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Abstract. Evidence is emerging that the nuclear en-
velope itself is responsible for transport and signaling
activities quite distinct from those associated with the
nuclear pore. For example, the envelope has a Ca*"-
signaling pathway that, among other things, regulates
meiosis in oocytes. The nuclear envelope’s outer
membrane also contains K" channels. Here we show
that Na™ /K" gradients exist between the nuclear
envelope lumen and both cytoplasm and nucleoplasm
in hepatocyte nuclei. The gradients are formed by
Na,K-ATPases in the envelope’s inner membrane,
oriented with the ATP hydrolysis site in the nucleo-
plasm. We further demonstrate nucleoplasm/cyto-
plasm Na™ and K" gradients, of which only the Na™
gradient is dissipated directly by Na,K-ATPase in-
hibition with ouabain. Finally, our results demon-
strate that nuclear pores are not freely permeable to
sodium and potassium. Based on these results and
numerous in vitro studies, nuclear monovalent cation
transporters and channels are likely to play a role
in modulation of chromatin structure and gene
expression.
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Introduction

Historically, the nuclear pore is not considered res-
trictive to small cations or anions because of its large
internal diameter (Bustamante, Hanover & Liepins,
1995). Nevertheless, a concentration gradient does
exist between cytoplasm and nucleoplasm for at least
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one cation, Ca*" (Lui et al., 1998a; 1998b). To eff-
ectively form ion gradients between cytoplasm and
nucleoplasm, transport systems must be present in the
nuclear envelope to counteract the presumed sizable
leak through the nuclear pore (Bustamante et al.,
1995). For example, directional transport of Ca*"
across the nuclear envelope involves the polarized
distribution of Ca** pumps and Ca®* channels. The
Ca’" -ATPase, located in the outer membrane of the
nuclear envelope (Lanini, Bachs & Carafoli, 1992;
Bachs, Agell & Carafoli, 1994), pumps Ca*" into the
nuclear envelope lumen, thus creating lumenal Ca®*
stores (Gerasimenko et al., 1996). In the nuclear en-
velope’s inner membrane, inositol trisphosphate-
regulated Ca”" channels allow the release of these
stores into the nucleoplasm (Gerasimenko et al.,
1995; Guihard, Proteau & Rousseau, 1997). While
lumenal Ca®" stores may play a role in meiosis
(Santella & Kyozuka, 1997), they do not affect nu-
clear envelope assembly or active import and export
of macromolecules (Marshall, Gant & Wilson, 1997,
Strubing & Clapham, 1999). The membranes of the
nuclear envelope also contain an ATP-dependent iron
transport system (Gurgueira & Meneghini, 1996), a
K" /H" exchange system (Masuda et al., 1998), Cl~
channels and Ca*" -dependent K* channels (Mazzanti
et al., 1990; Tabares, Mazzanti & Clapham, 1991,
Bustamante, 1992; Maruyama, Shimada & Taniguchi,
1995). The CI" and K channels are located in the
outer membrane of the nuclear envelope (Mazzanti
et al., 1990; Tabares et al., 1991; Bustamante, 1992;
Maruyama et al., 1995).

For gradient-dependent ion flux through these
nuclear envelope K™ channels, the lumenal K* con-
centration must be different than that of the cyto-
plasm. It would then follow that there must be K"
transport systems to maintain lumenal:cytoplasmic
K" gradients. In the plasma membrane and in
membranes of cellular organelles, ATP-dependent
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exchange of K* for either H" or Na" is responsible
for transmembrane K" gradients. For example, the
plasma membrane Na,K-ATPase sustains Na™ and
K™ gradients that regulate homeostatic processes
such as maintenance of cell volume, transepithelial
transport and membrane potential (Skou & Esmann,
1992). Here, we demonstrate, for the first time, the
presence of lumenal:nucleoplasmic and lumenal:
cytoplasmic Na™:K" gradients in hepatocyte nuclei.
We also show that these gradients are maintained by
Na,K-ATPases in the nuclear envelope’s inner
membrane.

Materials and Methods
MATERIALS

Several faculty members of the Department of Pathology and
Anatomy, UNTHSC, supplied rat livers for this study. The human
hepatocellular carcinoma cell line, HepG2 (ATCC HB 8065), was
obtained from the American Type Culture Collection, Rockville,
MD. DAPI, Texas-red™ dextran (TRDX, MW 10,000), sodium-
green dextran (SGDX, MW 10,000), SBFI-am, PBFI-am, SBFI,
PBFI, pluronic acid and Alexa-green-labeled goat anti-rabbit 1gG
and Alexa-red-labeled goat anti-mouse IgG were obtained from
Molecular Probes, Eugene, OR. 86RbCI and **NaCl were from
Amersham, Piscataway, NJ. Microsomal fractions from rat kidney,
heart and brain as well as the following anti-Na,K-ATPase anti-
bodies were from Upstate Biotechnology (Lake Placid, NY): a
monoclonal antibody (ID # 05369) specific for the al catalytic
subunit isoform; polyclonal antibodies, ID # 06520 (a1FP), 06168
(«2FP), and 06172 (a3FP), specific for the al, a2 and a3 catalytic
subunit isoforms, respectively. Monoclonal pan-anti-histone 1gG,
as well as peroxidase-labeled goat anti-rabbit IgG and goat anti-
mouse IgG (hrp-GAR and hrp-GAM, respectively) were from Bo-
ehringer Mannheim (Indianapolis, IN). Tissue culture supplies were
from Life Technologies, Grand Island, NY; SDS-PAGE supplies
were from Bio-Rad (Hercules, CA). Monoclonal anti-splicing factor
(S-35) antibody was from Sigma (St. Louis, MO). Unless indicated
otherwise, all additional reagents were from Sigma.

IsoLATION AND CHARACTERIZATION OF RAT LIVER
NUCLEI

Nuclei were isolated from homogenates of perfused rat livers using
previously published procedures (Fleischer & Kervina, 1974).
Briefly, the minced livers were homogenized in five volumes/g tissue
ice-cold TKM (10 mm, Tris-HCL, pH 7.5, 25 mm KCI, 5 mm MgCl,
and 1 mm dithiothreitol) that contained 250 mwm sucrose. The
homogenate was filtered through five layers of cheesecloth before
centrifugation at 700 x g for 10 minutes at 4°C. The pellet was
rehomogenized in an equal volume of ice-cold TKM, filtered
through cheesecloth and recentrifuged at 700 x g for 10 minutes.
The combined supernatants were centrifuged at 40,000 x g to pellet
the microsomal fraction. The pellet from the low-speed centrifu-
gation was suspended in 1.6 M sucrose in TKM (2 volumes per gram
tissue). Discontinuous sucrose gradients were prepared (16 ml of the
suspended pellet overlayed with 0.32 M sucrose in TKM) in ultra-
clear tubes for the SW28 rotor (Beckman). The gradients were
centrifuged at 23,000 rpm for 70 minutes in the SW-28 rotor. After
discarding the supernatant, the pellet was resuspended in 2.0 m
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sucrose in TKM and centrifuged at 45,000 rpm (Ti 45 rotor,
Beckman) for 30 minutes at 4°C. After discarding the supernatant,
the brown pellet along the tube side (mitochondria ) and the whit-
ish-grey pellet at the tube bottom (nuclei) were each suspended and
stored at 4°C, in 10 mm Tris-HCI buffer, pH 7.4, which contained
(in mm) 5 MgCl,, 25 KCl, 320 sucrose, 1 dithiothreitol (DTT) and
0.1 phenylmethylsulfonyl fluoride (nuclear storage buffer).

Nuclear fraction purity was determined from UV-vis spectra,
slot blot analysis, 5’-nucleotidase-activity measurements and elec-
tron microscopy. Absorption spectra between 240 nm and 500 nm
were determined using a DU 50 spectrophotometer (Beckman,
Fullerton, CA). For the nuclear fraction, there was no absorption
at 415 nm (Soret band for the heme of mitochondrial cytochromes)
and the ratio Aygo : Apg9 Was 2 1.2 due to the presence of nucleic
acids. The purity of the nuclear fraction was further tested using
slot blots probed with organelle-specific antisera to cytochrome
oxidase (Molecular Probes), histone (Boehringer Mannheim), Bip
(StressGen, Victoria, B.C., Canada) and Golgi 58K (Sigma) as
markers for mitochondria, nuclei, endoplasmic reticulum and
Golgi, respectively (Fig. 1a). Slot blots were stained using previ-
ously described methods (Garner & Kong, 1999). Strong staining
was observed with the histone antibody. The weak staining that
was observed with antiserum to Bip was expected since the outer
membrane of the nuclear envelope is continuous with the en-
doplasmic reticulum. Occasionally, a preparation contained minor
mitochondrial contaminants as evidenced by a weak, positive re-
action with the cytochrome oxidase antiserum. To test which
subfractions contained plasma membrane, the activity of 5-nu-
cleotidase, a plasma membrane enzyme, was determined in each
subfraction using previously published techniques (Harb et al.,
1983; Hubbard, Wall & Ma, 1983; Sehmi, Williams & Williams,
1986). The 5-nucleotidase activity was then compared to Na,K-
ATPase activity in the same subfractions. Na,K-ATPase activity
was measured using previously described procedures (Simon et al.,
1996). The results for a typical preparation (Table 1) indicate that
the 5-nucleotidase is predominantly found in the microsomal
fraction and not in the mitochondrial (data not included) or nuclear
fractions. The specific activity for Na,K-ATPase is increased two-
fold in the microsomal fraction, a result similar to that for 5'-
nucleotidase. The specific activity of Na,K-ATPase increased 1.8-
fold in the nuclear fraction, a result distinctly different from that
for 5-nucleotidase where the activity in the nuclear fraction was
18% of that in the homogenate. These results indicate that the
Na,K-ATPase in the nuclear fraction does not represent plasma
membrane contamination but, instead, represents a separate pool
of Na,K-ATPase in the hepatocyte.

