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In this work, we find an equilibrium between different Na,K-ATPase (NKA) oligomeric species solubilized
in a non-ionic detergent Ci2Eg by means of Dynamic Light Scattering (DLS), Analytical Ultracentrifu-
gation (AUC), Small Angle X-ray Scattering (SAXS), Spectrophotometry (absorption at 280/350 nm) and
enzymatic activity assay. The NKA sample after chromatography purification presented seven different
populations as identified by AUC, with monomers and tetramers amounting to ~55% of the total protein
mass in solution. These two species constituted less than 40% of the total protein mass after increasing
the NKA concentration. Removal of higher-order oligomer/aggregate species from the NKA solution using
220 nm-pore filter resulted in an increase of the specific enzymatic activity. Nevertheless, the enzyme
forms new large aggregates over an elapsed time of 20 h. The results thus point out that C;,Eg-solubilized
NKA is in a dynamic equilibrium of monomers, tetramers and high-order oligomers/subunit aggregates.
These latter have low or null activity. High amount of detergent leads to the dissociation of NKA into
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smaller aggregates with no enzymatic activity.

© 2016 Published by Elsevier B.V.

1. Introduction

Na,K-ATPase (NKA) is a member of the P-type family of active
cation transport proteins present in the plasma membrane of all
mammalian cells. It is usually purified from different NKA-rich tis-
sues from kidney and brain, for instance [1-4], and consists of
two main polypeptide chains: the « (~110kDa) and [3-subunits
(~35-50kDa) [5,6]. The a-subunit possesses the cation-binding
sites, and undergoes conformational changes during the active
transport. The B-subunit, on the other hand, is required for trans-
lation, stability, and membrane insertion of NKA. Furthermore, this
subunit can self-associate, giving a cell-cell adhesion function to
the enzyme [7]. A third, small (~7-12 kDa) and hydrophobic sub-
unit (y-subunit in the kidney) can also be found in the NKA [8].

NKA uses ATP hydrolysis to transport three Na* ions out of
the cell, whereas it pumps two K* ions into the cell, against their
concentration gradients [9]. The Na* gradient generated drives
many transport processes through co-transporters (sodium glu-
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cose), exchangers (Na*/Ca2*) and also drives amino acids and
vitamin transport into the cells [9]. Besides, the electrochemical
gradient is essential for physiological processes such as electrical
excitability, nerve transmission, and muscle contraction [10,11].
The transport of Na* and K* is accomplished by the enzyme confor-
mational changes [12]. In general, two main conformational states
exist: the sodium-bound E1 state and the potassium-bound E2
state, which were well elucidated by the corresponding crystal-
lographic structures [13,14].

Although NKA is well known since its first description in 1957
[15], the functional unit of the enzyme is still a matter of debate.
The main issue concerns whether the enzyme native state in cell
membranes is a a3-monomer or (), oligomers [16]. It has been
previously reported that the monomer is capable to transport ions
[17]. Therefore, there is no structural reason for ion pumps to aggre-
gate into dimers or higher oligomers in order to translocate ions.
Nevertheless, several authors have suggested the involvement of
diprotomers or higher oligomers in the mechanism of the Na,K-
ATPase in native membranes [18]. A comparison of the extent of
phosphorylation with ligand-binding capacities in the presence and
absence of ATP hydrolysis strongly suggests that the functional
unit of NKA in the membrane is a tetramer, (af3)4 [16]. Besides,
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there are evidences for associations among monomers as revealed
by cross-linking experiments, single particle imaging and ther-
mal inactivation studies [17,19-22]. Thus, the self-association of
Na,K-ATPase could play a crucial role in biological system, however
the functional importance of multimeric interactions between the
active pump enzymes remains unproven [4,23].

