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Nuclear Cholesterol Content and Nucleoside
Triphosphatase Activity Are Altered
in the JCR:LA-cp Corpulent Rat
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Abstract A nuclear pore complex-associated nucleoside triphosphatase (NTPase) activity is believed to provide
energy for nuclear export of poly(A)+ mRNA. This study was initiated to determine if nuclear membrane lipid
composition is altered during chronic hyperlipidemia, and what effect this has on NTPase activity. The JCR:LA-cp
corpulent rat model is characterized by severe hypertriglyceridemia and moderate hypercholesterolemia, and thus
represents an ideal animal model in which to study nuclear cholesterol and NTPase activity. NTPase activity was
markedly increased in purified hepatic nuclei from corpulent female JCR:LA-cp rats in comparison to lean control rats as
a function of assay time, [GTP], [ATP], and [Mg?*]. Nuclear membrane cholesterol and phospholipid content were
significantly elevated in the corpulent animals. Nuclei of corpulent animals were less resistant to salt-induced lysis than
nuclei of lean animals, suggesting a change in relative membrane integrity. Together, these results indicate that altered
lipid metabolism in a genetic corpulent animal model can lead to changes in nuclear membrane lipid composition,

which in turn may alter nuclear membrane NTPase activity and integrity.
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The function of the nuclear nucleoside triphos-
phatase, or NTPase, is to provide energy to the
nuclear pore complex for poly(A)+ mRNA ex-
port from the nucleus to the cytoplasm by the
hydrolysis of nucleosides [Agutter et al., 1979;
Clawson et al., 1980; Agutter and Prochnow,
1994]. The NTPase has been localized to the
inner face of the inner nuclear membrane, plac-
ing it in an ideal position for its putative role,
and has been demonstrated to be a protease
cleavage product of lamins A and C, the primary
constituents of the mammalian nuclear lamina
[Clawson et al., 1984; Tokes and Clawson, 1989].
NTPase activity is stimulated by poly(A)+
mRNA [Schroder et al., 1986; Bernd et al., 1983].
Phosphorylation of the NTPase results in an
increased affinity for mRNA and alterations in
NTPase activity and translocation of mRNA out
of the nucleus [McDonald and Agutter, 1980].
Together, these data and other work describe an
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enzyme able to fulfill the role of energy provider
for pore complex mRNA export [Clawson et al.,
1978; Agutter, 1980; Clawson et al., 1980; Schro-
der et al., 1984; Venkatraman and Clandinin,
1988; Schroder et al., 1988].

Despite the potential importance of this en-
zyme in gene expression, little is known about
the capacity of the NTPase to adapt during a
chronic disease state. Specifically, we were inter-
ested in the potential for the nuclear membrane
to alter its cholesterol composition during dis-
ease and whether this change was associated
with an alteration in nuclear NTPase activity. A
relatively novel animal model, the JCR:LA-cp
rat, carries the autosomal recessive cp (corpu-
lent) gene first isolated by Koletsky [1973, 1975].
Rats that are homozygous for the cp gene (¢p/
¢p) are obese, insulin resistant [Russell et al.,
1987, 1994] and hyperlipidemic [Dolphin et al.,
1987]. The hyperlipidemia is due to a marked
hepatic hypersecretion of very low density lipo-
protein (VLDL), leading to extreme hypertriglyc-
eridemia and moderate hypercholesterolemia
[Russell et al., 1989]. Animals that are homozy-
gous normal (+/+) or heterozygous (+/cp) are
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lean, with normal insulin and lipid metabolism.
These animals offer a valuable model in which to
examine the potential for membrane lipid con-
tent in hepatic nuclei to change in vivo in re-
sponse to the high circulating lipid levels and to
test if this change will alter NTPase activity.
Our results provide the first evidence that (1)
nuclear membrane cholesterol content can be
altered in response to the environment, and (2)
NTPase activity was significantly increased dur-
ing a chronic disease state. Since NTPase activ-
ity may directly affect mRNA translation rates
by controlling passage of mRNA to the cyto-
plasm, any factors which alter NTPase activity
could have profound influences on cellular me-
tabolism.

METHODS
Animals and Materials

Female JCR:LA-cp rats were bred in the estab-
lished breeding colony at the University of Al-
berta using standard breeding protocol [Russell
et al.,, 1989]. Lean rats from breeding +/cp
animals are a mixture of +/+ and +/cp (1:2)
and are designated +/?. Animals were given
water and standard rat chow ad libitum until
sacrifice by decapitation. Measurements of body,
liver, and heart weight were recorded at time of
sacrifice. Chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO) unless otherwise
noted.

