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ABSTRACT: Urea-induced unfolding of Na,K-ATPase from pig kidney and from shark salt gland was studied
by electron paramagnetic resonance (EPR) spectroscopy of a nitroxyl derivative of maleimide covalently
attached to sulfhydryl groups which are essential for activity. Urea-induced structural changes lead to the
inhibition of Na,K-ATPase activity. Structural changes detected by EPR are reversible over the whole range
of urea concentrations (0—8 M), although activity loss is always irreversible. The structure of the cytoplasmic
domain is more accessible and more susceptible to perturbations than is the transmembrane sector of the
Na,K-ATPase and thus is more sensitive to denaturant. Conformational changes at the active thiol groups of
these enzymes indeed take place before unfolding of the enzyme as a whole, together with enzyme inactivation.
Na,K-ATPase from pig kidney is more stable not only to thermal denaturation but also to urea-induced
denaturation than is the Na,K-ATPase from shark salt gland. Susceptibility of the latter could arise from the

nonhomologous regions in the cytoplasmic domain.

The sodium—potassium pump is a membrane-bound Na,K-
ATPase enzyme that is responsible for maintaining ionic home-
ostasis in animal cells. The transmembrane section of the protein
comprises 10 transmembrane helices from the o-subunit, to-
gether with the single transmembrane helices of the f- and
y-subunits (/, 2). The a-subunit has a large cytoplasmic domain
that contains the enzymatic active site.

The protein from shark salt gland or from pig kidney contains
23 cysteine residues situated at homologous positions in the
a-subunit. These sulthydryl groups of the Na,K-ATPase (3, 4)
are in part critical for enzymatic function (5—17) and also provide
convenient sites for attachment of spectroscopic probes to the
membranous enzyme. Reactivity toward N-ethylmaleimide
(NEM)' has been used to classify the sulfhydryl-bearing residues
of the enzyme from shark salt gland into those which do not
affect activity (class I groups, approximately two per a-subunit)
and those which are essential for activity (class Il groups,
approximately five groups per a-subunit) (9, 70). Within the
class IT groups, modification of the single residue that is protected
in the presence of ATP and K abolishes activity entirely,
whereas modification of the other class II groups yields an
enzyme that is able to support only the partial reaction of
phosphorylation from ATP (6, 7, 12). Only six to seven of the
total of 23 —SH groups are labeled by NEM in the membranous
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enzyme from the salt gland of Squalus acanthias (9), and these are
essentially confined to the o-subunit (/0). For the enzymes from
both pig kidney and shark salt gland, only six of the 23 cysteine
residues are contained in the transmembrane section of the
protein with the remainder residing in the cytoplasmic domain,
which accounts for most of the mass of the protein (/, 2). Only
three of the nine cysteine residues that are labeled with NEM are
found in the trypsinized fragment of Na,K-ATPase from shark
salt gland (13, 14).

Spin-labeled derivatives of maleimide, such as 5-MSL, have
been used both to detect conformational changes within the
enzyme (9) and to study the overall rotational diffusion of the
protein by means of saturation transfer EPR spectroscopy (15,
16). The EPR spectra of integral membrane proteins spin-labeled
with 5-MSL, including Na,K-ATPase, are generally character-
ized by the coexistence of two spectral components with very
different states of probe mobility. These components are com-
monly called strongly and weakly immobilized and are associated
with restricted and less restricted motion on the 9.4-GHz EPR
time scale for nitroxide motion. Protein unfolding is expected to
increase the population of weakly immobilized residues, relative
to the strongly immobilized spin-label population, and therefore,
EPR can be used as a structural probe of protein unfolding and
refolding.

In this work, we study the urea-induced unfolding of Na,K-
ATPase from shark salt gland and from pig kidney by EPR
spectroscopy of a nitroxyl derivative of maleimide (5-MSL) that
is covalently attached to the class II sulfhydryl groups, which are
essential for activity. There is a strong structural and sequence
homology between the shark and mammalian enzymes (ca. 94%
between shark and pig) (1, 2). Nevertheless, the Na,K-ATPases
from the two sources differ considerably in their thermal stability
and denaturation temperatures (/7). It is therefore of consider-
able interest to compare the sensitivities to unfolding by urea, as
detected by probes attached to homologous residues. Here, we
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correlate the structural changes monitored using EPR with loss of
activity by both enzymes and with rates of inactivation by
modification with NEM, and we extract effective thermodynamic
parameters for the unfolding of the two Na,K-ATPases. Whereas
denaturant-induced unfolding of soluble proteins with urea or
guanidine hydrochloride is extensively studied, this is currently
not the case for large integral membrane transport systems (but
see ref /8), which provides further motivation for studies with the
Na,K-ATPase.

