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1. Introduction 

A nucleoside triphosphatase (EC 3.6.1.15) present 
in some mammalian nuclear envelopes appears to 
supply the energy for the nucleo-cytoplasmic trans- 
port of some RNA species [l-8]. A single polypep 
tide, as revealed by sodium dodecylsulphate (SDS)- 
polyacrylamide gel electrophoresis, becomes phos- 
phorylated during the hydrolysis of ATP by this 
enzyme [9,10], and some workers have concluded 
that the nuclear envelopes contain both a protein 
kinase [ 10,l l] and a phosphoprotein phosphohydro- 
lase [ 121 which together constitute the ‘nucleoside 
t~phosphat~e [9]. In isolated liver nuclear envelopes, 
the overall nucleoside triphosphatase activity is stim- 
ulated by certain exogenous polyribonucleotides, 
notably by poly(G) and to a lesser extent by poly(A) 
[13]. This st~~ation, observed only when the poly- 
ribonucleotide has a highly organized tertiary struc- 
ture [ 141, may be relevant to the role of the enzyme 
in nucleo-cytoplasmic RNA transport [3]. However, 
the exact relationship between nuclear envelope pro- 
tein phosphorylation and dephosphorylation, and the 
binding and release of RNA to and from the transport 
system, remains obscure. The object of this investiga- 
tion was to elucidate this relationship. The results 
suggest that ATP binding to the pore-lamma stimulates 
the release of bound polyribonucleotides. Dephos- 
phorylation of the phospho~lated nuclear envelope 
protein, which is the rate-limiting step in the process, 
is stimulated by exogenous poly(G). These results are 
consistent with the scheme proposed in [S] (cf. [ 151). 
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2. Materials and methods 

2.1. Id&km of nuclear envelopes and pore-laminae 
Nuclear envelopes were obtained from sheep liver 

by a modification [ 161 of the method in [ 171. This 
method gives material with a high nucleoside triphos- 
phatase activity [9,18]. The isolated envelopes were 
treated with RNAase (Sigma) to remove endogenous 
polyribonucleotides [ 131. Pore-laminae were isolated 
as in [15,19]. 

2.2. 32P-Labelling of nuclear envelope protein 
Nuclear envelopes (-50 gg protein) were incubated 

with 8 nrnol [,Y-~~P]ATP (20 Ci~mmol) for O-30 min 
at 20°C in 1 ml 50 mM Tris-HCl (pH 8.0), 1 mM 
MgC12 10mMNaF + lOO~lgpoly(G)(Sigma) [13,14]. 
The reaction was terminated by the addition of cold 
u~abe~ed 10 mM MgATP’-+ 20 ng quercetin (Sigma 
Chemical Co.) ml: quercetm at this concentration 
completely inhibits phosphorylation [9]. The nuclear 
envelopes were recovered by centrifugation at 50 000 
X g for 15 mm, washed with 50 mM Tris-HCl, 1 mM 
MgC12, 10 mM NaF, resuspended in 200 ~1 water, and 
counted at 25% efficiency in 5 ml (7:3) toluene:Triton 
X-100 containing 0.4% 2,5diphenylox~ole (PPO) 
and 0.003% 1,4-bis~5-phenylox~ole-2-yl)benzene- 
(PGPOP), using a Packard Tri-Carb Liquid Scintilla- 
tion Counter. 

2.3 1 Dephosphorylation of nuclear envelope protein 
Nuclear envelopes were phosphorylated for 30 mm 

under the above conditions. The reaction was ter- 
minated by the ad~tion of cold sabered 10 mM 
MgATP’-. The washed envelopes were resuspended 
in 1 ml 50 mM histidine-imidazole, 1 mM MgC12 
(pH 7.3) rt 100 pg poly(G) [ 121, incubated for O-60 
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min at 20°C recovered by centrifugation at 50 000 X 
g for 15 min, and counted as before. 

2 4. PO&(A) binding 
Poly(A) was used for these experiments because 

radioactively labelled poly(G) is not commercia~y 
available. Nuclear envelopes or pore-laminae (-50 pg 
protein) were incubated with 0.05-0.5 nmol poly- 
([8-3H]A) (Amersham, 15 Ci/mmol) for 10 min at 
20°C in 1 ml SO mM Tris-HCl, 1 mM MgC12 (pH 8.0) 
(131. The suspension was layered over 30% (w/v, 
sucrose) in 50 mM Tris-HCl, 1 mM MgCll (pH 8.0) 
and centrifuged at 50 000 X g for 30 min. The pellets 
were resuspended in 200 ~1 water, mixed with 5 ml 
99.5% toluene, 0.45% PPO, 0.05% POPOP, and 
counted at 15% efficiency in a Packard Tri-Carb Liquid 
Scintillation counter. Aliquots (200 gl) of supernatant 
were counted similarly. In some experiments, the 
nuclear envelopes or pore-laminae were phospho- 
rylated for 30 min with unlabelled ATP, as in section 
2.2, before incubation with poly( [S3H]A). 
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Protein was determined by a modi~~ation (ZO] of 
the method in [21], DNA by the method in 1221 
RNA by the method in [23], and phospholipid as in 
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F&.1. Nuclear envelope protein phosphorylation. Time course 
of incorporation of “P in the presence of poly(G) (0) and 
quercetin (m), and in the absence of F- (A); Controls (0). 
Results are means + SEM of determinations on 4 preparations. 