For electronmicroscopic examination of the nuclear fraction
(Fig. 1 and ¢), nuclei in storage buffer containing 0.5% bovine serum
albumin were pelleted (5000 x g, 1-2 min). The supernatant was
removed and replaced with fixative, 0.5 ml of 2.5% glutaraldehyde in
storage buffer. After fixation for 5 hours, the fixative was removed
and the pellet was washed with storage buffer, post-fixed with OsOy,
stained with uranylacetate and lead citrate, dehydrated, embedded in
epon, and sectioned (Fleischer & Kervina, 1974). Sections (0.1 um, on
grids) were studied with a Zeiss 910 transmission microscope, con-
firming that the preparations were enriched in intact nuclei (Fig. 15
and ¢). Using these micrographs and assuming a spherical shape,
volumes (mean + sp, n = 45) of 8.6 + 2.4 (10~ ml, 0.58 + 0.12
(10"""y ml and 9.18 + 2.5 (10~'") ml were obtained for the nucleo-
plasm, nuclear envelope lumen and nucleus, respectively.

A spectroscopic method for quantifying number of nuclei was
developed to minimize exposure to high-energy radiation in experi-
ments using *Rb" and ?*Na* . Briefly, nuclei, suspended in storage
buffer, were treated with DAPI (Haugland, 1996). Aliquots of
stained nuclei were placed on polylysine-coated slides with mount-
ing medium (Fluoromount, Southern Biotechnology Associates,
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Fig. 1. Evaluation of nuclear fraction purity. (a) Representative
slot-blot for assessment of purity of isolated rat liver nuclei. The
results for the whitish-grey pellet (nuclei) and the brown pellet (mi-
tochondria) are compared to the results for the microsomal fraction

Birmingham, AL) and coverslips. Fluorescent nuclei were detected
using a Nikon Diaphot light microscope (10 x objective) and
counted. The 4,4 was determined on equivalent aliquots of un-
stained nuclei. From these experiments, the following standard curve
was obtained: 4> = 0.0058 + 4.85x 10~% (N), where N represents
the number of nuclei. The number of nuclei in all subsequent ex-
periments was determined from the A4, using this relationship.

NucLEAR ENVELOPE ISOLATION

Nuclear envelopes were isolated from rat liver nuclei using a pre-
viously published protocol (Dwyer & Blobel, 1976). Briefly, 6 x 10°
nuclei (282 A,g) were suspended in 3 ml of 10% sucrose in 20 mm
triethylamine buffer (TEA buffer) that contained (mm) 0.1 MgCl,,
1 DTT, 0.1 PMSF. The suspension was digested with 600 U of

Mitochondria
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isomes

(nsomes). Each slot was loaded with 60 pg of the appropriate mem-
brane fraction and probed with antisera to histone (H), cytochrome
oxidase (C), golgi 58K (G) or Bip (B). (b) and (¢) Representative
electron micrographs of the isolated liver nuclei. Bar represents 1 um.

deoxyribonuclease I (DNAase I) and 1 U of ribonuclease A
(RNAase A) for 15 min at ambient temperature. After the diges-
tion, the suspension was underlayed with 3 ml of 30% sucrose in
TEA buffer and centrifuged at 16,000 x g for 20 min at 4°C. The
resulting pellet was resuspended in 3 ml of 10% sucrose in TEA
buffer, re-digested, and re-sedimented as described above. The re-
sulting pellet (4.5 mg of protein) was suspended in 250 pl of nuclear
storage buffer before storage at —80°C.

ANTIBODY PURIFICATION

Antibodies chosen for immunocytochemistry and immunoblot
analyses included: 1) a polyclonal anti-peptide antibody, apan,
which recognizes the C-terminus of all three common catalytic
subunit isoforms (Garner & Horwitz, 1994); 2) a monoclonal an-
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Table 1. 5-Nucleotidase and Na,K-ATPase activities in rat liver
subfractions

Fraction Protein 5’-Nucleotidase =~ Na,K-ATPase
mg/Lrissue mmole mg™! pmole mg™'
min~! hr!
Homogenate 26 + 4 2.6 = 0.1 38 £ 0.3
Microsomes 7+ 1 4.0 £ 0.05 82 + 0.1
Nuclei 0.065 £+ 0.005 0.5 + 0.1 6.8 + 0.2

Mean =+ sp for four preparations.

tibody specific for the al catalytic subunit isoform (McDonough
et al., 1996); 3) polyclonal anti-peptide antibodies specific for the
N-terminal (intracellular) region of the al, o2 and o3 catalytic
subunit isoforms (alIC, a2IC, and o3IC, respectively) (Garner &
Kong, 1999); 4) polyclonal anti-peptide antibodies specific for the
extracellular region between membrane-spanning sequences 1 and 2
(a1EC, o2EC, and o3EC) (Garner & Kong, 1999); and 5)
the polyclonal antibodies (alFP, o2FP and o3FP) (Shyjan &
Levenson, 1989) directed against fusion proteins (FP) containing
approximately 180-184 residues of the catalytic domain for
the three isoforms. The polyclonal anti-peptide antisera were
affinity-purified on Affigel-HZ supports (Bio-Rad) to which the
corresponding peptides were attached covalently through a glu-
taraldehyde linkage (Garner & Kong, 1999). Affinity resin (2 ml,
packed) was rinsed with 20 mm Tris buffer (TBST), pH 7.5, con-
taining 150 mm NaCl and 0.15% Tween 20 and mixed with anti-
serum (0.5 ml diluted with 1.5 ml of TBST) on a shaker for 2 hours
at ambient temperature. The resin and bound protein were sedi-
mented by centrifugation (1000 x g, 5 min). The TBST supernatant
(preabsorbed antiserum) was saved for use as one of the negative
controls. The resin was rinsed with 20 ml of TBST, collected by
centrifugation (1000 X g, 2 min), and incubated for 1 min with 2 ml
of 0.1 M glycine buffer, pH 2.8. The glycine eluent, containing the
eluted antibody, was separated from the affinity resin by centrifu-
gation and immediately neutralized with 82 ul of a 1 m Tris-HCI
buffer (pH 9.5). After adding sufficient bovine serum albumin to
make a 1% solution, the affinity-purified antibody was dialyzed
(100 volumes of TBST containing 0.1 mm NaN3) before storage at
—70°C. The preabsorbed antisera, preimmune sera, normal rabbit
serum and alFP, a2FP and a3FP were affinity-purified on a pro-
tein A/G affinity resin (Shah, Tugendreich & Forbes, 1998).
Monoclonal pan-anti-histone and anti-splicing factor antibodies
and the monoclonal antibody to the Na,K-ATPase ol isoform were
purified by the suppliers.

IMMUNOBLOT ANALYSIS

Western blots of SDS-PAGE separations of microsomal fractions
from rat brain, rat heart, and rat kidney as well as rat liver nuclei
were prepared and stained using previously described methods
(Garner & Kong, 1999).

IMMUNOPRECIPITATION

For immunoprecipitation of renal microsomal Na,K-ATPase, 1 ml
of microsomes (3.4 mg/ml in IP buffer: 50 mm Tris-HCI, pH 7.3,
containing 150 mm NaCl, 0.5% nonidet P-40 (NP-40), 0.1 mm
phenylmethylsulfonyl fluoride, 1 pg/ml leupeptin and 1 pg/ml ap-
rotinin) was precleared by incubation for 90 min with 50 pl of a 50%
(v/v) slurry of Protein A-Sepharose (Pharmacia). For immunopre-
cipitation of Na,K-ATPase from liver nuclei, 4 x 107 nuclei in 500 pl
of storage buffer that contained 2% Triton X-100 were incubated for
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5 min at 4°C, vortexed for 5 min at room temperature and centri-
fuged at 15,000 x g for 8 min. The supernatant (nuclear protein
fraction) was diluted 1 : 1 with storage buffer to yield a final de-
tergent concentration of 1% and precleared as described previously
for the renal microsomes. After removal of the Protein A-Sepharose
by centrifugation (2000 x g, 30 sec), 1 pg of affinity-purified poly-
clonal antibody and 20 pl of a 50% slurry of Protein A-Sepharose
were added to the precleared nuclear and renal microsome prepa-
rations. These mixtures, after overnight incubation at 4°C on a
shaker, were centrifuged at 2600 x g for 30 sec. The supernatant was
discarded. The pellet (immunoprecipitate) was rinsed 4 times by
resuspension in and recentrifugation from IP buffer. Bound proteins
were eluted in 30 pl of SDS-PAGE loading buffer containing 2 ul of
B-mercaptoethanol and characterized by SDS-PAGE and immu-
noblot analysis. For negative controls, the IgG fraction from the
preimmune serum replaced the purified polyclonal antibody.

IMMUNOFLUORESCENCE MICROSCOPY

HepG2 cells on coverslips and rat liver nuclei on polylysine-coated
slides were fixed for 10 min with 4% paraformaldehyde in the ap-
propriate buffer (phosphate buffered saline for cells and storage
buffer for nuclei), permeabilized with 0.1% Triton X-100 in the ap-
propriate buffer, and finally blocked with 0.5% milk in the appro-
priate buffer containing 1% normal goat serum. The cells and nuclei
were incubated with the affinity-purified anti-peptide antibody (1 :
100 dilution), rinsed with the appropriate buffer and incubated with
Alexa-green-labeled goat anti-rabbit IgG (10 pg/ml). A Nikon
Diaphot light microscope (40 x objective) was used to visualize the
staining. Images were recorded as photomicrographs (exposure times
of 10 and 30 seconds for antiserum and negative controls, respec-
tively) that were also used to estimate cellular and nuclear volumes.

