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ABSTRACT A casein kinase I (CK 11)-like protein kinase
was idenfied and partially Isolated from a purif envelope-
matrix fraction of pea (Pisum sadvum L.) nuclei. When
[,y-32P]ATP was directly added to the envelope-matrix prep-
aration, the three most heavily labeled protein bands had
molecular masses near 71, 48, and 46 kDa. Protein kinases
were removed from the preparation by sequential extraction
with Triton X-100, EGTA, 0.3 M NaCl, and a pH 10.5 buffer,
but an active kinase still remained bound to the remaning

lina-matrix fraction after these treatments. This kinase had
properties resembling CK H kinases previously characterized
from animal and plant sources: it preferred casein as an
artificial substrate, could use GTP as efficiently as ATP as the
phosphoryl donor, was stim d by spermine, was calcium
independent, and had a catalytic subunit of .36 kDa. Some
animal and plant CK H kinases have regulatory subunits near
29 kDa, and a lamina-matrix-bound protein of this molecular
mass was recognized on immunoblot by anti-Drosophila CK H
polyclonal antibodies. Also found associated with the envelope-
matrix fraction of pea nuclei were p34ad-like and Ca2+-
dependent protein kin, but their properties could not
account for the protein kinase activity bound to the lamina. The
71-kDa ate of the CK Il-like kinase was lamin A-like,
both in its molecular mass and in its cross-reactivity with
anti-intermediate f t antibodies. Lamin phosphorylation
is tonsidered a crucial early step in the entry of cells into
mitoss, so lamna-bound CK H kinases may be important
control points for cellular proliferation.

The nuclear lamina consists of a meshwork of proteins that
underlies the nuclear envelope. The lamina is thought to play
a role in nuclear stability, chromatin organization, and tran-
scription (1, 2). Nuclear envelope breakdown is a common
feature of mitosis and meiosis (3). It involves disassembly of
the nuclear membrane (4) and the nuclear lamina (5, 6).
Nuclear lamina depolymerization is preceded by and is
thought to require an increase in the phosphorylation level of
the lamins, a class ofintermediate filaments that comprise the
predominant proteins in the lamina layer and appear to be
localized mainly in this layer (7, 8). The proposed central role
of lamin phosphorylation in the initiation of mitosis has
generated increased interest in the kinases that control this
step. Based on mainly indirect data, several different kinases
have been proposed to be involved in lamin phosphorylation,
including p34cdc2 (9), protein kinase C (10), and S6 kinase II
(11).
Dessev et al. (12) partially characterized protein kinase

activity tightly bound to the lamina-enriched fraction of
Ehrlich ascites tumor cell nuclei and suggested that several
different kinases might account for this activity, including at
least one that was Ca2+ and cAMP independent. Among the

best characterized Ca2+- and cAMP-independent protein
kinases are the casein kinase II (CK II) kinases, which share
conserved properties among all eukaryotic organisms exam-
ined (13, 14). Members of this family are located in the cell
nucleus as well as in the cytosol, and they phosphorylate a
broad spectrum of nuclear and cytosolic proteins (13). CK II
kinases play a central role in the transition between prophase
and metaphase during meiotic cell division of full-grown
Xenopus laevis oocytes (15). In plant cells a CK 11-type
kinase has been implicated in the phosphorylation and DNA-
binding activity of a trans-acting factor that binds to the
promoter of light-regulated genes (16, 17). Although there is
evidence that CK II kinases are predominantly nuclear
enzymes (18), there is little information on the presence or
function of CK II kinases in the nuclear lamina. Here we
report that a CK II-like protein kinase is tightly bound to a
lamina-enriched fraction ofisolated pea nuclei and phosphor-
ylates a lamin-like protein in this fraction.