It is well known that the methods employed for solubiliza-
tion and purification of NKA may influence the aggregation of the
enzyme and the stoichiometry of the (af3) protomers [24,25]. In
studies with membrane proteins, the use of detergent is essential
to keep the protein of interest in the functional state out of the
bilayer [26]. Integral proteins solubilized with non-ionic detergents
canretain their native structure and activity for a considerable time.
The detergent/protein ratio is a critical parameter for aggregation
and/or denaturation after removal from the hydrophobic medium
of the lipid membrane [27].

In particular, our group investigated how the surfactant:protein,
C12Eg:NKA molar ratios influence the enzyme solubility and its
reconstitution in proteoliposomes by different biophysical tech-
niques [28-32]. Circular dichroism, surface tension and dilatational
elasticity revealed changes in the enzyme secondary struc-
ture, whereas DSC measurements evidenced Cy3Eg concentration
dependent differences in thermal stability of Cq;Eg-solubilized
NKA, in the low concentration range [28-33]. At high C;,Eg con-
centrations, the enzyme dissociation, followed by self-assembling
of a-subunit into a4 aggregates was determined by means of Small
Angle X-ray Scattering (SAXS) measurements [34]. It should be
stressed, however, that different NKA concentrations ranging from
0.01 to 5mgmL-" were used, depending on the method employed.
Noteworthy, NKA enzymatic activity is usually evaluated at protein
concentrations in the order of 10-3 mgmL-1[29,30].

In previous reports [29,30], the NKA species present in solu-
tion right after solubilization in Cq3Eg and purification were not
addressed. In the present work, NKA solubilized using 1 mg of
Ci2Eg to 1 mg of protein, the condition for maximum solubiliza-
tion and activity [35], is revisited with the aim of identifying the
main multimeric species in solution and how these can change
under the action of external factors. In fact, we here demonstrate
that the monomer (af3) coexists with oligomeric forms and non-
functional aggregates (or with low enzymatic activity), even after
the gel filtration. Different approaches were used to avoid and
to remove higher-order aggregates from freshly prepared NKA
samples. Noteworthy, most of the reported studies on NKA were
performed assuming that the protein was in a single oligomeric
state [24,36,37], which is not generally true for all NKA purifica-
tion procedures. Our results thus emphasize the importance of the
knowledge of the oligomeric forms present in NKA samples in order
to avoid misleading data interpretations.

2. Materials and methods
2.1. Material

All samples were prepared using Millipore Direct-Q ultra-
pure apyrogenic water, and all reagents were of the highest
purity commercially available: Trichloric Acetic Acid (TCA);
tris[lhydroxymethyllJaminomethane (Tris); N-(2-hydroxyethyl)
piperazine-N'-ethanesulfonic acid (HEPES); ATP; BSA and Dode-
cyloctaethyleneglycol (Ci2Eg) were from Sigma; SDS was from
Lancaster. EDTA, potassium chloride, sodium chloride and mag-
nesium chloride were from Merck. Biobeads were from BioRad.
Sterile filters of 220nm and 100 nm pores were purchased from
Millipore.

2.2. CyyEg-Na,K-ATPase preparation

Solubilized and purified NKA (E.C 3.6.3.9) was extracted from
the dark red outer medulla of the kidney of adult New Zealand
white rabbits as previously described [35]. Briefly, the kidney tis-
sue was homogenized in a high-speed shearing homogenizer and
ultracentrifuged. The pellet corresponding to membrane-bound
NKA was resuspended. One milligram of NKA membrane fragments
with 1 mg of Ci2Eg were mixed at 4°C. After ultracentrifugation,
the supernatant was assayed for protein concentration and ATPase
activity. The Cq,Eg-solubilized enzyme was purified by gel filtra-
tion at 4°C on a Sepharose 6B column (1.4 x 119 cm) and fractions
showing ATPase activity were pooled. Samples were concentrated
through a YM-10 Amicon filter when necessary.

Protein concentration was estimated in the presence of 2% (w/v)
SDS as described in Ref. [35]. BSA was used as standard.