MATERIALS AND METHODS

Enzyme Preparation. Membranous Na,K-ATPase was pre-
pared from the salt gland of S. acanthias according to the method
of Skou and Esmann (/9), but omitting the treatment with
saponin. Na,K-ATPase from pig kidney microsomal membranes
was prepared using pretreatment with SDS and purified by
differential centrifugation (20, 21). The Na,K-ATPase consti-
tuted typically 70% of the total protein (determined as the
content of a- and S-subunits from SDS gel electrophoresis).

Na,K-ATPase Activity Assays. Steady-state Na,K-ATPase
activity was assayed at 37 °C[130 mM NaCl, 20 mM KCI, 4 mM
MgCly, 3 mM ATP (Tris salt), and 20 mM histidine (pH 7.4) in
the assay medium] by measuring the liberation of phosphate
from ATP with colorimetric methods (22, 23). The specific
activity of both enzyme preparations was approximately
30 umol of ATP hydrolyzed (mg of protein) ' min~ . Inactiva-
tion by urea was studied by incubating 0.5 mg/mL purified
enzyme with 20 mM histidine, 150 mM KCl, and various concen-
trations of urea for 24 h at 0 °C. The enzyme activity was then
assayed at 37 °C, as described above. The effect of urea on
inactivation by NEM was studied by first incubating the enzyme
in 150 mM KCI, 5 mM CDTA, and 20 mM histidine containing
different concentrations of urea for 30 min at 22 °C. Then 2 mM
NEM was added, and activity measurements were performed at
37 °C after incubation at 22 °C for different periods of time.

Prelabeling of Na,K-ATPase Membranes with NEM.
Prelabeling of shark Na,K-ATPase with NEM to block class I
—SH groups was performed as follows (/0). Na,K-ATPase
(~1 mg/mL) was incubated at 20 °C with 0.1 mM NEM in
30 mM histidine (pH 7.0 at 23 °C), SmM CDTA, 150 mM KCl,
and 36% (v/v) glycerol for 60 min. The reaction was stopped by
addition of | mM 2-mercaptoethanol, and the membranes were
washed by centrifugation in 20 mM histidine (pH 7.0 at 20 °C)
and 25% (v/v) glycerol at 200000g. Three centrifugations in
27 mL tubes were sufficient to remove residual reaction medium.
The prelabeled shark enzyme was stored in 20 mM histidine and
25% (v/v) glycerol at —20 °C. Prelabeling of pig kidney Na,K-
ATPase followed the same route, except that 10 mM NEM was
used, and the reaction was stopped by addition of an equal
volume of 20 mM histidine (pH 7.0 at 20 °C) and 10% (v/v)
glycerol containing 12 mM 2-mercaptoethanol. The membranes
were washed twice by centrifugation in 20 mM histidine, 250 mM
sucrose, and 1 mM EDTA (pH 7.0) at 200000g and stored in this
buffer. The NEM-prelabeled enzymes had more than 90% of the
initial specific activity.

Spin Labeling of Class II Sulfhydryl Groups. The mal-
eimide nitroxide spin-label derivative 5-MSL was obtained from
Sigma-Aldrich, Inc. (St. Louis, MO). Selective spin labeling of
the class II —SH groups, which are essential for the overall Na,K-
ATPase activity, was performed as follows (9). Prelabeled shark
Na,K-ATPase was incubated with 100 uM 5-MSL at 37 °C in
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30 mM histidine (pH 7.4 at 37 °C) in the presence of 150 mM
KCl, 5mM CDTA, and 3 mM ATP (Tris salt). The reaction was
stopped by addition of 1 mM 2-mercaptoethanol, and the
membranes were washed by centrifugation at 200000g in
20 mM histidine (pH 7.0 at 20 °C) and 25% (v/v) glycerol.
Under these conditions, more than 90% of the label resides in the
a-subunit (ref /0, with molecular masses of 8.8, 29, and 100 nmol/
mg for o-, f-, and y-subunits, respectively). The spin-labeled
shark enzyme was stored in 20 mM histidine and 25% (v/v)
glycerol at —20 °C. The residual activity was approximately 10%
of that of the unlabeled enzyme. Pig kidney Na,K-ATPase was
spin labeled in a similar fashion, except that 1.0 mM 5-MSL was
used. The washing buffer contained 20 mM histidine, 250 mM
sucrose, and 1 mM EDTA (pH 7.0), and the membranes were
stored in this buffer. The residual activity of MSL-labeled pig
kidney Na,K-ATPase was approximately 20% of that of the
unlabeled enzyme.