IMMUNOELECTRON MICROSCOPY

Slices of rat liver, 3 mm thick, were fixed in 4% paraformaldehyde/
0.1% glutaraldehyde and embedded in Lowicryl K4M (Poly-
sciences). Thin sections, 0.1 um, on grids were blocked and per-
meabilized for five minutes with Tris-buffered saline, pH 7.4,
containing 0.05% Triton X-100 and bovine serum albumin (5 mg/
ml). The grids were incubated for 4 hours with the primary anti-
bodies or preabsorbed antibodies, rinsed and incubated for one
hour with goat anti-rabbit IgG coupled to 15-nm or 20-nm gold
particles. After rinsing to remove the secondary antibody, the
sections were post-fixed (2% glutaraldehyde) and stained with
uranyl acetate and lead citrate (Garner & Kong, 1999). The sec-
tions were studied with a Zeiss 910 transmission microscope. The
total area studied and documented with photographs was 20 pm?
for the preabsorbed antisera (negative controls), 40 pum? for the
pan-catalytic subunit antiserum, and 20 pm? for each of the poly-
clonal antisera to the al, o2 and a3 catalytic subunits. To deter-
mine the gold-particle counts in the nuclear envelope (outer and
inner membranes), nucleoplasm and non-nuclear compartments,
negatives were scanned (Umax PowerLook II) at 600dpi in RGB
mode with the auto-adjust on. Each scanned image was opened in
Adobe Photoshop 5.0 (Adobe Systems), inverted and the levels
adjusted. The threshold was adjusted until all non-gold material
was eliminated. The image was converted to greyscale before being
transferred to NIH Image™ for particle counting. Instat 2.03 and
Statview 4.02 programs were used to search for significant differ-
ences in staining. While all distributions were normal, there were
significant differences among the standard deviations of the means.
Therefore the Mann-Whitney test, which compares the medians of
two unpaired populations, was employed instead of the unpaired
Student’s ¢-test to identify significant differences in the counts.
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2Na™ anD *°Rb™ INFLUX EXPERIMENTS WITH
IsoLATED LIVER NUCLEI

The influx of **Na' and **Rb" into isolated nuclei was determined in
transport medium (in mm: 25 HEPES, 135 KCl, 2 K;HPO,, 10 NaCl,
4MgCl,, | DTT, 3 ATP[Trissalt], and 1% dimethylsulfoxide; pH was
adjusted to 7.2 with 2 M KOH) in the presence or absence of 0.1 mm
ouabain. Since one of the rat Na,K-ATPase catalytic subunit iso-
forms has a very low affinity for cardiac glycosides, ouabain was used
for these experiments with isolated rat liver nuclei instead of the more
membrane-permeable, but less water-soluble aglycone, K-stro-
phanthidin. In a typical experiment, nuclei (3 x 107) were suspended
in 1.3 ml of the appropriate transport medium and incubated at 37°C
for 30 min before **Na* (1 pCi/ml) or **Rb" (2 uCi/ml) was added. At
selected time intervals, over a two-hour period after the addition of
isotope, 250-pl aliquots were withdrawn: (i) 10 pl of each aliquot were
placed in vials with 10 ml of scintillation fluid and counted (cpmycq);
(ii) nuclei from 150 pl were collected on nitrocellulose filters, rinsed
with 10 ml of the appropriate label-free transport medium, placed in
vials with 10 ml of scintillation fluid and counted (cpmyye,); (iii) 50 pl
of each 250-ul aliquot were diluted 1:10 with ATP-free transport
medium and centrifuged (12,500 X g, 2 min). After the resultant pellet
had been rinsed three times with ATP-free transport medium, the
A»eo Was measured to determine the exact number of nuclei in each
250-pl aliquot. Plots of the cpmygier/CpMpyeq ratio versus time were fit
to a first-order rate expression, CpMger/CPMpeq = (CPMgjeer/
CPMped)max(l — e’kt), where k is the first-order rate constant and
(CPMiitter/CPMumed)max is the limiting ratio as t — eo. R? values > 0.97
were obtained for all fits. The (cpmgiier/CPMmed)max Values and a
nuclear volume of 92 fl (see above) were used to determine the ratio,
cpm per ml nuclei: cpm per ml medium. These ratios and the known
concentrations of Na* and K in the medium were used to calculate
steady-state nuclear Na* and K* levels.

86Rb™ INFLUX INTO CYTOPLASM AND NUCLEI
oF HEpG2 CELLS

The influx of *Rb™ into HepG2 cells was studied using a modi-
fication of a procedure described previously for the cultured lens
epithelium (Garner et al., 1992). HepG2 cells (10° to 107 cells,
harvested and plated in individual wells of 6-well plates 15 hr prior
to the experiment) were incubated in minimal essential medium
(MEM Eagles) containing 10% fetal bovine serum and 1 pCi/ml
8Rb* with or without K-strophanthidin (0.1 mM nominal con-
centration; actual concentration <0.1 mwm, based on the octanol/
water partition coefficient (Dzimiri, Fricke & Klaus, 1987)). While
K-strophanthidin is more membrane-permeable than ouabain, it is
two orders of magnitude less potent (Dzimiri et al., 1987). The
potency and water-insolubility do not present a problem for the
human Na,K-ATPases of the HepG2 cells since all isoforms have
relatively high affinities for cardiac glycosides and their aglycones
(Crambert et al., 2000). Both media (i.e., with and without
K-strophanthidin) contained 1% DMSO, the solvent required for
the strophanthidin stock solution. At predetermined times over a
three-hour period, medium was removed from selected cultures and
the cells were rinsed five times with phosphate buffered saline. The
cells were harvested by scraping in 2 ml of storage buffer and se-
dimented by centrifugation. After removal of the supernatant, the
sedimented cells were disrupted in 1 ml of storage buffer (5 strokes
in a 1-ml Duall tissue grinder), mixed with 1 ml of 1.6 m sucrose
and centrifuged at 19,000 x g for 15 min at room temperature. The
supernatant was removed, placed in a vial with scintillation fluid
and counted (cpmg,p). The pellet, containing nuclei, was rinsed 3
times with storage buffer and treated with 0.1 m NaOH (1 hr,
60°C). After centrifugation (19,000 x g, 15 min) the NaOH su-
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pernatants were placed in vials with scintillation fluid and counted
(cpmnaon)- Plots of cpmyy, (cytoplasmic) and cpmnaon (nuclear)
versus time were fit to the first-order expression cpm = cpmpax(1 —
eXY. Cellular and nuclear volumes (mean + sp, n = 30), esti-
mated from light and electron micrographs (as described above for
isolated nuclei) were 1.1 £+ 0.3 (10~*) ml and 8.9 + 3.0 (10~'") ml,
respectively. Cpmy,.x values from the cytoplasmic and nuclear fits,
along with cell and nuclear volumes, were used to calculate cpm/ml
cytoplasm : cpm/ml incubation medium (cpMeyiopiasm/CPMmedium)
and cpm/ml nucleus : cpm/ml cytoplasm (Cpmyycieus/CPMeytoplasm)-
These ratios and the K™ concentration in the incubation medium
were used to calculate steady-state K™ levels in the cytoplasmic
and nuclear compartments.

DETERMINATION OF NUCLEOPLASMIC AND
LuMeNAL Nat AnD K CONCENTRATIONS

Sodium-green dextran, a single-wavelength indicator, and Texas-red
dextran, a cation-independent fluorescent dye, were used for the
ratiometric determination of nucleoplasmic Na™ concentrations.
Isolated rat liver nuclei (10° nuclei) were gently mixed at 37°C, in the
dark, for 60 min, with 0.004 pm Texas-red dextran and 0.020 um
sodium-green dextran in FLUOR buffer. FLUOR buffer was com-
posed of (in mm) 25 HEPES (free acid), 2 Tris phosphate (dibasic
salt), 3 ATP (Tris salt), 5 MgCl,, 1 DTT, 140 KCl, 10 NaCl and
sufficient Tris base to obtain a pH of 7.3. The free indicators were
separated from the nuclei by sedimentation (3000 x g, 2 min). The
supernatant was removed and saved; the pellet was rinsed 5 to 8 times
with FLUOR buffer to remove all unloaded dye and resuspended in
FLUOR buffer to a concentration of 10° nuclei/ml. Thirty-microliter
aliquots of the suspension were transferred to quartz cuvettes that
contained 3 ml of one of the following solutions: 1) FLUOR buffer; 2)
FLUOR buffer containing 0.1 mm ouabain; 3) FLUOR buffer that
contained 0.1% Triton X-100; or 4) FLUOR buffer that contained
0.1 mm ouabain and 0.1% Triton X-100. (Note: Triton X-100 was
used for these experiments because NP-40 interfered with the Texas-
red fluorescence). Emission spectra were determined at 37°C by
synchronous scan with a 30-nm separation between excitation and
emission wavelengths using an Aminco Bowman Series 2 Lumines-
cence Spectrometer fitted with a thermostated stirred cell holder. The
fluorescence intensity of sodium-green dextran at 535 nm (Fsgpx),
Texas-red-dextran at 616 nm (Frrpx) and the ratio Fsgpx/FrrpX
were determined from the spectra.

SBFI and PBFI were used for the ratiometric determination of
lumenal Na® and K concentrations, respectively. Nuclei (10°
nuclei/ml) were suspended in FLUOR buffer that contained 0.5 mm
SBFI-am or 0.5 mm PBFI-am and pluronic acid. After a 60-min
incubation at 4°C, in the dark with mixing, the excess indicator was
removed by centrifugation (as described previously for the dex-
trans) and the nuclear pellet was rinsed 5-8 times by resuspension
in and recentrifugation from FLUOR buffer. The time trace of the
ratio of the luminescence intensity at 505 nm following excitation at
340 and 380 nm was obtained at 37°C in the stirred cell, using the
dual-excitation intracellular-acquisition program for the Aminco
Bowman luminescence spectrometer. At selected times, ouabain
and/or NP-40 (final concentrations of 0.1 mm and 0.1%, respec-
tively) were added by syringe pump during the measurement.

