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Abstract

Na,K-ATPase is a membrane protein which plays a vital role. It pumps Na* and K* ions across the cellular membranes using
energy from ATP hydrolysis, and is responsible for maintaining the osmotic equilibrium and generating the membrane potential.
Moreover, Na,K-ATPase has also been involved in cell signaling, interacting with partner proteins. Cardiotonic steroids bind
specifically to Na,K-ATPase triggering a number of signaling pathways. Because of its importance, many efforts have been
employed to study the structure and function of this protein. Difficulties associated with its removal from natural membranes and
the concomitant search for appropriate replacement conditions to keep the protein in solution have presented a challenge that had
to be overcome prior to carrying out biophysical and biochemical studies in vitro. In this review, we summarized all of the
methods and techniques applied by our group in order to obtain information about Na,K-ATPase in respect to solubilization,

reconstitution into mimetic system, influence of lipid composition, stability, oligomerization, and aggregation.
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Structure and physiological importance

The discovery of the Na,K-ATPase (NKA) by Skou in 1957
(Skou 1957), for which he was awarded the 1997 Nobel Prize
in Chemistry, was an important step in improving our under-
standing of the cell as basic unit for animal life (Skou 1957,
Skou 1998). NKA is a membrane transport protein which be-
longs to the P-type family of active cation transport proteins and
it can be found in the plasma membrane of practically all animal
cells. NKA is responsible for the translocation of three Na* ions
out of the cell, whereas it pumps two K* ions into the cell,
against their concentration gradients, with this ion transport
coupled with ATP (adenosine triphosphate) hydrolysis (Skou
and Esmann 1992). The electrochemical gradient generated by
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NKA drives many other transport processes like co-transporters
(sodium glucose), exchangers (Na+/Ca2+), amino acids, and
vitamin transport into the cells (Lingrel 2010). The electro-
chemical gradient is also important for other physiological pro-
cesses such as electrical excitability, nerve transmission, and
muscle contraction (Bagrov et al. 2009; Reinhard et al. 2013).

There are two main polypeptide chains (see Fig. 1a): the
(~ 110 kDa) and 3 subunit (~35-50 kDa). The o subunit con-
sists of three domains (actuator, nucleotide binding, and phos-
phorylation site) and undergoes conformational changes while
facilitating ion transportation through the membrane (Kaplan
2002; Skou and Esmann 1992). The presence of the 3 subunit
is needed for translation, stability, and correct insertion of pro-
tein into the membrane (Barwe et al. 2007; Kaplan 2002; Skou
and Esmann 1992). Also, the [3 subunit seems to have inherent
functions such as cell adhesion and motility (Geering 2008). A
third subunit is also reported, which is a small (~7-12 kDa)
and hydrophobic protein (FXYD?2 or y subunit in kidney). It
modulates the enzymatic activity by changing the Na*, K*, and
ATP apparent affinity (Beguin et al. 1997; Geering 2008).

In general, there are two main conformational states (see
Fig. 1b): the sodium-bound E1 state and the potassium-bound
E2 state, which have been well elucidated by the corresponding
crystallographic structures (Kanai et al. 2013; Morth et al.
2007).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12551-020-00616-5&domain=pdf
https://orcid.org/0000-0003-2814-3022
https://orcid.org/0000-0002-4961-560X
https://orcid.org/0000-0001-9311-0804
https://orcid.org/0000-0002-2785-1345
mailto:juliana.yoneda@usp.br

50

Biophys Rev (2020) 12:49-64

intracellular

membrane

extracellular

o

Fig. 1 a Structural architecture of Na,K-ATPase [ProteinDataBank
(PDB) ID: 3WGU] (Kanai et al., 2013). The three subunits are represent-
ed in different colors: yellow, & subunit; orange, (3 subunit; red, FXYD. b

It should be highlighted that there exist other cellular func-
tions related to NKA beyond its role in ion pumping. For
instance, there is much evidence that NKA plays an important
role as a signal transducer, controlling a number of vital cell
functions (Aperia et al. 2016). Some studies have suggested
that NKA can interact with other proteins, and ouabain-
dependent signaling can be mediated within caveolae by those
protein complexes (Yosef et al. 2016). Another work com-
pared NKA from caveolae and non-caveolae pools and con-
cluded that even though the caveolar located enzyme plays a
signaling role, it still retains its enzymatic activity alongside its
ion pumping function (Liu et al. 2011).

Cardiotonic steroids (CS) (or cardiac glycosides), such as
ouabain are well-characterized drugs previously used in the
treatment of heart failure (Whayne 2018). They are specific
NKA ligands, which bind to the extracellular domain of all
NKA « subunit isoforms inhibiting its activity (Aperia et al.
2016). The inhibition of NKA increases the intracellular sodi-
um concentration, activating the Na*/Ca**- exchanger, which
thus causes higher intracellular calcium concentration and,
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The Post-Albers catalytic cycle of Na,K-ATPase with the two main states:
El and E2 (Albers, 1967; Post et al., 1969)

consequently, enhances the cardiac muscle contractility
(Goncalves-de-Albuquerque et al. 2017).

In addition, recognition of CS as an antitumor molecule
turned NKA into a promising drug target in the field of
oncology (Alevizopoulos et al. 2014; Durlacher et al.
2015; Khajah et al. 2018). Several cell signaling pathways
are activated upon the binding of CS to NKA, resulting in
proliferation, differentiation, and promotion of autophagy
or apoptosis. These effects are cell type and CS concentra-
tion dependent. Abnormal expression of NKA has been
observed in cancer cells with higher activity exhibited dur-
ing the transformation of malignant cells (Goncalves-de-
Albuquerque et al. 2017). However, recent work has shown
conflicting results indicating that cancer mortality was not
significantly different for users of cardiac antiarrhythmia
drugs (Kaapu et al. 2018). CS have also been described as
being anti-inflammatory agents through studies in different
animal models of acute and chronic inflammation (Fiirst
et al. 2017) and they have been recently reported as anti-
viral agents (Amarelle and Lecuona 2018).
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Furthermore, the pathogenesis of various diseases may be
related to changes in NKA expression and/or malfunction. In
fact, changes in NKA expression and activity were observed
in patients with neurological diseases, diabetes, and hyperten-
sion (Chen et al. 2006; Clausen et al. 2017; Isaksen and
Lykke-Hartmann 2016). Besides, there is evidence showing
the involvement of NKA in cardiovascular and renal system
function, sperm capacitation, rheumatoid arthritis, sepsis, pul-
monary edema, and preeclampsia (Suhail 2010).

