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ABSTRACT Spin labels based on cinobufagin, a specific inhibitor of the Na,K-ATPase, have proved valuable tools to charac-
terize the binding site of cardiotonic steroids (CTSs), which also constitutes the extracellular cation pathway. Because existing
literature suggests variations in the physiological responses caused by binding of different CTSs, we extended the original set of
spin-labeled inhibitors to the more potent bufalin derivatives. Positioning of the spin labels within the Na,K-ATPase site was
defined and visualized by molecular docking. Although the original cinobufagin labels exhibited lower affinity, continuous-
wave electron paramagnetic resonance spectra of spin-labeled bufalins and cinobufagins revealed a high degree of pairwise
similarity, implying that these two types of CTS bind in the same way. Further analysis of the spectral lineshapes of bound
spin labels was performed with emphasis on their structure (PROXYL vs. TEMPO), as well as length and rigidity of the linkers.
For comparable structures, the dynamic flexibility increased in parallel with linker length, with the longest linker placing the spin
label at the entrance to the binding site. Temperature-related changes in spectral lineshapes indicate that six-membered nitro-
xide rings undergo boat-chair transitions, showing that the binding-site cross section can accommodate the accompanying
changes in methyl-group orientation. D2O-electron spin echo envelope modulation in pulse-electron paramagnetic resonance
measurements revealed high water accessibilities and similar polarity profiles for all bound spin labels, implying that the vesti-
bule leading to steroid-binding site and cation-binding sites is relatively wide and water-filled.
SIGNIFICANCE The extracellular access channel for the cations of the Naþ,Kþ-ATPase overlaps with the enzymes’
binding site for cardiotonic steroids. Attachment of a spin label to bufadienolide (a cardiotonic steroid) core through linkers
of different lengths places the reporting group in various positions in this cavity and allows characterization of its size and
properties by electron paramagnetic resonance techniques. The ability of the nitroxide rings of the probes to undergo chair-
boat conformational transitions as well exposure of all spin labels (independently of the linker lengths) to high water
concentration revealed that the cavity is wide and water-filled. Docking simulations allow us to relate these findings to a
crystal structure of the E2P conformation of the Naþ,Kþ-ATPase.
INTRODUCTION

The Naþ,Kþ-ATPase, or sodium pump, is a complex of
three integral membrane proteins. The a-subunit contains
the hydrolytic site and all ligand-binding sites, spans the
membrane 10 times, and has a large intracellular part,
whereas accessory (b) and regulatory (g) subunits each
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possess one transmembrane helix (1,2). The enzyme plays
a central role in the homeostasis of animal cells (3); it main-
tains ion gradients across the plasma membrane and may
participate in signal transduction by initiating different cas-
cades within the cell. Naþ,Kþ-ATPase is the primary phar-
macological receptor for cardiotonic steroids (CTSs, cardiac
glycosides). The ability of these compounds to inhibit
Naþ,Kþ-ATPase, with concomitant effect on intracellular
Ca2þ-concentration, has long been the rationale behind
use of CTSs in treatment of heart failure. The newly
described receptor function of the enzyme, however, opens
up the possibility for other mechanisms of inhibitor action
and makes the Naþ,Kþ-ATPase an attractive target for
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drug development. The CTSs, natural inhibitors of the
enzyme, are used as ‘‘lead substances’’ for modifications
that increase specificity in their action.

Bufalin and cinobufagin, two major components in
traditional Chinese medicine, both belong to bufadieno-
lides, a subgroup of CTSs with significant pharmacolog-
ical activity against certain types of cancer. There are,
however, reports that the cytotoxic effects are not propor-
tional to the known inhibitory effects on Naþ,Kþ-ATPase
activity. For example, bufalin effectiveness as an anti-
cancer drug was lowest in a row of its derivatives if esti-
mated from the ratio of IC50

Na,K pump/IC50
proliferation (4).

The absence of the direct correlation between inhibition
of the pump activity and the effect on cell proliferation sug-
gests either the existence of CTS targets other than the
Na,K-ATPase or different binding modes of CTSs and the
Na,K-ATPase. This report addresses the second possibility
and compares modes of interaction of spin-labeled bufalin
and cinobufagin derivatives with the Naþ,Kþ-ATPase.

Our custom synthesized CTS derivatives allowed us to
address another issue concerning the environment of the sugar
units attached to the steroid core of many CTSs. Thus, a well-
established method for time-resolved measurements of CTS
interactions with the enzyme is based on the ability of anthro-
ylouabain to change its fluorescence upon binding (5). This
spectral change suggests that the fluorophore attached to
rhamnose experiences a hydrophobic environment of the
site. At the same time, the crystallographic data on the CTS
complexes with the Naþ,Kþ-ATPase (6–8) reveal that sugar
units of the glycosylated representatives reside in a wide cav-
ity exposed to solvent. The most distant of them might reach
as far as the b-subunit of the enzyme. The fact that this part of
the structure is notwell resolved keeps the possibility for tem-
porary interactions with the amino acid residues open. To
obtain the detailed description of interaction between the
Naþ,Kþ-ATPase and individualCTSs, it is therefore desirable
to complement crystallographic information with indepen-
dent evaluation of the polarity of the site and of the mobility
of the distal sugar units.