MATERIALS AND METHODS
Nuclei isolation and fractionation experiments were carried
out at 4°C except where noted. Nuclei were isolated from the
plumules of 7-day-old dark-grown pea (Pisum sativum var.
Alaska) seedlings by the method ofDatta et al. (19). A nuclear
envelope-matrix (E-M) fraction was prepared from purified
pea nuclei by the method of Kaufmann et al. (20) with some
modification. Briefly, 3-5 x 108 nuclei were suspended in 5
ml of buffer A (10 mM Tris'HCl, pH 7.5/0.2 mM MgCl2/1 M
sucrose/0.5 mM phenylmethylsulfonyl fluoride/0.5% apro-
tinin) and incubated with DNase I at 250 pg/ml and boiled
RNase A at 250 pg/ml for 1 h at 10°C. The nuclei were
centrifuged at 880 x g for 20 min, and the nuclease digestion
step was repeated one more time. The digested nuclei were
then washed with buffer A and resuspended in 5 ml of buffer
A. To the suspension was added NaCl (final concentration =
1.6 M) and 2-mercaptoethanol [final concentration = 1%
(vol/vol)], and then it was incubated for 15 min with gentle
agitation and centrifuged 30 min at 1600 x g. The extraction
with 1.6 M NaCl was performed as above one more time,
except that 2-mercaptoethanol was omitted. The pellet was
resuspended in buffer B [10 mM Tris'HCl, pH 7.5/0.2 mM
MgCl2/10%O (wt/vol) sucrose/0.5 mM phenylmethylsulfonyl
fluoride/0.5% aprotinin], and then the above digestion and
NaCl extraction steps were repeated once. The resultant
preparation was considered to be a purified nuclear E-M
fraction of pea nuclei. Note that Kaufmann et al. (20) and
other authors refer to this fraction simply as nuclear enve-
lopes. However, as discussed below, many "envelope"
fractions prepared from plant and animal cells by this method
retain in their lumen matrix proteins undigested by the DNase
and RNase treatments. Here we are acknowledging the
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presence of matrix material in pea envelope preparations by
referring to them as E-M preparations.
The E-M fraction was used either as freshly prepared or

stored in buffer C (30 mM Tris HCl, pH 7.5/5 mM MgCl2/10
mM dithiothreitol/50o glycerol) at -800C. In some cases
before this fraction was isolated, the nuclei were labeled with
32p by suspending them in kinase reaction buffer (19) plus 100
gM [y32P]ATP (850 cpm/pmol) or GTP (350 cpm/pmol),
incubating them at room temperature (-210C) for 15 min, and
then washing them with buffer A. The E-M fraction was then
isolated from the labeled nuclei as described above except
that 5 mM NaF and 0.2 mM ammonium molybdate were
included in buffer A and buffer B.
To prepare a nuclear lamina-matrix (L-M) fraction, the

E-M fraction was washed and resuspended in 5 ml of buffer
B, to which 0.5 ml of 20%o (wt/vol) Triton X-100 (prepared in
buffer B) was added. The solution was gently agitated for 15
min on ice and centrifuged at 880 x g for 15 min. The pellet
from this centrifugation is referred to below as the nuclear
L-M preparation. For long-term storage, this preparation was
washed two times with buffer B, suspended in buffer B, and
stored at -250C.
To purify lamin proteins, the L-M preparation was resus-

pended in buffer D (10 mM TrisHCl, pH 7.5/1 mM EDTA/
0.5 mM phenylmethylsulfonyl fluoride/0.5% aprotinin), and
then urea was added to a final concentration of 6 M. The
solution was incubated at room temperature for 10 min and
centrifuged at 12,000 x g for 30 min. The supernatant was
dialyzed against buffer D containing 0.5 M NaCl overnight
and then centrifuged at 12,000 x g for 30 min. After the pellet
was washed twice with buffer D containing 0.5 M NaCl, it
was referred to as the lamin protein preparation.
To extract protein from the L-M, three different extraction

