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ABSTRACT A Ca?*-pump ATPase, similar to that in the
endoplasmic reticulum, has been located on the outer membrane
of rat liver nuclei. The effect of cAMP-dependent protein kinase
(PKA) on nuclear Ca?>*-ATPase (NCA) was studied by using
purified rat liver nuclei. Treatment of isolated nuclei with the
catalytic unit of PKA resulted in the phosphorylation of a
105-kDa band that was recognized by antibodies specific for
sarcoplasmic reticulum Ca?*-ATPase type 2b. Partial purifica-
tion and immunoblotting confirmed that the 105-kDa protein
band phosphorylated by PKA is NCA. The stoichiometry of
phosphorylation was 0.76 mol of phosphate incorporated/mol of
partially purified enzyme. Measurement of ATP-dependent
45Ca?* uptake into purified nuclei showed that PKA phosphor-
ylation enhanced the Ca?*-pumping activity of NCA. We show
that PKA phosphorylation of Ca?*-ATPase enhances the trans-
port of 10-kDa fluorescent-labeled dextrans across the nuclear
envelope. The findings reported in this paper are consistent with
the notion that the crosstalk between the cAMP/PKA- and
Ca?*-dependent signaling pathways identified at the cytoplasmic
level extends to the nucleus. Furthermore, these data support a
function for crosstalk in the regulation of calcium-dependent
transport across the nuclear envelope.

It is well established that changes in cytosolic Ca>* play a central
role in the regulation of numerous cytosolic functions. More
recently, it has become apparent that Ca?* also is involved in the
control of key nuclear events (for a review see ref. 1). Confocal
imaging of intracellular Ca?* in single cells with fluorescent
indicators, as well as the use of electrophysiological techniques,
have confirmed that free Ca?>" in the nucleus is regulated
independently from free Ca?" in the surrounding cytoplasm.
Furthermore, at least four Ca?* transporting systems, allowing
for an autonomous regulation of Ca>* levels, have been identified
on the nuclear envelope (NE). These include intracellular recep-
tors for Ca?" signaling molecules such as inositol 1,4,5-
trisphosphate (2), inositol 1,3,4,5-tetrakisphosphate (3), and cy-
clic adenosine diphosphate ribose (4), as well as an ATP-
dependent calcium uptake mechanism driven by a sarco/
endoplasmic reticulum Ca?*-ATPase (SERCA) corresponding
to the SERCA2b isoform (5) that has been located on the outer
nuclear membrane (6). A model for the control of nuclear Ca?*
has been proposed, in which the NE lumen plays the role of a
dynamic Ca* pool (1, 7).

The autonomous regulation of nuclear free Ca®>" has been
shown to subserve specific functions. In particular, nuclear Ca>*
is involved in the regulation of gene expression (1, 8, 9). Another
function for nuclear Ca®" is the regulation of protein transport
into the nucleus. It has been shown that both nuclear localization
signal (NLS)-mediated (10, 11) and NLS-independent (10, 12)
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protein uptake are regulated by the free Ca?* concentration in
the lumen of the NE.

In the cytoplasm crosstalk between Ca?*- and cAMP-
dependent pathways has been well established (13). The
cAMP/cAMP-dependent protein kinase (PKA) pathway sig-
nals to the nucleus (14, 15). PKA phosphorylates the nuclear
transcription factor CREB (cAMP-response element binding
protein). Emerging evidence indicates that CREB is also a
critical mediator of Ca?*-dependent gene expression (9). It is
phosphorylated in response to increased levels of free Ca?™
levels. Ca* calmodulin-dependent protein kinase appears to
be one of the Ca?>"-dependent CREB kinases. Hardingham et
al. (8) have shown that CREB functions as a transcription
factor responsive to nuclear free Ca>* levels.

In the study reported here, we have investigated how crosstalk
between Ca?*- and cAMP-dependent signaling pathways regu-
lates the transport of macromolecules into the nucleus. Such
protein transport not only depends on the free Ca®* concentra-
tion in the lumen of the NE, additionally it is modulated by PKA
(16). PKA influences NLS-mediated transport either by direct
phosphorylation of the imported protein or through less direct
mechanisms (17, 18). PKA also is implicated in the regulation of
NLS-independent nuclear protein uptake (19). The phosphory-
lation of SERCA by PKA at the level of the endoplasmic
reticulum (ER) (20-22) suggests that, likewise, nuclear Ca?*-
ATPase (NCA) may be a possible target for PKA. Thus, we
studied the effect of PKA on NCA and on Ca?"-dependent
NLS-independent macromolecule transport. We show that treat-
ment of isolated rat liver nuclei with the catalytic subunit of PKA
results in phosphorylation of NCA. We also report that PKA
phosphorylation of NCA leads to stimulation of ATP-dependent
Ca?*-uptake into the nucleus.