Earlier, we established the potential of continuous-wave
electron paramagnetic resonance (CW-EPR) spectroscopy
for characterizing the binding site of Naþ,Kþ-ATPase under
physiological conditions (9). For thiswork,we have designed
and synthesized pairwise, congruent spin labels with bufalin
and cinobufagin steroid cores having different lengths of the
spacer arm between the EPR-active nitroxide group (-NO)
and the steroid core, and we have introduced five- (i.e.,
PROXYL) as well as six-membered (i.e., TEMPO) nitroxide
rings (Fig. 1). Their use allows access to different regions
within the binding site, whereas application of high concen-
trations of the competitor ouabain clearly discriminates be-
tween specific and nonspecific interactions (9). The results
reveal no steroid core-related differences in binding modes
of the two spin-label series. Data from both electron spin
echo envelope modulation by D2O (D2O-ESEEM) and
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CW-EPR provide information on 1) water accessibility, 2)
environmental polarity, and 3) rotational mobility in the tem-
perature range between 5 and 50�C for these probes in both
specifically and nonspecifically bound states. Combined
with molecular docking of these probes, based on the crystal
structure of the bufalin-Naþ,Kþ-ATPase complex, EPR re-
sults indicate that the cavity at the entrance of the CTS bind-
ing site is of high polarity, is exposed to water, and allows
various degrees of mobility of the ligands. The cavity is the
very distal part of the pathway connecting cation-binding
sites with the extracellular environment. Its most proximal
part, or access channel, was earlier described aswide andwa-
ter-filled based on pump current measurements and molecu-
lar dynamics simulations of the truncated enzyme (without
ectodomain of the b-subunit) (10). Our results present the
experimental proof that this inference is now valid for native
enzyme.
MATERIALS AND METHODS

General synthetic procedures

Bufadienolides (starting materials), viz. cinobufagin and bufalin, were pur-

chased from Shanxi Chenguang Biological Technology (Shanxi, China)

with purity R98% (high-performance liquid chromatography (HPLC)).

Pyrrolidine-type and piperidine-type nitroxides, specifically 3-carboxy-

2,2,5,5-tetramethylpyrrolidine-1-oxyl and 4-hydroxy-2,2,6,6-tetramethyl-

piperidine, respectively, were purchased from Shanghai Aladdin Reagent

(Shanghai, China) and used without further purification. All other commer-

cially available reagents were used as received unless stated otherwise

(J&K Scientific, Beijing, China). Synthetic procedures for all novel, to

our knowledge, compounds and their detailed characterization are

described in the Supporting materials and methods, Figs. S1–S17, Schemes

S1 and S2, and Tables S1 and S2.
NaD,KD-ATPase and its interaction with the spin
labels

Naþ,Kþ-ATPase from pig kidney microsomal membranes was purified by

treatment with sodium dodecyl sulfate, followed by differential centrifuga-

tion (11). The inhibitory effects of bufalin and cinobufagin spin labels on

Naþ,Kþ-ATPase were determined essentially as reported previously (9).

Results are expressed in percent of the Naþ,Kþ-ATPase activity in the

absence of inhibitor. Kinetic analysis was performed as described in (6).
Sample preparation for CW-EPR

Samples for CW-EPR experiments were prepared as described in (9). This

protocol ensures that samples in the absence of ouabain contain a negligible

amount of nonspecifically bound spin labels. Calculation of the amount of

nonspecifically bound spin label and its relative contribution to the spec-

trum is shown in Figs. 4, B and C, and 6 B of (9).
Sample preparation for D2O-ESEEM pulse EPR

Membrane fractions of the Naþ,Kþ-ATPase were first transferred to a

250 mM sucrose, 20 mM histidine, 0.9 mM EDTA (pH 7.0) buffer contain-

ing D2O by triple washing and centrifugation procedure. Binding of spin

labels to enzyme was carried out essentially as for the CW-EPR



FIGURE 1 Structures of spin-labeled cinobufa-

gins (C) and bufalins (B).

Naþ,Kþ-ATPase inhibitor binding site
experiments, except that D2O instead of H2O was used throughout for

buffers, ouabain solutions, etc.

Samples were frozen and not thawed before EPR spectroscopy. The same

samples were used for CW-EPR experiments at �196�C.
EPR spectroscopy

Conventional CW-EPR spectra were acquired on a 9-GHz ESP-300 spec-

trometer equipped with ER-4201 rectangular TE102 cavity and ER-

4111VT temperature controller (all from Bruker Corporation,Billerica,

MA). For measurements at �196�C, 4-mm sample tubes were first frozen

rapidly in liquid nitrogen and then introduced into a finger Dewar contain-

ing liquid nitrogen. For measurements at higher temperatures, sample cap-

illaries were inserted in a standard 4-mm EPR quartz tube containing light

silicone oil to avoid thermal gradients, and spectra were registered on heat-

ing. Spectra were recorded at a microwave power well below saturation

with 100-kHz field modulation and typically were accumulated 16–25

times to improve the signal/noise ratio.

Pulsed-EPR data were collected at�196�C on a Bruker ELEXSYS E580

Fourier transform-EPR spectrometer at 9 GHz using a MD5 dielectric reso-

nator (Bruker) and CF 935P cryostat (Oxford Instruments, Abingdon, UK).

To obtain ESEEM spectra, three-pulse, stimulated echo (p/2-t-p/2-T-p/2-t-

echo) decays were recorded by using microwave pulse widths of 12 ns, with

the microwave power adjusted to give p/2-pulses. The time delay, T, be-
tween the second and third pulses was incremented from 20 ns in 700 steps

of 12 ns, and the interpulse separation, t, between the first and second

pulses was fixed at 168 ns to maximize the deuterium and proton modula-

tions simultaneously. The magnetic field was set to the maximum of the

EPR absorption. A four-step phase-cycling program was used to eliminate

unwanted echoes. For obtaining standardized ESEEM intensities, the time-

dependent echo amplitudes were processed according to a protocol devel-

oped previously (12,13).

