are presented in
Fig. 5 and Table 1. They demonstrate mean ex-
cited-state lifetimes, 7, in the range of 5 ns. For
tryptophan in water at neutral pH an excited-state
life time 7 of 3 ns has been found. In proteins
the variation of this parameter is very wide, it
ranges from less than 1 ns to 8 ns [25]. As is the
case for many other proteins [25] a decay function
with two exponentials produced a much better fit
to the data, compared to a single exponential
curve (Fig. 5). A comparison of the time-resolved
data excited at 290 nm with an emission of 340
nm (at the fluorescence maximum) or 380 nm (at
the long-wavelength slope) demonstrates that in-
creasing the emission wavelength results in a re-
duction of amplitude and lifetime of the shorter
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Fig. 5. Frequency dependence of phase and modulation data
for ultraviolet fluorescence of Na,K-ATPase. Approximations
with single (dashed lines) and double exponential {solid lines)
decay functions. Full circles present phase, open circles modu-
lation data. Experimental conditions are (A): Excitation 290
nm, emission 380 nm, bandpass 10 nm, buffer as given in
Fig. 1. Experiments were performed at 20°C, (B): Excitation
300 nm, emission 360 nm, bandpass 10 nm, buffer as in part
A. Addition of 57% glycerol had only minor influence on the

experimental data (not shown, cf. Table 1).

component of the fluorescence decay (Tab. 1).
This reduction is most probably the result of a
nanosccond dipolar relaxation which is known to
shift the fluorescence spectrum in time to longer
wavelengths [26,27]. The relaxation process actu-
ally withdraws emission intensity from the short-

Table 1

Results of single and double exponential analysis of emission
decay data of Na,K-ATPase (in K™ ions containing buffer) at
different excitation (A**) and emission (A*™) wavelengths

A% Ay 1 a T2 X
(nm)  (nm) (ns) (ns)

290 340 1.000 4880 - - 1.080
0772 6792 0228 1138 0419
290 380 1.000 508 - - 1.141
0844 6486 0.156 0.845 0.506
300 360 1.000 528 - - 2.581
0856 6590 0.144 0000 0494
300 360 1.000 4568 - - 1.389
0888 5491 0112 0286 0.654

% In 57% glycerol.
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wavelength part of the spectrum and adds it in
the time course of emission to its long-wavelength
part. In model media (polar solutions of different
dves) one can even observe at sufficiently long
wavelengths a component with negative ampli-
tude; which is due to a non-emissive dynamic
process in the excited state. In studies with pro-
teins this effect is very difficult to observe [7].
Two reasons can explain the absence of such
observations: (1) In the studied proteins the re-
laxation rates of the dipoles were outside the
nanosecond time interval and (2) the fluorescence
decay itself is multiexponential and a short-living
negative component due to relaxation is superim-
posed by the positive one due to heterogeneity in
emission. This can be due to the distribution of
lifetimes of individual tryptophan residues in the
case of multi-tryptophan proteins, or due to the
distribution of conformations with different
quenching probabilities, which can even occur in
single-tryptophan proteins. In the case of Na K-
ATPase, where the exponential behavior is emis-
sion-wavelength dependent the effect can arise
from a distribution of lifetimes of the individual
tryptophanes, and those, which have longer 7,
emit at longer wavelengths.