For the experiments with sodium-green dextran, standard
curves were prepared by titrating the sodium-green dextran/Texas-
red dextran mixture with Na* under conditions of constant ionic
strength, with [Na"] + [K'] = 150 mm. For experiments with
SBFI and PBFI, standard curves were prepared by measuring the
F340/F330 ratio of 1 pm SBFI or PBFI in FLUOR buffer with
varying concentrations of Na® and K' at fixed ionic strength,
where [Na'] + [K"] = 150 mm. To obtain the standard curves, the
data were fit to the following equation:
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Table 2. Nuclear Na™ and K™ concentrations measured by radioisotope influx

Isotope Sample Inhibitor Ton concentration (mm) Ratio (cpm/cpm) Ton concentration (mm)
2Na* Nuclei —Quabain [Na ™ Jimea: 10 Nuc/med: 1.0 £ 0.2 (10) [Na Jpue: 10 £ 1

+ Ouabain 10 0.5 + 0.2 (10)" 5+ 17
86Rb* Nuclei —Ouabain [K e 139 Nuc/med: 0.99 + 0.22 (4) [K* Joue: 138 + 23

+Ouabain 139 1.19 + 0.08 (4)" 165 + 10"
86Rp* Cells —Strophantidin K" mea: 5 Cyt/med: 22.1 + 7.6 (4) [K ]y 111 + 38

+ Strophantidin 5 1.4 + 04 4" : 7+2"
86Rb* Cells —Strophantidin [K*]Cy[: 111 £ 38 Nuc/eyt: 0.9 + 0.2 K ower 99 £ 25

+ Strophantidin o7+ 2 32 + 0.3 23 + 2

“Indicates a statistically significant difference between values in the absence and presence of ouabain (unpaired r-test, p < 0.057). Cyt,

cytoplasm; med, culture medium; nuc, nucleus.

F=F+{(Fi = F)/(1+ Ky+/[M"])}

F is the observed fluorescence intensity (e.g., Fsgpx) or ratio of
fluorescence intensities (e.g., Fsgpx/Frrpx)- F; and Fy are the flu-
orescence intensities or ratio of fluorescence intensities as [M"]
(Na® or K*) approaches limiting values of 0 and oo, respectively.
Ky+ is the concentration of M* at 50% of the total change in
fluorescence intensity or fluorescence intensity ratio.

The standard curves for Fsgpx/Frrpx and Fiqo/F3g0 and the
ratios of the fluorescence intensities for the dye-loaded nuclei were
used to determine the steady-state nucleoplasmic Na™ and lumenal
Na* and K" concentrations, respectively.

Curve fitting was performed using three programs, each with a
unique fitting algorithm [Kaleidagraph™, 3.0.4 (Abelbeck Soft-
ware), SigmaPlot, 4.17 (Jandel Scientific) and MacCurveFit, 1.5.2
(Kevin Raner Software)]. For each data set, all three programs
yielded the same constants and R? values. Figures in this report
were prepared using Kaleidagraph™.

Results

Na® aND K CONCENTRATIONS IN THE NUCLEUS

Steady-state Na™ and K" concentrations ([Na"Jnuc
and [K " Jnue, respectively, Table 2) were determined in
isolated rat liver nuclei (Fig. 1), using *?Na™ and
86Rb ™ as tracers for Na™ and K, respectively, in the
presence and absence of ouabain, a prototypical
cardiac glycoside, which inhibits Na® and K™
transport across the plasma membrane by inhibiting
Na,K-ATPase (Noel, Fagoo & Godfraind, 1990). In
the presence of ouabain, there was a statistically
significant decrease (p < 0.01) in the cpmyycieus/
CPMypedium ratio for 22Na*, which translated into an
~50% decrease in the nuclear Na™ concentration,
and an apparent increase (ns, p = 0.057) in the
CPMpuciens/CPMmedium ratio for **Rb™, which suggested
a potential 20% increase in the nuclear K™ concen-
tration. In the absence of the cardiac glycoside, there
was no apparent difference in Na™ and K* concen-
trations between nucleus and medium (which repre-
sented the cytoplasm in these experiments), since the
CPMyyucleus/SPMmedium atios were approximately 1.

Experiments were performed to determine
whether the results with isolated nuclei were repre-
sentative of nuclei in intact cells. Steady-state K*
concentrations, using 86Rb" as a tracer for K, were
estimated in the nuclei of HepG?2 cells that were in-
cubated in culture medium in the presence or absence
of a Na,K-ATPase inhibitor. In these experiments,
K-strophanthidin (the membrane-permeable agly-
cone of K-strophanthin) was used instead of ouabain
(see Materials and Methods for additional details).
Based on the well understood effects of cardiac gly-
cosides and their aglycones on Na,K-ATPase func-
tion, K-strophanthidin should cause a dissipation of
the trans-plasma membrane K* gradient. Indeed,
this effect was observed in the HepG2 cells. The
CPMeytoplasm/CPMmedium ratio for 86Rb* approached
1.0 in the presence of K-strophanthidin, demon-
strating that, with inhibition of plasma membrane
Na,K-ATPases, the cytoplasmic K levels approxi-
mated that of the extracellular medium (Table 2). In
these same cells, K-strophanthidin, introduced to the
extracellular compartment, caused a statistically sig-
nificant increase in the cpmpuycieus/CPMeytoplasm Iatio
from 0.9 to 3.2 (Table 2).

In both the experiments with isolated nuclei and
the experiments with HepG2 cells, a Na,K-ATPase
inhibitor unmasked gradients between the extranu-
clear compartment and the nucleus. One way to ex-
plain these transport results is to propose that the
Na,K-ATPase inhibitors dissipated a gradient across
the fluid compartment that separates cytoplasm and
nucleoplasm, i.e, the nuclear envelope lumen. In this
model, the Na* and K' concentrations of the intact
nucleus (nucleoplasm + nuclear envelope lumen)
observed in the presence of the Na,K-ATPase inhib-
itors would approximate the Na® and K™ concen-
trations of the nucleoplasm, since the nucleoplasm
represents 94% of the total nuclear volume. The
lumenal Na'concentration would have to be suffi-
ciently high and the lumenal K" concentration suf-
ficiently low to yield the observed concentrations in
the intact nucleus in the absence of inhibitors (Table
2). To test this hypothesis, the nucleoplasmic and
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Fig. 2. Differential detection of Na™- and K-
dependent fluorescence in the nucleoplasm and
nuclear envelope lumen. Representative electron
micrographs showing selective removal of the
outer nuclear membrane: («) freshly prepared rat
liver nuclei, (») nuclei loaded with Texas-red
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dextran, and (c) nuclei loaded with Texas-red
dextran and treated with 0.1% Triton X-100.
Black arrows indicate the outer membrane of the
nuclear envelope; white arrowheads, the inner
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membrane. (d) Schematic depicting the experi-
mental approach to differentiate between nucle-
oplasmic and lumenal fluorescent dye
localization (S, supernatant; P, pellet). (¢) Lo-
calization of fluorescence in nuclei loaded with
Texas-red dextran (TRDX), sodium-green dex-
tran (SGDX), PBFI-am or SBFI-am in the
presence (+) or absence (—) of detergent (D).
The results relative to the fluorescence intensity
prior to fractionation (Flgy,,) are plotted as
mean + standard deviation of quadruplicate
determinations.

==l

SGDX

TRDX

PBFl-am

lumenal monovalent cation concentrations were es-
timated using cation-selective indicators.

NucLeEaR LocatioN oF TRDX, SGDX, PBFI
AND SBFI

As demonstrated in a previous study of nuclear Ca*"
homeostasis (Gerasimenko et al., 1995), fluorescent
indicator dextrans enter the nucleoplasm of isolated
nuclei via the nuclear pore. In contrast, nonfluores-
cent, membrane-permeable acetoxymethyl (am) indi-
cators enter the nuclear envelope lumen and are
hydrolyzed to membrane-impermeable fluorescent
indicators by resident esterases, thereby trapping
them in the nuclear envelope lumen (Gerasimenko

SBFl-am

et al., 1995). Therefore, by analogy with the afore-
mentioned study using Ca’" indicators, the sodium-
sensitive indicator, SBFI-am, and the potassium-
sensitive indicator, PBFI-am, should be useful for
determination of lumenal Na™ and K™ concentra-
tions. The sodium-sensitive indicator, sodium-green
dextran (SGDX), should be useful for determination
of nucleoplasmic Na concentrations. A dextran de-
rivative of a potassium-sensitive indicator is currently
unavailable for use in measuring nucleoplasmic K*
concentrations.

The most direct method for visualizing the loca-
tion of the fluorescent indicators is multiphoton
confocal microscopy as was used in the previous
study with Ca®>" indicators (Gerasimenko et al.,
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A 5-1 SGDX B SGDX Fig. 3. Standard curve for the TRDX-SGDX
A TRDX couple. (a) Representative emission spectra for the
4 A ° titration of the TRDX-SGDX couple with Na"
8 A e ® TRDX (0-150 mm) at constant ionic strength with
é 3 IR e ([Na®] + [K"] = 150 mm. Final concentrations of
2 2 the TRDX and SGDX were 0.1 pmol/ml and 0.5
S § pmol/ml, respectively. (b) Plots of the fluorescence
E 3 . . .
i T oot eemTFsooxlF intensity of the SGDX (empty circles), TRDX
1 /\ \ DEDD""D' L=t soo TR (filled circles) and the ratio of the fluorescence in-
// tensities of the two indicators (Fsgpx/Frrpx»
—r——rr empty squares) versus the Na™ concentration.
e T T T 1
0 600 0 40 80 120
Wavelength nm [Na*] mM
Table 3. Nucleoplasmic sodium concentrations approach., the ﬂuore?scence .Spe.Ctra were determinled
for nuclei loaded with the indicators. Then, the in-
Sample Fsopx/Frrox|  [Na ™ Jnprt* dicator-loaded nuclei were incubated for five minutes
Nucle 059 © 005 o113 in the presence or absence of 0.1% detergent and the
el : : : : S and P fractions isolated by centrifugation. The
Nuclei + detergent 0.62 £+ 0.03 29 £ 0.08 . .
Nuclei + ouabain 0.66 + 004 40 + 1.1 isolated nuclei (P) were resuspended and the fluo-
Nuclei + detergent 0.79 + 0.04%P< 85 + 1.6 rescence spectra of the two fractions (S and P) were

+ ouabain

"Results are reported as mean + sp for quadruplicate determina-
tions for two preparations of nuclei.