Isolation of Nuclei

Nuclei were isolated from freshly excised lean
(+/?) or corpulent (cp/cp) female JCR:LA-cp rat
livers according to previously reported methods
[Czubryt et al., 1996a). Purity was verified visu-
ally under the microscope using the DNA-
specific dye Toluidine blue, and by assays for
subcellular membrane marker enzymes which
measured contamination by endoplasmic reticu-
lum (mannose 6-phosphatase; [Gilchrist and
Pierce, 1993]), plasmalemma membrane (K*
p-nitrophenolphosphatase, Nat-K* ATPase;
[Pierce et al., 1989b]) and mitochondria (suc-
cinic dehydrogenase; [Pierce et al., 1989a]).

Protein Assay

Protein content of samples was determined
with Markwell’s variation of the method of
Lowry to prevent interference from membrane
lipids [Markwell et al., 1981].

NTPase Assay

Briefly, assays were completed in plastic tubes
in 350 pl reaction buffer (250 mM sucrose, 20
mM MOPS, pH 7.4) containing EDTA (1 maM),
MgCl, (1 mM or as required), and GTP or ATP
(5 mM or as required). The reaction was started
by the addition of 50 pl isolated nuclei (protein
concentration ~3-10 mg.ml-!) and carried out
for 20 min (or as required) at 37°C. The reaction
was stopped by the addition of 200 ul 10%
sodium dodecyl sulfate (SDS). Inorganic phos-
phate generated in the reaction was measured
by the method of Raess and Vinecenzi [1980].
Identical assays were run as blanks, in which
the SDS had been added prior to the reaction.
NTPase dependence on time, [GTP], [ATP], and
[Mg?*] was determined for both lean and corpu-
lent animals, and Hanes Ky and V., values
determined. Free concentrations of ligands were
determined from total concentrations using the
Maxchelator program (© C. Patton, 1994).

Nuclear Membrane Integrity Assay

This assay was carried out as described previ-
ously [Czubryt et al.,, 1996b]. One milligram
lean or corpulent rat liver nuclei was treated
with STM buffer containing varying [NaCl} (0,
25, 50, 75, 100, 125, 150, 175, 200, 250, 300, or
1,000 mM) for 30 min on ice, then centrifuged at
7,5600g in a microfuge. Supernatants were re-
moved and nuclear nucleotide release into the
supernatant estimated by absorbance readings
in a spectrophotometer at 260 nm, with non-
protein containing salt solutions as blanks. Data
were normalized to the maximal absorbance val-
ues observed.

Nuclear Cholesterol and Phospholipid Content

Cholesterol and phospholipids were extracted
from 100 pl isolated nuclei (0.3-1.0 mg total
protein content) by first diluting with 600 pl
water, then by adding 3 ml 2:1 chloroform:
methanol and vortexing for 15 s. One milliliter
water was added and the tubes vortexed for 15 s;
then, 1 ml chloroform was added and the tubes
again vortexed for 15 s. Samples were left to
extract in the dark at 4°C overnight. The samples
were then centrifuged in a table-top centrifuge
for 10 min at low speed (750g). Following cen-
trifugation, the upper, non-aqueous layer was
removed by Pasteur pipette to a separate test
tube and the solvent evaporated off under a
stream of nitrogen gas. The dry samples were
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resuspended in ethanol and assayed for choles-
terol [Omodeo Sale et al., 1984] and phospho-
lipid content [Kutryk and Pierce, 1988].

Serum Cholesterol, Glucose, and Triglycerides

Blood samples from lean and corpulent rats
were centrifuged at low speed (750g) for 10 min
and serum levels of cholesterol, glucose, and
triglycerides were spectrophotometrically deter-
mined using commercial kits (Sigma; Stanbio
Laboratory Inc., San Antonio, TX).

Statistical Analysis

Variation between sample means was deter-
mined with a two-tailed Student’s #-test, with
results P < 0.05 considered statistically signifi-
cant. Ky and V_,, values were calculated with
the Hyper program (®© J. S. Easterby, 1992),
using Hanes plots.

RESULTS

Body and organ weights were recorded at the
time of sacrifice of the animals (Table I). Both
the body weight and the liver weight of the
corpulent animals were significantly elevated
compared to lean controls. However, both heart:
body weight ratios and liver:body weight ratios
were significantly decreased in the corpulent
animals, likely due to the gross obesity of these
animals.