For instance, it is known that the kidneys of mammals are
responsible for the homeostasis of extracellular compartments
and the NKA is highly abundant in the renal epithelial cells,
more specifically on the basolateral membrane where it plays
an important role in salt regulation. There is a quantitative
correlation between NKA levels and sodium reabsorption ca-
pacity, which is the reason that kidneys are abundant in this
protein (therefore constituting a rich protein source for purifi-
cation). NKA is involved in hormonal control of sodium trans-
port in the kidney being an important molecular target of hor-
monal regulation (Féraille and Doucet 2001).

Considering NKA is one of the most abundant proteins in
the brain, consuming 40-50% of energy in the ATP form, it is
reasonable to associate its malfunction to a series of cellular
abnormalities (Ferreira et al. 2011). In particular, the reduction
of NKA activity causes a deficiency in cellular energy, which is
commonly observed in neurodegenerative diseases (Kinoshita
et al. 2016), such as Alzheimer’s disease (AD) (Zhang et al.
2013). It has been described that beta-amyloid (Af3) peptide,
which is found in the early stages of AD, interacts directly with
NKA and inhibits its activity (Petrushanko et al. 2016). A sug-
gestion raised by the authors in regard to the mechanism is that
the exposition of NKA to 3-amyloid and oxidative stress alter
its function by redox modifications (Lakunina et al. 2017). It is
believed that the interaction of NKA with 3-amyloid oligomers
(ARO) is the initial step that occurs at the cell surface, bringing
about the pathological consequences (DiChiara et al. 2017,
Ohnishi et al. 2015). The discovery about the role of oxidative
stress in the impairment of NKA function and its relation with
degenerative diseases may shed light in the development of
proper treatments for these diseases (Omotayo et al. 2015).

NKA activity is known to be dependent on the redox state
of the cells. Several studies have shown that the protein is
redox-sensitive and may respond to changes in the level of
intracellular glutathione (Lakunina et al. 2017; Mitkevich
etal. 2016). Although the oxidative damage of NKA has been
reported in the literature, the mechanism of redox-induced
regulation is not fully understood (Petrushanko et al. 2006).
Studies showed that the o« subunit of NKA has a basal
glutathionation, which is not abrogated by reducing agents.
However, the function of this basal glutathionation is un-
known, and the investigation is hampered by the absence of
crystallographic structures in which the glutathione reactive
amino acids were identified (Mitkevich et al. 2016).

NKA also has a role in adapting organisms to hypoxia or
anoxia, although it does not have a specific site for oxygen (O,).
The sensitivity of NKA to O, occurs through different modifi-
cations such as S-glutathionation, S-nitrosylation, and redox-
sensitive phosphorylation (Bogdanova et al. 2016). Four cyste-
ine residues are found in the o subunit of NKA and these amino
acids can be subjected to regulatory glutathionation induced by
the increase of oxidized glutathione. This leads to a reversible
inactivation of the enzyme, preventing the depletion of ATP in
cells under oxidative stress (Mitkevich et al. 2016).

The third subunit of NKA belongs to the family of seven
FXYD proteins. They are not essential for NKA function, but
exhibit a regulatory role (Geering 2005). There are two con-
served cysteines in the C-terminus of FXYD proteins and they
have also been related to NKA regulatory glutathionylation
(Bibert et al. 2011). Bibert et al. (2011) demonstrated that the
cysteine residue on FXYD is susceptible to glutathionylation
and the NKA inhibition caused by glutathionylation on f3-
subunit can be reversed by the presence of FXYD protein.

The impairment in NKA activity has been associated with
the presence of certain diseases and also observed as a result of
aging. In muscle cells, reduction in NKA enzymatic activity
alters the membrane potential and consequently affects the
muscle contraction strength, impairing physical activity in el-
derly people, who lose quality of life (Wyckelsma and
McKenna 2016). A study comparing erythrocyte membranes
from young and old rats detected a lower NKA activity coupled
with increased lipid peroxidation in older rats (Rebrova et al.
2016). This may indicate that these processes (reduction of
NKA activity and lipid peroxidation) are dependent on aging.
However, it is not known whether they occur independently or
whether the functional change of NKA is a consequence of
membrane oxidation. Even though the structure of the protein
may be a target of oxidative modifications, it is reasonable to
assume that, as it is a membrane protein, alterations of mem-
brane properties due to lipid oxidation (Itri et al. 2014) may also
affect NKA activity. Studies have reported that lipid peroxida-
tion together with reduced NKA activity is involved in the
pathophysiology of bipolar disorder (Banerjee et al. 2012;
Lichtstein et al. 2018a; Lichtstein et al. 2018b) and
schizophrenia (Roy et al. 2016). The same was observed
for coronary artery disease when the level of lipid perox-
idation and NKA activity was compared in erythrocytes of
sick patients and healthy individuals (Namazi et al. 2015).

Bearing in mind all these important aspects about NKA, the
study of the isolated protein is an essential approach to achieve
information about its structure and function. Because NKA is a
membrane protein, its isolation and maintenance in solution is
not a trivial task. Therefore, many efforts have been employed
by our and other groups to obtain NKA in experimental condi-
tions which allow studies on the enzymatic kinetics, protein—
lipid interaction, structural stability, oligomerization, and ag-
gregation as will be reported in the following sections.
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Solubilization and purification

Proteins associated to membranes can be divided into three
main groups: amphitropic, peripheral, and integral.
Amphitropic proteins are weakly and reversibly linked to
membrane through a conformational change that exposes a
binding site guided by either phosphorylation or a ligand bind-
ing. Therefore, these proteins can be found released in the
cytosol or attached to the membrane. Peripheral proteins are
associated to membrane through electrostatic forces and hy-
drogen bonding to hydrophilic moieties of integral proteins
and to membrane lipids. The consequence of these interac-
tions is that they are susceptible to ionic strength and pH
variations, which makes mild treatments with buffers and salts
easy options to purify and isolate them. Integral membrane
proteins are intrinsically associated to membrane. They are
amphiphilic and large biomolecules either crossing both layers
or buried in one of the leaflets of the lipid bilayer. This char-
acteristic arises from the side groups of the amino acids that
compose the polar and nonpolar domains of the protein, and
that is why it has always been challenging to work with them.
Integral membrane proteins experience two distinct environ-
ments defined by the membrane: the aqueous media (extracel-
lular media/cytosol) and the hydrophobic core of the bilayer
where acyl chains of the membrane lipids are oriented. In
general, the study of integral membrane proteins involves
three main steps: (Adamian et al., 2011) mechanical disrup-
tion of the membrane; (Albers, 1967) protein solubilization
and purification with an appropriate detergent; (Akera et al.,
1976) subsequent reconstitution into liposomes.