“Value is significantly different from Nuclei, p < 0.02, student ¢
test.

®Value is significantly different from Nuclei + detergent,
p < 0.0001.
“Value is significantly different from Nuclei + ouabain,
p < 0.0001.

*[Na " JypL determined from Fsgpx/Frrpx values and standard
curve of Fsgpx/Frrpx vs. [Na'] (Fig. 3b)

1995). For the present study, a confocal microscope
appropriately configured for the Na*, K" and Texas-
red indicators was unavailable. Since the main ob-
jective was the quantitation of steady-state lumenal
and nucleoplasmic Na* and K levels, a method was
developed that took advantage of the stirred cell and
fluorometer currently in the laboratory. A differential
method, based on selective removal of the outer nu-
clear membrane (Fig. 2a-c), was developed to dis-
tinguish between, as well as to quantify, lumenal and
nucleoplasmic fluorescence (Fig. 2d). The outer
membrane of the nuclear envelope can be selectively
disrupted with 0.1% (v/v) Triton X-100 (Neitcheva &
Peeva, 1995), as demonstrated in the electron mi-
crographs of Fig. 2a-c. Nuclei (panel a) were loaded
with dye (panel b) and treated with detergent (panel
¢). The dilute detergent disrupted only the outer
membrane of the nuclear envelope; the inner mem-
brane of the nuclear envelope remained intact (panel
¢). This means that nucleoplasmic fluorescence
should remain with the sedimented nuclei (the pellet,
P, after centrifugation) in the absence or presence of
detergent (Fig. 2d). The lumenal fluorescence should
remain with fraction P in the absence of detergent but
should be found in the supernatant (S) fraction in the
presence of detergent. To validate this experimental

redetermined. The results of these experiments (Fig.
2¢) show that the SBFI and PBFI were released into
the supernatant (S) by detergent treatment. Con-
versely, the sodium-green dextran (SGDX) and the
Texas-red dextran (TRDX) remained with the nuclei
(P) after detergent treatment. In other words, the
SBFI and PBFI were localized in the nuclear enve-
lope lumen and the two indicator-dextrans were lo-
calized in the nucleoplasm, exactly as expected. The
results with the SBFI-am and PBFI-am also con-
firmed the previous report of lumenal esterase activity
(Gerasimenko et al., 1995).

Na+ CONCENTRATIONS IN THE NUCLEOPLASM

Since sodium-green dextran is a single-wavelength
Na™ indicator, the cation-independent indicator,
Texas-red dextran, was used to correct for inter-
sample differences in absolute indicator concentra-
tion. First, standard curves were prepared. A mixture
of the two fluorescent dextrans as titrated with Na™
under conditions of constant ionic strength, with
[Na"] + [K'] = 150 mm. Emission spectra are dis-
played in Fig. 3a, for a representative data set. While
the fluorescence intensity of the sodium-green dex-
tran increased with increasing [Na™] (Fig. 3¢, 535 nm;
Fig. 3b, Fsgpx), the fluorescence intensity of Texas-
red dextran was relatively constant (Fig. 3a, 616 nm;
Fig. 3b, Frrpx).- Values for F,, F; and Ky, (see
Methods for a definition of these terms) were 1.71 +
0.05, 5.12 + 0.06, and 19.7 = 1.48 mwm, respectively,
for the fit to the Fsgpx data (R2 = 0.998). Values of
F;, Fyand Ky, were 0.492 + 0.005, 1.44 £+ 0.006 and
18.5 £ 0.5 mm, respectively, for the fit to the Fsgpx/
Frrpx data (R2 = 1.0). The Ky, values reported here
(19.7 and 18.5 mm) are comparable to the previously
reported value for sodium-green dextran (21 mwm),
titrated with Na* at a slightly lower constant ionic
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Fig. 4. Results with SBFI and PBFI for lumenal Na* and K" .(a)
Traces for SBFI-loaded nuclei suspended in FLUOR buffer con-
taining 10 mm Na™ + 140 mm K (solid line, solid arrows) or in
FLUOR buffer containing 25 mm Na" and 125 mm K" (dotted line,
double-lined arrows). In both instances the suspended nuclei were
treated sequentially with ATP (left arrows; final [ATP] = 3 mm),
ouabain (center arrows; final [ouabain] = 0.1 mm), and Triton X-
100 (right arrows; final Triton X-100 concentration = 0.1% v/v). (b)
Titration of SBFI with Na* (empty circles) and PBFI with K* (empty
squares) at constant ionic strength ([Na™] (lower X axis) + [K']
(upper X axis) = 150 mm). Values for Ky, for SBFI and Ky for
PBFI were 10.1 £ 1.6 mm and 19.4 + 2.1 mm, respectively. Ratio
of SBFI-loaded nuclei (filled circles) and PBFI-loaded nuclei (filled
squares) after treatment with Triton X-100. The error bars (% sD,
n = 4 experiments) fall inside the data points used in the figure.

strength, where [Na*] + [K™] = 135 mm (Szmacinski
& Lakowicz, 1997).

In the next set of experiments, the Fsgpx/FTrRDX
ratio (i.e., normalized Na"-dependent fluorescence)
was determined for freshly prepared rat liver nuclei in
the absence or presence of ouabain and/or detergent
(Table 3). For consistency with the studies described
in Table 2, the experiments were performed at an
extranuclear sodium concentration of 10 mm. There
was a significant increase in the normalized Na " -de-
pendent fluorescence in the presence of ouabain,
a result consistent with ouabain’s role as a
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Na,K-ATPase inhibitor (Lingrel et al., 1997; Blanco
& Mercer, 1998). The observed changes in fluores-
cence translated into an apparent increase in the
nucleoplasmic Na™ concentration from 2.1 to 4.0 mm
in intact nuclei and 2.9 to 8.5 mm in nuclei where the
outer membrane of the nuclear envelope was com-
promised by detergent treatment. In the absence of
ouabain, the addition of detergent to compromise the
outer membrane of the nuclear envelope had no effect
on the Fsgpx/Frrpx, hence on the nucleoplasmic
Na™ concentration.

Taken together, these results indicate that Na,K-
ATPase is in the inner membrane of the nuclear en-
velope with the ouabain site in the lumen. First, the
Na ™" gradient between the extranuclear compartment
and nucleoplasm was maintained even after the in-
tegrity of the outer membrane was compromised.
Second, ouabain’s elevation of nucleoplasmic Na™
concentration was more pronounced after detergent
treatment, suggesting that the ouabain binding site
became more accessible, i.e., the ouabain site is
lumenal: therefore the catalytic site is nucleoplasmic.
This deduced orientation is further substantiated by
the immunogold results described later in this report.
Finally, since ouabain caused nucleoplasmic Na"
levels to approach extranuclear Na™ levels in deter-
gent-treated nuclei but not in intact nuclei, these
data strongly indicate that the nuclear envelope is
not freely permeable to Na*. It should be pointed
out that reduced extranuclear K™ levels existed in
the HepG2 cells when the plasma membrane
Na,K-ATPase was inhibited with K-strophanthi-
din (Table 2), yet the nuclear K concentration
remained higher than the medium, suggesting that
the nuclear envelope is not freely permeable to K,
either.

Na' anDp K' CONCENTRATIONS IN THE NUCLEAR
ENvVELOPE LUMEN

Lumenal Na" and K" concentrations were estimated
using dual-wavelength indicators, SBFI for Na* and
PBFI for K. With these indicators, the normalized
Na'- or K" -dependent fluorescence (Fiuo/Fsso ratio)
increases with increasing Na™ or K* concentration
under constant ionic strength conditions (i.e., [Na™]
+ [K*] = 150 mm), Fig. 4b. The data for SBFI and
PBFI were fit to the equations indicated in Figure 4.
The values from these fits were used to calculate Na*
and K* concentrations in subsequent experiments
with SBFI- or PBFI-loaded nuclei.

The results with SBFI-loaded nuclei demons-
trated an ATP-dependent maintenance of Na* levels
in the nuclear envelope lumen. For the SBFI-loaded
nuclei in the absence of ATP, the Fz49/F3g9 ratio was
constant, 1.19 + 0.05, with increasing concentrations
of extranuclear Na* under conditions of constant
ionic strength. Fig. 4a, shows representative tracings
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Fig. 5. Immunochemical detection of Na,K-ATPase. (a—f) Indirect
immunofluorescence. Na,K-ATPase detected in HepG2 cells (a) and
rat liver nuclei (c) using affinity-purified anti-Na,K-ATPase (cata-
lytic subunit). Representative negative controls: (b) HepG2 cells
treated with the IgG fraction from preimmune serum and (e) rat liver
nuclei treated with non-immune rabbit IgG. (d) and (f) are No-
marski images of the same fields as (¢) and (e), respectively. (g)
Immunoblot studies. Lanes /-4, containing 10, 20, 40, and 50 png,

Table 4. [Na*] and [K"] in the Nuclear Envelope Lumen [NEL]

M.H. Garner: Nuclear Envelope Na, K-ATPase

respectively, of rat liver nuclear protein and lanes 5, 6, and 7, con-
taining 50 pg of rat heart, rat brain and rat renal microsomal protein,
respectively, stained with affinity-purified anti-Na, K-ATPase (cat-
alytic subunit). Lanes 8§ and 9 show the results for the immunopre-
cipitation of the nuclear and renal microsomal protein fractions,
respectively, with affinity-purified anti-Na, K-ATPase (catalytic
subunit), followed by immunoblotting and staining with a mouse
monoclonal antibody specific for the al catalytic subunit isoform.