MATERIALS AND METHODS

Materials. [y-3?P]ATP (specific activity 3,000 Ci/mmol) and
4Ca?" were obtained from Amersham-Pharmacia. The catalytic
subunit of PKA, anti-rabbit IgG antibodies, reactive red-120
agarose, adenyl 5'-yl imidodiphosphate (AMP-PNP), polyoxy-
ethylene 9-lauryl ether (C;2Ey), and thapsigargin were purchased
from Sigma. Okadaic acid was from Calbiochem. Rabbit poly-
clonal antibodies against SERCA2b were a kind gift from F.
Wuytack (University of Leuven, Belgium). Calcium Green-1 (10
kDa and 500 kDa) and lucifer yellow (10 kDa) fluorescent
dextrans were purchased from Molecular Probes.

Purification of Rat Liver Nuclei and Preparation of Nuclear
Extracts. Rat liver nuclei were prepared as described (23). The
isolated nuclei were suspended in a medium containing 0.25 M
sucrose, 4.0 mM MgCl, and 50 mM Tris-HCL, pH 7.5 (buffer A).
Final nuclear preparation was free from any microsomal or
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plasma membrane constituents as tested by the marker enzyme
activity (23, 26) and electron microscopy (6). For certain exper-
iments, the final nuclear preparation was suspended at a protein
concentration of 10 mg/ml in buffer A supplemented with 150
mM NaCl, 20% glycerol, 2% Triton X-100, 10 ug/ml of leupep-
tin, and 10 ug/ml of aprotinin. This suspension was allowed to
stand 2 hr on ice while stirring gently and centrifuged for 30 min
at 12,000 X g. The supernatant constituted the nuclear extract.
Protein was determined according to Bradford (24).

Partial Purification of NCA. The nuclear Ca?*-pump ATPase
was partially purified by using reactive red 120-agarose affinity
chromatography as described by Coll and Murphy (25). Purified
rat liver nuclei at a final concentration of 2 mg/ml of protein were
solubilized by using buffer A containing 20 mg/ml of C;,Eg
(buffer B). Protein was eluted with buffer B containing 400 uM
AMP-PNP followed by buffer B supplemented with 2 M NaCl.
Ca?" was omitted from the purification procedure to minimize
stimulation of nuclear calpains (26). Mgller et al. (27) have
reported that the ATPase activity of the solubilized enzyme at low
Ca?" concentrations is partially inactivated. Therefore, the elu-
tion profile of NCA was monitored by Western blotting with
antibodies specific for SERCA2b. For the determination of
Ca?"-ATPase activity, partial purification was performed in the
presence of 1 mM CaCl, and 2 mM phenylmethylsulfonyl fluo-
ride, followed by gel filtration using Sephadex G-50 fine to
eliminate AMP-PNP and NaCl.

Ca?*-ATPase Assay. Ca’"-stimulated ATPase activity was
determined by measuring ATP hydrolysis as described by Nelson
(28). Basal ATPase activity, measured in the absence of added
calcium with 4 mM EGTA, was subtracted from ATP hydrolysis
in calcium buffer to yield Ca®*-dependent ATPase activity.

Phosphorylation of Ca?*-ATPase. Phosphorylation of NCA
was carried out at the indicated times in 50 ul of a medium
containing 50 mM TrissHCl, pH 7.5, 10 mM MgCl, and 20
units of PKA catalytic subunit. For nonpurified NCA, isolated
nuclei corresponding to 16 pg of protein or 25 ug of nuclear
extract protein were used. Protein phosphatase (PP) inhibitors
(0.1 uM okadaic acid and 5 mM NaF) were added (29) because
PP type 1, which is regulated by PKA (30), is present in
considerable amounts in rat liver nuclei (31) together with
PP-2C. In some phosphorylation experiments 2 mM EGTA,
0.1 uM CaCl, (or 10 uM CaCly), 1 uM thapsigargin, or 50 uM
trifluoperazine were included as indicated. To check the
degree of endogenous phosphorylation, some nuclear samples
were preincubated with 1 unit of alkaline phosphatase/200 ug
of protein at 37°C for 10 min. After incubation alkaline
phosphatase was removed by placing one volume of sample
onto one volume of 50% glycerol and centrifuged at 2,500 X
g for 10 min. The pellet was rinsed five times with 1 ml of buffer
A. In another set of experiments nuclei were permeabilized
with 0.1% digitonin treatment for 30 min on ice, followed by
centrifugation on glycerol and rinsing as described above.