media were used: EGTA, EGTA plus 0.3 M NaCl, and Tris
base plus 0.3 M NaCl, using the following procedures. The
L-M preparation was resuspended in buffer B, to which 2mM
EGTA (pH 7.5) was added. The solution was incubated on ice
for 30 min with gentle agitation and centrifuged at 880 X g for
15 min. The resultant supernatant is referred to below as the
EGTA-extracted protein preparation. The pellet was washed
with 10 mM EGTA and 0.3 M NaCl in buffer B. After
centrifugation, the supernatant is referred to below as the
EGTA/salt-extracted protein preparation. The pellet was
washed two times with buffer B and resuspended in a high pH
solution (100 mM Tris base, pH 10.5/0.3 M NaCl), incubated
on ice for 30 min with gentle agitation, and centrifuged as
above. The supernatant obtained is referred to below as the
high pH-extracted protein preparation. All the supernatants
were concentrated by using an Amicon Centricon-10 con-
centrator. Protein kinase activity was assayed both in the
supernatant and in the pellet fractions after each extraction.

Protein kinase activity was assayed by measuring the
incorporation of 32p from [y32P]ATP into casein (a mixture
of a- and j-casein from Sigma) or into the synthetic deca-
peptide RRREEETEEE, purchased from Peninsula Labora-
tories. The assay was carried out at room temperature as
described by Roskoski (21). In some cases the reaction
mixture was boiled in SDS/PAGE sample buffer and sub-
jected to SDS/PAGE (22); then the gel was stained, de-
stained, dried, and autoradiographed using Kodak AR film,
as described by Li et al. (23). All autoradiographs were
developed overnight using an intensifying screen.
To assay the autophosphorylation of E-M and L-M, these

preparations were suspended in reaction buffer (25 mM
Tris*HCl, pH 8.0/10 mM MgCl2/5 mM NaF/0.2 mM ammo-
nium molybdate/100 ,uM [-32P]ATP) and incubated at room
temperature for 15 min. The reaction mixture was brought to
6 M urea/2.5% SDS/50 mM iodoacetamide, added to SDS/
PAGE sample buffer, briefly heated to 80TC, and then sub-
jected to SDS/PAGE (10%o gel) and autoradiography as

above. In some experiments lamins were purified from la-
beled L-M and then were solubilized in 6 M urea/2.5%
SDS/50mM iodoacetamide and analyzed by SDS/PAGE and
autoradiography.
The procedure for detecting protein kinase activity on gels

after SDS/PAGE was carried out as described (23), except
that both histone III-S at 1 mg/ml and casein at 1 mg/ml were
included in the separating gel before polymerization.
Western blot analyses were carried out as described by Li

et al. (23). The antibodies used for these analyses included
anti-DrosophilaCK II kinase polyclonal antibody (24), kindly
provided by Claiborne Glover III (University of Georgia);
anti-human p34cdc2 monoclonal antibody directed to the
PSTAIR hexapeptide sequence, purchased from Upstate
Biotechnology (Lake Placid, NY); and anti-human interme-
diate filament monoclonal antibody (25), obtained from cul-
tured hybridoma cells (ATCC no. TIB 131) purchased from
the American Type Culture Collection. These antibodies, all
raised to animal antigens, were used to test the antigenic
similarity of pea L-M proteins to animal L-M proteins. For
those blot analyses testing the anti-intermediate filament
antibodies, Tween 20 was used instead of nonfat dry milk as
the blocking agent, as described by La Claire (26).
For transmission electron microscopy, nuclear E-M prep-

arations were resuspended in CM buffer (50 mM sodium
cacodylate, pH 7.4/5 mM MgCl2), and glutaraldehyde was
added to 1%. After 20 min, the E-M preparation was sedi-
mented at 880 x g for 10 min, resuspended in CM buffer with
1% glutaraldehyde, washed four times with 1% glutaralde-
hyde in CM buffer, suspended in 2% osmium tetroxide, and
left at room temperature for 2 h. The samples were subse-
quently washed in distilled water and stained for 12 h at 40C
in 1% uranyl acetate, which was prepared in maleate buffer
(50 mM, pH 5.6). The tissue was then washed in maleate
buffer, dehydrated in a graded ethanol series, transferred to
absolute acetone, and embedded in Spurr's low viscosity
resin (27). Thin sections were cut by using a diamond knife,
poststained with 5% uranyl acetate and lead citrate (28), and
examined in a Hitachi HUllE electron microscope.
To negatively stain the lamin protein preparation, samples