Fi40/F330 Concentration Concentration
Mean £ sp Mean (mm) Range (mm)
(£ 1 sp from the mean)
SBFI-am (n = 10) Nuclei + ATP 1.65 £ 0.04 [Na™]: 84 [Na®]:62-125
Nuclei + ATP + ouabain 1.10 + 0.05 8 7-9
PBFI-am (n = 6) Nuclei + ATP 1.17 + 0.07 [K*]: 5 [K*]: 2-8
Nuclei + ATP + ouabain 1.52 + 0.06 32 24 — 45

[Na*] and [K"] were determined using the equation for the standard curves (Fig. 4b).

for two of the 17 different Na* concentrations that
were used for SBFI-loaded nuclei. With the addition
of ATP, the normalized fluorescence (F349/F3g0 ratio)
increased to a higher constant value of 1.65 + 0.04
(Table 4), corresponding to a lumenal Na " concen-
tration of 84 mm. The subsequent addition of ouab-
ain caused the normalized fluorescence intensity to
decrease to a constant value (1.10 £ 0.05), which
corresponded to a lumenal Na' concentration of 8
mM. Finally, the addition of detergent caused the
normalized fluorescence intensity to increase or de-
crease, depending upon the Na concentration of the
medium (Fig. 4b, filled circles). In fact, the data
points for the detergent-treated nuclei in media of
increasing Na™ concentrations fall on the standard
curve for the titration of SBFI (free dye) with Na*
(Fig. 4b, empty circles).

These results with SBFI unequivocally validate
the methodology employed here. First, the data
points in the presence of detergent fell on the stan-
dard curve that was constructed with free dye. Sec-
ond, the nuclei were loaded with the nonfluorescent
ester derivative of the dye, which had to be cleaved to
become a sodium indicator. Third, the signal-to-noise
ratios (S/N) indicated the location of the dye. The S/
N was 15 £ 7 in stirred suspensions of intact nuclei,
where the dye was tumbling with the scatter elements

(i.e., the individual nuclei) (see Fig. 4a, time period
prior to Triton addition). The S/N increased to 35 +
5 in the stirred suspensions of nuclei after the addi-
tion of detergent, when the water-soluble indicator
was released and tumbling at its own rate in the so-
lution in which the scatter elements were suspended.
The S/N increased to 50 + 8 when the detergent-
treated nuclei (scatter elements) were sedimented.
For PBFI-loaded nuclei, the effects of ATP and
ouabain on lumenal K" levels (Fsu0/Fss0 ratio) were
opposite those observed for Na® in SBFI-loaded
nuclei (Table 4). For extranuclear [K'] > 10 mwm,
ATP decreased the normalized fluorescence intensity
to virtually the same value (1.17 £+ 0.07, equivalent to
a lumenal K concentration of 5 mm) for all seven
K" concentrations that were tested. At all extranu-
clear K* concentrations, ouabain caused the nor-
malized fluorescence intensity to increase to a new
constant value of 1.52 £+ 0.06, which corresponded to
roughly a six-fold increase in lumenal K concen-
tration. Lastly, the addition of detergent caused the
normalized fluorescence intensity to approach that
predicted for the K concentrations of the extranu-
clear milieus (Fig. 4b, filled squares). As was the case
for the Na™ indicator, the data points for detergent-
treated nuclei in media of increasing K* concentra-
tions fall on the standard curve for the titration of
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Fig. 6. Detection of Na, K- ATPase by immunogold electron mi-
croscopy. (al) Representative control, a liver section stained with the
preabsorbed pan-catalytic subunit IgG fraction. (a2, a3, a4) Higher
magnification of the nucleus in al, regions A2, A3, and A4, respec-
tively; arrowheads indicate the outer membrane of the nuclear en-
velope. (b1) Representative micrograph of a liver section stained with
affinity-purified, pan-catalytic subunit antibody and gold-labeled-
GAR. (b2) Higher magnification of region B2 (panel b/) where the
envelope is cut transversely; arrow indicates a nuclear pore. (b3)
Higher magnification of region B3 (panel /), a region where the
envelope is cut tangentially so that the heterochromatin underlying
the nuclear envelope is punctuated with circular, heterochromatin-
free pores (60-70 nm in diameter); representative pore indicated by
arrow. (b4) Higher magnification of region B4 (panel 1), a region
where the cut of the nuclear envelope is between tangential and
transverse; one pore, arrow, is cone-shaped while others are similar
to those in A3. (¢) Bar graph summarizing results with the pan-cat-
alytic subunit antibody. Particle counts for the representative section
(panel 1), light bars, and for the total area studied and documented
with photographs (dark bars + sp). Regions identified are the non-
nuclear (NN) regions, the nuclear (N) regions, the outer membrane of
the nuclear envelope (ONM), the inner membrane of the nuclear
envelope (INM), regions where the nuclear envelope is cut tangen-
tially (E), the sum of INM and E (NE) and the nucleoplasm (NP).
Bars, panels a/, and b1, 1 pm; bars, all other panels, 0.5 pm.
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PBFI (free dye) with K (Fig. 4b, empty squares).
Again, this provides significant validation for the
experimental design employed.

There is clearly ATP-dependent, ouabain-sensi-
tive maintenance of Na* and K" gradients between
nuclear envelope lumen and nucleoplasm as well as
nuclear envelope lumen and medium (cytoplasm). It
is also clearly evident that these results are most
consistent with Na,K-ATPase orientation in which
the catalytic site is present in the nucleoplasm, since
the addition of exogenous ATP (representing the
extranuclear ATP stores that maintain the nuclear
ATP pools (Rapaport, 1980)) caused an increase in
the normalized SBFI fluorescence and a decrease in
the normalized PBFI fluorescence. The steady-state
lumenal Na™ and K™ concentrations are presented
as ranges (Table 4); the ranges for Na* are more
certain than the ranges for K*. SBFI hasa Na': K
selectivity of 20 and an effective K4 for Na™, in the
presence of K, of 20 mm (Minta & Tsien, 1989).
This means that the values at low Na' concentra-
tions (in this case, those in the presence of ouabain)
are more accurate than those at Na concentrations >
60 mm, where the fluorescence ratio is approaching its
limiting value. On the other hand, the values for the
lumenal K™* concentrations are less certain, as re-
flected in the stated estimates, since the K*: Na™
selectivity is 2. In spite of this caveat, the K" gradient
does exist, because ouabain’s effect on the ratio for
PBFI was opposite that for SBFI.

Na,K-ATPASE IN THE NUCLEUS AND PLASMA
MEMBRANE

Immunocytochemistry and immunostaining of
Western blots were used to confirm the presence of
Na,K-ATPase in the plasma membrane and nuclei of
cultured HepG2 cells, in the plasma membrane and
nuclei of hepatocytes in rat liver sections, as well as in
isolated rat liver nuclei (Figs. 5-7). In HepG2 cells
(Fig. 5a), Na,K-ATPase is present in the plasma
membrane (punctate fluorescence on the cell surface)
and in the nuclear envelope (arrows) of all of the cells
in the field. The fluorescence intensity in the plasma
membrane and nucleus was significantly lower when
the affinity-purified preimmune serum (Fig. 5b), the
IgG fraction of normal rabbit serum (data not in-
cluded) or the IgG fraction isolated from the preab-
sorbed antiserum were used in place of the affinity-
purified antibody. In isolated rat liver nuclei (Fig. 5¢),
Na,K-ATPase is evident in the nuclear envelope.
Once again, when either affinity-purified preimmune
serum, the IgG fraction of normal rabbit serum, or
the IgG fraction of preabsorbed antiserum replaced
the affinity-purified antibody, the fluorescence inten-
sity was significantly decreased (Fig. 5e).

The data with immunostained western blots (Fig.
S5g) are in agreement with the indirect immunofluor-
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Fig. 7. Detection of Na,K-ATPase catalytic
subunit isoforms in the nuclear envelope by im-
munogold electron microscopy. (al) Represen-

tative micrograph of a liver section stained with
affinity-purified a1IC; (a2) higher magnification
of region designated 42 in panel al. (b1) Rep-
resentative micrograph of a liver section stained
with affinity-purified ol EC; (b2) higher magnifi-
cation of region designated B2 in panel 1. (cI)
Representative micrograph of a liver section
stained with affinity-purified ol FP; (¢2) higher
magnification of region designated C2 in panel
cl. (d1) Representative micrograph of a liver
section stained with affinity-purified 02I1C; (d2)
higher magnification of region designated D2 in
panel dl. (el) Representative micrograph of a

escence data. The affinity-purified anti-Na,K-ATPase
antibody, apan, (directed to the C-terminus of the
catalytic subunits) stained a band (MW ~ 110 kDa)
in rat liver nuclei preparations (Fig. 5g, lanes 1-4) and
in microsomal preparations from rat heart, rat brain
and rat kidney (Fig. 5g, lanes 5, 6, and 7, respectively).
Immunoprecipitation was used to further confirm the
presence of Na,K-ATPase in the membrane(s) of the
nuclear envelope. When the apan antibody was used
to immunoprecipitate Na,K-ATPase from the rat
liver nuclei preparation and the rat kidney microso-
mal preparation, a monoclonal antibody, specific for
the al catalytic subunit (McDonough et al., 1996),
stained bands (110 kDa) in both immunoprecipitates
(Fig. 5g, lanes 8 and 9 for nuclei and renal micro-
somes, respectively).

liver section stained with affinity-purified «2EC;
(e2) higher magnification of region designated E2
in panel el. (fI) Representative micrograph of a
liver section stained with affinity-purified a2FP;
(f2) higher magnification of region designated F2
in panel f1. (g/) Representative micrograph of a
liver section stained with affinity-purified a3IC;
(g2) higher magnification of region designated
G2 in panel g/. Note that the envelope has been
cut transversely so that nuclear pores are evident.
(h1) Representative micrograph of a liver section
stained with affinity-purified a3EC; (42) higher
magnification of region designated H2 in panel
hl. (i) Representative micrograph of a liver
section stained with affinity-purified a3FP; (i2)
higher magnification of region designated /2 in
panel il. (j) Representative results for staining of
western blots of SDS-PAGE separations of the
nuclear envelope preparation (liver nuclei)
stained with the nine affinity-purified catalytic
subunit isoform-specific antibodies. Bars repre-
sent 1.21 um.