For phosphorylation of the partially purified nuclear Ca?*-
pump, pooled fractions corresponding to peak I and peak II
were concentrated by placing them in dialysis bags, which then
were covered with dry polyethylene glycol (7-9 kDa) overnight
at 4°C. Phosphorylated proteins were separated on SDS/
PAGE (10% polyacrylamide) followed by autoradiography
and densitometric analysis.

Determination of Phosphate/Protein Stoichiometry. Pro-
tein contained in the 105-kDa band from nuclear extract or
partially purified peak I fraction was estimated by silver nitrate
staining of gels and densitometric scanning using BSA as
internal standard. 3?P incorporated into the same 105-kDa
band (corresponding to the autoradiogram) was excised from
the gel and digested with H,O; overnight.

Western Blotting. Immunoblotting was performed as de-
scribed elsewhere (32). Immune complexes were detected by
using a 5-bromo-4-chloro-3-indoyl phosphate p-toluidine salt/
nitroblue tetrazolium visualization solution followed by den-
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sitometric scanning of the immunoblots. The antisera used in
this study do not immunoprecipitate Ca>*-ATPase. In certain
experiments, partialy purified peak I and peak II NCA was
concentrated and phosphorylated by PKA in the presence of
[y-?P]ATP as described above. 32P-labeled NCA then was
subjected to SDS/PAGE and detected by immunoblotting
followed by autoradiography of the same immunoblot accord-
ing to the method of Sarkadi et al. (33).

45Ca?* Uptake Studies. Isolated nuclei were suspended in a
calcium uptake medium containing 0.25 M sucrose, 2 mM
EDTA, 2 mM EGTA, 4 mM K,HPO,, 4 mM MgCl,, 50 mM
Tris-HCI, pH 7.5, 1 mM ATP, and various amounts of CaCl,
as determined by Fabiato (34) to give the desired concentra-
tions of external free Ca?*. Traces of ¥*Ca* (2 uCi/ml) were
added, and #*Ca?" uptake was monitored (6).

Assessment of Nucleocytoplasmic Transport. Transport of
intermediate-sized molecules into the nucleus was measured as
described (4, 12). Nuclei were loaded with fluorescent dye-
coupled dextrans by incubation for 10 min at 37°C with the
probe in uptake medium supplemented with varying concen-
trations of free Ca?* as described (6). The fluorescent probes
(20 wm) used were the 10- and 500-kDa forms of Calcium
Green-1 dextran and also the 10-kDa dextran form of the
Ca’"-insensitive dye Lucifer yellow. After this step, the nuclei
were rinsed by adding to each tube 50 volumes of uptake
medium supplemented with the same free Ca?>" concentration
as that used for loading, followed by centrifugation for 1 min
at 700 X g. The pellet was gently resuspended in 100 ul of
Ca?*-deprived uptake medium. Fifty microliters (=50 ug
protein) of this nuclear suspension were deposited on a
collagen-coated modified Petri dish (i.e., with the base re-
placed by glass) and covered with a glass coverslip. Nuclei were
allowed to adhere to the Petri dish (20 min) before photo-
graphing. Calcium Green-1 fluorescent dextrans were visual-
ized by using a Zeiss LSM-410 laser scanning confocal micro-
scope with an argon-laser light source tuned to Aex =~ 488 nm.
Background fluorescence values were subtracted. Pixel values
were averaged from within the nucleus and divided by the
average pixel value of the bath, and results were expressed as
means = SEM. Ten-kilodalton dextran-coupled Lucifer yellow
(maximum A =~ 425 nm) was visualized by using classical
fluorescence microscopy (Nikon Diaphot TMD-EF).

RESULTS

Phosphorylation of Ca?**-ATPase in Isolated Intact Nuclei
with PKA. The purity of the nuclear preparation was checked by
analyzing marker enzymes (Table 1) and by electron microscopy
as described previously (2, 6, 23). Incubation of these nuclei in the
phosphorylation medium containing [y->>P]JATP and the cata-
lytic subunit of PKA resulted in the appearance of several distinct
phosphorylated protein bands after SDS/PAGE (data not
shown). Among the proteins that underwent significant PKA-
mediated phosphorylation was a substrate of molecular mass 105
kDa. The appearance of this band was time dependent, reaching
a maximum within 2 min (Fig. 1).