EPR Spectroscopy. Samples for EPR spectroscopy were
prepared according to the following protocol (15): 3 mg of Na,K-
ATPase spin labeled with 5-MSL were incubated for 10 min at
22 °C with 9.7 mL of buffer containing 30 mM histidine (pH 7),
100 mM KCl, 5mM CDTA, and varying concentrations of urea.
Membranes were pelleted by centrifugation at 100000g at 10 °C
for 45 min, and the pellet was then taken up into a 100 uL glass
capillary and used for EPR measurements. Variable-temperature
measurements were performed from 0 to 37 °C, over a period of
hours. At the end of each temperature series, the spectrum was re-
recorded at 0 °C to check that no time-dependent changes had
taken place during the period of the experiment. A further control
experiment indicated that no time-dependent changes occurred
upon incubation of the sample for 14 hin 4 M urea at 0 °C. After
each set of variable-temperature measurements, the sample was
washed with 10 mL of buffer containing 30 mM histidine (pH 7),
100 mM KCI, and 5 mM CDTA to remove urea and pelleted by
centrifugation at 100000g and 10 °C for 45 min. The pellet was
then taken up again in a 100 uL glass capillary and used for
further EPR measurement.

EPR measurements were carried out on a 9-GHz Bruker
(Rheinstetten, Germany) EMX-EPR spectrometer with a model
ER 041 XK-D microwave bridge and equipped with nitrogen gas
flow temperature regulation. Samples in 1 mm inner diameter
glass capillaries were placed in a standard quartz EPR tube,
which contained light silicone oil to maintain thermal stability.
Temperature was measured with a fine-wire thermocouple posi-
tioned in the silicone oil just above the EPR cavity. The spectro-
meter settings were as follows: sweep width, 100 G; modulation
amplitude, 1.25 G; time constant, 10 ms; modulation frequency,
100 kHz; microwave power, S mW.

Simulation of rotationally averaged isotropic spectra was
performed with Symphonia (Bruker Spectrospin, Rheinstetten,
Germany). These simulated isotropic spectra could be used for
spectral subtraction and quantification of the mobile spectral
component at high temperatures.

Thermodynamics of Unfolding. According to the linear
extrapolation model (24, 25), the isothermal free energy of
unfolding depends upon denaturant concentration, [urea],
according to

AGy = AGH® —mglurea] (1)

where AGH© is the difference in free energy between the
denatured and native states in the absence of denaturant and
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mg is a constant. The free energy of unfolding is obtained from
the equilibrium constant, Ky, by

AGU = —RTIn KU (2)

where T is the absolute temperature and R is the ideal gas
constant. Assuming a two-state transition (N to U), the equilib-
rium constant for unfolding is given by

Ky =fu/(1-/v) (3)

where f; is the fraction of unfolded protein (fy + fy = 1). From
eqs 1—3, the population of unfolded protein is given by
1

" 1exp|(AGTO —mg]urea])/RT]

(4)

which provides a means of determining the intrinsic free energy of
unfolding, AGH©, from the dependence on denaturant concen-
tration.

Generalization to a sequential, multistate equilibrium model
for unfolding:

Ky, Ku,» Ku,s Ku,» Ku, ni1
N——T, 1, . ’ I, U

yields the following expression for the fraction of non-native
(total unfolded) protein (26):

%1 exp[ —(AG™© —m,[urea])/RT]
=N = i:nl+1 ()
14+ 57 exp[—(AG™© —m;[urea]) /RT]

i=1

where in terms of the parameters for the individual steps, J:

GH’O Z AGH 0 andm; = Z mg,; with a free energy change

j=1
at each step of AGy,; = AGH°O —mg,;lurea] = —RT In(Ky,;).
Relative to a reference temperature T,, the enthalpy and
entropy of unfolding at temperature 7 are given by

AHPO(T) = AHo+AC,(T—T,) (6)
and

ASIEO(T) = AS,+AC, In(T/T,) (7)

where AH,, and AS, are the enthalpy and entropy of unfolding,
respectively, at temperature T, in the absence of denaturant and
AC, is the change in heat capacity on unfolding. If T, is taken to
be the midpoint of the thermal transition in the absence of
denaturant, i.e., the temperature (7p) at which the free energy of
unfolding is zero (AGH® = 0), then

AHp = TpASp (8)
From eqs 6 and 7, the temperature dependence of the free energy
of unfolding in water is therefore given by
AGHO(T) = AHp(1—T/Tp)+AC, [T —Tp —T In(T/Tp)]
©)

where substitution of ASp has been made from eq 8.

RESULTS

EPR Spectra at Different Temperatures. The EPR spectra
of Na,K-ATPase from shark salt gland labeled with 5-MSL on
class IT —SH groups are shown as a function of temperature in the
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FIGURE 1: Temperature dependence of the EPR spectra from shark
(left-hand panel) and kidney (right-hand panel) Na,K-ATPase spin
labeled at class II —SH groups with the maleimide nitroxide deriva-
tive 5-MSL (pH 7.4). S and W are the m; = + 1 manifolds of the
strongly and weakly immobilized components, respectively. The
dashed lines in the low-field region of the 37 °C spectrum represent
the results of subtracting a simulated W-component spectrum that is
used to calibrate the normalized line height ratios. 0 °C rep (bottom
line) corresponds to the spectrum obtained at 0 °C after the measure-
ment up to 37 °C. Total scan width is 100 G.

left-hand panel of Figure 1. Corresponding EPR spectra of Na,K-
ATPase from pig kidney, also labeled with 5-MSL according to
the class I1 protocol, are shown in the right-hand panel of Figure 1.