The complex structure of membrane proteins discussed
above is indispensable for the comprehension of the necessity
of solubilization. Detergents are amphiphilic molecules that in
solution are in equilibrium between molecules solvated by
water and exposed to the air/water interface where the hydro-
phobic chains partially face outside the liquid. As the concen-
tration of detergent rises, the critical micellar concentration
(CMC) can be achieved. At this point, the detergent mono-
mers in solution are rearranged into micelles to mitigate
the hydrophobic effect from solvating their hydrocarbon
chains and expose only the hydrophilic group of the de-
tergent. According to their class and type, the different
detergent CMCs can be strongly influenced by physical
parameters such as temperature, ionic strength, and pH
(Helenius and Simons 1975; Santos and Ciancaglini
2000; Tanford and Reynolds 1976).

The use of the detergents to solubilize membrane fragments
and separate proteins from their native lipid membrane has
been extensively investigated from the early 1970s
(Jorgensen and Skou 1971; Pitts et al. 1973; Jorgensen,
1974a, b; Helenius and Simons 1975; Tanford and Reynolds
1976). The first trials used ionic surfactants, such as SDS
(sodium dodecyl sulfate), DOC (deoxycholate), and CA
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(cholic acid), and successfully reported the extraction of mem-
brane proteins, since they are capable of opening lipid vesicles
and solubilizing the hydrophobic domains of the membrane
proteins (Santos and Ciancaglini 2000). However, they can
also strongly influence protein—protein interactions and can
act like denaturants when interacting with polar moieties and
water soluble proteins. Nowadays, they are considered a risky
choice for purification and, more importantly, for solubiliza-
tion and maintenance of protein in solution. To overcome the
denaturation process from ionic detergents, a more suitable
approach involves the use of nonionic detergents like
Lubrol, Polyoxyethylene, Triton, Tween, or zwitterionic such
as CHAPS/CHAPSO. Such detergents have been used alone
or in combination with a previous treatment involving ionic
detergents (Brotherus et al. 1983; Cornelius 1991; Helenius
and Simons 1975; Koepsell 1986; Santos and Ciancaglini
2000; Silvius 1992; Tanford and Reynolds 1976).

The process of solubilization of membrane proteins from
natural tissues involves an initial mechanical disruption
followed by centrifugation steps. This procedure selects mem-
brane fractions that rearrange into microsomes, preserving the
native lipids and the target protein along with other contami-
nants. Thereafter, the solubilization steps begin and micro-
somes are disrupted by adding appropriated detergents to
break the native lipid—lipid and lipid—protein interactions of
the vesicles and isolate micelles with proteins embedded
(Cornelius 2001).

NKA is a good example of a membrane protein that displays
a high level of solubilization complexity. The protein structure
is extremely sensitive to several denaturing elements, from
common ones such as temperature, ionic strength, pH, presence
of native lipids, cholesterol levels, and the detergent concentra-
tion. Several authors have tried different methodologies and
many have had some degree of success. Some researchers be-
lieve that pump activity and membrane organization are best
studied in membrane-bound preparations due to preservation of
native lipids and less perturbation of protein structure. In this
way, the solubilization strategy is designed for the maintenance
of NKA structure. In contrast, other researchers suggest that
fully solubilized enzymes retain sufficient characteristics of
the native enzyme while also allowing assays to be performed
with high purity and without inappropriate interference from
unknown biological factors. Both camps have sound scientific
reasons for their viewpoints. In the end, experiments performed
with these two types of enzyme preparations often produce
results that are complementary and which can be used togeth-
er as a type of internal experimental control. However, the
best procedure to work with solubilized NKA still remains
a matter for debate, since for each approach there is an
enormous variety of methods, each one with positive and
negative points that extend well beyond diversity of
starting material tissues with singular specific activity
(Jorgensen 1974a; Jorgensen 1974b; Jargensen 1988).
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In order to purify a high concentration of NKA pump,
starting tissues must be selected based on their likely involve-
ment in the active transport of Na* across the membrane. As
such, mammalian kidneys, brain tissue, heart, the electric or-
gan of eels, and shark rectal glands are commonly the main
source of the pump preparation (Jorgensen 1974a).
Depending on the original tissue, successful preparations have
yielded NKA over 90% purity after only one solubilization
step, separating the solubilized enzyme from aggregates and
insoluble byproducts. Although the extracts are pure, they can
commonly be contaminated with another ATPase, the Mg~
ATPase, which requires activity tests using ouabain binding
assays to properly differentiate the enzymes and the purity
level of samples (summarized in Table 1).

Shark rectal glands are a great source of NKA protein
and yield high concentrations of protein when using
Hokin’s protocol (Hokin et al. 1973), although with less
specific activity mostly related to precipitation with
(NH4),SOy4 during the last step of purification. So, to

overcome the loss of activity, Skou and Esmann (1979)
used a methodology first developed for mammalian kid-
ney outer medulla by Jorgensen and Skou (1971) and
further adapted this protocol in 1974 (Jorgensen 1974b).
Initially in the 1960s, the pump was considered purified as
membranous preparations, where crude tissue fractions were
poorly solubilized with Lubrol, Deoxycholate, or SDS in con-
centrations above the CMC and separated by differential,
isopynical or rate-zonal centrifugation, glycerol precipitation,
or Nal treatment. Some of these procedures were briefly sum-
marized by Jorgensen (1974a) who also described three
methods of NKA isolation based on similar steps for mamma-
lian kidney preparations. The first of these three methods in-
volved cutting the red dark outer medulla from kidneys and
preparing a homogenate which is centrifuged at 6000g for
15 min twice. Then, the supernatant is further centrifuged at
48,000¢ for 30 min and the pellet is selected and resuspended
in sucrose buffer. The result is a microsomal-enriched NKA
fraction. This fraction is then incubated with SDS or

