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Summary

We and others have previously shown that the nuclear protein, Ets-1, is phosphorylated in a
calcium-dependent manner after ligation ofimmunoglobulin (Ig) M on B lymphocytes . As this
phosphorylation was independent of protein kinase C activity, we tested whether a calcium/
calmodulin-dependent protein kinase (CaM kinase) might phosphorylate the Ets-1 protein af-
ter elevation of intracellular free calcium concentrations . The dephosphorylated form of Ets-1
has been shown to bind to chromatin, suggesting that the operative kinase should be detectable
in the nucleus . We prepared nuclear extracts from two human B cell lines in which increased
intracellular free calcium levels correlated with increased phosphorylation of the Ets-1 protein .
Activity of the CaM kinases was determined using a synthetic peptide substrate both in the ab-
sence and presence of an inhibitor specific for the CaM kinase family, KN-62. Stimulation of
cells with anti-IgM led to increased activity of a nuclear kinase that could phosphorylate the
peptide, and this activity was reduced by 10 ~t,M KN-62. Kinase activity was reduced in lysates
preadsorbed using an antibody specific for CaM kinase II . Two-dimensional phosphopeptide
maps of the Ets-1 protein from cells incubated with ionomycin or anti-IgM contained two unique
phosphopeptides that were absent in untreated cells . Incubation of isolated Ets-1 protein with
purified CaM kinase II produced phosphorylation of peptides that migrated identically to those
found in cells incubated with either anti-IgM or ionomycin . These data suggest a model of sig-
nal transduction by the antigen receptor on B lymphocytes in which increased intracellular free
calcium can rapidly activate nuclear CaM kinase II, potentially resulting in phosphorylation and
regulation ofDNA-binding proteins .

The means by which ligation of surface proteins regu-
lates the function of nuclear DNA-binding proteins is

poorly understood . Among potential mechanisms that
modulate the activity of these proteins, the best studied is
phosphorylation (for review see reference 1) . Several protein
serine/threonine kinases are reported to function in the nu-
cleus, including protein kinase C (PKC),' casein kinase II, the
cAMP-dependent protein kinase (PKA), and members of
the family of calcium/calmodulin-dependent kinases (CaM

'Abbreviations used in this paper: [Caz+] ;, intracellular free calcium ; CaM ki-
nase, calcium/calmodulin-dependent kinase; DTT, dithiothreitol; MLCK,
myosin light chain kinase ; PKA, CAMP-dependent protein kinase; PKC,
protein kinase C; PKI, peptide inhibitor of PKA ; PVDF, polyvinylidene
difluoride .

kinases) (see reference 1) . In addition, both microtubule-
associated protein (MAP) kinase and p90nk have been re-
ported to translocate to the nucleus after activation ofHeLa
cells (2) . Once activated, nuclear kinases can phosphorylate
specific DNA-binding proteins and alter the ability of these
proteins to interact with DNA or other nuclear proteins
with which they form functional complexes .
We previously reported that the nuclear protein Ets-1 is

phosphorylated in B lymphocytes after ligation of the anti-
gen receptor on B cells, surface IgM (3) . Phosphorylation
ofthe Ets-1 protein occurred in a calcium-dependent man-
ner and did not appear to involve the calcium-regulated
protein kinase, PKC (3) . Observations that the Ets-1 pro-
tein associates with DNA only in its unphosphorylated state
(4) and that calcium ionophore specifically increased Ets-1
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phosphorylation on seryl and threonyl residues (5) pre-
dicted the presence a nuclear protein serine/threonine ki-
nase that might be regulated directly by calcium. Previous
work has demonstrated that at least two families ofcalcium-
regulated kinases are present in the nucleus: the calcium-
dependent isoforms of PKC and the CaM kinases, includ-
ing myosin light chain kinase (MLCK) (for review see
reference 6) . To date, MLCK has been reported to use
only myosin light chains as a physiologically significant sub-
strate (7) . Therefore, we tested whether a CaM kinase could
be found in the nucleus of human B cells andwhether liga-
tion ofsurface IgM would activate that kinase .

Materials and Methods
Cell Culture .

	

The human B cell lines Raji, T5-1, and Ramos
were cultured in RPMI 1640 supplemented with 10% fetal bo-
vine serum, 1 mM sodium pyruvate, 2 MM L-glutamine, nones-
sential amino acids, penicillin (100 U/ml), and streptomycin (100
jig/ml) . Cells were maintained in log phase before use in the ex-
periment.

Reagents.