Serum levels of glucose, cholesterol, and tri-
glycerides were determined in both the lean and
corpulent animals and found to be qualitatively
similar to results reported previously (Table II)
[Dolphin et al., 1990]. Glucose, cholesterol, and
triglycerides were significantly elevated in the
corpulent animals vs. the lean animals.

Nuclei purified from lean and corpulent livers
were examined under the light microscope after

TABLE I. Body and Organ Weights of Female Lean and Corpulent Rats’

Animal Body weight (g) Heart weight (g) Liver weight (g) Heart:body ratio (x108) Liver:body ratio (x 10%)
Lean 271 + 16 0.97 = 0.06 8.1+03 3.6=+0.1 304 = 0.7
Corpulent 502 + 8* 1.04 = 0.09 14.0 = 0.4* 2.1 +0.1* 28.0 = 0.7*

*Values represent means + S.E. n = 10-22.
*P < 0.05 vs. lean animals.

TABLE II. Serum Levels of Glucose,

TABLE IV. Nuclear Content of Cholesterol

Cholesterol, and Triglycerides’ and Phospholipids®
Glucose Free cholesterol Triglycerides Cholesterol Phospholipids
Animal (mg/dl) (uwmol/ml) (mg/dl) (nmol/mg % of (nmol/mg  %of
. . tei 1
Lean 131 +17 0.78 = 0.11 43+ 6 Animal protein)  lean  protein)  lean
Corpulent 326 = 18* 1.25 = 0.17* 494 + 42* Lean 129+049 — 136=24 —

*Values represent means = S.E. n = 4-6.
*P < 0.05 vs. lean animals.

TABLE III. Comparison of Marker Enzymes
for Various Membranes*

Enzyme activity Lean nuclei Corpulent nuclei

Succinic dehydroge-
nase (pmol/mg/
min) 16 £ 8

Mannose 6-phos-
phatase (nmol/
mg/min)

K*-pNPPase (nmol/
mg/hr)

Na*-K*+ ATPase
(nmol/mg/hr)

34 + 4

398 40+ 6

34 =11 133

220 = 170 130 + 40

Corpulent 3.13 = 0.32* 243 20.8 = 1.8* 153

*Values represent means + S.E.n = 3-7.
*P < 0.05 vs. lean animals.

TABLE V. Kinetic Parameters of the

Nuclear NTPase'
f(ATP) f(GTP)
Vmax Vmax
Ky (nmol/mg/ Ky  (nmol/mg/

Animal (nM) 20 min) (M)

Lean 89+19 2218 155+51 222x32
Corpulent 200 = 18* 342 + 13* 283 = 41 355 = 27*

20 min)

*Values represent means + S.E. n = 3. P > 0.05 for lean
nuclei vs. corpulent nuclei.

*Values represent means + S.E. n = 3-5.
*P < 0.05 vs. lean animals.
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Fig. 1. NTPase activity in lean and corpulent 6-month-old JCR:LA-cp rat liver nuclei as a function of time. NTPase
activity was assayed as described in the text, with [GTP] = 5 mM, [Mg?* Jiree = 1 mM and [EDTA] = 1 mM at 37°C.

Error bars represent standard error of the mean for 3-5 assays. *P < 0.05 vs. Jean animals.

staining with the DNA-specific dye Toluidine
blue. Visual examination revealed the nuclei to
be round in shape with punctate nucleoli, hall-
marks of liver nuclear morphology, with no vis-
ible contamination from cellular or other debris.
No visible differences were observed between
+/? and ¢p/cp nuclei.

A variety of marker activities for various sub-
cellular membranes were examined to deter-
mine nuclear purity. There were no significant
differences between purified +/? and ¢p/cp nu-
clei in any of the marker enzymes examined
(Table III). Values measured are similar to those
reported previously for highly purified nuclei
[Czubryt et al., 1996a].

The cholesterol and phospholipid content of
nuclei isolated from the corpulent and lean rats
was measured. The nuclear cholesterol and phos-
pholipid contents were significantly elevated in
the corpulent animals compared to the lean
animals (Table IV).

NTPase activity was examined as a function
of reaction time. The liberation of P; was ini-
tially linear. The rate then began to decrease

after 20 min. NTPase activity was significantly
elevated in the ¢p/cp animals compared to the
+/? animals (Fig. 1).

NTPase activity was assayed as a function of
[GTP] (Fig. 2). The cp/cp nuclei had signifi-
cantly greater activity than the +/? nuclei. This
resulted in a significantly higher V., value ob-
served for the cp/cp nuclei compared to the +/?
nuclei (Table V). The plot of NTPase activity
exhibited classic saturation kinetics for both
types of nuclei. There was no significant change
in the Ky affinity constant for GTP between
¢p/cp and +/? nuclei.