This explanation seems to be in contradiction
to the results obtained with an excitation at 300
nm and an intermediate emission wavelength of
360 nm. Under these conditions we observed a
decay of emission which could be described rea-
sonably by a single exponential curve (A small
short-living component is probably an artifact due
to light-scattering). However, this finding can be
explained by the fact that the tryptophanes ex-
cited selectively at the red edge have the highest
interaction energy with the environment. They
are closest to the relaxed state and therefore
display essentially a more homogeneous emission.
Thus we think that the fluorescence decay that is
wavelength dependent is directly related to the
relaxation of the environment of the tryptophan
occurring in the same time range. In a glycerol
containing buffer a comparable observation was
made, exciting the tryptophanes at 300 nm. The
short-lived component was shorter than 0.3 ns
and had an amplitude in the range of 10% of the
total signal. In the case without glycerol the
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short-lived component could be due to incom-
plete elimination at light-scattering band. The
value of 7 (=7,), however, is slightly reduced
compared to measurements without glycerol (Ta-
ble 1). The effects of viscogens on the emission
decay and on the position of the fluorescence
maxima (Fig. 3) could be the result of some minor
conformational rearrangements in protein or a
perturbation of those tryptophan residues which
are in direct contact with the solvent.

3.4. Differences in Na™ or K *-containing buffers

It is known that the Na,K-ATPase can be
forced into two different conformations by chang-
ing the ionic composition of the aqueous buffers.
In the presence of Na™ (and no ATP) the enzyme
is in the E, form with up to 3 Na* bound to the
ion binding sites facing the cytoplasmic interface.
In the presence of K* (and absence of Na* and
ATP) the enzyme has occluded 2 K* in its E,
form [1,2]. Therefore, the fluorescence spectra
have been investigated not only in a 50 mM
Na + -containing buffer as shown in Fig. 3, but

Aﬂ’l}x
nm

1342

i L 1 1
300 350 400 150
Aem/nm
Fig. 6. Influence of cations on the tryptophan fluorescence of
membrane fragments containing Na,K-ATPase in aqueous
buffer (30 mM imidazole, ] mM EDTA, pH 7.2} and 50 mM
NaCl (solid lines) or 50 m M KCl (dashed lines), temperature
T =18°C. (A) Fluorescence spectra, (B) Position of the fluo-
rescence maximum. Excitation wavelengths were 300 nm (1),
302 nm (2), 304 (3), 305 (4) and 307 (5).
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also in a buffer containing 50 mM K* instead.
The comparison of the data showed a uniform
and therefore significant shift of 0.5-1 nm of the
fluorescence maximum to shorter wavelengths in
K*-containing buffers (Fig. 6). This shift was in-
dependent of temperature (determined at +1°C,
19°C and 35°C) and excitation wavelength (moni-
tored between 270 nm and 308 nm).

4. Discussion
4.1. Heterogeneity of tryptophan residues

Na,K-ATPase is a multitryptophan protein
[28,29]. The «,B-protomer of the sheep kidney
enzyme contains 16 tryptophanes and its sec-
ondary structure has been well investigated
[29,30]. Four belong to the B-subunit, none is
found in the transmembrane segment, and 10
tryptophanes have been found in the a-subunit,
with only 3 in the proposed transmembrane seg-
ments [30]. The six tryptophanes situated in the
portion of the molecule protruding into the cyto-
plasm may be buried within the protein matrix, or
may face the surface to the aqueous environment.
Therefore, we have to consider different types of
heterogeneity in the environment of these
residues.

At first we have to consider position hetero-
geneity. Since in each protein conformation every
tryptophan is surrounded by groups of atoms in
particular positions and orientations. This type of
heterogeneity is responsible for the variance in
wavelengths of the maximum of protein fluores-
cence spectra, ranging from 307 nm (azurin) to
350 nm (peptides and proteins with tryptophan
residues exposed to aqueous solvent) [7). If we
assume that there is no cxcited-state energy
transfer between tryptophanes, the fluorescence
spectrum of the protein should be the sum of the
contributions of the individual tryptophanes, and
it can be expected that the spectrum is broader
than for a single-tryptophan protein, because the
tryptophanes emit at different wavelengths. How-
ever, the width at half-maximum intensity of the
fluorescence spectrum for Na,K-ATPase is 59 nm
[31], which is not substantially broader than the
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spectra of single-tryptophan proteins emitting at
these wavelengths [32]. According to Burstein’s
classification the spectrum of an individual tryp-
tophan residue emitting at 340-342 nm should
have a half-width of 53-55 nm [32). The hetero-
geneity of the position of the tryptophan in (dog
kidney) Na,K-ATPase has been studied in
quenching experiments with acrylamide [33] In
E, and E, conformation acrylamide had an ac-
cess to different pools of tryptophanes, but no
shift of fluorescence maximum was observed on
quenching [33]. This suggests that the position-
dependent differences of tryptophan interactions
with their environments are not significant.