Immunogold electron microscopy was used to
test the hypothesis that arose from the fluorescent
indicator studies, i.e., that the nuclear Na,K-ATPases
are predominantly found in the nuclear envelope’s
inner membrane. As described below, the immuno-
gold results confirm the localization of Na,K-ATP-
ases to the inner membrane, especially in
heterochromatin-rich areas (Fig. 6). In liver sections
stained with preabsorbed antisera (Fig. 6al,a2 are
representative micrographs), the number of gold
particles per um?® was 12 + 10 and 8 + 7 for nuclear
and non-nuclear regions, respectively. In liver sections
stained with the affinity-purified apan antibody, there
was significantly more Na,K-ATPase in the nucleus
(N) than in the nonnuclear regions (NN) (demons-
trated under the appropriate headings in the bar
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graph, Fig. 6¢). As evident at higher magnification
(Fig. 6b2), there was little Na,K-ATPase staining
associated with the outer membrane of the nuclear
envelope. Based on the results from a previous study
of a nuclear pore protein (Nupl16p), the 30-nm area
from nuclear envelope center into the cytoplasm is
the region in which complexes of gold-GAR(or Pro-
tein A)-primary antibody are to be expected when the
antigen is in the outer membrane of the nuclear en-
velope (Bailer et al., 2000). Since the number of gold
particles in the cytoplasm within 30 nm of the nuclear
envelope’s center (Fig. 6¢, ONM) was not significantly
different from the number in the non-nuclear regions,
the nuclear envelope Na,K-ATPases are not con-
centrated in the outer membrane. Gold particles were
present on the nucleoplasmic face of the nuclear en-
velope, associated with the heterochromatin material
along the envelope’s inner membrane (Fig. 652).
Furthermore, the particle count per pm? in the area
extending 30 nm from the center of the nuclear
envelope lumen into the heterochromatin (Fig. 6c¢,
INM) was significantly greater than that of the ONM,
NN, N and NP (nucleoplasm) (p < 0.05). The nuclear
pores were devoid of heterochromatin and gold par-
ticles. These observations are further substantiated by
analysis of those areas of the micrograph where the
nuclear envelope is sectioned tangentially (Fig. 6b3
and b4; a3 and a4 are comparable regions in the
control). In these areas, heterochromatin is evident
below the envelope, punctuated by relatively hetero-
chromatin-free regions 60—70 nm in diameter (i.e., the
nuclear pores; Fig. 653 and b4, a3 and a4). The gold-
particle counts in tangentially-sectioned regions, of
which b3 and b4 are representative (designated E in
the bar graph, Fig. 6¢), are not statistically different
from those for the INM but are significantly higher
than the NN, N, ONM and NP (p < 0.05). Recent
studies have demonstrated deep invaginations of the
nuclear envelope (Fricker et al., 1997; Lui et al.,
1998a) with associated heterochromatin. Several such
invaginations are evident in the representative nu-
cleus shown (Fig. 6b7) and have gold particles asso-
ciated with them.

Immunogold electron microscopy with the affin-
ity-purified antibodies specific for individual catalytic
subunit isoforms indicates the presence of al, a2 and
a3 isoforms in the nuclear envelope’s inner membrane
(Fig. 7; Table 5). In liver sections stained with any of
the nine isoform-specific antibodies (Fig. 7al—a2, b1—
b2 and c¢l-c2 for affinity-purified ol-specific anti-
bodies; panels di-d2, el—e2, f1—f2 for affinity-purified
a2-specific antibodies; panels g/—g2, hi-h2 and il-i2
for affinity-purified a3-specific antibodies), gold par-
ticles were most prevalent in the region along the
inner membrane of the nuclear envelope within 30 nm
from the center of the nuclear envelope lumen into
the heterochromatin (INM, Table 5). There was no
significant difference between the particles within
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Table 5. Particle counts (particles/um?) from immunoelectron
microscopy with catalytic subunit isoform-specific antibodies

Region Antibody NN ONM INM NP
alIC 8 £8 12+ 13 103 + 46°° 31 + 20¢
o IEC 11 +£8 18+ 14 100 £ 44>° 34 + §¢
o IFP 17 + 14 19 £ 19 91 + 58°°¢ 22 + 12¢
o 2IC 18 +7 25+21 91 + 19> 51 + 13¢
o 2EC 14 +8 24+ 17 81 + 25> 48 + 15¢
o 2FP 14+ 11 15+8 91 +34%° 13 + 4
o 3IC 12+ 13 12 + 13 103 + 66> 31 + 209
o 3EC 11 +6 18 + 14 100 + 44°° 34 + g9
o 3FP 12+£10 19+ 19 91 + 58> 22 + 12¢
Control® 12+2 15+ 14 23+ 23 6+ 4

“Since there was no statistical difference between preabsorbed,
preimmune and rabbit serum IgG fractions, all have been included
as controls (n = 98). n = 32 for antisera.

“Significantly different from the control (p < 0.0001; Mann
Whitney).

“Significantly different from the NN and ONM values p < 0.0001;
Mann Whitney).

dSignificantly different from NN value for same antiserum
(p £0.01; Mann Whitney).

30 nm from the center of the nuclear envelope lumen
into the cytoplasm (ONM) and non-nuclear regions
(NN) with any of the affinity-purified isoform-specific
antibodies. These results confirm those obtained with
the pan-catalytic subunit antiserum (Fig. 6). With all
antibodies except the anti-o2FP, there was a statisti-
cally significant difference between gold-particle
counts in the nucleoplasm (NP) and non-nuclear
(NN) regions. This result differs from that observed
with the pan-catalytic subunit antiserum, probably
reflecting the fact that the tangential regions (Fig.
7g2, for example) were not excluded in the NP
counting with the isoform-specific antibodies. There
were no tangential areas in the micrographs for the
alFP antibody. Aside from the nucleus, the al-spe-
cific antibodies stained the canalicular and sinusoidal
plasma membranes (data not included), a result simi-
lar to previously published studies (Simon et al.,
1995, 1996). No plasma membrane staining was evi-
dent with the a2- and a3-specific antibodies.

To substantiate the immunogold results, immu-
noblot analysis was performed using purified liver
nuclear envelopes and the nine affinity-purified
catalytic-subunit isoform-specific antibodies. The re-
sults, Fig. 7j, demonstrate the presence of all three
catalytic subunit isoforms in the nuclear envelope
preparation. It should be pointed out at this time, that
similar immunoblot experiments with the liver mi-
crosomal fraction (discussed previously in Table 1)
showed staining with the three al-specific antibodies
and no staining with the o2- and a3-specific antibodies
(data not included).

The immunogold results explain why the rela-
tively membrane-impermeable ouabain was able to
elicit changes in nucleoplasmic and lumenal Na* and
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Table 6. Summary of findings
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O R

less than that of the cytoplasm.

of the cytoplasm.

. The lumenal Na* concentration is greater than that of the nucleoplasm.

. The lumenal Na* concentration is greater than that of the cytoplasm.

. The nucleoplasmic Na* concentration is less than that of the cytoplasm.

. In the presence of ouabain, the lumenal Na* concentration approaches that of the cytoplasm and the nucleoplasmic Na™ level remains

. The lumenal K™ concentration is less than that of the nucleoplasm.

The lumenal K" concentration is less than the cytoplasmic K™ concentration.

. The nucleoplasmic K™ concentration is greater than that of the cytoplasm.

. In the presence of ouabain, the lumenal K™ concentration increases while the nucleoplasmic K* concentration remains greater than that

9. Ouabain-sensitive Na, K-ATPases are located in the inner membrane of the nuclear envelope, with the catalytic site in the nucleoplasm.
10. The net Na™ and K™ permeability of the nuclear pore is regulated.

K™ levels. If the al isoform were the only one present,
the transport and cation indicator results would have
been equivocal due to insufficient inhibitor levels. The
rat ol isoform has a relatively low affinity for ouabain
(Noel et al., 1990). It takes approximately 1-2 mm
ouabain to inhibit Na,K-ATPase containing the ol
subunit. Furthermore, the membrane permeability of
ouabain is relatively low (Mercer & Dunham, 1981) so
that the effective ouabain concentration was probably
less than the bathing solution’s 0.1 mm. The other rat
catalytic subunit isoforms have much higher ouabain
affinities (Dzimiri et al., 1987; Noel et al., 1990). In
spite of the low membrane permeability, sufficient
inhibitor was present in the nuclear envelope lumen to
inhibit the o2 and o3 isoforms, since ouabain consis-
tently caused changes in the radioisotope and mono-
valent cation experiments.

Discussion
SUMMARY OF FINDINGS

This is the first report to suggest Na,K-ATPase reg-
ulation of nuclear monovalent cation concentrations.
From the results of the experiments presented in this
report, ten conclusions about Na* and K" regulation
by Na,K-ATPases of the inner membrane of rat liver
nuclei are evident (Table 6; Fig. 8). Essentially these
results suggest that the Na* and K™ concentrations
of the nuclear envelope lumen can approximate those
of extracellular space (high Na*, low K*) while the
two compartments on either side of the envelope
(cytoplasm and nucleoplasm) have low Na ™ and high
K" concentrations.