The temperature dependences of the EPR spectra of Na,K-
ATPase labeled at class IT —SH groups indicate an increase in the
line height of the weakly immobilized spin-label population (W)
with increasing temperature, relative to that of the strongly
immobilized component (S), and this effect is completely rever-
sible (see the bottom spectrum on the right in Figure 1). This
temperature dependence is due, at least in part, to the differential
sensitivity of the two components to rotational motion. The line
widths of the weakly immobilized component decrease, whereas
those of the strongly immobilized component increase very
slightly (accompanied by a small decrease in outer splitting),
with increasing temperature. The latter is consistent with an
increasing degree of (segmental) motion of the strongly immo-
bilized groups in the slow motion regime of conventional EPR
spectroscopy (27). Because of the large difference in the spectral
range of the two components, the line heights in the first-derivative
spectra do not directly reflect the relative proportions of the weakly
and strongly immobilized spin labels. Temperature-induced spec-
tral changes of Na,K-ATPase from both sources are completely
reversible, also in the presence of urea (data not shown).

EPR Spectra of Spin-Labeled —SH Groups in the Pre-
sence of Urea. The EPR spectra of 5-MSL-labeled Na,K-
ATPase membranes from shark salt gland and from pig kidney
in different concentrations of urea (pH 7.4), recorded at 4 °C, are
shown in the left-hand and right-hand panels, respectively, of
Figure 2. The amplitude of the weakly immobilized component,
relative to that of the strongly immobilized component, increases
with increasing urea concentration. For all urea concentrations,
the EPR spectra (including the relative intensities of the mobile
and immobile components) of 5-MSL-labeled Na,K-ATPase
from both sources are reversible after urea has been removed
from the samples (see the bottom spectra in Figure 2).
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FiGURE 2: EPR spectra of Na,K-ATPase membranes from shark salt
gland (left-hand panel) and pig kidney (right-hand panel) spin-
labeled at class I —SH groups with 5-MSL. Spectra are shown for
samples at 4 °C in increasing concentrations of urea, as indicated.
S and W are strongly and weakly immobilized components, respec-
tively. The bottom spectra (8 M rem) are from samples treated with
8 M urea, which was then removed. Total scan width is 100 G.

200 1 1 1 1 1 1 1 1
—mu— 0 Murea .
—0—05M kldney
1504 —A—1M .
—o—2M
—e—3M _— 6M
—o—4M v
1001, 22—
S i s e
‘©® 50 M——-——O———-‘—"’ ]
~_ —A 9
‘55 0 -H—————————————+
< shark
o, A A
£7150 o 4
s
1004 o— 00— 06— 00— o ————0—_o4 |
O—, )
T
50 N o——=a
A A A _——n
o — — "
0

T T T T T T T T T
0 5 10 15 20 25 30 35 40
temperature (°C)

FIGURE 3: Temperature dependence of the line height ratio (/w/hs)
of the low-field resonances from the weakly and strongly immobilized
EPR spectral components (W and S, respectively), normalized with
the square of the peak-to-peak line width (ABY) of the W-line, for
spin-labeled Na,K-ATPase in the concentrations of urea indicated. 5-
MSL is bound to class I sulfhydryl groups of Na,K-ATPase from pig
kidney (top panel) and shark salt gland (bottom panel).

Urea-Induced Unfolding. The EPR spectrum is displayed as
the first derivative of the absorption spectrum. Double-integrated
intensities of the two spectral components are directly propor-
tional to the populations of the two species giving rise to the
spectral components. The ratio iy x (ABY)*/hs, where ABY is
the peak-to-peak line width of the low-field weakly immobilized
line, is proportional to the ratio of integrated intensities of the
two spectral components, assuming that the width of the strongly
immobilized component [i.c., ABS®] does not vary greatly
because this spectrum is in the slow-motion regime.
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FIGURE 4: Fraction, fy, of the weakly immobilized component in
the EPR spectra of shark (top panel) and kidney (bottom panel)
Na,K-ATPase labeled with 5-MSL (pH 7.4), as a function of
urea concentration, at different temperatures. 5-MSL is covalently
bound to class II sulfhydryl groups. Solid lines are least-squares fits of
eq 10.

Figure 3 shows the temperature dependence of the ratio of the
low-field line heights of the weakly (W) and strongly (S) immo-
bilized components, normalized with the square of the peak-to-
peak line width of the W-line, from EPR spectra of urea-treated
Na,K-ATPase labeled with 5-MSL. In the absence of urea, the
normalized ratio varies relatively little with temperature, indica-
ting that the population of weakly immobilized spin-labels does
not increase greatly as the temperature increases.