The absorption spectrum of individual trypto-
phanes could also be influenced by the hetero-
geneity of position, and this effect would influ-
ence the photoselection at the red edge. The
position of the absorption spectrum, however, is
known to be much less affected than the fluores-
cence spectrum. These shifts are usually in the
range of 200-300 cm~' without substantial
change of the shape of the spectrum [7]. If the
two forms are present in equal proportions, the
largest photoselection should be expected at the
point of steepest decline of the spectrum (maxi-
mum of the first derivative), which is at 293-295
nm for tryptophan in proteins (7], and it should
decrease on further motion to the red edge, pro-
ducing a wavelength dependence different from
that observed in single-tryptophan proteins. In
our experiments, however, the excitation wave-
length dependence of the spectra exhibits essen-
tially the same features as in single-tryptophan
proteins and model solutions of tryptophan
[12,13]: the shift is gradually enlarging with in-
crease of excitation wavelength and the plots
taken at different temperatures converge to the
same points at 305-307 nm (Figs. 3 and 4). As a
consequence the position-determined photoselec-
tion of the side is not considered as significant,
especially at the far red edge.

A second type of heterogeneity arises from the
intramolecular protein dynamics. The surround-
ing groups change their positions and orienta-
tions causing the local environments of trypto-
phanes to fluctuate. The result is a broadening of
both the absorption and emission spectra. If the
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excited fluorophore has a high dipole moment, as
in the case of tryptophan [7], this broadening
could increase the width of absorption spectra by
300-500 cm ™! [34,35]. The most significant con-
tribution to this type of broadening is caused by
dipole-dipole interactions [26]. Such distributions
are the origin of the red-edge effects [7,9]. Since
both, peptide groups and many of the side chains,
possess large dipole moments, they contribute to
a significant broadening [9].

4.2 Dipole-relaxational dynamics

The dynamics of dipole relaxations is the ma-
jor contribution to time-dependent shifts of fluo-
rescence spectra in polar environments. In liquid
solvents dipole motions can be observed in the
time ranges of several picoseconds [36,37). How-
ever, if the fluorophore environment becomes
highly viscous they are prolonged to nanoseconds
or longer [27]. It has been shown that many
protein molecules behave in liquid solvents as
microscopic viscous or solid bodies with nanosec-
ond or slower dipole-relaxational dynamics [7,9,
12,13,23}.

The analysis of molecular relaxation spec-
troscopy is based on the following considerations.
Electronic excitation leads to a change of fluo-
rophore dipole moment in magnitude and direc-
tion. Therefore, upon excitation the fluorophore
initially is not in equilibrium with its dielectric
environment. Equilibrium can be reached by re-
laxation of the electric field by rotation and dis-
placement of the involved dipoles. This relaxation
decreases the energy level of the excited state; in
consequence the fluorescence spectra are shifted
to longer wavelengths. Protein dynamics can be
studied by observation of time dependent shifts
of the fluorescence spectra as well as the time
dependence of other spectroscopic effects of
dipolar relaxation. If a system is described by a
single dipolar relaxation time, 7, the shift of
spectra with time should be exponential, and in
principle the value of 7 can be determined [26].
In practice the determination is complicated by a
non exponential emission decay, which was also
found in the case of Na,K-ATPase (see Table 1).
If there is a time-dependent shift with the rate
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comparable to the rate of emission, the emission
is expected to decay faster at shorter wavelengths
and slower at longer wavelengths; this has been
observed in this study. Therefore, we could draw
only the qualitative conclusion that r, cannot be
different substantially from 7g, and 7 was deter-
mined to be about 5 ns.