For three-pulseESEEMexperiments, sampleswere frozen rapidly in liquid

nitrogen and then quickly transferred to the precooled cavity at �196�C.
Docking procedures

Protein preparation

The protein model was prepared from Protein Data Bank, PDB: 4RES

(a1b1g subunits) (8) using the Protein Preparation Wizard (14) in Maestro

(Schrödinger Suite 2019) as described elsewhere (15). The resulting model

included disulfide bridges between CysB126-CysB149, CysB159-

CysB175, and CysB213-CysB276; neutral AspA808, AspA926, GluA244,

GluA327, GluA779, and GluA954; histidines HisB212, HisA286,

HisA517, HisA550, HisA613, HisA659, HisA678, HisA875, and HisA912

modeled as the ε-tautomer; and AspA369 as phosphorylated, whereas all

other residues were modeled in the default state.
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Spin-labeled bufadienolide preparation

Spin-labeled bufalin compounds B1, B4, B7, B8, and B9, as well as spin-

labeled cinobufagin compound C8, were all based on bufalin from PDB:

4RES (8) and manually extended using the build panel in Maestro (Schrö-

dinger Suite 2019). The protonation state of each compound was assessed

using Epik (16) and, because radicals are not supported by the force field,

all compounds were modeled with the nitroxide oxygen as negatively

charged.

The compounds were then minimized using a conjugant-gradient algo-

rithm in 5000 steps and subjected to a conformational search using a mixed

torsional and low mode sampling algorithm as implemented in MacroMo-

del (Schrödinger Suite 2019). Both calculations were performed using the

optimized potentials for liquid simulations (OPLS)-2005 force field (17).

The lowest-energy conformation of each compound was used in subsequent

docking calculations.

XP docking calculation

The compounds were docked flexibly into the Naþ,Kþ-ATPase by using the
XP docking procedure in Glide (18) (Schrödinger Suite 2019). The centroid

of the binding site was defined based on the cocrystallized bufalin molecule.

The inner box was 1.0� 1.0� 2.0 nm (x, y, z), and the outer box was 4.6�
4.6 � 5.6 nm. These box sizes were necessary for obtaining poses of the

large ligands within the binding site. Additionally, to increase sampling,

the following settings were altered from the default: the Epik state penalties

were removed from the score, an energy window of 126 kJ mol�1 (30 kcal/

mol) for ring sampling was allowed, an energy window of 837 kJ mol�1

(200 kcal/mol) was allowed for pose retention in the first phase of the dock-

ing calculation, and the expanded sampling option was used. For each

ligand, a maximum of 50 poses were allowed in the final output. Calcula-

tions were performed using the OPLS-2005 force field (17).

Water-accessible volume calculations

Thewater-accessible volumewithin the CTS binding site was calculated us-

ing trj_cavity (19). In the calculation, the binding site was lined by protein

in five out of six dimensions (positive and negative direction of z, y, and z

dimensions). The coordinates of Kþ in site II were taken as a seed point for

starting the site calculation with a cutoff distance of 8 Å to limit the

calculation.
RESULTS

Properties of the bufalin and cinobufagin spin
labels

3b-OH of cinobufagin and bufalin steroid cores was chosen
for derivatization and attachment of a nitroxide group in the
design of these EPR probes. This ensures binding within the
specific site, whereas spacer arms varying in length and
structure determine the position of the spin label in the bind-
ing cavity. Fig. 1 shows structures of seven synthesized EPR
probes, and Figs. S1–S17 and Tables S1 and S2 summarize
the chemical parameters of the EPR probes.
Inhibitory effects of bufalin and cinobufagin spin
labels on NaD,KD-ATPase

As shown by Guo et al. (9), derivatizing the 3b-OH of cino-
bufagin did not prevent specific binding of the product com-
pounds in the CTS binding site. This was also the case for
synthesis of spin labels based on bufalin. Residual
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Naþ,Kþ-ATPase hydrolytic activities after incubation with
varying concentrations of each derivative are shown in
Fig. S18, and the kinetic parameters for inhibition are sum-
marized in Table S3. All compounds exhibit the kinetic
behavior observed for bufalin and cardenolide aglycons in
this particular experimental setup (8). The values of KDiss

are relatively low: all compounds are high-affinity inhibitors
of the Naþ,Kþ-ATPase. However, the Naþ,Kþ-ATPase-in-
hibitor complex dissociates with two different rates: a fast
and a slow one relative to duration of the activity measure-
ment. According to Table S3, the fast-dissociating, (i.e.,
low-affinity) complex represents maximally 1/3 of the total
amount of inhibited enzyme (e.g., spin label B5). Our under-
standing of this phenomenon based on molecular dynamics
is described elsewhere (15). It is unimportant for interpret-
ing the EPR experiments because samples are prepared un-
der equilibrium conditions of ligand binding without
dilution. Both fast- and slow-dissociating complexes have
bound ligand and inhibited Naþ,Kþ-ATPase. Because of
the significant excess of protein (12 mM) over ligand (4
mM), the amount of nonspecifically bound ligand in EPR ex-
periments is negligible in all cases (see (9) for further
details).
CW-EPR spectroscopy

CW-EPR spectra of Naþ,Kþ-ATPase membranes at 26�C,
with and without ouabain, are shown for spin-labeled bufa-
lins B9, B8, and B4 in the upper row of Fig. 2.