On the other hand, the normalized line height ratio increases
with increasing urea concentration (at constant temperature),
indicating that unfolding of the protein in urea leads to an
increase in the population of weakly immobilized —SH groups
at the expense of the strongly immobilized —SH groups. The
normalized line height ratio is also more sensitive to temperature
in urea-treated samples. For the kidney enzyme, this sensitivity
increases with increasing urea concentrations, as reflected by the
slope of the line (Figure 3). The change in normalized line height
ratio with increasing urea concentration is reversible after urea
has been removed (see Figure 2).

The absolute intensity ratios can be calibrated with spectral
subtraction and double integration by using a simulated isotropic
spectrum for the weakly immobilized single component at a high
temperature [37 °C (see Figure 1)]. This is then used to calibrate
the normalized line height ratios in Figure 3, via the 37 °C data.
The fractional populations of weakly immobilized —SH groups
in the EPR spectra of shark and kidney Na,K-ATPase that are
obtained in this way are given as a function of urea concentration,
at different temperatures, in Figure 4.

The increase in the population of weakly immobilized
spin-labeled —SH groups follows characteristic urea-induced
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FIGURE 5: Temperature dependence of the free energy of unfolding,
AGH© in water (top panel) and the coefficient, mg, of the depen-
dence on urea concentration (bottom panel) (see eq 1) for shark (@)
and kidney (M) Na,K-ATPase from EPR spectra of spin-labeled class
IT —SH groups. Solid lines in the top panel are least-squares fits of eq
9 (dotted lines are fits with fixed T values of 318 and 328 K for shark
and kidney, respectively).

unfolding curves (cf. eq 4), which display cooperativity with
midpoints in the region of 1.8 and 2—2.5 M urea, for shark and
kidney enzymes, respectively. The fraction of weakly immobi-
lized groups increases with increasing temperature in both the
folded and unfolded states. In the case of the kidney enzyme, an
approximately linear increase in the weakly immobilized popula-
tion is superimposed upon the unfolding transition. The solid
lines in Figure 4 are least-squares fits of the following expression
for the fraction, fw, of mobile groups that is based on eq 4 for the
fraction of urea-unfolded protein:

N

N
1+exp[(AG{® —mg]urea])/RT] Fwtfolureal

Jw([urea]) =
(10)

where f\ and fi are the fractions of the mobile spectral
component in the unfolded (U) and folded (N) states, respec-
tively, assuming a two-state process. The final term, f [urea], is
included to allow for a possible linear baseline increase with
increasing urea concentrations that was mentioned in connection
with the unfolding curves for the kidney enzyme.

The values of AGH©, the effective free energy of unfolding in
water, and mg, the coefficient governing the steepness of urea-
induced unfolding, that are obtained from fitting eq 10 to the
EPR-detected unfolding curves, assuming a two-state process,
are given in Figure 5. The effective free energy of unfolding
increases initially with temperature and then reaches a maximum,
whereas mg increases more or less progressively. Fits of the
thermodynamic predictions of eq 9 to the temperature depen-
dence of AGH are given by the solid lines in Figure 5. Table 1
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Table 1: Apparent Thermodynamic Parameters for Na,K-ATPase from
Shark Salt Gland and Pig Kidney, Deduced from the Temperature
Dependence of Urea-Induced Unfolding Curves According to eqs 1 and 9

shark kidney
AGH© at 37 °C (kJ mol ") 6.7+0.3 9.7+0.7
AHp (kJ mol™") 139 + 14 130 + 18
AC, (k] mol ' K™") 35407 24+0.8
Tp (K) 337 4 6 (318)° 355 + 14 (328)"

“Heat capacity maximum in differential scanning calorimetry (/7).
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FIGURE 6: Effect of urea on inhibition of shark Na,K-ATPase
(0.5 mg/mL) by N-ethylmaleimide. Enzyme was incubated with
150 mM KCI, 5mM CDTA, and 20 mM histidine and with different
concentrations of urea at 22 °C. NEM (2 mM) was added to enzyme
after incubation for 30 min in the different concentrations of urea.
Activity measurements were performed at 37 °C. Controls without
NEM in 0 (W) and 0.5 M urea (O). Samples with 2 mM NEM added
after preincubation for 30 min with 0 (@), 0.5 (O), 0.75 (a), 1 (»), 1.5
(®), and 1.75 (&) M urea. Specific activity values are given in
micromoles of P; liberated per milligram of protein per minute. The
time dependence of inactivation is fitted by a double-exponential
function. The inset shows the rate constant for rapid inactivation of
Na,K-ATPase activity (l) and K-dependent pNPPase partial reac-
tion (O), as a function of urea concentration.

lists the effective thermodynamic parameters for shark and
kidney enzymes that are deduced from these fits.