To further characterize the 105-kDa protein band, the
phosphorylation reaction was performed under different con-
ditions. First, we studied the effect of incubating purified
nuclei with [y-3?P]JATP in the absence of PKA. Under these
conditions, if Ca>* at 10 uM was added, 105-kDa band also was
observed (Fig. 2). This band was not affected by adding the
calmodulin inhibitor trifluoperazine at a concentration of 50
uM (data not shown), confirming that it is not caused by
activation by Ca?* of endogenous nuclear calmodulin-
dependent protein kinase (1). Furthermore, the 105-kDa
protein band was sensitive to 1 uM thapsigargin, which
strongly inhibited its appearance (Fig. 2) and no phosphory-
lation was seen if the Ca®" concentration was decreased to low
levels (0.1 uM). These results suggest that the 105-kDa band
observed in the absence of PKA corresponds to the formation



9180 Biochemistry: Rogue et al.

Table 1. Marker enzyme activity

Liver
homogenate Nuclei
Total Total
Marker enzymes Sp. act. act. Sp.act. act.
NAD pyrophosphorylase 404 273 243 7.06
Mannose-6-phosphatase 933  628.0 3320 1220
NADPH cytochrome ¢ reductase 9.5 57.0 3.2 0.8
5'-Nucleotidase 4.1 20.5 0.21 0.04
Cytochrome ¢ oxidase 12.0 60.0 0.03 0.066

NADPH cytochrome ¢ reductase activity was determined by monitor-
ing the reduction of cytochrome ¢ at 550 nm. NAD pyrophosphorylase
activity was determined by monitoring the formation of NADH at 340
nm. Mannose-6-phosphatase activity was determined by measuring the
absorbance at 730 nm. 5'-Nucleotidase activity, cytochrome ¢ oxidase
activity, and NAD pyrophosphorylase activity were determined as de-
scribed by Masmoudi et al. (23), Malviya et al. (2), and Humbert et al. (6),
respectively. Specific activity (sp. act.) is expressed as nmol/min per mg
of protein, and the total activity is expressed as pwmol/min.

of a Ca’"-dependent phosphoenzyme intermediate. In the
presence of PKA, if 10 uM Ca?* also was added, the intensity
of the 105-kDa protein band was slightly higher than with PKA
alone. When 10 pM Ca?* and 1 uM thapsigargin both were
added, the 105-kDa band intensity was the same as that
observed with PKA alone (Fig. 2). Therefore, the 105-kDa
band induced by incubation with PKA is not because of the
formation of a phosphoenzyme intermediate (discussed fur-
ther below).

Immunoblotting of Ca?*-ATPase Present in Isolated Nuclei.
Based on its apparent molecular mass and the formation of a
thapsigargin-sensitive phosphorylated intermediate, the 105-
kDa PKA substrate was identified as NCA. This finding was
further confirmed by immunoblotting with antibodies specific
for SERCAZ2b, which recognized a 105-kDa band (data not
shown).

Partial Purification of Nuclear “*Ca?*-ATPase. To defi-
nitely confirm that the 105-kDa immunoreactive and PKA-
phosphorylated bands were indeed identical, we partially
purified the nuclear Ca?*-pump ATPase by using reactive
red-120 agarose affinity chromatography. Elution of the sol-
ubilized nuclear material adsorbed to reactive red 120 agarose
with AMP-PNP yielded a peak that contained a single recog-
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FiG. 1. Time-dependent phosphorylation of NCA. Isolated nuclei
were incubated with the catalytic unit of PKA (20 units) for the
indicated times as described in Materials and Methods. (A) Represen-
tative autoradiogram; the arrow indicates the migration of the 105-kDa
protein band. (B) Densitometric analysis of the same autoradiogram.

Proc. Natl. Acad. Sci. USA 95 (1998)

g ’
PKA - -+ + - -+ +
Ca2+ = 01yM = 01uM 10uM 10uM 10uM 10uM
Thapsigargin - - - - + - - 4+

FiG. 2. Characterization of NCA phosphorylation. Phosphoryla-
tion of isolated nuclei was carried out as described in the legend to Fig.
1. The various conditions used are described in Materials and Methods.

nizable protein band by SERCA2Db antibodies at the expected
molecular mass of 105 kDa (Fig. 3). NaCl (2 M) was required
for complete elution, thus yielding a second peak that also was
enriched in a prominent band at 105 kDa (Fig. 3). In some of
the peak II fractions a second immunoreactive species of lower
apparent molecular mass was detected, probably correspond-
ing to a proteolytic fragment of NCA. Peak II corresponded to
the major protein peak as evidenced by absorbance at 280 nm.