Single-component spectra with differing degrees of
anisotropy are seen for the three spin-labeled bufalins (B)
in Naþ,Kþ-ATPase membranes. This indicates different ex-
tents of averaging the spectral anisotropy by rotational
diffusion, for the six spin labels. (By spectral anisotropy,
we mean that spectral positions depend on angular orienta-
tion of the magnetic field to the nitroxide axes shown in
Fig. S22. For a nonaligned sample, this causes a spread in
spectral positions that corresponds to different orientations
of the nitroxide axes to the spectrometer field—a so-called
powder distribution. See, e.g., (20).) The B9 structure in-
cludes a rigid five-membered heterocycle linking the
PROXYL ring with the lactone-steroid core. In the absence
of ouabain (solid lines), this five-membered-ring (i.e.,
PROXYL) nitroxide displays a wide anisotropic spectrum
with sharp outer lines at low- and high-field and peak sepa-
ration, 2Amax, of 6.85 mT. The five-membered-ring bufalin
B8 has the shortest spacer arm between nitroxide spin-label
moiety and lactone-steroid core. Its spectrum displays a
lower degree of anisotropy compared with that of B9,
with 2Amax of 6.34 mTand broader outer extrema. An aniso-
tropic spectrum with yet lower 2Amax-value of 6.09 mT is
displayed by the six-membered-ring bufalin B4 in
Naþ,Kþ-ATPase membranes.

Control spectra in the presence of excess ouabain (Fig. 2,
upper row, dashed line) indicate that all spin-labeled



FIGURE 2 Upper row: CW-EPR spectra at 26�C of bufalin steroids B9, B8, and B4 in Naþ,Kþ-ATPase membranes in the absence (full line) and presence

(dashed line) of 0.5 mM ouabain. Lower row: corresponding CW-EPR spectra of cinobufagin steroids C9, C8, and C4. Central field ¼ 332.5 mT, sweep

width ¼ 10 mT. To see this figure in color, go online.

Naþ,Kþ-ATPase inhibitor binding site
bufalins additionally sample nonspecific loci in Naþ,Kþ-
ATPase membranes. We discussed this previously in (9);
see also (21). The spectra are a superposition of components
characteristic of different rotational mobilities. For B9, an
anisotropic component from the lipid environment directly
adjacent to the Naþ,Kþ-ATPase protein is clearly evident,
FIGURE 3 CW-EPR spectra at 26�C of spin-labeled bufalins B1, B4, B5,

B6, and B7 in Naþ,Kþ-ATPase membranes in the absence (full line) and

presence (dashed line) of ouabain. Central field ¼ 332.5 mT, sweep

width ¼ 10 mT. To see this figure in color, go online.
in addition to a sharp isotropic triplet from spin label parti-
tioned into the aqueous phase. The multicomponent spec-
trum of B8 shows again an outer anisotropic component
from the protein-lipid interface, which here overlaps in the
central region with a less anisotropic component from the
fluid-bilayer environment of the membrane (22,23). Finally,
the spectrum of B4 consists of a large amount of an isotropic
sharp three-line component (from the aqueous bulk phase)
superimposed on residual contributions of anisotropic com-
ponents characteristic for the lipid and lipid-protein environ-
ments of the membrane.

Interestingly, almost identical spectral features charac-
terize the CW-EPR spectra of the corresponding cinobufa-
gin steroids C9, C8, and C4 in Naþ,Kþ-ATPase
membranes, in both the absence and presence of ouabain
(see spectra in the lower panel of Fig. 2). Note that the spec-
tral components identified above for both specific and
nonspecific sites of spin-labeled bufalins agree with those
characterized previously for other spin-labeled variants of
cinobufagin (9).

CW-EPR spectra of six-membered-ring bufalin spin la-
bels with progressively longer linking arm, namely B1,
B4, B5, B6, and B7, are shown in Fig. 3. Control spectra
in the presence of ouabain are also given (dashed lines).
The spectra in Fig. 3 display the three 14N-nitroxide hy-
perfine lines with different degrees of anisotropy. The
spectral anisotropy decreases with length of the linker
from B4 onward by progressively introducing intervening
methylene groups. Indeed (except for B1), the total spec-
tral width and the linewidths at low and high fields
decrease from B4 to B5, B6, and B7. At the same time,
the control spectra in presence of ouabain approach
isotropic patterns with gradually decreasing residual
anisotropy. This is superimposed on a more anisotropic
component that is most evident as a wing at low field
Biophysical Journal 120, 2679–2690, July 6, 2021 2683



FIGURE 4 Temperature dependence of the CW-EPR spectra from spin-labeled bufalins B1, B4, and B5 in Naþ,Kþ-ATPase membranes. Central field ¼
332.5 mT, sweep width ¼ 10 mT.
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and is accompanied by a small sharp isotropic component
from free spin label.

The temperature dependences of the CW-EPR spectra
from the three bufalin lactone-steroids B1, B4, and B5 in
Naþ,Kþ-ATPase membranes are shown in Fig. 4. Each ni-
troxide has the six-membered-ring. For spin-labeled bufalin
B1 with the shorter linker, the spectral anisotropy decreases
progressively on increasing the temperature. The apparent
outermost peak separation, 2Amax, decreases from 4.90 to
4.68–4.47 mT on going from 5 to 25– 45�C. The CW-EPR
spectra of bufalin B4 are characterized by a larger anisot-
ropy at any temperature. This is consistent with a more im-
mobilized steroid core in the binding site. In this sample,
2Amax is 6.66 mT at 5�C and reduces to 6.08 at 25�C and
to 5.52 at 45�C.
FIGURE 5 Left-hand side: decay curves of the three-pulse electron spin

echo amplitude with interpulse spacing, T, for spin-labeled bufalin B7 in

Naþ,Kþ-ATPase membranes hydrated in D2O. Right-hand side: Fourier

transform-ESEEM spectra for samples as in the left panel. T ¼ �196�C.
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CW-EPR spectra from B5 in the binding site of the
Naþ,Kþ-ATPase have lineshapes more similar to those of
B1. We see from their temperature dependence that the
spectral anisotropy is slightly lower for the B5 sample
than for B1 and the effective 2Amax decreases from 5.02
mT to 4.56–4.34 mT on heating from 5 to 25–45�C.
D2O-ESEEM of spin-labeled bufalins