CoOMPARISON OF RESULTS TO PREVIOUS STUDIES

These results, although clear-cut, represent a paradigm
shift that leads to the question, ‘Why is this the first
report of nuclear Na,K-ATPase? After all, Na,K-
ATPase is the prototypical plasma membrane protein.
Measurement of Na,K-ATPase activity is a classic
method to demonstrate the presence or absence of

-Ouabain +0uabain
Naz84mM Na=8mM
Kz 50 mM

K=5mM

-Ouabain
Na =10 mM
K=111 mM

+ Ouabain
Na =135 mM
K=7mM

Na=135mM
K=5mM

Fig. 8. Model of active sodium and potassium transport in the rat
hepatocyte. Na, K-ATPase is present in the plasma membrane
to support the transport of Na“ out of and K into the cell
against steep trans-plasma membrane Na“ and K" gradients.
Na,K-ATPase is present in the inner membrane of the nuclear
envelope to support the transport of Na* out of and K" into the
nucleoplasm against steep trans-inner envelope membrane Na'
and K* gradients. The energy derived from Na,K-ATPase-depen-
dent ATP hydrolysis is required for the uphill transport of both
monovalent cations across the plasma membrane and the inner
membrane of the nuclear envelope. Ouabain inhibition of the
plasma membrane or nuclear Na,K- ATPases causes dissipation of
the monovalent cation gradients between cytoplasm and extracel-
lular space or between nuclear envelope lumen and nucleoplasm/
cytoplasm, respectively.

plasma membrane contamination in other subcellular
membrane fractions and/or organelles (Fleischer &
Kervina, 1974). Furthermore, there are at least eighty-
four published immunocytochemistry studies that
support the concept of plasma membrane localization,
eight of which are representative and will be used in the
discussion to follow (Schenk, Hubert & Leffert, 1984;
Takada et al., 1992; Simon et al., 1995, 1996; Zahler
etal., 1996; Arystarkhova et al., 1999; Garner & Kong,
1999; Mobasheri, 1999). There are also several studies
that have used immunogold to localize Na,K-ATPase
in rat liver (Simon et al., 1995, 1996). Again, immu-
nogold labeling of the nucleus was not reported in these
studies. Finally, there is a growing number of studies
with sodium green and SBFI, none of which report
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nuclear sodium gradients (Donoso et al., 1992; Rose
et al., 1999). Before discussing the significance of the
present results, potential reasons for the apparent
discrepancy between this study and the previous
studies must be addressed.

First, antigen : antibody interactions depend upon
antigen accessibility. This is especially critical for im-
munocytochemistry because of issues such as mem-
brane permeability of the antibody and masking of the
antigenic determinant(s) by cellular protein-protein
interactions. It is generally accepted that permeabili-
zation of fixed tissue is necessary for successful im-
munostaining of intracellular antigenic determinants.
In fact, tissue permeabilization is commonly employed
for immunocytochemistry of nuclear proteins, nuclear
pore proteins and nuclear envelope proteins (Gee et al.,
1997; Shah et al., 1998; Bailer et al., 2000). Since seven
of the ten antisera used in the present study recognize
intracellular epitopes of the Na,K-ATPase, 0.05-0.1%
Triton X-100 was present in all solutions for immun-
ocytochemistry, with the exception of the fixative so-
lutions. Previous immunocytochemistry studies of
liver hepatocytes have demonstrated Na,K-ATPase in
the apical (canalicular) and basolateral (sinusoidal)
membranes (Simon et al., 1995, 1996). Our data
(not included in the present report) confirm these
previous results for the hepatocyte plasmalemma.
Nuclear envelope Na,K-ATPase was not detected
in these (and many other) previous studies, most likely
because tissue permeabilization was not employed.

In support of the assertion that detergent per-
meabilization is required to observe staining of the
cell nucleus with Na,K-ATPase antibodies, we
found three reports in which the tissue or cells were
permeabilized to study Na,K-ATPase localization.
In one of the three studies, observed perinuclear
localization was considered a result of Brefeldin
treatment of the tissue (Mobasheri, 1999). In an-
other, nuclear staining was observed but attributed
to nuclear autofluorescence due to nonspecific
labeling with the secondary antibody (Zahler et al.,
1996). In the third study, in which detergent per-
meabilization was used, the focus was colocalization
of o~ and y-subunits in the distal convoluted tubule.
In that study the magnification of the images, while
appropriate for the presented results, was too
low to assess subcellular localization (Arystarkhova
et al., 1999).

Second, antigen : antibody interactions are also
dependent upon the affinity of the antibody for the
antigen as well as the stability of the antibody and/or
antigenic determinant (i.e., protein conformational
stability) under the experimental conditions used.
Only one report was found that presented immuno-
blot analysis of the liver nuclear fraction with a
Na,K-ATPase-specific antibody. No staining of the
nuclear fraction and only weak staining of the ho-
mogenate were presented in that report (Khoo et al.,
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2000). This is not surprising, since the monoclonal
antibody used in that study, clone 9-A5 (Schenk et
al., 1984), was explicitly not recommended for
Western Blot analysis by the manufacturer, although
the usefulness of this antibody for immunocyto-
chemistry, immunoprecipitation, and ELISA was
indicated (Affinity Bioreagents, Golden CO, Catalog
page G9). On the other hand, the polyclonal antisera
used in the current study have been successfully used
for immunocytochemistry, Western blot analysis, and
immunoprecipitation. It is likely that antibody affin-
ity or antigenic-determinant/antibody stability is
the source of the discrepancy between the two re-
ports.

The apparent discrepancy between the results
with the monovalent cation indicators presented here
and previously is most likely a result of experimental
design differences. In the previous studies the focus
was measurement of free monovalent cation con-
centrations in the cytoplasm. Currently, there is no
method to deliver the monovalent cation indicators
to specific subcellular organelles in whole-cell exper-
iments. The experiments described in the present re-
port utilized isolated nuclei.

Finally, it is possible that nuclear envelope Na,K-
ATPases are not universal, i.e., common to all cells.
Indeed, preliminary immunocytochemistry studies
for the tissues of the eye (not included in the present
report) indicate that the presence of nuclear envelope
Na,K-ATPase is not general but is confined to dis-
tinct cell types.

POTENTIAL SIGNIFICANCE OF THE RESULTS

While this is the first report of sodium pump-gener-
ated Na™ and K™ gradients between nuclear envelope
lumen : nucleoplasm and nuclear envelope lumen :
cytoplasm (medium), others have reported Na™ and
K" gradients between nucleus and cytoplasm. The
data from these previous studies, summarized in Fig.
9, were used to compute [K'Jne : [K ]y and
[Na" Joue : [Na'leye In fresh Bufo bufo oocytes, the
[K'Jnue : [K']eye was determined to be 3.8; the
[Na'laue : [Na'Joy was 1.0 (Dick, 1978). In cells of
the cortical collecting duct of the rat kidney, [K" Jnue
[K+]cyt was determined to be 1.16, 1.12 and 1.06 for
the cortical thick ascending limb of Henle, principal
cells and intercalated cells, respectively (Gifford et al.,
1990). [Na; | : [Nag,] was determined to be ~1.0 for
the same three respective cell types (Gifford et al.,
1990). In frog skin at extracellular pH values of 7.0
and 8.0, [K Jpue : [K+]cyt was determined to be 1.1,
and [Na' ]y @ [Na' Joy was 1.0 (Rick, 1994).

What might be the function of nuclear monova-
lent cation gradients in normal and pathologic con-
ditions? An early report of nuclear K levels in
Chironomus development (Wuhrmann et al., 1979)
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may augur the importance of nuclear Na,K-ATPase-
dependent Na™ /K™ exchange to nuclear function. In
the dormant oligophase of Chironomus development,
nuclear K* was determined to be 12 + 2 mg/g. In the
prepupal phase of Chironomus development, a period
of dramatic differentiation, there was a 1.5-fold in-
crease in nuclear [K"]. Concurrent with the increase
in nuclear [K"] in the prepupal phase of Chironomus
development, puffing or expansion of specific salivary
chromosome regions was observed (Wuhrmann et al.,
1979).

While there is no direct evidence that changes in
nuclear [K™] or [Na"] regulate DNA structure in
vivo, there are compelling in vitro data to suggest a
role for monovalent cations in the regulation of DNA
structure as well as regulation of interactions between
DNA and DNA-binding proteins. DNA’s high axial
charge requires stabilization by electrostatic interac-
tions with counterions; i.e., DNA can be viewed as a

cation exchanger. Counterions that compete with one
another for electrostatic interaction with nucleic acids
include NH;, K*, Na", Li*, Cs*, Mg?" and Ca’",
as well as the positively charged amino-acid side
chains of specific domains of DNA binding proteins.
It is well established that increasing the monovalent
cation concentration elevates the melting temperature
(Tv) of DNA; (Schildkraut, 1965; Blake & Delcourt,
1998). Monovalent cations primarily affect the
structure of the minor groove (Jing et al., 1997,
Bouaziz, Kettani & Patel, 1998; Kettani et al., 1998;
McFail-Isom, Sines & Williams, 1999). K is more
effective than Na™ at stabilizing G4 DNA, a struc-
ture that is believed to arrest DNA synthesis (Sen &
Gilbert, 1992). Since G4 DNA structures arise in re-
gions with G-rich motifs, it is not surprising that
telomeric DNA structure is regulated and stabilized
by monovalent cations in vitro (Williamson, Ra-
ghuraman & Cech, 1989; Sen & Gilbert, 1992; Guo,
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Lu & Kallenbach, 1993; Choi & Choi, 1994; Miura,
Benevides & Thomas, 1995; Schultze et al., 1999). In
addition to direct effects on DNA structure, mono-
valent cations have been shown to affect interactions
between several nuclear proteins and DNA (Fogolari
et al., 1997; Ozers et al., 1997; Hamilton, Borel &
Romaniuk, 1998; Roxstrom et al., 1998; Cherny et al.,
1999; Winston et al., 1999).

From these examples as well as numerous other
studies that, due to space limitations, were not cited,
a hypothesis can be proposed that nuclear mono-
valent and divalent cation regulation is, at times,
required for nuclear structure and function. Fur-
thermore, since the Na,K-ATPase and the IPs-regu-
lated Ca”" -channels are in the inner membrane of the
nuclear envelope, regions rich in heterochromatin, it
is likely that these cations are critical for the stabili-
zation and destabilization of higher-order chromo-
some structure. Future studies will be necessary to
test these hypotheses.
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