2.3. ATPase activity

ATPase activity (Vmax) was assayed discontinuously at 37°C
using a spectrophotometer Spectronic Genesis 2 (Milton Roy) by
quantification of the phosphate release, in a buffer composed by
HEPES 50 mmol L-! at pH 7.5 in the presence of saturating concen-
tration of ATP (3 mmol L), KCl (10 mmol L-1), MgCl, (5 mmol L-1)
and NaCl (50 mmol L~1), in a final volume of 1.0 mL, as reported in
Ref. [35]. The reaction was initiated by addition of the enzyme, and
stopped by 0.5 mL of cold 30% TCA as previously described in Ref.
[35]. The tubes were then kept in ice and immediately centrifuged
for 10 min. The amount of inorganic phosphate produced by ATP
hydrolysis was measured using the method described by Heinonen
and Lahti [38].

Assays were performed in triplicate and controls without added
enzyme were included in each experiment to quantify the non-
enzymatic hydrolysis of the substrate. The reactions were started
by addition of enzyme or substrate depending of the system used.
Specific activity (enzyme unit—U) is defined as the amount of
enzyme hydrolyzing 1.0 nmol of ATP per minute at 37 °C per mg
of protein.

2.4. Dynamic light scattering

Size distribution of solubilized protein was determined using a
N5 Submicron Particle Size Analyzer (Beckman Coulter, Inc., Fuller-
ton, CA, USA). A 25 mW Helium-Neon laser was used as the light
source with wavelength A =632.8 nm, at a scattering angle of 90°.
The results presented here are the average of five measurements,
and the weighted average (WA) of the hydrodynamic radii was
determined as WA= X r;w; where r; is the hydrodynamic radius
and w; is the weight [39] corresponding to i distributions. Assays
were performed in triplicate using different enzyme preparations.

2.5. Analytical ultracentrifugation

The protein solubilized and purified according to Sec-
tion 2.2 was subjected to sedimentation-velocity-analytical-
ultracentrifugation (SV-AUC) experiments in a Beckman Optima
XL-A analytical ultracentrifuge using the AN50-TI rotor. The protein
was centrifuged at 12,000 rpm (13 °C) in different concentrations
before and after filtration through a 100 nm-pore filter. The sed-
imentation rate was recorded at 227 nm. Both non-concentrated
(~0.1mgmL-1) and concentrated (~0.4mgmL-1) samples were
also subjected to SV-AUC at 18000 RPM (13 °C) and data collec-
tion was at 236 nm. The sedimentation rate data was analyzed
by SedFit software, version 14.1 [40] in order to obtain the
c(S) curves. The apparent sedimentation coefficients (s) were
obtained from the maxima of the peaks of ¢(S) distribution
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curves and corrected for standard conditions (s ) of water at
20°C [41], using the Sednterp software (http://sednterp.unh.edu/
). This software was also used for estimating buffer viscosity
(n=1.0045 x 102 poise), density (o =1.00055gmL"!) and protein
partial-specific volume (V},, =0.7412 mLg~1). The relative amount
of each species, observed in the SV-AUC experiments, was deter-
mined by taking into account the area under each peak in the c(S)
curve.

The crystallographic structures for NKA (PDB Acc. numbers
3WGYV and 3A3Y) as “monomer” («f3) and “dimer unit” (a3), were
analyzed by the HydroPro software [42] in order to obtain their
hydrodynamic and structural properties, allowing comparison with
the one’s determined experimentally. The hydrodynamic parame-
ters were determined for standard conditions.

2.6. Absorption spectroscopy

The UV-vis spectra were measured in an Ultrospec 5300 Pro
spectrophotometer from Amersham Biosciences (Amersham Bio-
sciences, Corp., NJ, USA), using quartz cells with 1 cm path-length.
Each spectrum was recorded from 200 to 450 nm with scan step
and scan speed of 1 nm and 1856 nm/min, respectively.