Table 1 NKA preparation methods in solubilized and membrane-bound purification
Authors Detergent treatment Solubilization Chromatography Source Specific activity
(pumol mg_1 min 1)
(Jorgensen and Skou 1971) Deoxycholate No No Rabbit kidney 4.5
(Pitts et al. 1973) Deoxycholate No No Dog heart 33
(Jorgensen 1974a) Deoxycholate or SDS No No Mammalian kidney 25-36
(Jorgensen 1974b) SDS No No Mammalian kidney 32-37
(Akera et al. 1976) Deoxycholate No No Rat brain/Dog heart 350
(Hayashi et al. 1977) Deoxycholate SDS No Canine kidney 26.7-30
(Akera et al. 1978) Deoxycholate No No Dog heart 2.5
(Skou and Esmann 1979) Deoxycholate No no Shark rectal glands 40-43.3
(Esmann et al. 1979) CoEg CEg Gel Shark rectal glands 38.3
(Brotherus et al. 1983) SDS CEg Gel Pig kidney 35-48
(Ottolenghi et al. 1986) SDS CoEg Cellulose Pig kidney 32
(Esmann 1988) Deoxycholate C2Eg Gel Shark rectal glands 8.3
(Jorgensen 1988) SDS Ci2Eg no Mammalian kidney 35-48
(Morohashi et al. 1988) Lubrol and SDS Chaps Chaps Shrimp 8.3
(Peterson and Hokin 1988) Lubrol and SDS No No Shrimp 10
(Smith 1988) Lubrol and SDS No No Duck salt gland 26.7-28.3
(Hayashi et al. 1989) SDS C-Eg Gel Canine kidney 33
(Mimura et al. 1993) SDS CEg Gel Canine kidney 38-48
(Kessi et al. 1994) SDS - No Mammalian kidney -
(Venter et al. 1997) Deoxycholate Lubrol Gel Sheep heart 90
(Mohraz 1999) SDS No Wheat germ Lamb/dog kidney 25-30
(Santos et al. 2002) Ci,Eg Ci-Eg Gel Rabbit kidney 0.6-0.7
(Laughery et al. 2004) Immunoprecip. DDM No Recombinant 0.01-0.12
(Cohen et al. 2005) DDM DDM Affinity and gel Recombinant 0.025-0.040
Ghosh et al. (Ghosh et al. 2009) DHPC or C,Eg or DHPC/C,Eg/ Wheat germ, gel Bovine pulm. artery 12/8/6
TX-100 TX-100 and immun.
(Habeck et al. 2009) DDM C2Eg Affinity Recombinant 14.1/8.5
alphal/alpha2

@ Springer



54

Biophys Rev (2020) 12:49-64

deoxycholate—a crucial step to break lipid—lipid and lipid—
protein interactions thereby solubilizing the protein from its
native environment in the membrane. The protein was consid-
ered to be solubilized when it remained in the supernatant after
1 h of centrifugation at 100,000-280,000g. Considering that
the ionic detergents have strong denaturing effects on proteins,
ATP was successfully used to protect membrane-bound NKA
with purity estimated of 58% (Jorgensen 1974a). In 1988,
Jorgensen (1988) extended this procedure rendering
membrane-bound pump 95-100% pure when using centrifu-
gation with a metrizamide gradient at 5900g for 2 h followed
by incubation with SDS-ATP and a final centrifugation in a
sucrose gradient. An angular rotor centrifugation assay after
SDS-ATP treatment and without the metrizamide and sucrose
gradient was also prepared, but this only yielded 40-60%
purity. The procedures described by Jorgensen were widely
adapted by several authors when isolating NKA from mam-
malian kidneys. In order to achieve the proper detergent molar
ratio and prevent protein denaturation during isolation or sol-
ubilization, the strategy used by all researchers is to prepare
ATPase activity vs detergent concentration assays as well as to
check protein concentration in the supernatant along with pro-
tein activity following a 100,000g centrifugation step.

Previously mammalian heart tissues were often prepared
using an adaptation of Pitts’ method which was based on
homogenization with deoxycholate followed by two centrifu-
gation steps where the pellets were resuspended in the pres-
ence of deoxycholate presence and further treated with Nal.
The Nal-treated enzyme was then solubilized with
deoxycholate once again, then centrifuged and the supernatant
treated with glycerol 20%, which was then again centrifuged
and the pellet homogenized in a non-detergent buffer (Akera
et al. 1976; Pitts et al. 1973).

In 1994, DHPC (diheptanoylphosphatidylcholine) was in-
troduced as a mild detergent capable of solubilizing plasma
and organelle membrane constituents. It is a short chain phos-
phatidylcholine which has the dual properties of spreading
among the lipids and breaking the membrane into micelles
while also preserving the native phospholipids surrounding
the proteins. Due to this dual action, DHPC showed a power-
ful ability to solubilize a greater amount of membrane-bound
NKA than was previously prepared by using the Jorgensen
method (Jorgensen 1988; Kessi et al. 1994). Later on, Ghosh
and collaborator (Ghosh et al. 2009) isolated NKA from ca-
veolae vesicles of bovine pulmonary artery smooth muscle
plasma membrane and tested its solubilization against Triton
X-100 1:1, C;,Eg (octaethylene glycol monododecyl ether)1:1
and DHPC 1.5:1 ratio (w/w detergent:protein). Protein was
then purified using sequential 30% and 50% ammonium sul-
fate precipitation steps. Wheat germ affinity chromatography
and gel filtration with 0.005 mg/mL detergent was performed
prior to a final immunoaffinity chromatography step using an
anti «2 antibody in the presence of 0.05 mg/mL detergent.
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This concluded a very long systematic procedure in which
DHPC was shown to be a superior choice for this tissue,
targeting the specific ®231 subunit of 155 kDa, which is
wholly consistent with the expected association product be-
tween the alpha (110 kDa) and beta (45 kDa) subunits.

Since 2002, our group (Santos et al. 2002) has been using
the homogenized red dark outer medulla from rabbit kidney to
obtain membrane fractions with NKA as in (Jergensen 1988),
but with some modifications and without the addition of SDS.
Solubilization was carried out exclusively using the nonionic
detergent C,Eg with a maximum in both the recovery of pro-
tein and its specific activity obtained when using a protein/
detergent mass ratio of 1:1. These remarkably simple condi-
tions produced overall better performance—only a single de-
tergent addition was required before the 100,000g centrifuga-
tion with this step directly followed by a single chromatograph-
ic step involving a Sepharose gel column. This optimized ap-
proach allows for a considerable saving of time in the produc-
tion of highly purified solubilized protein. The specificity and
purity of the sample was confirmed through use of the specific
inhibitor ouabain with complete inhibition at 5 mM (99.1%).
However, different from other preparations discussed, the ki-
netic results for NKA solubilized revealed two classes of ATP
hydrolyzing sites. One of them in the micromolar range (high-
affinity site) and another one in the millimolar range (low-af-
finity site). High-affinity sites correspond to approximately
15% of total activity, and low-affinity sites account for 85%
of total activity. Such results suggest that the protein
oligomerizes in the solubilized final sample. More details on
this oligomerization will be provided in subsequent sections.

Reconstitution into lipid bilayer

It is known that membrane proteins are directly affected by
lipid bilayer properties (Habeck et al. 2017). For the investi-
gation of structure, stability, interaction, and kinetic properties
of NKA, it is crucial to have it in a purified form, preferably in
a lipid microenvironment, so as to achieve the nearest physi-
ological medium as possible. Also, when a purified protein is
incorporated into lipid vesicles, interference from other mem-
brane constituents can be avoided. Another advantage is the
possibility to control the lipid composition to analyze the role
of different lipids in protein structure and function
(Ciancaglini et al. 2012; Cornelius et al. 2015).