purified as described above were resuspended and gently
agitated in three drops of H20; then about 40 ,ul of the
suspension was placed on a 300-mesh Formvar-coated cop-
per grid. After removing excess water from the suspension by
touching it to filter paper, the specimen (now attached to the
Formvar) was washed with five drops of water, three drops
of0.25% Triton X-100, and again with five drops ofwater and
then stained by one drop of 1.5% uranyl acetate with addition
of bacitracin (0.1 mg/ml) as a spreading agent. Stained
specimens were examined and photographed in a Philips 420
electron microscope.

RESULTS
As described by Datta et al. (19) and by Li et al. (23), the
nuclear preparation used as the starting material for the E-M
purification was highly pure and essentially free of plastid,
mitochondrial, and bacterial contamination. By electron mi-
croscopic analysis, the envelopes in the E-M preparation
were more electron transparent than the nuclei from which
they were derived, but otherwise the two structures were
remarkably similar in appearance, both in their diameter (5-6
,m) and in their content of nucleolar-like structures (compare
Fig. 1A with Fig. 1B). However, histochemically, the E-M
preparations did not stain positive for DNA or RNA, and by
chemical analysis they contained <0.5% of the original
nuclear content of RNA and DNA (data not shown). Nega-
tively stained preparations of purified lamin protein were

highly enriched in filamentous structures that ranged in
diameter from 6 to 12 nm (Fig. 1C).
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FIG. 1. Transmission electron microscopy of purified pea nuclei
(A), purified E-M fraction (B), and negatively stained pea lamin
preparation (C). (A and B, bar = 1.0 1Lm; C, bar = 0.1 um.)

When the E-M, L-M, and lamin preparations were assayed
by SDS/PAGE and Coomassie blue staining, many protein
bands were apparent (Fig. 2, lanes A and B). The three major
stained bands in the lamin preparation had apparent molec-
ular masses of 71, 67, and 60 kDa (Fig. 2, lane C), similar to
those of the lamins in animal nuclei (8). Anti-human inter-
mediate filament antibody recognized the 71- and 60-kDa
protein bands (Fig. 2, lane E).
Both the pea nuclear E-M and L-M preparations contain

high levels of protein kinase activity and strongly prefer
casein over histone as an artificial substrate (Table 1). When
[y32P]ATP was directly added to the preparations, the same
four protein bands were the most heavily labeled in the E-M
(Fig. 3A) and in the L-M (Fig. 3B) preparations. Their
molecular masses were 92 kDa, 71 kDa, and an incompletely

FIG. 2. Coomassie blue
stain (lanes A-C) and immuno-
blots (lanes D and E) of the
protein bands separated on
SDS/10% PAGE gels from nu-
clear E-M preparation (lane A),
L-M preparations (lanes B, D,
and E), and lamin preparations
of proteins (lane C). The pri-
mary antibodies used for the im-
munoblots of the lamina pro-
teins were nonimmune serum
(lane D) and the anti-mouse in-
termediate filament monoclonal
antibody TIB 131 (lane E).

resolved doublet near 48 and 46 kDa. When lamin proteins
were purified from L-M that had been labeled with 32p, the
same labeled bands copurified with the lamins, although in
this preparation only the 46-kD band of the doublet appears
to be present (Fig. 3C). The kinase activity that is associated
with the E-M and tightly bound to the L-M can use GTP as
efficiently as ATP as the phosphate donor (Fig. 3 A-C, lanes
1 and 2).
When purified, intact nuclei were incubated with

[y-32P]ATP and GTP, the E-M isolated from these nuclei, in
contrast to E-M directly reacted with labeled ATP or GTP,
showed no labeled lamin-like band near 71 kDa. The only
band clearly phosphorylated had an apparent molecular mass
near 92 kDa (Fig. 3D). This phosphorylated protein was still
significantly labeled in the E-M preparation (Fig. 3A) but was
relatively diminished in the L-M (Fig. 3B) and lamin (Fig. 3C)
preparations.