The absorption bands of proteins (without metallic groups)
range from approximately 200-300 nm. In particular, tryptophan
absorbs at A =280 nm enabling protein concentration determina-
tion at this wavelength [43,44]. On the other hand, when large
oligomers and aggregates are present, the solution turns turbid,
causing scattering of light for A >330nm [45,46]. In this way, pro-
tein oligomerization and aggregation were evaluated by observing
the changes in absorption value at 280 nm, as well as the turbidity
value at 350 nm over time.

2.7. Small angle X-ray scattering

The experiments were performed at the National Synchrotron
Light Laboratory (LNLS-SAXS1 beamline, Campinas, Brazil), radi-
ation wavelength \=1.488A, sample-to-detector distance of
~1300 mm, and at room temperature of 25°C. Samples were fil-
tered through 100nm-pore filters and set between two mica
windows with a 1mm spacer. The sample holder was placed
perpendicular to the incident X-ray beam. The obtained curves
(data collection of 5 min) were normalized by taking into account
the decrease of the X-ray beam intensity during the experiment.
The parasitic background from the buffer solution was subtracted
considering the sample’s attenuation. Purified NKA samples were
prepared in the absence and presence of 0.5 and 1 mM SDS.

The scattering intensity, I(q), of an isotropic solution of non-
interacting scattering particles can be described as [47] I(q)=kn
P(q), where k is an experimental factor and n; the particle number
density, q is the modulus of the scattering vector, q =4 sin(9)/X, 20
being the scattering angle, and P(q) is the form-factor.

It is possible to calculate the protein form-factor directly from
the crystallographic structure. In the present work, we made use of
the SASMOL software [48] to calculate P(q) of both monomer («[3)
and dimer (o), structures (PDB entry: 3WGV, [14]).

In the absence of interference effects, a Fourier transform con-
nects the scattering intensity I(q) to the pair distance distribution
function, p(r), which provides information about the protein size,
shape, radius of gyration, Rg, as well as its maximum dimension,
Dmax, [47,49,50]. In this work, the GIFT software [51] was employed
to obtain the p(r) functions from the whole set of SAXS curves.
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Fig. 1. (A) Distribution of Hydrodynamic Radius, Ry, evaluated by DLS of CyEs-
solubilized NKA after chromatography. Protein concentration was 0.07 mgmL-'.
(B) ¢(S) curves for non-concentrated NKA samples after filtration (-—) 0.06 mgmL-',
(oo ) 0.10 mgmL-'. The SV-AUC experiment was done at 12,000 rpm and 13°C. A
total of 200 absorbance scans over the cell radius were collected at 227 nm and
treated by SedFit software (version 14.1).

3. Results and discussion

3.1. Cq2Eg solubilized-NKA characterization: DLS and AUC
measurements after purification

Fig. 1A shows the DLS results obtained from solubilized NKA
samples (0.07 mg mL-!) immediately after elution from the purifi-
cation column. The sample was eluted with a buffer containing
0.005 mgmL-! of C1,Es. An inspection of the data reveals that the
sample is composed of different species, with a size distribution
centered at the weighted average of 19 + 1 nm. The expected Stokes
Radius (Rs) values for (af3) and («[3); are 5.0 nm and 6.3 nm, respec-
tively, calculated from the NKA crystallographic structure for the
monomer (PDB: 3WGV and 3A3Y) and the dimer (PDB: 3WGV)
(Table 1). Therefore, DLS results evidenced that the eluted enzyme
may contain several (a8), oligomer species. Moreover, the pos-
sibility of other types of self-assembled subunit aggregates like
(a)n, (B)n or (anBm) cannot be disregarded. It should be noted that
the PDB files include the y subunit, although our samples lack this
because of the solubilization process employed [31]. However, the
contribution from this subunit is negligible for DLS results due to
its smaller size as compared to - and [3-subunits.