Inactivation by Reaction with N-Ethylmaleimide. To
parallel the results obtained with maleimide spin-label reporters
attached to class IT —SH groups (i.e., those essential to activity),
we studied the effects of urea on the rate of inactivation of the
Na,K-ATPase by covalent modification of class II groups with
NEM. Figure 6 shows the time course of inactivation of the shark
enzyme by NEM at 22 °C after preincubation with different con-
centrations of urea for 30 min. The presence of 0.5 M urea already
doubles the inactivation rate, and in 1.5 M urea, inactivation by
NEM becomes ~16 times more rapid. The inset of Figure 6 shows
the dependence of the rate constant for inactivation by NEM on
urea concentration. In the absence of NEM, on the other hand, Na,
K-ATPase activity is unaffected by urea over this time period
[Figure 6 (O)]. A control experiment showed that removal of urea,
after a 30 min incubation, restored the lower NEM sensitivity of the
native enzyme (data not shown). Similar results for the urea
dependence of the NEM-induced inactivation were also obtained
for the K" -dependent p-nitrophenylphosphatase partial reaction of
the shark enzyme [inset of Figure 6 (O)].
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FiGURE 7: Dependence of the specific activity (®) and fraction of
mobile spin-labeled —SH groups (M) of shark (top panel) and kidney
(bottom panel) Na,K-ATPase on urea concentration. Specific activ-
ity corresponds to the ATP hydrolysis activity remaining after
incubation of the enzyme in urea for 24 h at 0 °C. Mobile component
represents the increase in the weakly immobilized population at 0 °C
with increasing urea concentrations, in the EPR spectra of 5-MSL-
labeled Na,K-ATPase (pH 7.4) class II —SH groups. Similar buffer
conditions were maintained in both experiments.

DISCUSSION

Most of the class II —SH groups in native Na,K-ATPase
(~95%) are immobilized on the nanosecond time scale of conven-
tional EPR, for both shark and kidney enzymes (Figures 1 and 2).
The relative proportions of weakly and strongly immobilized
components in the EPR spectrum are not responsive to the binding
of Na,K-ATPase-specific ligands (10). Therefore, the two spectral
components most likely correspond to the labeling of different
—SH groups. In any case, the weakly immobilized groups con-
stitute a minor population, in the absence of urea.

Treatment with urea converts part of the strongly immobilized
class II groups into a weakly immobilized state. For kidney
Na,K-ATPase, a small proportion of this population increases
linearly with urea concentration. However, for both ATPases, the
major increase in mobile population occurs with a dependence on
urea concentration that resembles the cooperative unfolding
predicted for a two-state model by eq 4. The increase in the
population of mobile groups corresponds to those natively
immobile groups that are involved in the unfolding process.
Depending on temperature, and on the species, the fraction of
immobilized class II groups that becomes mobile at high urea
concentrations can be up to slightly more than half. This
incomplete degree of conversion suggests that only part of the
protein is unfolded in high concentrations of urea. It is likely that
the transmembrane regions of the protein remain largely un-
affected by urea, as is found also to be the case for thermal
unfolding of Na,K-ATPase, for which the specific excess heat
capacity is considerably lower than that for unfolding of soluble
globular proteins (/7). Also, both the stoichiometry and selectiv-
ity of lipid—protein interactions, monitored by the EPR spectra
of spin-labeled stearic acid (28, 29), are practically unchanged in
8 M urea (data not shown), therefore evidencing no change in the
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transmembrane sector. From the protocol and kinetics of label-
ing, it is possible that up to 50% of the class II groups are
localized in the transmembrane sector (/4). Recent pulsed EPR
results on the accessibility of D,O to spin-labeled class I and class
II groups are consistent with this suggestion (30).

Structure— Function Stability Correlation. Figure 7 com-
pares the EPR-detected urea-induced unfolding curves for shark
and pig kidney Na,K-ATPase at 0 °C, with the loss of overall
Na,K-ATPase activity upon incubation of the enzyme in urea at
0°Cfor 24 h, prior to the standard enzymatic assay. It is seen that
Na,K-ATPase from pig kidney is structurally and functionally
more stable than Na,K-ATPase from shark salt gland. The
denaturant midpoints are 2.25 and ~2.4 M urea for inactivation
and unfolding of the kidney enzyme, respectively, and are
~1.8 M urea for both inactivation and unfolding of the shark
enzyme. These results on isothermal unfolding are consistent
with the difference in thermal stability of Na,K-ATPase from the
two sources, as determined by calorimetry (/7).