Obtainment of bilayer lipid vesicles with the integral pro-
tein incorporated (proteoliposome) is achieved by the co-
solubilization method, which consists of first solubilizing the
lipid/protein in detergent, followed by detergent removal (usu-
ally by using a hydrophobic resin) resulting in the spontane-
ous formation of proteoliposome (Ciancaglini et al. 2012).

Phospholipid chain length, degree of saturation, and pres-
ence of cholesterol are all crucial parameters of the lipid
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bilayer which must be explored to ensure NKA integrity and
reconstitution (de Lima Santos et al. 2005). The lipid compo-
sition and the ratio among protein, detergent, and lipid (P:D:L)
must be also explored in order to check the enzyme incorpo-
ration and activity recovery. The ratio (P:D:L) of 10:1:12.5
(w/w/w), corresponding to a molar ratio of 1:7730:4500 was
found to be the best result (de Lima Santos et al. 2005).
Another important condition was the incubation time of en-
zyme in the detergent-phospholipid solution. It must be lower
than 10 min to minimize enzyme inactivation because of de-
tergent excess (de Lima Santos et al. 2005).

Length variation in the fatty acid chain of PC
(phosphatidylcholine) lipids played an effect on the differential
incorporation of protein into the lipid phase and its resultant
measured ATPase activity. Fatty acyl chains of 12 and 14 car-
bons (DLPC - 1,2-dilauroyl-sn-glycero-3-phosphocholine and
DMPC - 1,2-dimyristoyl-sn-glycero-3-phosphocholine)
achieved the lowest reconstitution degree, with a high percent-
age of open vesicles and protein aggregates. Incorporation of
PC increased when the fatty acyl chain was increased to 16
carbons (DPPC - 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine), leading to the recovery of about 75% of
ATPase activity. However, an opposite result was obtained up-
on further increase in the length of the phospholipid to 18
carbons (DSPC - 1,2-distearoyl-sn-glycero-3-phosphocholine)
(de Lima Santos et al. 2005) confirming that the hydrophobic
thickness is a crucial parameter for the optimal activity of the
transporter protein. Dependence of NKA recovery and activity
on the fatty acyl chain length of lipids was also reported by
other groups. For instance, Cornelius (2001) reported that for
saturated PC, the optimal recovery of protein took place with
16 carbons in the acyl chain, while for mono-unsaturated
chains, the optimal length was 20 carbons. The inclusion of
cholesterol along with mono-unsaturated PC improved the re-
constitution for all lengths, mainly for the smaller acyl chains.
The optimal activity was also compared when the number of
carbons in the acyl chain ranged from 14 to 21 in the presence
or absence of cholesterol. Inclusion of cholesterol changed the
optimal recorded NKA ATPase activity from a 22 to 18 carbon
chain length, with a general increase in activity when compared
with cholesterol-free systems (Cornelius 2001). Besides PC
lipids, a combination of one, two, or three lipids was tested,
including DPPS (1,2-dipalmitoyl-sn-glycero-3-phospho-L-ser-
ine), DPPE (1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine), DLOPE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), and cholesterol. The presence of
DPPS impaired the enzyme incorporation, while systems with
phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
resulted in enhanced percentage of reconstitution, depending
on the L:P ratio. If the ratio between DPPC and DLOPE in-
creased from 1:1 (w/w) to 1:3 and 1:6 (w/w), there was a
reduction in NKA incorporation. The system DPPC:DPPE
achieved the highest enzymatic activity among the

combinations tested and the inclusion of cholesterol favored
the recovery of activity (de Lima Santos et al. 2005). The pres-
ence of cholesterol (10 to 40% mol) was also related to changes
in thermostability as reported below and the activity was max-
imum at 20% mol of cholesterol (Yoneda et al. 2014). In fact,
cholesterol seems to have a relevant role since it was demon-
strated that its depletion inhibited NKA activity in a near-native
membrane environment (Garcia et al. 2019).

Another important fact which should be highlighted is that the
function of membrane proteins like NKA can be dependent on
both general and specific lipid—protein interactions (Cornelius
et al. 2015; Haviv et al. 2013). For instance, in the crystallo-
graphic structure of NKA obtained from shark, one cholesterol
molecule appeared specifically bound to the protein structure,
localized between o« and {3 subunits (Shinoda et al. 2009). The
presence of cholesterol in the NKA structure may play an im-
portant role in defining the interaction between its subunits
(Adamian et al. 2011). Furthermore, phosphatidylserine (PS)
has been described as a modulator of NKA activity via spe-
cific binding to NKA, although its site of action was not
identified in any crystallographic structure as for choles-
terol (Cornelius et al. 2015; Habeck et al. 2017; Haviv
et al. 2013). Therefore, it is worth noting that not only
bulk lipids but also specific lipids are essential for main-
taining the function of membrane proteins (Adamian et al.
2011; Cornelius et al. 2015; Habeck et al. 2017).

Kinetic studies were performed using the DPPC:DPPE-
NKA system, for which ATP hydrolysis site is located at the
external side of the lipid bilayer vesicle (inside-out orienta-
tion). A potassium ion concentration of 150 mM was placed
in the aqueous inner compartment. Two classes of ATP hydro-
lyzing sites at pH 7.5 were detected: a high-affinity site
(Ko5=6.0 uM) and low-affinity site (K¢ s=0.4 mM) which
accounted for 54% and 46% of total activity, respectively
(Ko 5 = apparent dissociation constant) (Santos et al. 20006).
The liposome/proteoliposome size was also evaluated by
DLS (dynamic light scattering). There was a twofold increase
in liposome diameter when the fatty acyl chain of PC varied
from 12 to 18 carbons. For all samples, the corresponding
proteoliposomes were larger (1.5-3-fold) compared with the
lipid vesicles (liposomes) (de Lima Santos et al. 2005).