We continue the investigation using AUC measurements to pur-
sue which oligomeric species were present in NKA solutions of
0.06 mgmL~! and 0.10 mg mL~". For this, the sample was first fil-
tered through 100 nm-pore to ensure a selection of the species
below this dimension. The filtered NKA samples showed that there
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Table 1

Structural and hydrodynamic properties predicted from NKA crystallographic structure for a monomer (PDB: 3WGV and 3A3Y) and dimer (PDB: 3WGV) by HydroPro
software. Molecular Mass (MW) determined from their amino acid sequence, Stokes Radius (Rs), Radius of gyration (Rg), Sedimentation coefficient at standard conditions
(s20w), Maximum Sedimentation coefficient (Smax ), and Maximum distance (Dmax ), Frictional ratio (f/fo).

PDB (aB'\/)n MW (Da) Rs (nm) Rg (nm) S20,w (S) Smax (S)a Dmax (nm) f/f()h
3A3Y 1 156499 5.0 £ 0.1 4.7 £ 0.1 7.1 £0.1 9.9 171 1.4
3WGV 1 154490 5.1+0.1 4.7 £ 0.1 7.0 £0.1 9.8 16.7 1.4
3WGV 2 308980 63 +£0.1 54+0.1 11.2 £ 0.1 15.6 18.3 14

3 Theoretical s-value predicted for a spherical particle of a give MW.

b Estimated by the ratio of smax and the predicted so-value for each crystallographic structure.

is a high degree of size polydispersity in both protein concentra-
tions tested (Fig. 1B). Table 2 summarizes the properties and the
relative amount of each species according to the AUC data analysis.
At least 7 species in solution were identified. It should be stressed,
however, that the first two species (Table 2) amounts for ~55% of
the protein mass in solution.

According to Table 1, considering the hydrodynamic parameters
evaluated from the crystallographic structures, we can conclude
that species (1) might be attributed to NKA monomer (o[3). The
predicted syq w-value for (af3) was of about 7S in a good agreement
with the experimental value of 7.2-7.4 Sand it corresponds toa MW
of ~180kDa. The specie (2) presented a s w-value of about 178,
which was higher than that predicted for («[3), (Table 1) and also
higher than for a spherical protein of around 300 kDa. The maxi-
mum s-value (smax) estimated for a globular protein of 300 kDa is
around 15.6 S (determined by Sednterp software), indicating that
the specie (2) should be an oligomer larger than («3);. It is proba-
bly a tetramer, since the molecular mass obtained experimentally
(Table 1) is approximately 4 times the MW for the monomer as
estimated by the SedFit software (Table 2). Furthermore, it is also
possible to observe five other populations of higher molecular mass,
suggesting the presence of larger oligomers (a[3), and/or sub-units
aggregates (Fig. 1B). However, the results have no resolution to
attribute the stoichiometry of these species, mainly considering the
absence of other structural information.

Interestingly, the frictional ratio (f/fp), which is a shape factor
obtained from hydrodynamic techniques, estimated by the ratio of
Smax and the experimental s, calculated for the species (1) and
(2) considered as monomer and tetramer amounted to~1.3 and 1.4,
respectively. These f]fo-values thus indicate that the NKA species (1)
and (2) have a slightly elongated shape as do the crystallographic
structures (Table 1).

In agreement with DLS data, AUC results show that after
purification C;Eg-solubilized NKA (1 mg protein: 1mg Cq3Eg)
presents different oligomeric species in solution, that is, monomers,
tetramers, higher-order oligomers and/or aggregates. Previously
reported protocols in the literature suggested that CiEg-
solubilized NKA can be found in a variety of oligomeric
species: monomer [36,37,52-55], dimer [24,55,56], trimer [54]
and tetramer [19,57]. Therefore, the discrepancies found between
our results and those reported in the literature can be

Table 2
Hydrodynamic parameters obtained for each NKA species from SV-AUC experiments.

probably attributed to different conditions used in the solubiliza-
tion process. As remarked before, the type of surfactant and the
detergent/protein ratio are the key factors that may drive the self-
association of protomers (af3), and/or subunits of the solubilized
NKA.