Three-pulse (p/2-t-p/2-T-p/2-t-echo) D2O-ESEEM mea-
surements (24,25) were carried out to detect water accessi-
bility in the entrance cavity of the Naþ,Kþ-ATPase when
sampled by the different nitroxide cardiotonic steroids. As
an example, in the left panel of Fig. 5, we show decays of
the maximal amplitude of the stimulated echo versus the in-
terpulse spacing, T, at fixed t¼ 168 ns, and in the right panel
we give absolute-value frequency spectra obtained by Four-
ier transform for bufalin B7 in the absence and in the pres-
ence of ouabain at �196�C. Note that numerical Fourier
transformation was performed by including specifically
the dwell time between data points (DT ¼ 12 ns), thus
providing machine-independent spectral densities with the
dimensions of time (13). The full set of D2O-ESEEM data
is reported in Fig. S19, A and B.

All decays show two modulations: superimposed on a
slow oscillation with period of �0.4 ms, there is a rapid
oscillation with period of �0.07 ms. The slow modulation
is due to dipolar interaction of the label electron spin with
the 2H-nuclear spin of the D2O molecules, whereas the rapid
modulation arises from interactions of the electron spin with
nearby 1H-protons (12).

The absolute-value ESEEM frequency spectra contain
lines that are centered around the deuterium 2H-Larmor fre-
quency at �2.5 MHz and around the proton 1H-Larmor fre-
quency at �15 MHz. The latter originates from matrix



FIGURE 6 Intensity of the total D2O-peak, Itot, and its broad component,

Ibroad, in ESEEM spectra of different spin-labeled cinobufagins (C; see

Fig. 1 for numbering) and bufalins (B) in Naþ,Kþ-ATPase membranes in

the absence (left column) and presence (right column) of ouabain. T ¼
�196�C. The data represent averages of three measurements with standard

deviations. To see this figure in color, go online.

Naþ,Kþ-ATPase inhibitor binding site
protons, whereas the former is due specifically to the solvent
molecules (12).

In the absence of ouabain, all the samples are character-
ized by an intense deuterium peak with amplitude in the
range 220–260 ns and by a proton peak with amplitude of
�50–60 ns. In the presence of ouabain, the time-domain
ESEEM data show a remarkable reduction in amplitude of
the D2O modulations and an increase of those from
hydrogen nuclei. Correspondingly, the frequency-domain
Fourier transform-ESEEM spectra display a reduced inten-
sity of the deuterium peak at 2.5 MHz and a well-defined
proton peak of amplitude 80–90 ns at 15 MHz.
TABLE 1 Product of equilibrium constant for H-bonding, K,

with effective free water concentration, [W], from 2H-ESEEM

spectra of cinobufagin and bufalin spin labels from NaD,KD-

ATPase membrane dispersions in D2O, and fractions of spin

labels that are hydrogen bonded by one and two water

molecules

Sample K[W] f1W f2W

þouabain

K[W] f1W f2W

C9 0.652 0.478 0.156 0.293 0.350 0.051

C8 0.841 0.496 0.209 0.064 0.113 0.004

C4 0.625 0.473 0.148 0.182 0.260 0.024

B9 0.839 0.496 0.208 0.263 0.330 0.043

B8 0.823 0.495 0.204 0.070 0.123 0.004

B4 0.635 0.475 0.151 0.154 0.232 0.018

B1 0.531 0.453 0.120 0.090 0.152 0.007

B5 0.638 0.476 0.152 0.161 0.240 0.019

B6 0.548 0.457 0.125 0.185 0.263 0.024

B7 0.597 0.468 0.140 0.190 0.268 0.025

Data with and without ouabain are given. f1W, hydrogen bonded by one wa-

ter molecule; f2W, hydrogen bonded by two water molecules.
In all cases, the deuterium 2H-ESEEM spectrum consists
of a sharp component superimposed on a broad component.
The sharp component arises from free D2O molecules not
H-bonded to the spin-label nitroxide -NO group, whereas
the broad component is from D2O molecules H-bonded to
the nitroxide moiety (12). The total amplitude of the deute-
rium ESEEM signal, Itot, is determined by the distance of
the D2O

2H-nuclei from the spin label and by the number
of D2O molecules neighboring the spin label within
0.5 nm (12). This parameter, therefore, gives a direct mea-
sure of the extent of water (D2O) penetration at the nitro-
xide-labeling site.

Fig. 6 reports ESEEM amplitudes Itot and Ibroad for the
spin-labeled cinobufagins and bufalins incorporated in
Naþ,Kþ-ATPase membranes dispersed in D2O in the
absence and in the presence of excess ouabain. From
Fig. 6, it is clearly evident that all spin-labeled cardiotonic
steroids show a comparable high solvent (D2O) intensity,
indicating that the extracellular entrance to the ouabain
binding site of the Naþ,Kþ-ATPase is accessible to water.
In particular, for bufalins B1, B4, B5, B6, and B7, Itot(

2H)
is �220–230 ns and slightly higher for B8 and B9, where
Itot(

2H) is �245–260 ns. The three cinobufagin C4, C8,
and C9 have 2H-ESEEM intensities comparable to those
of the corresponding bufalins B4, B8, and B9, respectively.
Displacement of each cardiotonic steroid from the binding
cavity is accompanied by a large reduction in Itot(

2H). The
greatest difference,DItot(

2H)z 215–225 ns, is found for bu-
falin B8 and the corresponding cinobufagin C8, which have
the shortest linker; a reduction of DItot(

2H) z 185 ns is
found for B1, whereas for all other bufalins, the difference
lies between 115 and 145 ns.
Solvent properties: H-bond formation

Analysis of spin-label D2O-ESEEM intensities gives infor-
mation on H-bonding of water with the nitroxide -NO
group (12). From the intensity of the broad component,
which is due to nitroxides H-bonded to the solvent, it is
possible to evaluate the product of equilibrium constant
for hydrogen bonding, K, and effective concentration of
free water, [W], K � [W], as well as the fraction of nitro-
xides that are singly (f1w) and doubly (f2w) bonded to D2O
as reported elsewhere (12).