The mean excited-state lifetime, 75, provides
an intrinsic time marker that allows an analysis of
the time-integrated steady state emission. Steady-
state spectral shifts can be expressed as a func-
tion of 7 and 7 [38,26]:

1—/—17@ TR

-~ (1)

Vo=¥, TrptTy

where v is a wave number (v = 1/A) and ¥ repre-
sents the position of the maximum of the spec-
trum. ¥, is the wave number of the fluorescence
maximum before relaxation, and ¥, that of the
fully relaxed state. To obtain ¥, and 7, the
temperature dependent properties of the system
can be used. At the low temperature extreme the
spectra represent the unrelaxed, and at the high
temperature extreme the completely relaxed state.
T is assumed to be temperature independent
and was taken to be 5 ns in our case. The
experimental data (Fig. 2) can be reasonably ap-
proximated by a two-step relaxation mechanism.
By applying €q. (1) the relaxation times, 7, can
be determined. Corresponding results are pre-
sented in Fig. 7. At Ty, =16°C we get from
Fig.2 7 =7g=35 ns. Figure 7A demonstrates
the dependence of 7y on temperature for the
two ranges of relaxational shifts of fluorescence
spectra, and Fig. 7B contains data in form of an
Arrhenius plot (Ig 7 vs. 1/7). Since we were
not able to measure temperature-dependent life
time data, we took this inconvenience into ac-
count by a systematic error, However, this error
will not be significant, since the temperature-de-
pendent variation of the life time is usually much
smaller than the variations of the relaxation time.
Estimated from changes in the fluorescence in-
tensity, the average change in the life time is in
our case 1.1 percent per degree. Since the slope
of the curve corresponds to the activation energy
of the dipole-relaxational mobility in the environ-
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7
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Fig. 7. (A) Results of determination of 7 as a function of

temperature for the lower (curve 1) and higher (curve 2)

temperature interval of the maximum fluorescence wave-

length shown in Fig. 2. (B): Presentation in Arrhenius coordi-
nates.

ment of tryptophan residues, the latter presenta-
tion demonstrates that the activation energy is
higher for the relaxations occurring in the higher
temperature range.

The red-edge effect is associated with the dis-
tribution of the interaction energies between the
protein and the environment due to the dynamics
of the environment dipoles [7,9]. The dynamics-
induced rate, however, has to be slower or com-
parable to the rate of fluorescence emission. If
the different micro-environments have relaxed
before the emission occurs, no red-edge effect
should be observed. If the magnitude of the red-
edge effect changes with temperature, the relax-
ation time of the environment is of the same time
scale as the emission lifetime. 7 can be obtained

from the equation [7,9]:
p — podee TR

edge = (2)
0

T+ TR

Vo— v
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where v — % is the difference between the
maxima of emission spectra excited at the mean
and at the edge wavelength. v, — vi* is the
difference of a completely unrelaxed fluoro-
phores. This condition can be realized at low
temperatures. The dependencies of red-edge ef-
fect on temperature (Figs. 3 and 4) demonstrate
the nanosecond rate of relaxations. Application
of eq. (2) to ATPase of membrane fragments in
57% glycerol results in the values of 7, 10 ns at
1°C, 6 ns at 19°C, and 3 ns at 35°C that confirm
the results of time-resolved experiments at room
temperatures.

It can be argued that the temperature-depen-
dent shift may be caused by gradual static confor-
mational changes in the protein rather than by
relaxation. However, the following arguments are
against this assumption. For all temperatures the
maxima of the excitation-wavelength dependent
fluorescence coincide at 305-307 nm (Figs. 3 and
4), This observation is a very characteristic fea-
ture of relaxation processes [7]. In the case of a
conformational change, even if it is as small as
shown in Fig. 6, the results should be different,
one would expect that the spectrum is shifted at
all wavelengths. In addition it is very unlikely that
the same conformational change occurs in native
membranes, in phospholipid vesicles, and under
high concentrations of glycerol or sucrose. We
could show recently that the activation energies
of the enzymatic activity and the conformaticnal
changes are significantly different in native mem-
branes and in reconstituted lipid vesicles (manu-
script in preparation). If conformational fluctua-
tions are contributing one could expect to ob-
serve different shifts in membrane and vesicle
preparations.