Certain treatments allowed various kinase activities to be
extracted from the L-M preparation. The EGTA-extracted
protein preparation had no detectable protein kinase activity
when either histone or casein was tested as an artificial
substrate (data not shown). Both the EGTA/salt-extracted
protein preparation and the high pH-extracted protein prep-
aration had significant activity, as did the remaining L-M
preparation. When tested on an activity gel, all of them
appeared to have a 36-kDa catalytic subunit (Fig. 4A). The
EGTA/salt-extracted and the L-M-bound fractions con-
tained a 29-kDa protein that could be recognized by anti-
Drosophila CK II polyclonal antibodies, which have been
shown to bind to the 29-kDa regulatory subunit of CK II
kinases (24) (Fig. 4B).
When a monoclonal antibody directed to the PSTAIR

sequence of p34Cdc2 protein kinase was used to test the
various L-M fractions in a Western blot analysis, the results
indicated that this kinase is present in pea lamina and that
some of it could be washed out both by the EGTA and the
EGTA/salt extraction treatments (Fig. 4). The same 34-kDa
band recognized by the anti-p34 antibody also bound to the
anti-Drosophila CK II antibody, probably because both share
similar sequences (29). However, the anti-PSTAIR antibody
did not recognize the 29-kDa putative CK II subunit protein.

Table 1. Comparison of the protein kinase activity of the LM-
bound CK II kinase using different artificial substrates
and ATP and GTP as phosphoryl donors

Specific activity,
pmol-min-lvmg-1

Substrate ATP GTP

Casein 185 173
Histone 87 80
CK II substrate peptide (RRREEETEEE) 75 72

B

d: e
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FIG. 3. Autoradiograph of SDS/PAGE pattern of 32P-labeled

proteins from nuclear E-M fraction (A), nuclear L-M fraction (B),
nuclear lamin (C), and nuclear E-M fraction isolated from 32P-labeled
pea nuclei (D). Lane 1, labeled by [y-32P]ATP; lane 2, labeled by
[yt32P]GTP.

When casein was used as the artificial substrate, the
EGTA/salt- and high pH-extracted protein preparations and
the kinase activity that remained bound to the L-M after the
extractions all had properties similar to the kinase activity in
the lamina before the washes (Fig. 5). All of these prepara-
tions could also label the decapeptide RRREEETEEE, con-
sidered specific for CK II kinases (14, 30) (Table 1). They all
could use ATP and GTP as phosphoryl donors (Fig. 5, lanes
1 and 2), and all were stimulated by spermine (Fig. 5, lanes
3). None of them appeared to be inhibited significantly by
heparin (Fig. 5, lanes 4).