Measurement of Ca?*-ATPase activity confirmed that this
single-step partial-purification procedure yielded a signifi-
cantly enriched and active preparation (Table 2). By itself
detergent solubilization of nuclei with Ci,Ey increased specific
activity, presumably because of removal of insoluble material
by centrifugation. The most significant enrichment in specific
activity occurred in peak I fractions, with an increase of more
than 150-fold as compared with isolated nuclei.

That the immunoreactive and the PKA-phosphorylated
105-kDa bands were the same was confirmed by simultaneous
immunoblotting and autoradiography of partially purified
NCA. Concentrated samples from pooled peaks I and I were
phosphorylated with PKA and separated on 10% SDS/PAGE
followed by immunoblotting with anti-SERCA2b (data not
shown). In control experiments performed in the absence of
PKA, 32P incorporation into peak I or peak II partially purified
NCA was barely detectable (data not shown).
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FiG. 3. Partial purification of NCA by affinity chromatography.
Reactive red-120 agarose column affinity chromatography was per-
formed as described in Materials and Methods. NCA elution was
monitored by immunoblot analysis of aliquots taken from every fourth
eluted fraction by using antibodies specific for SERCA2b. A 105-kDa
band was observed, which was analyzed by densitometric scanning of
the immunoblots (broken line). Two bands were detected in certain
fractions corresponding to peak II. Elution of proteins was measured
by absorbance at 280 nm (Azgo, solid line).
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Table 2. Summary of partial purification of NCA

Total  Specific activity, Total

protein, fmol/mg per activity,  Yield,
Purification step mg min fmol/min %
Isolated nuclei 56 12.9 722 100
supernatant 9.8 63 617 85.5
Peak 1 0.17 2,020 343 47.5
Peak II 0.75 2429 182.2 252

Ca?*-ATPase activity was determined by measuring P; produced by
ATP hydrolysis. For peak I (fractions 9-17 pooled) and peak II
(fractions 24-36 pooled), partial purification was performed in the
presence of 1 mM CaCl, and 2 mM phenylmethylsulfonyl fluoride,
followed by gel-filtration of pooled fractions using Sephadex G-50 fine
to eliminate AMP-PNP and NaCl. Blanks were estimated in the same
way except that no protein was added, and values (expressed in
fmol/mg per min) were corrected accordingly. Addition of trichloro-
acetic acid before addition of ATP yielded P; counts equal to blanks.
Basal ATPase activity (with 2 mM EGTA and without added calcium)
was subtracted from ATP hydrolysis in calcium buffer to yield Ca?*-
dependent ATPase activity.

Stoichiometry of NCA Phosphorylation by PKA. The stoichi-
ometry of phosphorylation of NCA by PKA was calculated to be
0.28 mol of phosphate incorporated/mol NCA when nonpurified
intact nuclei were used and 0.76 mol of phosphate incorporated/
mol for partially purified peak I NCA. The stoichiometry of 0.30
was observed when nuclei were digitonin-permeabilized before
phosphorylation. After alkaline phosphatase treatment of iso-
lated nuclei and removal of excess of phosphatase, PKA phos-
phorylation gave a stoichiometry of 0.81.

Effect of PKA Phosphorylation on ATP-Dependent Ca?*-
Uptake by Isolated Nuclei. Ca®>" uptake was Ca>* dependent
(Fig. 4) and sensitive to thapsigargin. ATP-dependent Ca?*
uptake was enhanced in nuclei preincubated with PKA (Fig. 4).
Stimulation of Ca?"-pumping activity was already apparent at
low ionized Ca?" concentrations. The Ca’" concentrations
required for half-maximal stimulation of Ca?>" uptake were
increased 0.4 pCa units from pCa ~ 6.3 under control condi-
tions to pCa ~ 6.7 after phosphorylation. Differences were
statistically significant for pCa = 7.0 (P < 0.05, u test) and
remained significant at higher free Ca®>* concentrations until