3.2. The effect of NKA concentration: DLS and AUC measurements

In order to investigate how NKA concentration impacts on the
association of the multimeric species, freshly prepared samples
were concentrated through a YM-10 Amicon filter. Such procedure
induced the formation of aggregates larger than those found in
non-concentrated NKA samples, as evidenced by the appearance
of scatters with hydrodynamic radii >100nm (Fig. 2A). To iden-
tify which oligomeric states were presented in the filtered and
concentrated samples, SV-AUC experiments were also employed
(Fig. 2B). As one can see in Fig. 2B, there are at least 14 differ-
ent species in solution at 0.4 mg mL~!. AUC data analysis indicated
that the five main species observed in the non-concentrated sam-
ples (species (1)-(5), Fig. 1B) account for 95% of the protein mass,
decreasing to 60% at 0.4 mg mL~!. Interestingly, the species (1) and
(2) present in the concentrated sample constituted less than 40% of
the protein mass in solution, whereas they amounted to 55% in the
non-concentrated samples (Table 2). Thus, concentration indeed
induces formation of higher-order oligomers or subunit aggregates.

Therefore, the combined DLS and AUC results give support to the
conclusion that Cy;Eg-solubilized NKA in solution is an equilibrium
of different oligomeric states (even after elution).

In order to better understand the equilibrium of NKA species
over time and how this impact the enzymatic activity assays, a
series of experiments were realized as follows.

3.3. Filtering the concentrated NKA

In order to remove the larger species from concentrated sam-
ples, filters of 220 nm-pore size were used. Fig. 3 displays the
absorption spectra from concentrated samples, and right after fil-
tration. As one can see, there is a 26% reduction in the absorbance
value at 280 nm, indicating a decrease in the protein concentra-
tion. Moreover, there is a reduction of 57% in the turbidity value at

Species NKA 0.06 mgmL-! NKA 0.1 mgmL-!
Sa0w (S)*P MW (kDa)? Amount (%) S2ow (S)? MW (kDa)? Amount (%)

1 7.4 190 26 7.2 180 26

2 16.4 620 29 17.7 620 28

3 23.5 1080 18 23.6 1050 17

4 313 1640 16 31.2 1590 16

5 38.9 2280 7 40.2 2320 10

6 48.0 3110 5 51.1 3330 4

7 59.3 4280 2 62.0 4460 1

a Errors are of 5%.

b Values of apparents (from Fig. 2B) normalized to standard conditions of water and 20°C.
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350 nm, implying filtration indeed removes large species (>220 nm)
in the sample.

The decrease in size after filtration is confirmed by a reduction
of 42% in the WA value (Fig. S1—Supplementary material), which
indicates that some higher-order oligomers and large aggregates
were excluded from the sample. However, DLS measurements still
exhibit a distribution in size, indicating the existence of populations
with different molecular masses (Fig. S1).

In order to verify if the NKA species evolve with time, absorption
measurements at 280 nm were performed after filtration. As shown
in Fig. 3 (inset) the normalized absorption at 280 nm increases
while the protein concentration is kept constant. It means that
the increase in absorption must be caused by an increase in light
scattering due to the formation of larger aggregates in solution
[58]. Furthermore, the scattering intensity 20h after filtration,
amounted to 96% (normalized), which indicates that the higher
oligomers and/or aggregates must have formed as those observed
prior to filtration.

Also, populations larger than 220 nm in size arise with time,
indicating an increase of size polydispersity (Fig. S2A) and the
weighted average (WA) over time, as one can see in Fig. S2B.