NTPase activity was also studied as a function

-of [ATP]. NTPase activity was significantly

higher in ¢p/cp vs. +/? nuclei (Fig. 3), with the
cp/cp nuclei also having a higher V_,, value
than the +/?7 nuclei (Table V). Classic satura-
tion kinetics were also observed for both types of
nuclei. The Ky affinity constant for ATP was
higher in the ¢p/ep nuclei compared to the +/?
nuclei.

Free magnesium is a required cofactor for
NTPase activity. A logarithmic plot of NTPase
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Fig. 2. NTPase activity in lean and corpulent JCR:LA-cp rat liver nuclei as a function of [GTP]. NTPase activity was
assayed as described in the text, with [Mg2* Jqee = T mM, [EDTA] = 1 mM and 20 min incubation at 37°C. Error bars
represent standard error of the mean for 3—5 assays. *P < 0.05 vs. lean animals.

activity as function of [Mg?* I, showed that the
activity in ¢p/cp nuclei was significantly higher
than in +/? nuclei only at [Mg2?*]4.. = 100 pM
(Fig. 4). In both c¢p/ep and +/? nuclei, the shape
of the plot was sigmoidal.

Assays were performed to investigate nuclear
integrity during exposure to salt. An increased
release of nuclear contents was observed at
nearly every salt concentration tested in the
corpulent animals compared to the lean animals
(Fig. 5). Release of 50% of the nuclear contents
(RCsy) occurred at a [NaCl] of 135 = 7 mM in
the corpulent animals, and at a [NaCl] of 158 +
4 mM in the lean animals (P < 0.05).

DISCUSSION

Light microscopic examination of Toluidine-
blue stained nuclei isolated from cp/cp and +/?
rat livers revealed them to be normal in appear-
ance (results not shown). Marker enzyme activi-
ties for contamination from other membranes
revealed two features: first, there was no signifi-
cant difference between +/? and ¢p/cp nuclei in
any of the assays measured. Therefore, the isola-

tion technique used provides equal levels of pu-
rity for both types of nuclei. Second, marker
assay values obtained for purified nuclei are in
most cases several orders of magnitude smaller
than those obtained for purified subcellular
membrane fractions, indicating the lack of con-
tamination of the nuclei by other organelles
[Czubryt et al., 1996a].

NTPase activity was significantly increased in
the c¢p/cp nuclei compared to +/? nuclei as a
function of time, [GTP], [ATP], and [Mg?*lgce.
Vmax was about 50% greater for the cp/cp nuclei
vs. the +/? nuclei for both GTP and ATP. The
NTPase appears to hydrolyze GTP and ATP at
equal rates as shown by the approximately equal
(ATP vs. GTP) V., values reported for both the
+/? and the cp/cp rats. This is in agreement
with previous reports [Schroder et al., 1986].
The NTPase activity curves for both GTP and
ATP show classic saturation kinetics, i.e., smooth
curves leveling off to a plateau value (V).
These curves preclude the possibility that we
may be measuring more than one hydrolytic
enzyme. ATP exhibited a significantly elevated
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Fig. 3. NTPase activity in lean and corpulent JCR:LA-cp rat liver nuclei as a function of [ATP]. NTPase activity was
assayed as described in the text, with IMg?* Jee = T mM, [EDTA] = 1 mM and 20 min incubation at 37°C. Error bars
represent standard error of the mean for 3—5 assays. *P < 0.05 vs. lean animals.

Ky value for the e¢p/cp nuclei vs. the +/? nuclei.
This finding suggests that the affinity of the
NTPase for ATP is reduced in the cp/cp ani-
mals, despite the increased V,, value also in the
cp/cp animals.

The altered lipid composition of the nuclear
membrane may be responsible for the alteration
in NTPase activity. There were significant differ-
ences between +/? and ¢p/cp liver nuclei in both
cholesterol and phospholipid content. The ele-
vated levels of phospholipids in the cp/cp nuclei
(153% of +/?) may contribute to the altered
NTPase activity ohserved in this study. How-
ever, Smith and Wells [1984] observed that up
to 80% of the phospholipids could be removed
from nuclear membranes without altering the
NTPase activity. When the nuclear membrane
was completely delipidated, NTPase activity was
abolished. From these findings, it would appear
that although lipids are required for NTPase
activity, the relatively small changes in phospho-
lipid content observed here probably do not
modulate this activity.