Note that parallel studies quantitating resolved H-
bonding states with high-field CW-EPR have confirmed
the reliability of this method based on the 2H-ESEEM inten-
sities (26).

As can be seen fromTable 1, values of theK� [W] product
are in the range 0.5–0.8 for spin-labeled cardiotonic steroids
in the cavity and are much reduced, in the range 0.2–0.4, for
those bound to the membrane but displaced from the cavity.
Correspondingly, f1w is higher than f2w, and both are higher
for spin-labeled steroids in the binding site than at nonspe-
cific loci in Naþ,Kþ-ATPase membrane dispersions.
Biophysical Journal 120, 2679–2690, July 6, 2021 2685



FIGURE 7 Outer hyperfine splitting, 2Azz, in the CW-EPR spectra of

different spin-labeled cinobufagins and bufalins in Naþ,Kþ-ATPase mem-

branes in the absence (open symbols) and presence (solid symbols) of

ouabain. T ¼ �196�C. The data represent averages of three measurements

with standard deviations.

Aloi et al.
The results in Table 1 highlight the difference in proper-
ties of the solvent at the entrance of the hydrophilic binding
site in Naþ,Kþ-ATPase (for samples in the absence of
ouabain) and in the lipid membrane environment (for sam-
ples in excess ouabain).
14N- hyperfine splitting

Pulsed D2O-ESEEM results reported in Fig. 6 for direct wa-
ter accessibility at the entrance to the binding site in
Naþ,Kþ-ATPase are complemented by probing environ-
mental polarity at the spin-label locus based on measure-
ments of the 14N-hyperfine splitting constant, Azz, at
�196�C (cf. 24,27). CW-EPR spectra in the absence and
in the presence of ouabain are reported in Fig. S20, A and
B, respectively. Corresponding values of Azz for the various
spin-labeled cardiotonic steroids in Naþ,Kþ-ATPase are
shown in Fig. 7.

For each cardiotonic steroid in the absence of ouabain, the
nitroxide is located in a region of high polarity (2Azzz 7.1–
7.2 mT), consistent with the binding site being accessible to
the aqueous phase (intense 2H-signal). In the presence of
excess ouabain, the reduction in water accessibility is
mirrored by lower values of Azz. Again, the biggest differ-
ence 2DAzz z 0.6 mT is observed for C8 and B8, which
have the shortest linker, whereas for the other spin labels
it lies in the range 0.2–0.4 mT.
Docking of the spin labels in the inhibitor site and
analysis of the depth of water penetration

For each spin-labeled compound, the docking procedure re-
sulted in a number of allowed poses (N) within the CTS
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binding site of the Naþ,Kþ-ATPase (Table S4). It appears
that the orientation and position of the steroid cores of the
bufalin spin labels (B1, B4, and B7) are very similar to bu-
falin in the crystal structure (PDB: 4RES) (see Fig. 8 A). As
expected, positions of the nitroxide moiety vary with length
of the flexible spacer arm. Although all are able to reach the
loop connecting transmembrane segments aM7–aM8
(Fig. 8 B), the spacer arm of B7 is long enough also to
wrap around loop aM7–aM8 on either side (Fig. 8 C). Over-
all, the binding modes of B4 and B7 are highly similar to
those reported for the cinobufagins C4 and C7 (8). The ni-
troxide of B4 is located between the aM1–aM2 and aM7–
aM8 loops, and B7 can wrap around the aM7–aM8 loop
either in the direction of the aM3–aM4 loop or in the direc-
tion of aM6, as found for C7.

In contrast to B1, B4, and B7, the rather short and rigid
linkers in compounds B8, C8, and B9 prevent their pyrroli-
dine rings from getting close to the loops connecting trans-
membrane helices (Fig. S21). Note that compounds B8, C8,
and B9 score poorly in the docking algorithm because the
empirical scoring function is based on the extent of
ligand-protein contact. The linker and nitroxide of these
compounds are exposed to solvent and do not interact
with the protein, leading to artifactually low (i.e., positive)
scores.

Predictions of the depth of water penetration into the site
were done for the Naþ,Kþ-ATPase-bufalin complex. Fig. 8
D depicts the cavity accessible for water molecules modeled
as spheres with radius of 1.4 Å. This light gray area covers
the CTS binding site, creating a continuous environment be-
tween the cation-binding sites and extracellular bulk phase.
Fig. 8 D also illustrates that docking places spin labels of
B1, B7, and B8 within the water-filled area, in agreement
with EPR data.
DISCUSSION

Conventional EPR lineshapes: label mobility in
NaD,KD-ATPase binding site

The dynamic flexibility of the spin-label attachment probes
the protein environment at the entrance to the inhibitor bind-
ing site. This depends, in turn, on the spin-label structure in
several crucial aspects: the planar five-membered nitroxide
ring (PROXYLs: B8, B9, and C8, C9) is rigid, whereas
the six-membered ring (TEMPOs: B1, B4–B7, and C4)
can undergo transitions between boat and chair conforma-
tions (see, e.g., (28).); the amide and carboxyl linkages
are rigid (with partial double-bond character), whereas
trans-gauche isomerism is found for methylene linkages
and practically free rotation about ether bonds. The molec-
ular axis system associated to the -NO nitroxide group is
shown in Fig. S22. In this axis system, x lies along the N-
O bond, z along the nitrogen pp-orbital, and y is orthogonal
to both.