Interestingly, Fig. 4 presents the variation of specific enzymatic
activity and protein concentration of the same sample before and
right after filtration. As one can verify, the filter reduces the pro-
tein concentration to ~30% and this is accompanied by an increase
of specific enzymatic activity (up to 37%). Therefore, populations
larger than 220 nm (pore size) show a tiny or no enzymatic activ-
ity, since its removal leads to a similar enzymatic activity as before
filtration. The enzymatic activity after the removal of larger aggre-
gates must be due to the presence of some NKA oligomeric forms.
Actually, it is well known in the literature that different sub-
units associations, catalytically competent, can exist in solution as
monomer (af3) [58,59], dimer (af3), [58-60], trimer ([3)3, and/or
tetramer (af3)4 [16,33,59,61]. Of note, associations of 3 in higher
orders were reported in the sample of NKA solubilized in SDS and
tris dodecyl sulfate (TDS) or in membrane fraction [62,63]. Also,
associations of o in higher orders [62,64] can be found as a4 [34].
However, the oligomeric species consisted by a, or B, have no
enzymatic activity [12].

Therefore, filtration retains populations larger than 220 nm.
Nevertheless, the remaining populations in solution do self-
assemble towards new oligomers and/or aggregates with time.
These results suggest that the equilibrium of NKA solubilized
and purified in Cq3Eg is reached in the presence of different
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Fig. 5. (A) Hydrodynamic Radius (Ry) (M) and Relative Enzymatic Activity (a)
of solubilized NKA with increase in C;,Eg/Protein. Protein concentration was
0.37mgmL-". All values are the average + SD for three determinations. (B) Radius
of Gyration (Rg) (M) and Relative Enzymatic Activity (A) of solubilized NKA with
increase in SDS/Protein. Protein concentration was 0.46 mg mL~!.

populations, including higher-order oligomers and aggregates,
when the protein is devoid of its natural microenvinronment
[30,31].

3.4. Detergent effects on protein oligomerization

In order to better investigate the protein oligomerization depen-
dence on Ci3Eg:NKA molar ratio, DLS measurements were also
employed. The NKA was solubilized using 1 mg of C;5Eg to 1 mg of
protein. However, the solubilized NKA sample was thus eluted with
a buffer containing 0.005mg mL~! of C;,Eg. The addition of excess
detergent to the eluted sample, with final (detergent/protein)
molar ratio ranging from 4 to 2100, considering 0.005 mgmL-! as
the basal detergent concentration, decreased the average size of the
scattering particles by almost four-folds (Fig. 5A). Thus, detergent
may induce the dissociation of the higher oligomeric species, pre-
venting NKA aggregation. These results agree with those reported
in Refs. [56] and [64], where changes in the NKA oligomeric struc-
tures purified from dog kidney was observed. In these articles, the
authors showed that, with an increase in C;3Eg concentration, the
molar mass of the enzyme decreased, indicating that the oligomeric
state is dependent on the enzyme’s ambience. Moreover, it is
known that huge amounts of C13Eg can induce the separation of
a and [ subunits followed by the formation of oy aggregates as
demonstrated by Barbosa et al. [34]. In which, when the range
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Fig. 6. (A) SAXS measurements of NKA in SDS free solution (a), with 160:1 (@)
and 320:1 (4) SDS/Protein molar ratio, protein concentration was 0.46 mgmL~! and
samples were filtered using a 100 nm-pore prior to measurements. Theoretical SAXS
curves of monomer (—) and dimer (—) (PDB: 3WGV). The theoretical curves are
displaced for clarity. (B) Pair distance distribution function from the NKA without
SDS (a), with 160:1 (®) and 320:1 (#) SDS/Protein molar ratio, and the theoretical
SAXS curve obtained for monomer (—) and dimer (—) (PDB: 3WGV).

of detergent/protein molar ratio varied between 1600:1-16,000:1,
with the protein concentration as 2 mg mL~!, the enzymatic activ-
ity decreased to 10% [34].

On the other hand, the detergent can form micelles in solution
when it is above the CMC (0.053 mgmL—1), which has a size of 7 nm
(determined by DLS), and this can contribute to the average size of
the particles.