350 [
300

250

uptake

200

(nmoles/mg protein)

nuclear *‘Ca*"

pCa

FiG. 4. Effect of PKA phosphorylation on ATP-dependent “Ca?*-
transport into intact isolated nuclei. Isolated nuclei before (O) and after
phosphorylation (®) were incubated at 37°C for 5 min in the presence of
1 mM ATP. Calcium chloride was added into the medium bathing nuclei
so as to give the indicated free calcium concentration according to Fabiato
(34). Traces of ¥3Ca?" were also present in the medium (2 wCi/ml; 1 Ci =
37 Gbq). Ca?* uptake was terminated by filtering under vacuum over
GF/B Whatman glass fiber filters, followed by scintillation counting of the
45Ca?* trapped on the filters. Values are expressed as means + SEM, and
statistical significance was evaluated by using the Mann—Whitney U test
(*, P < 0.05, control vs. PKA).
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FiG. 5. Transport of 10-kDa Calcium Green-1 dextran into intact
isolated nuclei. (4) Micrographs showing Ca?*-dependent loading of
nuclear preparation with 10-kDa Calcium Green-1 dextran under
control and PKA-phosphorylated conditions. For each condition,
fluorescence (Aex =~ 488 nm, Aem =~ 531 nm, Upper) and corresponding
phase-contrast (Lower) micrographs are shown. (B) Quantification of
confocal fluorescence micrographs. Background fluorescence values
were subtracted. Data are presented as mean values = SEM. Statistical
significance was assessed by using the Mann—Whitney U test. (*, P <
0.05, control vs. PKA).

pCa = 6.0. Maximum Ca?* uptake was reached at pCa ~ 6.0
for control nuclei and at pCa ~ 5.7 for nuclei preincubated
with PKA phosphorylation medium. Effect of PKA phosphor-
ylation was dose dependent, becoming apparent only at con-
centrations of PKA catalytic subunit =100 milliunits and
reaching maximum levels for 500 milliunits (data not shown).

Effect of PKA Phosphorylation on Transport into Isolated
Nuclei of Intermediate-Size Fluorescent Macromolecules.
Functional significance of NCA regulation by PKA was as-
sessed by measuring its effect on the transport of intermediate
size molecules into the nucleus by using dextran-bound fluo-
rescent indicators. When isolated rat liver nuclei were incu-
bated in the presence of 500-kDa Calcium Green-1dextran, no
fluorescence was observed in the nucleoplasm, confirming the
integrity of the preparation. On the other hand, 10-kDa
Calcium Green-ldextran was transported into the nuclei in a
Ca?*-dependent manner (Fig. 54). Addition of Ca®" into the
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medium resulted in a concentration-dependent increase in the
fluorescence of isolated nuclei. Similar results have been
reported elsewhere (12). In the absence of ATP, transport of
this dye into nuclei was not observed irrespective of the free
Ca?* concentration (data not shown). Also, no nuclear trans-
port of the dye occurred in the presence of 1 uM thapsigargin.
Thus, ATP-dependent filling of the Ca?* store in the NE
lumen was necessary for transport of the 10-kDa macromol-
ecule. Phosphorylation by PKA accelerated this process (Fig.
5A). The difference between transport into control and phos-
phorylated nuclei was statistically significant (Fig. 5B) for
pCa = 7.0 and pCa = 6.5.

Because the dyes used in these experiments are Ca?*
sensitive, it was necessary to eliminate the possibility that the
observed fluorescence intensities resulted from changes in
nucleoplasmic Ca?* concentrations and not from dye trans-
port. However, ATP-dependent Ca?* filling of the NE lumen
also conditioned entry into the nucleoplasm of the 10-kDa
dextran form of the Ca?*-insensitive dye Lucifer yellow.
Indeed, classical fluorescence microscopy showed that trans-
port of 10-kDa dextran Lucifer yellow into nuclei was Ca>*
dependent, and again this phenomenon was accelerated by
PKA phosphorylation (Fig. 6).

DISCUSSION

The SERCAs, together with the plasma membrane Ca?*-
ATPase pumps, determine the resting cytoplasmic Ca>* con-
centration (35). The NCA participates in the regulation of
nuclear Ca®* levels (1, 7). Here, we report that NCA is a
substrate for PKA. The nuclear preparation used in the present
study (Table 1) was devoid of ER contamination.