FIGURE 8 Binding modes of spin-labeled bufadienolides. (A) View from

within the membrane with transmembrane segments aM1–4 on the right

and aM5–6 as well as the aM7–aM8 loop on the left. (B) View rotated

by ~90�, highlighting the ability of B1, B4, and B7 to reach the aM7–

aM8 loop despite their different linker lengths. (C) Different possible ori-

entations of the nitroxide of B7 (B7.1, B7.2, and B7.3) in the same view as

(B). Protein backbone is shown as ribbons with transmembrane segments

aM1–6 color coded as indicated. Longer loop between aM7 and aM8 is

shown in light gray ribbons. (D) Nitroxide groups ofB1,B7, andB8 overlap

with the water-filled area (light gray surface, same view as C). B7.1 is not

shown because its nitroxide is fully exposed to the bulk solvent and thus not

within the gray sphere representing the water-accessible area within the

binding site.

Naþ,Kþ-ATPase inhibitor binding site
Consider first the two PROXYL (i.e., five-membered-
ring) nitroxides with spectra shown in Fig. 2. B9 displays
a practically rigid-limit lineshape; the link between nitro-
xide and steroid nucleus of bufalin contains a five-
membered heterocycle and is essentially rigid. The charac-
teristic EPR lineshape, therefore, indicates that bufalin (and
also cinobufagin) is held rigidly within the ouabain inhibitor
site (on the nanosecond timescale that characterizes conven-
tional nitroxide EPR). B8 with a shorter but potentially flex-
ible linkage also has a spectrum characteristic of strong
immobilization but less than the rigid limit of B9. This is
confirmed by molecular docking. According to these calcu-
lations, spin labels of both B8 and B9 are not in contact with
the protein, and their immobilization is due solely to rigid
binding of the steroid core (Fig. S21). When compared
with the shortest six-membered-ring bufalin, B1 with only
slightly longer link (spectrum shown in Fig. 3), we see
extensive motional averaging attributable to rotation about
the ether bond and conformational ring transitions, relative
to the immobilized B8. This suggests that the vestibule im-
mediate to the binding site has sufficient volume to allow
boat-chair transitions of the six-membered TEMPO ring
with corresponding axial-equatorial interchange of the
four methyl groups flanking the nitroxide (see later in this
section for estimation of rates).

Concentrating now solely on the six-membered-ring ni-
troxides, whose spectra are shown in Fig. 3, we see a range
in extent of motional averaging and different lineshapes
depending on chemical structure of the nitroxide probe
(see (28) and Fig. S22 for treatment of spin-label EPR line-
shapes). That with the longest attachment, viz. B7, shows
complete isotropic motional averaging. The length of
attachment and number of bonds about which rotation can
take place indicates that in this case, the nitroxide moiety
is located at the entrance to the cavity leading to the bufalin
binding site or beyond (see (9); Fig. 8). It is important to
remember here that the spectra of cinobufagin analogs are
essentially identical to those of the corresponding bufalin
spin labels (Fig. 2). This shows that cinobufagin and the bu-
falin bind in the same way to the inhibitory site on the
Naþ,Kþ-ATPase. Small differences in the steroid core
(affecting affinity) do not affect the position of the spin la-
bels in the vestibuli.

Figs. 2 and 3 compare EPR lineshapes all at the same
fixed temperature. For strongly immobilized spin labels
(B8 and B9) and those freely rotating (B7), lineshapes are
likely to vary only quantitatively with temperature. In
contrast, for nitroxides of intermediate mobility, tempera-
ture variation produces qualitative changes in lineshape
that are indicative of the motional mode (see Fig. 4). For
instance, the lineshapes of B5 (and several other bufalin
spin labels) are characteristic of preferential rotation about
the nitroxide y axis (29–31). However, the lineshapes of
B4 indicate axially anisotropic rotation about the nitroxide
z axis, and those of B1 tend to show isotropic rotational
diffusion with no preferential axis (see Fig. S22 for illustra-
tive spectral simulations with uniaxial rotation). In all cases,
preferential x axis rotation is excluded as the dominant
motional mode because the low-field line is not the narrow-
est (i.e., of greatest height).

As mentioned, several of the different six-membered-ring
nitroxides display y axis rotation, and one might ask why
this is a preferred mode. One answer is that this is exactly
the rotation that we expect for chair-boat conformational
transitions of the six-membered piperidine ring. These pro-
duce concerted changes in orientation of the nitroxide z and
x axes about the y axis (see Fig. S22) that are of sufficient
amplitude to achieve complete angular averaging. As seen
previously, these nitroxides are located in regions of the
binding-site vestibule that have sufficient volume to accom-
modate the changes in methyl-group orientation that accom-
pany transitions between chair and boat conformations.