4.3. Fast dipole-relaxational dynamics and the
function of Na,K-ATPase

Kinetic studies of the Na,K pump [4] suggest
that the rate-limiting step of the pumping cycle
under conditions close to physiological conditions
is the E, » E, transition of the phosphorylated
sodium form which controls occlusion/ deoc-
clusion of sodium ions and eventually the release
of the first Na* [39). At low ATP concentration
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the rate may be limited by the similar process of
deocclusion of potassium ions which is controlled
by E, - E, transition. This means that elemen-
tary steps of processes like ion binding, transloca-
tion and release should be fast events compared
to the overall reaction rate. Therefore, it can be
assumed, that the rates, in which dielectric relax-
ations of the protein matrix occur, are much
faster than these elementary steps. When ions are
bound to the protein molecule, they have to strip
off at least part of their dehydration shell. The
replacement of water molecules is accompanied
by a rapid reorientation of polar groups within
the protein matrix into equilibrium. Such dielec-
tric stabilization compensates the high energy re-
quired for ion dehydration. Fast dielectric stabi-
lization is probably involved also in reduction of
repulsive forces between the three sodium or two
potassium ions entering their binding sites and
reduces the magnitude of activation energy bar-
rier in their translocation.

A mechanism by which dielectric relaxation
modifies energy barriers in an ion-transfer event
has been studied in detail for ion permittivity and
selectivity effects in ionic channels [15]. The en-
ergy profile for the ion was computed as a func-
tion of a distance along the channel including the
term that describes the electrostatic interaction
with the negative protein charges in the selectiv-
ity filter. To describe a time-dependent dielectric
stabilization by protein dipoles, a Debye model of
diclectric relaxations has been applied. It has
been shown that the dielectric relaxations have a
profound effect on the energy profile for the ion;
this is accomplished by reducing the depths of
the-energy wells in which the ions otherwise would
be trapped. In this way the rate of ion transfer is
controlled by the rate of dipolar relaxations.
Probably this mechanism involving small-scale
protein dynamics operates also for the NaXK-
ATPase, and allows ion motions to be fast and
not rate limiting.

The small difference of the fluorescence spec-
tra between form E, and E, of the enzyme that
we have found has been reported also by
Chetverin and coworkers [31], who calculated dif-
ference spectra for both conformations. An ex-
planation for the shift of the maximum indepen-
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dent of temperature and excitation wavelength
has not been given so far. The shift of the fluores-
cence maximum may be caused by the conforma-
tional rearrangement between the form Na,E,
and the occluded form E,(K,), which induces
only small changes in the tryptophan environ-
ments. Another reason could be that the steric
differences between Na* and K* ions cause a
small difference of the polarization of the trypto-
phanes in the transmembrane segments which are
close to the proposed ion binding moieties, while
all other tryptophanes remain unaffected.

The fluorescence spectral characteristics pre-
sented here leads us to the conclusion, that the
dynamics of the protein is fast in the nanosecond
time scale. This dynamics reflects in some respect
the elementary processes of the protein like tran-
sitions between minor conformational states or
brownian movements. Ordered sequences of these
fast elementary processes would aid the perfor-
mance of the transitions between defined states
in the pumping cycle of the Na,K-ATPase. Up to
now we cannot discriminate between the impor-
tance of slower and faster relaxations on the
functional abilities of the protein. Probably both
are important for the transport properties of the
sodium pump. They will be investigated in forth-
coming experimental studies.
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