Further to these findings, the integrity of vesicles could be
analyzed by fluorescent release assay, using calcein, which is a
self-quenched fluorescent molecule. When calcein is entrapped
inside the liposome or proteoliposome, there is no fluorescent
signal. If there is the rupture of membrane, the calcein can be
released and it will be diluted in the outer solution, which en-
hances its fluorescence signal. This effect was observed for
DPPC:DPPE proteoliposomes with calcein entrapped, suggest-
ing that the vesicles were closed before (no fluorescence) but
then they were disrupted with the addition of detergent or
alamethicin, thereby increasing the fluorescent signal (de Lima
Santos et al. 2005).
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Another issue related to membrane protein incorporation
into the bilayer involves the orientation acquired by the pro-
tein. Vesicles with inhomogeneous orientation of protein can
be formed depending on the method used. The orientation of
NKA can be studied by taking advantage of the fact that oua-
bain and vanadate have specific binding sites located on op-
posite regions of the enzyme structure. The major advantage
of this is that no radioactive material is needed. The inhibition
of DPPC:DPPE proteoliposome by ouabain was dependent on
the detergent concentration, while by vanadate, it was not. For
the purified and solubilized enzyme, where both sites were
exposed, there was no difference. These results are consistent
with the enzyme being preferentially oriented inside-out (op-
posite to natural orientation on cells) the DPPC:DPPE
proteoliposome (de Lima Santos et al. 2005). The dependence
of NKA orientation on different lipid composition was also
verified by Hickey and Buhr (2011) when they incorporated
NKA into liposome made by lipids extracted from bull sperm
membranes. Cornelius (2001) also described an orientation
dependence on the length of acyl chains in the PL. In the
presence or absence of cholesterol, inside-out orientation
was maximal at an acyl chain of 16 carbons (Cornelius 2001).

Atomic force microscopy (AFM) has been recently used to
confirm the orientation detected by enzymatic activity assays
described above (Sebinelli et al., 2019). In these studies DPPC
and DPPC:DPPE proteoliposomes were prepared and their sur-
faces were analyzed by using the AFM. Interestingly, images
showed some protrusions that could be related to the presence
of NKA microdomains. Depending on the lipid composition
(DPPC or DPPC:DPPE), the dimensions of protuberances var-
ied in diameter and height. For DPPC-proteoliposomes, the
average diameter was 74 nm and the average height was
2.1 nm, while for DPPC:DPPE proteoliposomes, the average
diameter was 38 nm and height was 0.7 nm (Sebinelli et al.
2019). Because of the difference in size of extra or intracellular
domains, it was possible to estimate the orientation of protein
inside the lipid membranes. Intracellular and extracellular parts
have approximately 4 nm and 8 nm, respectively, so if the
enzyme is inside-out oriented, the height expected for the pro-
trusion on the surface is smaller than when protein has a right
side-out orientation. DPPC-proteoliposome resulted in primar-
ily right side-out orientation, while for DPPC:DPPE-system,
inside-out orientation was predominant. These measurements
of the extramembranous domains of protein performed by
using AFM corroborated the enzymatic activity assay findings
with respect to protein orientation dependent on lipid compo-
sition (de Lima Santos et al. 2005; Sebinelli et al. 2019).

A different approach for probing NKA position and orien-
tation within a complex multi-domain lipid environment was
developed by Bhatia and coworkers (Bhatia et al. 2016a, b).
Their technique involved the incorporation of protein into
GUVs (giant unilamellar vesicles). For instance, binary and
ternary lipid systems capable of forming single- and two-
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phase systems (liquid-ordered and liquid-disordered) within
the membrane were used and the authors suggested the pref-
erential NKA localization in the interface between two phases,
stabilizing the domain. On the other hand, a homogeneous
NKA distribution in the lipid bilayer was observed in the
single phase system (Bhatia et al. 2016a. b).

Planar lipid systems, such as nanodiscs, have recently been
described as another tool for analyzing membrane protein in a
different fashion to the use of closed vesicles (Denisov and
Sligar 2016; Lee et al. 2016). This kind of system holds interest
since both extra and intracellular regions of protein are ex-
posed, eliminating any problems associated with different ori-
entation of protein inside the vesicles and also display a more
homogeneous array in terms of NKA orientation and size
(Denisov and Sligar 2016; Lee et al. 2016). Another advantage
of the nanodisc planar system is the possibility to maintain the
endogenous lipids around the protein so as to infer the natural
membrane constitution surrounding the protein. Nanodiscs are
also an attractive platform for obtaining high-resolution struc-
tures of membrane proteins, being recently applied as object of
study in cryo-electron microscopy (Sun and Gennis 2019).

Microenvironment and protein stability:
microcalorimetry studies

Calorimetry is a biophysical tool that is widely used in the
study of proteins and lipid membranes and which is capable
of providing thermodynamic parameters characterizing the
thermal denaturation or phase transition induced by tempera-
ture. We have used DSC (differential scanning calorimetry) for
direct measurement of NKA thermal stability, exploring how
different factors such as detergent concentration, presence of
ions (Na* and K*), substrate (ATP), lipids, and the y subunit
can influence the whole protein stability (Yoneda et al. 2013).

Membrane-bound NKA (meaning the crude extract obtain-
ed from the membrane fractions) obtained from the outer me-
dulla of rabbit kidneys was analyzed. Deconvolution of its
endotherm showed a five-step thermal denaturation, with tran-
sition temperatures (Tt) 0£47.9, 52.9, 57.7, 62.9, and 69.0 °C.
When the solubilization was carried out with the detergent
C,Eg, the profile from temperature scanning indicated a
curve which could be decomposed in three separate transition
temperatures: 55.0, 62.7, and 69.5 °C. The integral under the
DSC curve gives the total enthalpy variation (AH), which was
larger for the membrane-bound than for the solubilized pro-
tein, suggesting a higher thermal stability for the first sample
(Yoneda et al. 2013). Two other groups adopted a similar
approach for studying the thermal denaturation of NKA ex-
tracted from different sources. Grinberg et al. (2001) found a
three-step denaturation process with respective transition tem-
peratures of 47.5, 54.3, and 58.4 °C for membrane-bound
NKA extracted from pig kidney. Fodor et al. (2008) reported
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respective transition temperatures of 33.2, 41.5, 45.1, and
50.2 °C for membranous NKA from the shark and 49.0,
52.7, 54.6, 62.7, and 70.1 °C for membranous NKA from
pig kidney. The shifts in the number and value of the transition
temperatures observed between the pig kidney and shark rec-
tal derived samples are likely due to the different sources of
proteins and experimental conditions. During the catalytic cy-
cle, NKA undergoes conformational changes between two
main conformations: E1 and E2. It is worth noting that the
former sample had K* ions, which induce the E2 conforma-
tion. After removal of K* from sample, the unfolding tem-
peratures were decreased by up to 5 °C, evidencing the
protector effect of K* ions. Inclusion of Na* ions in the
sample induces E1 conformation, and a concomitant mod-
ification of the thermal denaturation curve was observed.
By comparison of the total change in enthalpy (AH) for
both conformations, the El-promoted sample (Na* stabi-
lized) can be shown to be less stable than the E2-
promoted sample (K™ stabilized) (Yoneda et al. 2013).
The influence of detergent/protein (D/P) molar ratio on
protein thermostability was also ascertained using DSC
(Yoneda et al. 2013). The results showed the increase in D/P
ratio resulted in a change in thermostability concomitant with
the reduction of enzymatic activity. In conclusion, the D/P
ratio has an important role to maintain the protein in a func-
tional state following solubilization (Yoneda et al. 2013).
As described in the introduction, there is a third subunit which
is not necessary for NKA pump function but which acts in a
regulatory role. This third subunit is named gamma (y) subunit
in kidney-derived preparations. Because the y subunit is small
and hydrophobic, it is often lost during the solubilization/
purification process along with much of the native lipid popula-
tion. In order to investigate the effect of the gamma subunit (y)
on NKA thermal stability, it must be separately extracted from
the membrane fractions and incubated with a sample of solubi-
lized NKA (xf3) to obtain (xf3y) samples. Interestingly, its ad-
dition enhanced the enzymatic activity by approximately 15%
and changed the thermal stability profile, especially in the begin-
ning of thermal denaturation process, leading to the conclusion
that the first step in the denaturation of NKA probably occurs in a
region which interacts with the y subunit (Yoneda et al. 2013).
In the NKA catalytic cycle, K* ions release is accompanied
by a detachment of cytoplasmic domains in the form E2(K*),
in the presence of the substrate ATP, consequently leading to a
decrease in cooperativity among the protein domains. This
lower cooperativity was detected using DSC by observing
peaks with higher resolution in the endotherm, demonstrating
that the closed and open states are different enough to modify
the thermal unfolding profile of NKA (Yoneda et al. 2013).
The effect of lipids was also evaluated by comparison of
DSC traces recorded between the detergent-solubilized and
lipid-incorporated NKA protein. DPPC/DPPE
proteoliposome was shown to be more thermally resistant than