The structural and functional stability differences of Na,K-
ATPase from shark and kidney could arise from differences in
amino acid sequence between the two enzymes. These are located
in the extramembranous part of the protein (see the red spheres in
Figure 8), which is likely the site of action of urea-induced
unfolding. It should be noted that the fraction of weakly
immobilized 5-MSL in kidney Na,K-ATPase treated with 6 M
urea is larger than that in 3 M urea (Figure 7). This means that the
enzyme molecules are not unfolded completely in 3 M urea,
although ATP hydrolysis activity is totally lost. Full inactivation
occurs before unfolding of the protein is completed.

Three of the amino acids that are not homologous between
shark and pig are indicated specifically in Figure 8 (right panel).
These are known to have a structural role in Na,K-ATPase
function. Argl005 of kidney (Ser1012 in shark) is involved in
regulation by the membrane potential, through alteration of the
affinity of the third electrogenic Na™ ion site as part of an
arginine cluster (/). Ser718 of kidney (Leu725 of shark) partici-
pates in coordination of a regulatory cytoplasmic K ion (31).
Glu307 of kidney (Gly314 of shark) is important for the function
of the pump under harsh environmental ionic conditions,
through regulation of the affinity for external Na® (32). If the
stronger effect of urea on stability of the shark enzyme than on
that of the kidney enzyme is related to one of these three
nonhomologous residues, the stronger candidate would probably
be Ser718, which is positioned well away from the bilayer core
(the two other residues are close to the bilayer and associated with
o-helical structures that might be more resistant to urea).
Further, the extent of homology between the S-subunits (81%)
and between the y-subunits (57%) of shark and pig Na,K-
ATPases is less than that between the a-subunits (94%). This
could also be a contributory factor to the species difference, if the
smaller subunits are important for enzyme stability.

For both enzymes, the unfolding monitored by the increase in
the population of weakly immobilized —SH groups, although
having a similar midpoint, takes place over a broader range of
urea concentrations than does the loss of enzyme activity, even
after subtraction of a linearly sloping baseline (see Figure 7). To
explore potential functional effects of unfolding at urea concen-
trations lower than that which has any effect on the overall Na,K-
ATPase activity, we checked the effects of urea on the rate of
inactivation of the enzyme activity by NEM (see Figure 6). Very
low concentrations of urea produce reversible unfolding of
Na,K-ATPase; this reversible unfolding does not affect overall
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F1GURE 8: Crystal structures of Na,K-ATPase from (left) pig kidney (/) (PDB entry 3b8e) and (right) shark salt gland (2) (PDB entry 2zxe).
The a-subunit is shown in green, and the 8- and y-subunits in purple and orange, respectively. Cysteine residues are depicted as blue spheres,
and amino acids not homologous between pig and shark enzymes are highlighted as red spheres in the left panel. The number and positions of
the cysteine residues in the o-subunit are identical for shark and kidney Na,K-ATPases. Only one nonhomologous amino acid (Alal31 in
kidney and Thr138 in shark) is located in the transmembrane region. In the right panel, three nonhomologous amino acids (red spheres) marked
with arrows (Gly314, Leu725, and Ser1012 in shark; Glu307, Ser718, and Argl005 in kidney) are known to have clear functional roles (see

the text).

ATPase activity (see Figure 7). However, this partial unfolding
facilitates the reaction of NEM with class II —SH groups, which
leads to rapid enzyme inactivation.

Thermodynamics of Unfolding. The EPR detection of urea-
induced unfolding allows estimation of effective thermodynamic
parameters governing the overall unfolding process. The
values given in Table 1 can be compared with calorimetric
measurements of thermal unfolding of the two Na,K-AT-
Pases (17). The value of Tp deduced for the kidney enzyme is
greater than that for shark, in line with the relative positions of
the heat capacity maxima for thermal unfolding of the two
proteins. However, the absolute values of Tp obtained from
fitting the temperature dependences of the denaturant-induced
unfolding are greater than the midpoint temperatures for
thermal denaturation in the absence of urea. The dotted lines
in Figure 5 show the results of fitting eq 9 with T, fixed equal
to the temperature of the calorimetric maximum in excess heat
capacity. Also, the effective unfolding enthalpy (AHp) is much
lower than that of even a single component in the multi-
component denaturation endotherms. These latter range from
335 to 580 kJ mol ™! for the shark enzyme and from 410 to
815 kJ mol ™" for the enzyme from pig kidney (/7). Addition-
ally, it is evident from Figure 7 (cf. eq 4) that the effective
free energy of unfolding that is deduced from activity mea-
surements (AGH® = 21.5 + 2.3 kJ mol™ ! and mg = 9.7 +
1.0kJ mol~" M~ for kidney) is much greater than that associated
with the transition to a mobile population of —SH groups
(AGH® = 55+ 1.3 kI mol™" and mg = 2.3 + 0.5 kJ mol !
M ™! for kidney). This difference is also observed for the shark
enzyme, for which the effective free energy of unfolding deduced

from activity measurements (AGH° = 28.8 £ 6.0 kJ mol ™" and
mg = 16.2 £ 3.4 kI mol™' M~ for shark) also is much greater
than that associated with the transition to a mobile population
of —SH groups (AG{°® = 3.55+ 0.6 kI mol ' and mg = 2.1 +
0.15 kJ mol " M~ for shark).