DISCUSSION

Dessev et al. (12) were the first to describe a protein kinase
that was tightly bound to rat liver nuclear lamina. They
characterized this kinase as a serine/threonine kinase that
was cAMP independent, but they were unable to dissociate
it from the lamina without denaturing it. The L-M-bound
protein kinase in pea nuclei resembles the one characterized
by Dessev et al. (12) in that it is able to phosphorylate
threonine (in a synthetic peptide) and is cAMP independent.
However, we have been able to characterize the pea kinase
further and show that it is a CK II kinase by several standard
criteria: it prefers casein to histone as an artificial substrate
(Table 1); it can phosphorylate the decapeptide RRREEE-
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FIG. 4. (A) Detection of casein kinase activity in gels after
SDS/PAGE and sample renaturation. (B) Immunoblots of protein
samples, using the following as the first antibody: anti-Drosophila
CK II antibody (lanes 5 and 6), rabbit nonimmune serum (lane 7),
anti-p34cdC2 monoclonal antibody (lanes 8 and 9), and mouse non-
immune serum (lane 10). The protein samples separated on SDS/
PAGE were nuclear L-M fraction before any extraction steps (lane
1; 30 Egg of protein loaded), fraction extracted from lamina by 10mM
EGTA plus 0.3 M NaCl (lanes 2, 5, 7, 8, 10; 4 zg of protein loaded
per lane), fraction extracted from L-M by pH 10 buffer (lane 3; 3 ,ug
of protein loaded), and protein remaining associated with L-M after
all extraction steps (lanes 4, 6, and 9; 25 Ag of protein loaded per
lane).
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FIG. 5. Level of casein phosphorylating activity of CK II kinase
present in various fractions of L-M proteins. The activity was
detected by autoradiography of labeled casein substrate after 15 /lg
ofthe casein (per lane) was electrophoresed on SDS/PAGE gels. The
L-M fractions tested for activity were L-M (-4 Ag) before any
extraction steps (A), fraction extracted from L-M by 10 mM EGTA
plus 0.3 M NaCl (Q0.5 ug) (B), fraction extracted by pH 10 buffer
("0.3 y.g) (C), and protein still associated with L-M after all
extraction steps (-3 ttg) (D). Lane 1, labeled with [y32P]GTP; lanes
2, 3, and 4, labeled with [y32P]ATP; lane 3, 2 mM spermine present
during labeling; lane 4, heparin at 10 yg/ml present during labeling.
The amounts in parentheses in the legend represent the approximate
amount (in Ag of total protein) of each fraction used as the CK II
kinase source for reaction with the 15 ug of casein per assay.

TEEE, considered specific for CK II kinases (30); it can use
GTP as efficiently as ATP as the phosphoryl donor; and it is
stimulated by spermine. It also has a catalytic subunit of 36
kDa, similar to that observed for many other CK II kinases.
Most CK II kinases in animals and plants are heteromeric

and have a noncatalytic (,B) subunit between 25 and 29 kDa.
For example, Li and Roux (14) recently purified a CK II
kinase from pea nuclei that has a regulatory subunit of 29
kDa. This kinase resembles the L-M-associated one de-
scribed here in that it has a catalytic subunit of 36 kDa, but
it differs in that it is associated with and easily solubilized
from a chromatin-enriched fraction of the pea nuclei. Only
the a (36 kDa) subunit of the chromatin-associated CK II
kinase reacts with the anti-Drosophila CK II antibody (14), so
it differs antigenically from the lamina-bound CK II kinase
described here. Whether these two differently localized CK
II kinases are two forms of the same heteromeric protein
remains to be seen. Nonetheless, because a known pea CK
II kinase has a 29-kDa subunit, the fact that the pea L-M
fraction contains a tightly bound 29-kDa peptide recognized
by an anti-Drosophila CK II antibody (24) is consistent with
the conclusion that there is a CK II kinase in the L-M.
The one property of the L-M-bound kinase that is not

characteristic of CK II kinases is that it is insensitive to
heparin. However, this may or may not reflect an intrinsic
property, because its tight associations with lamins (in the
lamina) or with other proteins (when solubilized) may have
biased these results.
Although the buffered 1.6 M NaCl solutions used to

prepare the nuclear E-M fraction could not free the pea CK
II kinase from its bound state, a buffer containing only 0.3 M
NaCl plus 2mM EGTA did dissociate significant levels ofthis
kinase from the L-M. Presumably this effect is due to the
calcium-chelating activity of EGTA, which would lower the
calcium concentration from its contaminant level in the buffer
of near 10 ,M to below 0.1 uM. If so, then one can speculate
that a submicromolar Ca2+ environment permits the conver-
sion of some fraction of the tightly bound population of
lamina CK II kinase to a form that can be dissociated with 0.3
M salt.
One of the proteins in the L-M that is phosphorylated by

the CK II-like kinase is a 71-kDa protein that can be extracted
by a procedure standardly used to purify lamins. This pro-
cedure takes advantage of a characteristic intermediate fila-
ment property ofbeing soluble in 6M urea but then becoming
insoluble when it is dialyzed out of the urea solution into one
not containing urea (11). A similar procedure was used to
reconstitute intermediate filaments extracted from carrot
suspension culture cells (31). Using this method, we purified