	

The protease inhibitors PMSF, leupeptin, and apro-
tinin were purchased from Boehringer Mannheim Corp . (Indiana-
polis, IN), and N-tosyl-l-phenylalanine chloromethyl ketone-
treated trypsin was purchased from Worthington Biochemical
Corp . (Freehold, NJ). Protein A-Sepharose was purchased from
Calbiochem Corp . (La Jolla, CA), and cellulose TLC plates were
obtained from Merck (Darmstadt, Germany) . Antibodies specific
for the Ets-1 protein were produced as previously described (3),
and the control MOPC 21 antibody was obtained from American
Type Culture Collection (Rockville, MD). A F(ab')2 goat anti-
human IgG and IgM was purchased from Jackson ImmunoRe-
search Laboratories, Inc. (West Grove, PA) and used for all anti-
IgM stimulations . The antibody RU16 was made using a peptide
corresponding to the [3 subunit residues 506-531 of CaM kinase
II ; this antibody detects both a and [3/[3' subunits on immuno-
blots of total rat forebrain homogenates (8) . The peptide sub-
strate, syntide (PLARTLSVAGLPGKK) (9), PKI, a peptide in-
hibitor of PKA (TTYADFIASGRTGRRNAIHD) (10), and the
CaM kinase II inhibitor peptide a subunit residues (281-309)
(MHRQETVDCLKKFNARRKLKGAILTTMLA) (11) were
synthesized at the Howard Hughes Chemical Synthesis Facility
(University ofWashington, Seattle, WA). Purified CaM kinase II
was either isolated from rat forebrain (12) or was generously sup-
plied by Dr . Natalie Ahn . The CaM kinase inhibitor KN-62 was
synthesized as previously reported (13) .

Immunoprecipitation .

	

For metabolic labeling studies, cells were
incubated with [32p]orthophosphate for 3-5 h at 37 °C as previ-
ously described (14) . Cells were washed in PBS/0.1% azide and
lysed, and the lysates were precleared twice before the addition of
the appropriate antibodies and protein A-Sepharose (14) . Adher-
ent complexes were eluted in Laemmli sample buffer (15), and
proteins were separated on 12.5% polyacrylamide by SDS-PAGE .

Preparation of Cell Extracts .

	

For kinase assays ofwhole-cell ex-
tracts, duplicate cell suspensions (10' cells per assay point) were
incubated with medium, ionomycin (1 RM), or 50 jig/nil of anti-
IgM for various times at 37 °C. The cells were pelleted for 10 s
(13,000g), and the stimulation was stopped by addition of ice-cold
PBS/0 .01% azide . The cellular pellet was resuspended in 0.3 ml
of lysis buffer (20 mM Hepes, pH 7.5, 10 mM EGTA, 2 mM
EDTA, 2 mM dithiothreitol [DTT], and 80 mM [3-glycerophos-
phate) . This buffer and all other buffers contained the following pro-
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tease inhibitors, addedjust before use: 1 mM PMSF, 50 jig/ml apro-
tinin, 2 ltg/ml peptstatin, and 1 jig/ml leupeptin. The cells were
lysed by three 1-s bursts using a probe sonicator (Bo Braun Bio-
tech Intl ., Allentown, PA). Soluble and particulate fractions were
separated by centrifugation for 20 min (100,000 g, 4°C) using a
centrifuge (model TL-100 ; Beckman Instruments, Inc., Fullerton,
CA) . Supernatants were assayed the same day or stored at -70°C
until assay.

Extracts from both nuclear and cytosolic compartments were
prepared as described by Dignam et al . (16) . Cells (1-5 X 10 7)
were washed once with 1 ml PBS and once with 1 ml lysis buffer
(10 mm Hepes, 10 mM KCI, and 1 .5 MM MgCI,, pH 7 .9, 4°C) .
Cells were lysed by suspending the cell pellet in lysis buffer (20
RI/107 cells) containing 0.1% NP-40 for 10 min on ice . To iso-
late nuclei, the lysate was vigorously mixed and microcentrifuged
(10 min at 12,000 rpm, 4°C), and the nuclear pellet was washed
once with 1 ml lysis buffer without NP-40. Nuclear proteins were
extracted by resuspending the nuclear pellet in extraction buffer
(20 RI/ 107 cells) (420 mM NaCl, 20 mM Hepes, 1.5 MgC12, 0.2
mM EDTA, and25% glycerol, pH 7.9) for 10 min at 4°C. After
vigorous mixing, the nuclear suspension was microcentrifuged
(10 min, 4°C), and the pellet was discarded . The supernatant was
microcentrifuged as before (5 min, 4°C) . Supernatant fluid from
the second centrifugation was diluted (30 pl/10' cells) in dilution
buffer (50 mM KCI, 20 mM Hepes, 0.2 mM EDTA, and 20%
glycerol, pH 7.9), and the protein concentration was measured
(Micro BCA protein assay; Pierce Chemical Co ., Rockford, IL) .
DTT (0 .5 mM), PMSF (0 .5 mM), and leupeptin (10 jig/ml) were
added to both lysis and extraction buffers just before use. The di-
luting buffer contained the same amounts of DTT and leupeptin,
but only 0.2 mM PMSF . All buffers contained the following
phosphatase inhibitors (all from Sigma Chemical Co., St . Louis,
MO) : 30 mM p-nitrophenyl phosphate, 10 mM NaF, 0.1 mM
Na3VO4, 0.1 mM Na,Mo04, and 10 mM [3-glycerophosphate .
Samples were stored at -70°C or assayed the same day as pre-
pared. Purity ofthe nuclear preparations was monitored by mea-
suring for the presence of the cytosolic enzyme lactate dehydro-
genase . Lactate dehydrogenase in the nuclear extracts represented
1-10% of the total enzymatic activity in the cells . Recovery ofnu-
clear proteins from 5 X 10' cells was in the range of 0 .5-0 .7 mg .