Quite possibly, thermal denaturation gives rise to a greater
degree of unfolding than that which results from the limited
accessibility of urea to the membranous enzyme. Another
possible reason for the apparent difference between thermal
and urea-induced unfolding is that conversion from immobile
to mobile —SH groups may involve “softer” interactions than
those governing the transition to an unfolded or denatured
state, although they must be strongly influenced by the latter.
Hence, limited conversion to mobile groups may precede global
unfolding and possibly may even continue further beyond
this event. In this connection, it is interesting to note that
site-directed spin labeling of the FepA protein has revealed
different denaturant unfolding sensitivities depending on the
local environment (33).

A further reason for differences in the effective values deduced
for the thermodynamic parameters is seen in Figure 6. Con-
formational changes that increase the accessibility of NEM to
those —SH groups, which are essential for enzyme activity,
precede the unfolding event that abolishes overall Na,K-ATPase
activity. Whereas the dependence of the population of mobile
groups on denaturant concentration can be modeled adequately
by a two-state transition (eq 10), this does not exclude the
possibility that other transitions take place but are unresolved
from the main unfolding transition. The inactivation data, which
are given in the inset of Figure 6, suggest one possible such
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FiGURE9: Simulation of four-state unfolding (N RN I
K2, Kus, Q) of shark Na,K-ATPase at 4 °C (M, experimen-
tal data), as a function of urea concentration. The solid line is a
calculation according to equl for two intermediates, with the
following parameters: AGU?? = 119 kJ mol ', mg, =
5.75kImol ' M, AGH® = 29.7 kI mol™!, mg, = 6.15 kI mol ™!
M~ and AGHS = 15.0 kI mol ™!, mg3 = 1.67 kI mol ' M™",

pretransition occurring at lower urea concentrations and/or with
lower cooperativity, mg.

Multistate Unfolding. For unfolding that involves more
than one step, generalization of eq 10 (on the basis of eq 5)
gives the following expression for the total fraction of mobile
spin-labeled —SH groups:

n+1

(fw = ") exp=(AG;® —mi[urea])/ RT]
i=1

for((ureal) == v
14+ 37 exp[—(AG™ —m[urea])/ RT]
i=l1

(11)

where fij; is the fraction of mobile spectral component in state I;.
With this nomenclature, I, is the native state (N), in the absence
of urea, and I, is the final unfolded state (U). Figure gives the
predictions of eq 11 for four-state unfolding (e, n = 2
intermediates), compared with the experimental results for shark
Na,K-ATPase at 4 °C. For this simulation, the parameters
AGE?IO and mg; that govern the first step are fixed at values
that give unfolding at low urea concentrations where inactivation
by NEM is already found (inset of Figure 6). Similarly, AGLS
and mg, are fixed at values close to those characterizing
inactivation of the overall Na,K-ATPase reaction (top panel of
Figure 7). Under these constraints, two steps are insufficient to
describe the whole of the unfolding detected by the increase in
population of mobile spin labels. A third unfolding step, i.e., a
second intermediate, is the minimum that is required to simulate
the complete unfolding curve. An adequate description of
the data can be achieved with this four-state model
N KLui,q K Ku3, U but the pronounced structure
evident in the simulation will be smoothed out by inclusion of
further intermediate steps. This would result in a broad sigmoidal
envelope that is well fit by a two-state model with lower
cooperativity, as is found experimentally. Most probably, an
extended hierarchy of structural transitions is involved in the
unfolding of a protein with the degree of complexity of the
Na,K-ATPase.
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The simulation in Figure is able, therefore, to reconcile
the different sensitivities to unfolding that are registered by
the various functional and structural indicators. This strongly
suggests that a multistep unfolding takes place via several
intermediates, not all of which are necessarily as distinct as those
recorded by the functional activities or the minimal three-step
model of Figure .

CONCLUSION

Urea-induced structural changes lead to the inhibition of
Na,K-ATPase activity. Structural changes detected by EPR
spectroscopy are reversible over the whole range of urea con-
centrations (0—8 M), although activity loss is always irreversible.
The structure at the cytoplasmic side is more flexible and fragile
relative to the transmembrane part of the Na,K-ATPase and thus
is more sensitive to the effect of denaturant. Conformational
changes at the active thiol groups of these enzymes indeed take
place before unfolding of the enzymes as a whole together with
enzyme inactivation. Na,K-ATPase from pig kidney is not only
more stable to thermal denaturation but also more stable to urea-
induced denaturation, relative to the Na,K-ATPase from shark
salt gland.
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