i
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from pea L-M proteins that assemble into intermediate fila-
ments (Fig. 1C) and that have the characteristic molecular
masses oflamins (Fig. 2, lane C), including one at 71 kDa. The
71-kDa protein is also lamin-like in its reactivity with a
monoclonal antibody that recognizes a broad spectrum of
intermediate filament proteins. Thus far the only intermedi-
ate filament protein near 71 kDa reported to be in nuclei is
lamin A in vertebrate cells or its close relatives in inverte-
brates (6). Thus not only is there a CK II-like kinase tightly
bound to the L-M fraction, but this kinase phosphorylates
one of the main structural proteins of the lamina. Lamin-like
proteins have been described in plant nuclei but are not well
characterized. To our knowledge, this is the first report of a
specific L-M-associated kinase phosphorylating a lamin-like
protein in plant nuclei.
Because lamin phosphorylation is a critical event in the

early stages of mitosis and meiosis, there is strong interest in
identifying the kinases involved in this step. In animal cells
there is better documentation for p34cdc2 and S6 kinases
phosphorylating lamins than there is for CK II kinases
performing this function. However, there is evidence that a
combination of kinases may participate in lamin phosphory-
lation. When Luscher et al. (9) compared the lamin B2
phosphorylation pattern generated by p34Cdc2 in vitro with
that which occurred in vivo during mitosis, they concluded
that another kinase in addition to p34cdc2 was probably
involved in producing the in vivo pattern. If multiple kinases
are involved in lamin phosphorylation in pea nuclei, our
results indicate that a lamina-bound CK II kinase may be one
of them.

Interestingly, the 46- to 48-kDa doublet that is labeled
when [(-32P]GTP is incubated with pea L-M has nearly the
same molecular mass as a nuclear envelope-associated 47-
kDa NTPase in peas that is known to cross-react with
anti-lamin antibodies (32). These antibodies also cross-react
with a 46-kDa NTPase from rat liver nuclei, which is postu-
lated to represent the N-terminal portion of lamins A and C
(33). It is possible, then, that one of the substrate proteins
near 47 kDa in the pea L-M fraction may itself be lamin-
related.
There are at least two other protein kinases in the pea E-M

fraction, a p34cdc2-like kinase (Fig. 4) and a Ca2+-dependent
one (unpublished results). However the former cannot use
GTP as a phosphoryl donor, and the latter requires Ca2+ for
its activity. These two kinases, then, cannot account for the
32P-labeling of proteins in pea E-M, because these substrates
can be phosphorylated by a kinase that uses GTP as well as
ATP and is Ca2+ independent. The p34 kinase released from
L-M by EGTA was in an inactive state, which is not sur-
prising given that this kinase is a key enzyme in cell division
regulation and is active primarily during the earliest stages of
mitosis or meiosis (34), when it phosphorylates lamins and
promotes the breakdown of the nuclear envelope (35). The
EGTA-solubilized p34-like kinase is not inactive due to
denaturation, because we can restore its kinase activity by
incubating it with an L-M-bound protein phosphatase (Un-
published results).

All in vitro experiments are necessarily inconclusive in
predicting native associations. Thus the failure of the lamin-
like protein to be phosphorylated in intact nuclei could be
interpreted to mean that the CK II-catalyzed phosphorylation
pattern observed in purified L-M preparations is strictly an in
vitro phenomenon. On the other hand, these results could
mean that the intact nucleus, unlike the L-M, may contain
factors that inhibit lamin phosphorylation and thus help

maintain the nucleus in interphase. Because isolated nuclear
envelopes have been used successfully to study such native
functions as RNA export and protein import through nuclear
pores (36), there is an expectation that these structures
maintain a high level of native, functional associations.
Whether the CK II-L-M associations described here are
native will ultimately be resolved by immunocytochemical
methods.
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