At higher concentrations of the non-ionic detergent, the pro-
cess of aggregation is much slower, although the enzymatic activity
decreases faster. According to Ref. [56] this occurs due to delipida-
tion, as associated lipids are essential to keep the native structure
of the enzyme. Of note, the increase of C;,Eg amount to avoid pro-
tein aggregation is not rewarding, since its activity is almost null
for higher detergent quantity (Fig. 5A).

The influence of an anionic detergent was also investigated
here, since it is well known that such detergents can promote
dissociation of multimeric proteins by the interplay of electro-
static and hydrophobic forces [65-67]. Accordingly, we added the
negatively charged SDS surfactant to the Cq;Eg-solubilized NKA
as a trial to obtain a homogeneous sample formed by monomers
() and/or dimers (o3),. SAXS technique was then employed to
observe changes in the C;;Eg-solubilized NKA radius of gyration
(Rg) (Fig. 5B) and maximum dimension (Dmax) obtained from the
distance distribution function p(r) analysis (Fig. 6). For compari-



244 J.S. Yoneda et al. / International Journal of Biological Macromolecules 89 (2016) 238-245

son purposes, SAXS curves of («f3) and («f3); calculated from the
crystallographic structures (Table 1), and the corresponding p(r)
functions, are displayed in Fig. 6. Of note, both Hydropro software
and p(r) analysis using 3WGV PDB file resulted in similar values of
Dmax-

In the absence of SDS, Rz and Dmax values are three times
greater than those expected for the dimer species (Figs. 5B and
6B). Therefore, enzyme oligomers/aggregates are present in the
concentrated NKA sample, which is in good agreement with the
analysis of absorption (turbidity), DLS and AUC. The addition of
SDS causes a reduction of 27% and 33% in Ry values for the
samples containing 160:1 and 320:1 SDS/NKA molar ratio, respec-
tively (Fig. 5B). Such findings suggest that SDS interacts with
NKA higher-order oligomers/aggregates promoting their dissoci-
ation. Moreover, even after increasing the molar ratio to 320:1
SDS/Protein, the Rg and Dmax are ~2 times the theoretical val-
ues for dimer (Rg and Dmax are 5.4 and 16nm, respectively),
indicating that even though SDS is capable of dissociating the
oligomers/aggregates, the dimeric state of NKA is not reached.

On the other hand, molar ratios higher than 150:1 SDS/Protein
reduce significantly the NKA activity to 10% of the basal level
(Fig. 5B). As we showed previously, the major contribution to the
enzymatic activity is due to the oligomers that have hydrodynamic
radius smaller than 220 nm. Therefore, one can suggest that the
surfactant interacts with the small enzyme forms [16,59,61] and
inhibits the catalytic site and/or promotes conformational changes
that lead to protein denaturation [66,68,69].

SAXS measurements combined with enzymatic activity assay
hereby demonstrate that the addition of anionic detergent into the
solution of Ci3Eg-solubilized and purified NKA is not instructive,
since it can interact with all oligomers and aggregates (big and
small) resulting in a substantial decrease of the enzymatic activity.

4. Conclusion

We have shown that the C;,Eg-solubilized and purified NKA in
solutionis composed of an equilibrium of oligomers and aggregates.
However, part of the aggregates which do not have activity can
be removed by simple filtration. The residual population in solu-
tion is an equilibrium of oligomers, the monomer and tetramer
being the main components as revealed by AUC measurements.
However, the equilibrium can be altered by varying the protein
and detergent concentrations. Besides, after the filtration, new
oligomers/aggregates are formed over time. The increase in the
Cq2Eg detergent concentration avoided the re-aggregation process,
nonetheless the protein function is lost, probably because of the
separation of the o and 3 subunits and/or modification in struc-
ture responsible for its activity. Similar effect was demonstrated
when SDS was added to NKA. Although, it is still unclear which is
the functional unit of NKA in vivo, it is well known that oligomer-
ization happens in natural membranes and cannot be ruled out
that this behavior could be a natural process involved in metabolic
regulation of various functions in the plasma membrane of cells.
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