A more likely mechanism for the increased
NTPase activity in the c¢p/cp animals, however,

is the large increase observed in the nuclear
membrane cholesterol content (243% of +/?).
Increased cholesterol content has been shown to
alter lipid membrane rigidity, which in turn may
alter the activities of embedded enzymes [Shin-
itzky, 1984]. Many membrane-embedded en-
zymes and transporters have been shown to
exhibit altered activity after manipulation of
membrane cholesterol content [Kutryk and
Pierce, 1988; Liu and Pierce, 1994; Shinitzky,
1984]. However, most importantly, when the
nuclear membrane cholesterol content was in-
creased by incubation of isolated rat liver nuclei
with cholesterol-enriched liposomes, the NTPase
was markedly stimulated [Ramjiawan et al.,
1996]. The percent enrichment of cholesterol
achieved in these studies (~275% of control) is
comparable to that reported in the current work
(243% of +/7). These data suggest that choles-
terol is most likely responsible for the stimula-
tion of N'TPase observed in the current study.
The increase in nuclear membrane choles-
terol may have implications other than just its
effects on NTPase activity. In this study, nuclear
membrane integrity was examined by measur-
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Fig. 4. NTPase activity in lean and corpulent JCR:LA-cp rat liver nuclei as a function of [Mg** Jiee. NTPase activity
was assayed as described in the text, with [GTP] = 5 mM, [EDTA] = 1 mM and 20 min incubation at 37°C. Error bars
represent standard error of the mean for 3—5 assays. *P < 0.05 vs. lean animals.

ing the resistance of intact nuclei to salt-induced
lysis as described previously [Czubryt et al,
1996b]. Nuclei of ¢p/cp rats released signifi-
cantly more DNA at lower [NaCl] compared to
nuclei of +/? rats. These findings suggest that
the integrity of the cp/cp nuclear membranes
was compromised compared to the +/? nuclear
membranes. It is possible that the alterations in
cholesterol content described above destabilized
the nuclear membrane in the cp/cp nuclei, since
cholesterol incorporation into isolated rat liver
nuclei in vitro also compromises membrane in-
tegrity [Czubryt et al., 1996b; Ramjiawan et al.,
1996].

This study examined NTPase activity in the
JCR:LA-cp corpulent rat model. Although
mRNA export from the nucleus was not studied
directly, there is a large body of evidence show-
ing that mRNA export and NTPase activity are
closely linked. For example, blocking NTPase
activity also inhibits mRNA export [Prochnow
et al., 1994; Sidransky et al., 1984; Agutter et
al., 1976; Schroder et al., 1984]. Conversely,
increasing NTPase activity by various methods

results in a stimulation of mRNA export [Sidran-
sky et al., 1984; Schroder et al., 1990; Agutter et
al., 1979]. It would, therefore, not be unreason-
able to assume that the alterations reported
here for NTPase activity may also reflect alter-
ations in mRNA export. This may induce changes
in gene expression, and potentially represents a
novel mechanism for pathological changes in
diseased cells.

In summary, this study has demonstrated for
the first time that a corpulent rat model with
abnormal lipid metabolism, the JCR:LA-cp rat,
also has increased nuclear NTPase activity. This
increase is likely due to significant increases in
nuclear membrane cholesterol content. This al-
teration in nuclear membrane composition may
also contribute to a change in nuclear mem-
brane integrity. These findings have implica-
tions for nuclear function in other situations
where abnormal lipid metabolism may alter the
composition of cellular membranes, such as ath-
erosclerosis [Chen et al., 1995; Kankaraj and
Singh, 1989; Kummerow et al., 1994] or diabe-



356 Czubryt et al.
*
100 - - —fx
. I—/
* /
80 T/
3 i

o *

= 60

= ] %

§ —m— | ean

g 40 - T*/

_.__
= ) . Corpulent
o\ * T/
* T/
20 - ¥ Tl
o -
] _._/1/1’—
0 ] ! [ 1 | ' [ ///‘/ 1 1
0 100 200 300 1000

[NaCl] (mM)

Fig. 5. Assay of membrane integrity in nuclei from lean and corpulent JCR:LA-cp rats. Aliquots of nuclei isolated
from lean or corpulent rat livers were exposed to osmotic shock in the form of increasing [NaCl] and then measured
for DNA release, as described in the text. Error bars represent standard error of the mean for 4-5 assays. *P < 0.05

vs. lean animals.

tes mellitus [Pierce and Dhalla, 1983; Pierce et
al., 1983; Pelikanova et al., 1991].
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