solubilized NKA, as expected, since it is well known that
membrane proteins interact directly with lipid surrounding in
membrane, which is necessary for keeping the functional to-
pology of this protein class. The important protein—lipid inter-
action is probably governed by a specific combination of
lipids. This was shown by more detailed experiments involv-
ing DSC measurement of samples with different lipids bound
to the protein and also by experiments that systematically
changed lipid membrane properties (such as fluidity)
(Cornelius et al. 2015; Habeck et al. 2017; Haviv et al.
2013; Yoneda et al. 2013).

All of these noted differences in NKA thermal stabil-
ity are probably a consequence of the change in micro-
environment around the NKA structure. This change in
microenvironment may take the form of substitution of
the endogenous lipid membrane by detergent molecules
or artificial membrane, loss of the y subunit during
solubilization, and the different conformations induced
by K*, Na*, or ATP (Fig. 2) (Yoneda et al. 2013).

A variety of lipids in the plasma membrane as well as the
lipid domain formation play important roles in the regulation
of NKA (Cornelius 2008). The effect of cholesterol has been
studied, since it is an abundant lipid in cellular membrane and
has important roles on membrane properties as fluidity, per-
meability, and hydrophobicity (Ermilova and Lyubartsev
2018; Subczynski et al. 2017). Cholesterol acts to limit lipid
motion by increasing the packing and thickness of the mem-
brane (Ohvo-Rekila et al. 2002) and it is associated with lipid
raft formation (Lingwood and Simons 2010). Cholesterol was
included from 10 to 40 mol% in proteoliposome preparations
in order to determine its influence on the thermal stability and
function of NKA as measured by DSC. The variation resulted

10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 2 Thermal denaturation of NKA at different conditions. MF,
membrane fraction; SP+y, solubilized protein plus gamma subunit;
Proteo, proteoliposome (DPPC:DPPE:NKA), SP+K, solubilized protein
with 15 mM of potassium ions; SP+ATP, solubilized protein plus 3 mM
of ATP; SP, solubilized protein in the absence of sodium and potassium
ions; SP+Na, solubilized protein plus 15 mM of sodium ions
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in a change of enzymatic activity, reaching a maximum at
20 mol% of cholesterol. The structural thermostability was
shown to be highly dependent on the amount of cholesterol
present. In absence of cholesterol, there were three peaks in
the thermogram as seen for solubilized protein. When choles-
terol was added into the system, there was a displacement of
some temperature transitions, probably due to a conformation-
al change producing different thermostability. This alteration
corroborated the observed variation in ATPase activity de-
pending on the cholesterol content. This work confirmed that
changes in membrane lipid directly affect the protein confor-
mation and consequently its thermal stability and function
(Yoneda et al. 2014).

Another microcalorimetry technique, ITC (isothermal titra-
tion calorimetry) has also been used to measure enzymatic
activity of NKA (Yoneda, J.S; unpublished data). The
steady-state enzyme activity of the NKA can be evaluated
by calorimetry since ATP hydrolysis is coupled with heat gen-
eration. In general, calorimetry (both ITC and DSC) have a
number of advantages compared with normally used tech-
niques to study kinetics of an enzyme. Other procedures such
as discontinuous colorimetric enzyme assays, which means
the reaction is stopped after a determined time followed by
colorimetric methods used to determine the rate of inorganic
phosphate released (Heinonen and Lahti 1981), have been
widely used. These discontinuous approaches can be made
continuous by using other enzymes to couple ATP hydrolysis
to NADH oxidation producing an absorbance change detected
spectrophotometrically (Schwartz et al. 1971). Also,
radioactive-labeled substrate is commonly used for these
purposes, however, with the disadvantage of contamina-
tion (Noske et al. 2010). As calorimetry does not require
any of these additional complications, it is an appropriate
technique for kinetic studies of enzymes. For ITC-based
measurements, a single injection method was carried out
at different ATP concentrations and the kinetic parameters
were determined (Yoneda, JS; unpublished data). The en-
zyme solution was placed in the syringe and titrated into
the reactional medium contained in the cell. It was possi-
ble to observe an initial peak, which is related to dilution.
The apparent enthalpy variation for the reaction, AH,p,, is
given by the area under the isotherm curve. The dilution
contribution was taken into account for the calculation of
AH,,,p,. After the peak of dilution, it is possible to observe
a constant signal associated to the steady-state activity,
which vanished after a certain time indicating the end of
the reaction (Fig. 3).

For the ATP concentration equal to 1 mM (n =0.914 umol)
the total heat was 110,094 pJ. The value of 42,039 wJ due to
dilution was discounted. Therefore, the apparent enthalpy var-
iation (AH,pp,) was 74.4 kJ mol!. The power (dQ/dt) was
obtained as indicated in the Fig. 3 for each initial ATP con-
centration (only one curve is shown for clarification). The
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amount of heat associated with converting #» moles of sub-
strate to product is given by:

Q=nAH =[P|V AH,y,

where Vis the volume of solution in the reaction cell, [P] is the
concentration of product generated, and AH is the molar en-
thalpy variation experimentally determined.