Incubation of isolated intact nuclei with PKA in the pres-
ence [y->?P]ATP results in the rapid appearance of a 105-kDa
band. Several arguments confirm that this phosphorylated
band corresponds to NCA. An apparent molecular mass
of ~110 kDa was previously reported for the nuclear Ca’*
pump (5). Our results are in reasonable agreement with this
value. Another argument is derived from the fact that a
105-kDa protein band in the NE also was labeled with
[y-3?P]ATP in the absence of PKA after incubation with 10 uM
Ca?* (Fig. 2). In the absence of PKA the 105-kDa band was no
longer detected when Ca?* was reduced to low concentrations
(0.1 uM). This finding suggests that it corresponds to the
formation of a high-energy phosphoenzyme intermediate (36).
Furthermore, it was abolished after pretreatment with thap-
sigargin, confirming that it corresponds to a SERCA-type
enzyme (37).

The 105-kDa protein band was recognized in isolated rat
liver nuclear preparation by polyclonal antibodies raised
against SERCA type 2b. SERCAZ2Db is the ubiquitous “house-
keeping” isoform found in the ER of all tissues (38). A
heterogeneity of SERCA2b-type Ca’*-ATPases has been
observed with respect to thapsigargin sensitivity (37, 39). The
NCA phosphoenzyme intermediate is found to be thapsigargin
sensitive, which is analogous to the thapsigargin-sensitive
100-kDa SERCA phosphorylated intermediate described in
bovine adrenal chromaffin cells.

To conclusively demonstrate that the 105-kDa SERCAZ2b
antibody-reactive and PKA-phosphorylated bands are identical,
partial purification of NCA was undertaken by using a dye-
coupled column. Reactive red-120 agarose affinity chromatog-
raphy provided reasonably enriched NCA preparations. The
major protein band eluted with peak I fractions was the 105-kDa
species recognized by anti-SERCA2b antiserum. Complete elu-
tion of the enzyme by using nucleotides alone was not possible,
and the remaining enzyme attached to the dye matrix was eluted
with 2 M NaCl giving a second peak. A second, minor peak, also
has been reported during reactive red-120 agarose affinity puri-
fication of the ER Ca?*-ATPase (25). However, in the study
reported here peak II was much larger (Fig. 3).
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F1G. 6. Transport of 10-kDa dextran-coupled Lucifer yellow. Iso-
lated rat liver nuclei were incubated with calcium uptake medium
supplemented with 10-kDa dextran-coupled Lucifer yellow at various
free calcium concentrations. Fluorescence was visualized with classical
optical microscopy (max. A =~ 425 nm). Values are depicted in arbitrary
units and are derived from two separate experiments with less than
10% variation between independent values. Control (hatched bars)
and PKA phosphorylated (solid bars).

Phosphorylation by PKA of concentrated peak I and II
samples in the presence of [y-*P]ATP followed by SDS/
PAGE, immunoblotting with SERCA2b polyclonal antibodies,
and autoradiography of the same blots showed that this
antibody reacts with the 3?P-labeled 105-kDa band. This
finding confirmed that NCA is a PKA substrate. Mgller et al.
(27) have reported that the ATPase activity of solubilized
SERCA is unstable at low Ca?>* concentrations. To circumvent
this problem, enzyme purification was carried out in the
presence of 1 mM CaCl, followed by gel filtration. This
procedure yielded an active enzyme (Table 2). It may be noted
that the use of detergents runs the risk of perturbing NCA
activity, and this use could contribute to the relatively low
specific activity measured in the partially purified samples.
Immunoblotting and protein purification procedures therefore
demonstrate that the 105-kDa band undergoing PKA phos-
phorylation in isolated rat liver nuclei represents NCA.

The next question that arises is whether nuclear Ca?"-
ATPase is directly phosphorylated by PKA or whether PKA
phosphorylates an associated protein (40-43). Neyses et al.
(20) reported a direct phosphorylation of sarcolemmal
SERCA by PKA. Similarly Hawkins et al. (21) have docu-
mented a low, but nevertheless, significant level of direct
phosphorylation of heart SERCA2a by exogenous PKA. It
should be noted that direct phosphorylation of the plasma
membrane Ca?*-ATPase by PKA has been demonstrated
recently (44). Minimal PKA recognition motifs have been
identified in these enzymes (45). Thus, we may argue that NCA
is directly phosphorylated by PKA.

We observed a stoichiometry of 0.28 mol of phosphate
incorporated/mol of Ca?>*-ATPase for the membrane inserted
NCA and 0.76 mol of phosphate incorporated/mol for the
partially purified peak I enzyme. These results are in reason-
able agreement with values reported for SERCA phosphory-
lation by PKA (20). Partial NCA purification was associated
with increased stoichiometry, indicating the availability of
additional sites for phosphorylation. Because partially purified
enzyme retained its enzymatic activity, this increase cannot be
caused by exposure of sites through denaturation.