3. Results and discussion ated by ATP is a pore-lamina component [9,10]. 

3.1. Protein phosphorylation 3.2. Dephosphorylation 
The nuclear envelopes were substantially free of 

contamination by other subcellular components, and 
had the composition 72 + 5% protein, 23 ?I 2% phos- 
pholipid, 4 + 1% DNA, and <l% RNA [9,18,24]. 
ATP-dependent phosphorylation of the protein was 
half-complete in 16 f 3 min at 20°C and was inhibited 
to some extent (JJ < 0.05 by analysis of variance) by 
100 ,ug poly(G)/ml (fig-l). In the absence of F-, the 
phosphate incorporated into the envelopes was 
decreased by -70%. This is consistent with the view 
that F- inhibits the phosphoprotein phosphohydrolase 
activity of the envelopes [ 121. In the presence of 
20 pug quercetin/ml, very little phosphate incorpora- 
tion occurred [9]. Less than 10% of the radioactivity 
incor~rated in a 30 min ~cubation in either the 
presence or absence of F- was solubilized by 2% (v/v) 
Triton X-100 [ 191; this is consitent with the conclu- 
sion that the polypeptide preferentially phosphoryl- 

At pH 7.3,2O”C, dephosphorylation was half- 
complete in 54 f 9 min in the absence of poly(G), 
and in 28 rf 6 min in the presence of 100 pg poly(G)j 
ml (fig.2). The reaction was almost completely 
inhibited by F- [12]. Thus, nuclear envelope protein 
dephosphorylation is markedly slower than phos- 
phorylation. Also, the rate of dephosphorylation is 
about doubled by saturating concentrations of poly- 
(G), as is the nucleoside t~phosphat~e reaction rate 
[ 141. A phosphoprotein phosphohydrolase in nuclear 
envelopes [ 121 hydrolysed exogenous substrates, such 
as phosvitin, at pH 6.7. In our experience, the opti- 
mum pH for this dephosphorylation of phosvitin is 
-6.0, while that for the dephosphorylation of the 
endogenous phosphoprotein described here is 7.3. This 
result suggests that nuclear envelope preparations 
contain at least two phosphoprotein phosphohydrolase 
activities, only one of which appears on the basis of 
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Fig.2. Dephosphorylation of nuclear envelope proteins. Time 
course of removal of s2P from nuclear envelopes in the pres- 
ence of poly(G) (0) and F- (A); Controls (0). Results are 
means -t SEM of determinations on 4 preparations. 

this investigation to be involved with the RNA trans- 
port system. This view is supported by the observa- 
tions that : 

(0 

(ii) 

Phosvitin (100 or 500 pg/ml) does not compete 
with the dephosphorylation described in fig.2; 
Phosvitin hydrolysis is only -50% inhibited by 
10 mM F-. 

3.3. Polyribonucleotide binding to the pore-lamina 
No clear binding data could be obtained from 

whole nuclear envelopes, but linear Scatchard plots 

(fig.3) were obtained using pore-laminae. This may 
indicate that nuclear envelopes contain a hetero- 
geneous population of RNA binding sites, but pore- 
laminae contain predominantly a single class. The 
affinity of the pore-lamina for poly(A) is markedly 
increased by phosphorylation of the protein, but 
phosphorylation does not appear to alter the total 
number of binding sites. The dissociation constant 
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Fig.3. Binding of poly(A) to pore-laminae. Scatchard plot 
showing binding of poly(A) to phosphorylated (0) and 
unphosphorylated (o) pore-laminae. Results are means f SEM 
of determinations on 3 preparations. Half-maximal saturation 
occurs with 0.12 nmol poly(A)/mg protein in phosphorylated, 
0.25 nmol poly(A)/mg protein in unphosphorylated, pore- 
laminae, under the conditions used (see section 2.4); 1 nmol = 
-100 pg. 

Table 1 
Release of bound poly( [ 8-sH] A) from pore-laminae 

Buffer 
supplement 

cpm X IO-“/mg 
supernatant 

Pore-lamina protein in 
pore-lamina pellet 

- (Control) 0.8 f 0.3 8.2 f 0.5 
1mMATP 6.6 f 0.1 2.1 f 0.4 
1 mM j&T-methylenel-ATP 5.1 + 0.5 3.2 f 0.4 
1 mM EDTA 1.5 f 0.5 1.1 f 0.6 

Pore-laminae were recovered after incubation with 0.5 nmol poly(A) (see section 
2.4 of text), incubated for 10 mm at 20°C in 50 mM Tris-HCl, 1 mM MgCl, 
(pH 8.0) then recovered again as in section 2. Results are means f 1 SEM of 3 
determinations 
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for the phospho~lated system (0.12 nmollmg pro- 
tein) is consistent with the value for half-maximal 
stimulation of the nucleoside triphosphatase by poly- 
(G), obtained from kinetic studies 1141. Together 
with the observed stimulation of dephospho~lation 
by poly(G) (see section 3.2), these results suggest that 
RNA binds preferentially to the phosphorylated pro- 
tein and stimulates the removal of the phosphate [5]. 

Table 1 summarizes results showing that ATP and 
[‘;ylmethylene] -ATP (Boehringer) stimulated the 
release of bound poly( [3H]A) from the pore-lamina. 
This effect was not simulated by EDTA. Since the 
efficacy of [fl,pmethylene] -ATP in releasing the label 
was comparable with that of ATP itself, this process is 
probably independent of ATP hydrolysis. If these 
fmdings are relevant to the behaviour of the nucleo- 
cytoplasmic RNA transport system in vivo, then it 
seems likely that the binding of ATP or an analogue 
to a nuclear envelope structure (probably in the pore- 
lamma) is responsible for the release of bound RNA 
into the cytoplasm. This is consistent with the con- 
clusions in [ 151. However, the binding of RNA itself 
to this structure may be dependent on prior nucleoside 
t~phosphatedependent phospho~lation of a pore- 
lamina polypeptide [5,9,10], and the concomitant 
dephosphorylation appears to be the rate-limiting 
step of the whole process. 
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