Therefore,

Power = dQ/dt = d[P]/dt V AH 4,
Rearranging,
Rate = d[P]/dt = dQ/V AH dt

Repeating the same procedure, varying the initial ATP con-
centration inside the cell, it was possible to obtain the rate of
reaction depending on substrate concentration (Fig. 3, inset).

The kinetic parameters were then determined: the
Michaelis constant at a submillimolar range as expected, K,
= 0.41 mM, and the maximum velocity of reaction V., =
243 nmol/L s (Yoneda, JS; unpublished data).

Stoichiometry and subunits aggregation
of Na,K-ATPase

Different stoichiometries are observed between o and 3 sub-
units of NKA depending on the method employed to solubi-
lize and purify the enzyme (Hayashi et al. 1983; Kaya et al.
2003; Kobayashi et al. 2007; Mimura et al. 1993; Yoneda et al.
2016). It is well established that protomer (xf3) is enough to
transport ions through cell membranes (Hayashi et al. 1989;
Takeda and Kawamura 2001). Thus, there is no structural
reason for the protein to oligomerize into dimers or higher
oligomers for ion transportation. Nevertheless, several authors
have suggested the involvement of diprotomer, tetraprotomer,
or higher oligomers as constituting the nature of the NKA
(Kobayashi et al. 2007; Laughery et al. 2004; Mimura et al.
2008; Taniguchi et al. 2001). Our group has also put effort into
investigating this problem. However, the true nature of the
oligomeric organization in membranes remains an open ques-
tion. From the experimental point of view, many factors can
contribute to aggregation of a membrane protein when it is
submitted to solubilization/purification procedures. The pa-
rameters used in the process such as buffer composition, con-
centrations of enzyme, and detergent probably affect directly
the association between polypeptide chains leading to either
enhancement or repression of the formation of oligomers and/
or aggregates in solution.

In order to investigate such an issue, a number of key pa-
rameters were controlled. For NKA solubilized with the de-
tergent C;,Eg, the ratio between detergent and protein was
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Fig.3 Calorimetric signal related to steady-state activity of Na,K-ATPase
after injection of 30 pL of protein solution (8375 nM) into the cell con-
taining 914-uL reactional medium (HEPES 50 mM, pH 7.4, with ATP

varied followed by detection of possible structural changes by
means of various biophysical techniques. CD (circular dichro-
ism), for instance, did not show significant differences in spec-
tra of NKA when its concentration varied from 0.1 to
0.6 mg mL ' maintaining constant the C,,Eg concentration
equal to 0.005 mg mL ™", However, the CD profile and enzy-
matic activity were sensitive to surfactant concentration
confirming that it is necessary to control this parameter to
maintain the protein in a functional form (Rigos et al. 2008).

Measurements of surface tension and dilatational surface
elasticity were also performed to gain information about the
effect of detergent on protein and vice versa. The presence of
enzyme (0.05, 0.2, or 0.5 mg mL_l) decreases the surface
tension of C;,Eg in the phospholipid bilayer. For low protein
concentrations (0.05 and 0.2 mg mLﬁl), the surface tension in
the phospholipid bilayer was virtually unchanged over the
range of detergent concentration studied. On the other hand,
at high enzyme concentration (0.5 mg mL™"), the surface ten-
sion significantly increased for low C;,Eg concentration, be-
fore reaching an asymptotic limit at high C;,Eg amounts. All
these changes were hypothesized to be related to different
oligomer species depending on the protein concentration
(Rigos et al. 2008).

1 mM, KC1 10 mM, MgCl, 5 mM e NaCl 50 mM). Inset: rate (mol/L s) vs
subtract concentration (ATP)

SAXS (small angle X-ray scattering) measurements were
also performed to measure the size of the NKA aggregates as a
function of surfactant amount. At low C;,Eg concentration
(0.005 mgmL ") in2 mg mL " enzyme solution, data analysis
of SAXS profile suggested that NKA is associated as oligo-
mers larger than (f3),, while at very high C;,Eg concentra-
tion (2.7 mg mL "), the enzyme dissociates with a subsequent
self-assembling of « subunit into x4 aggregates (Souza
Barbosa et al. 2010).

NKA aggregation was measured in protein reconstituted in
liposomes by means of FTIR (Fourier transformed infrared)
and fluorescence spectroscopy with or without proteolytic di-
gestion of protein. The infrared spectrum of digested protein
(which remained bound to the lipids) displayed a remarkably
different profile as compared with the whole protein spectrum.
However, by increasing the temperature to 60 °C, unfolding
and aggregation were observed but not for the trypsinized
sample, leading to the conclusion that the cytoplasmic part
of a-subunit is the responsible for the NKA association
(Rigos et al. 2010).

Measurements of DLS and AUC (analytical ultracentrifu-
gation) confirmed that NKA, when solubilized and purified,
presents as a heterogeneous particle size distribution in
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Fig. 4 Illustration scheme of the
oligomerization and aggregation
that possibly occur after the
solubilization and purification of
NKA with C12E8 detected by
AUC, DLS, SAXS, and
enzymatic activity assays

specific
enzymatic
activity

(aB)g

solution with C;,Eg (Yoneda et al. 2016). After the chroma-
tography purification, seven different population sizes were
identified by AUC, with monomers and tetramers correspond-
ing to 55% of the total protein mass in solution. If the protein
concentration was further increased, this percentage is de-
creased to 40%, indicating that other higher-order aggregates
were formed. A simple filtration, using 220 nm pore filter of
sample, was able to remove the higher-order oligomer/
aggregate species with concomitant increase of the specific
enzymatic activity, indicating the large species were inactive.
However, once removed, the aggregation process started
again after a 20-h time period. This finding revealed that
C,,Eg-solubilized NKA is in a dynamic equilibrium of mono-
mers, tetramers, and high-order oligomers/subunit aggregates.
It was also shown that high amount of detergent leads to the
dissociation of NKA into smaller aggregates with impaired
enzymatic activity. In conclusion, increasing detergent con-
centration is not a good strategy to separate the large oligomer
species (Fig. 4) (Yoneda et al. 2016).

Conclusions

The study of isolated membrane proteins is necessary to de-
termine particular information while avoiding interference of
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other components. To make these experiments feasible, nec-
essary procedures are required to effect solubilization and pu-
rification. Biophysical tools employed to study NKA in vitro
can provide relevant information dependent upon the success
of its extraction from a natural source and subsequent purifi-
cation. Here, we have reviewed results which describe how
the experimental conditions and/or the environment around
NKA can influence its measured properties. Controlling qual-
ity of sample is essential to avoid data misinterpretation, es-
pecially because the protein can associate in a variety of olig-
omer species when it is removed from the natural membrane.
Our sincere hope is that this Review will help to promote best
practice in the experimental preparation and experimental uti-
lization of NKA in future biophysical investigations.
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