Note that conformationally sensitive isotropic 13Cb-hy-
perfine couplings of six-membered-ring nitroxides are
consistent with fast exchange between ring conformers
Biophysical Journal 120, 2679–2690, July 6, 2021 2687
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(see (28), Section 3.7). The exchange rate needed for this is
the angular frequency DuCb h 1/t > 155 MHz (see (28),
Eq. 3.33), whereas that for averaging the 14N hyperfine
anisotropy by y axis rotation is Duz-x ¼ (Azz � Axx)/ Z >
500 MHz. The two lower limits are within a factor three
and entirely consistent with boat-chair transitions producing
characteristic y axis lineshapes such as that in Fig. S22. As
implied already, comparison with the rigid five-membered-
ring nitroxides demonstrates conformational averaging in
the six-membered-ring nitroxides.
Conventional EPR lineshapes: inhibitor in lipid
environments

Displacing spin-labeled inhibitor from the specific binding
site by excess ouabain yields the spectra from inhibitors par-
titioning between aqueous phase and lipid environment of
the membrane (Figs. 2, lower panel, and 3). Rapid diffusion
within the lipid membrane plane (32,33) thus provides effi-
cient two-dimensional channeling of inhibitor to the Na,K-
ATPase before binding. Spectra of spin-labeled bufalins B1,
B4, B5, B6, and B7 and cinobufagins C4 and C8 reveal a
motionally restricted component of inhibitors localized at
the lipid-protein interface. This feature is common to
lipid-protein interactions with the Na,K-ATPase and other
large integral membrane proteins (21,23,34). It occurs
whenever spin-label mobility in the fluid lipid environment
is sufficient to allow spectral resolution of the restricted
component (35–37), and extends not only to membrane
lipids but also, for example, to spin-labeled aminated local
anesthetics (38). Note that although inhibitors occupying
the protein-lipid interface may not access the specific site
directly, rapid binding ensues locally via the aqueous phase.
ESEEM intensities: water accessibility in inhibitor
binding site

The 2H-ESEEM spectra are qualitatively similar for the spin
labels located at the inhibitor site and displaced into the
membrane (by excess ouabain). They consist of a broad
component from D2O directly hydrogen bonded to the nitro-
xide group -NO and a narrow component from non-H-
bonded D2O molecules in the immediate vicinity (12).
The ratio of broad/narrow components is similar in the pres-
ence and absence of ouabain, reflecting a similar H-bonding
equilibrium in the binding site to that in the membrane. An
important difference, however, is that the absolute values are
much larger at the binding site than in the membrane. This is
because the nitroxide situated in the membrane experiences
a much lower local water concentration than that in the wa-
ter-accessible vestibule at the inhibitor site. The latter is
comparable to D2O-ESEEM intensities found for spin labels
attached to surface -SH groups on the Naþ,Kþ-ATPase
(39,40) and other proteins (41). In the membrane, intensities
are comparable to those of lipids spin labeled at the n¼ 6�8
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chain position, or 9�10 for the short-linked B8 and C8
(9,42–44), and reflect the limited partitioning of water into
the hydrophobic interior. In turn, this is reflected in relative
values of the product K[W] between H-bond association
constant and free water concentration, which essentially be-
comes scaled by the water-membrane partition coefficient
KP, i.e., Keff ¼ K � KP. Correspondingly, the number of
H-bonded spin labels is greater in the binding-site vestibule
than in the membrane (Table 1).

Correspondences similar to those for water accessibility
are found also for the polarity-dependent values of Azz in
the presence and absence of ouabain (39,42–44).

The most salient feature of the profiles of both water
accessibility and local polarity is the remarkable constancy
throughout the length of the vestibule to the binding site
(Figs. 6 and 7). By contrast, the short-linked B8 and C8
spin labels, in the presence of ouabain, clearly sense the
decreasing polarity and water accessibility of nitroxides sit-
uated deeper into the hydrophobic interior of the membrane
(44,45). This implies that the entrance vestibule of the inhib-
itor and Kþ-ion binding sites consists of a water-filled cavity
that extends to the aqueous phase.

A further notable difference between the ESEEM spectra
in the presence and absence of ouabain is that the relative
intensity of the (matrix) proton 1H-ESEEM signal at �15
MHz is smaller in the binding site than in the membrane
(compare upper and lower rows in Fig. 5). In the latter
case, this results from the high density of methylene groups
contributed by the lipid chains, which produces a higher
local concentration of H-atoms than that contributed by
the protein side chains in the inhibitor-site entrance of the
Naþ,Kþ-ATPase.
CONCLUSIONS

In summary, small differences in the binding modes of bu-
falin and cinobufagin, as reflected in lower affinities for ci-
nobufagin derivatives, do not affect the overall position of
the spin labels in the Naþ,Kþ-ATPase binding cavity
when congruent derivatives of bufalin and cinobufagin are
compared. The vestibule leading to the binding site of the
CTS steroid core and accommodating the spin labels is filled
with water molecules. These findings are the results of both
molecular modeling and EPR experiments. In this context, a
large increase in the anthroylouabain fluorescence upon its
binding to the Na,K-ATPase must be a reflection of local hy-
drophobic interactions of the anthroyl-group and not of the
overall hydrophobicity of the CTS binding site.

Throughout the entire length of the linkers (up to�2 nm),
the minimal diameter of the vestibule allows rapid boat-
chair conformational transitions of the six-membered nitro-
xide ring and accompanying rearrangements of the methyl
groups. Because of the rigidity of their linkers, the five-
membered probes B8–B9 and C8–C9 experience the
restricted mobility of their steroid cores in the enzyme
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binding site. All flexible linkers (B4–B7), despite their vary-
ing lengths, bring the nitroxide out as far as the aM7–aM8
loop. Isotropic motion of B7 (as seen before for C7 (9))
shows that the spin label reaches the bulk extracellular envi-
ronment. Decreases in affinity of B4–B7 for the Na,K-
ATPase correlate with the length of the linker, suggesting
that large hydrophilic substituents might pull up the steroid
core and disturb electrostatic interactions of the lactone ring
with the cation in the cation-binding site.
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