Because permeabilization of nuclei with digitonin did not
affect stoichiometry (0.30), it may be suggested that the
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phosphorylated sites are located on the part of the pump facing
the cytoplasm. Alkaline phosphatase treatment, before phos-
phorylation, enhanced stoichiometry (0.81) of the membrane-
inserted NCA. This finding suggests that an endogenous level
of phosphorylating activity, which targets the same sites as
those targeted by PKA in vitro, operates in vivo. It may be
argued that nearly all of the NCA molecules are available for
PKA phosphorylation, except a subpopulation (about 20%)
that may be PKA-insensitive NCA. Alternatively, levels of
phosphorylation measured may not reflect the maximum
phosphorylation potential because of endogenous phospha-
tases that are not completely inactivated with available inhib-
itors. With the partially purified NCA, it is most likely that
protein phosphatases, eventually copurified, are inhibited.
Therefore the highest level of phosphorylation observed with
PKA may be attributed to exposure of sites phosphorylated by
PKA that are not relevant physiologically.

We studied the functional relevance of NCA phosphoryla-
tion by PKA by measuring its effect on ATP-dependent Ca?*
uptake (2). ATP-dependent nuclear *Ca’*-transport was
Ca?*-dependent with a maximum at 1 uM free Ca?* (Fig. 5).
Free Ca®* levels at which activation of the nuclear Ca?*-pump
is maximum are relatively high; this is compatible with a role
for NCA (and SERCA in general) in Ca®* signaling through
signal termination (46).

Phosphorylation by PKA had a stimulatory effect on Ca?*
uptake into purified nuclei, with maximum activity shifted to
2 uM free Ca?". These results are in accordance with early
studies (47, 48) showing that cAMP-dependent phosphoryla-
tion stimulates Ca®* pumping into heart microsomes (49). The
decrease in Ca®* uptake into control nuclei at high free Ca*
(Fig. 4) could be explained by loss of NE integrity, as is
observed at high Ca?* concentrations (50). Incubation under
PKA phosphorylating conditions, which prevents this de-
crease, may be protective.

We further assessed the functional significance of NCA phos-
phorylation by PKA by measuring the transport of dye-labeled
intermediate-size (10 kDa) dextrans into the nucleus (Fig. 5).
Stehno-Bittel ez al. (12) have shown that, after depletion of Ca?*
from the NE lumen by inositol 1,4,5-trisphosphate or Ca?*
chelators, 10-kDa Calcium Green-1 dextran was excluded from
the nucleus. PKA phosphorylation of NCA enhances the trans-
port of 10-kDa Calcium-Green dextran into the nucleus. This
indicates the filling of nuclear calcium pool regulating the opening
of the nuclear pore complexes. Results with Lucifer-yellow were
in reasonable agreement with those obtained by using Calcium-
Green dextran (Fig. 6).

The mechanisms underlying the effect of NE intraluminal
Ca?* on transport of intermediate-sized molecules are un-
known. Perez-Terzic et al. (51) have shown that depletion of
nuclear Ca?* stores induced conformational changes and
closing of the nuclear pore complexer. The influence of NE
luminal Ca?* levels on nuclear protein transport (52) is quite
complex. Sweitzer and Hanover (11) described a GTP-
independent NLS-dependent nuclear protein transport path-
way that is stimulated by Ca?>" and calmodulin.

Phosphorylation of purified nuclei by the PKA catalytic
subunit enhanced the transport of dye-coupled 10-kDa dex-
trans. This result is in agreement with the stimulatory effect of
PKA phosphorylation on Ca?* uptake into purified nuclei. It
is also compatible with reports concerning the modulatory
effect of PKA phosphorylation on nucleocytoplasmic traffick-
ing (16). PKA has been shown to regulate both NLS-mediated
and NLS-independent nuclear protein uptake, through either
phosphorylation of the transported protein, of its interacting
partner or of components of the transport machinery. The
present data suggest that PKA also can modulate Ca?*-
dependent macromolecule uptake by regulating NCA Ca?*
pumping activity.

Proc. Natl. Acad. Sci. USA 95 (1998) 9183

In conclusion, the present data show that PKA phosphor-
ylates and activates the Ca>*-pumping activity of NCA. The
control of Ca?"-dependent NLS-independent macromolecule
transport appears to be a novel function mediated by phos-
phorylation of the NCA by PKA. These results represent yet
another example of crosstalk between Ca?*- and cAMP-
regulated pathways operating at the level of the nucleus.
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