In Vitro Phosphorylation by Purified CaMKinase IL

	

Ets-1 protein
was immunoprecipitated as described above and kept on solid
phase (protein A-Sepharose beads) . The beads were resuspended
in assay buffer consisting of50 mM Hepes, pH 7.5, 10 mM MgCl,,
1 mM DTT, 50 p,M cold ATP, 50 p,M [y-saP]ATP (^1,000 cpm/
pmol), 1 RM calmodulin, and 0.5 mM CaCl2. The reaction was
started by addition of 75 ng/ml ofrat forebrain CaM kinase II (sp
act = 2.4 N,mol/min per mg protein using the syntide peptide as
substrate) . The reaction proceeded for 30 min at 30°C and was
terminated by washing the pellet with ice-cold PBS and boiling
in Laemmli sample buffer (15) . Phosphoproteins were identified
by SDS-PAGE and autoradiography.

Protein Kinase Assays.

	

CaM kinase activity in the absence of in
vitro activators was measured as previously described (17) . Briefly,
kinase assays were performed in assay buffer consisting of 20 mM
Hepes, pH 7.5, 10 mM MgCl2, 0.02% Triton X-100, 2 mM DTT,
1 mM PKI peptide, 50 p,M [y32P]ATP (^1,000 cpm/pmol),
and protease inhibitors . When used, the peptide substrate syntide
was present at 200 p.M . Kinase assays were initiated by addition
of enzyme samples to give a final volume of 50 p,l . Reaction mix-
tures were incubated for 10-15 min at 30°C and transferred to p81
phosphocellulose paper, and the papers were washed extensively .
Phosphorylation of peptide substrates was quantified by measure-



ment of Cerenkov radiation using a beta counter as previously de-
scribed (17) . Activity in the absence of substrate was subtracted
from the mean ofduplicate or triplicate samples in the presence of
substrate to yield net kinase activity . Assay results were standard-
ized to the protein concentration of the samples as determined
using BCA reagent (Pierce Chemical Co.) with BSA as standard .
The incubation times and the amount of protein used in all reac-
tions were previously established to be linear for syntide phosphor-
ylation . Typically, extracts were diluted to 1 :5 or 1 : 10 in these as-
says .

Immunoblotting.

	

Equal amounts ofprotein from cell lysates, nu-
clear, or cytosolic preparations were loaded onto a 10% polyac-
rylamide gel, subjected to electrophoresis, and subsequently trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Immobilon ;
Millipore Corp., Bedford, MA). The membrane was blocked for 30
min using BLOTTO (2% dried milk/PBS/0 .005% Tween-100)
and incubated overnight with the appropriate antibody. After two
10-min washes with BLOTTO, the membranes were incubated
with a 1 :100 dilution of 125I-labeled protein A, and the proteins
were visualized by autoradiography or by use of a phosphorimager .

Phosphopeptide Mapping. Phosphopeptide mapping was per-
formed as previously described (18) . Briefly, the protein band of
interest was excised from dried gels, washed extensively, and in-
cubated overnight at 37°C with 150 lLg of TPCK-trypsin . Pep-
tides were dried, redissolved in electrophoresis buffer (acetic acid/
formic acid/water 8 :2 :90, pH 1 .9) and spotted on a TLC plate be-
fore electrophoresis . The plate was dried overnight and the peptides
were allowed to separate by ascending chromatography for 6 h be-
fore autoradiography. Confirmation ofpeptide identity after vari-
ous treatments was performed by removing labeled peptide from
the plates, measuring the radioactivity of each sample by Cerenkov
counting, and subsequent mixing ofequal cpm from the samples .
These mixtures were then reanalyzed by the two-dimensional anal-
ysis detailed above.

Results
Ionomycin, Anti-IgM, and CaMkinase II Induce Increased Phos-

phorylation ofEts-1 Tryptic Peptides . We previously reported
the calcium-dependent phosphorylation of the nuclear Ets-1
protein in murine B cells (3) . The deduced sequence of the
Ets-1 protein predicts at least two consensus recognition se-
quences for CaM kinase II phosphorylation in the mole-
cule (Thr-73 and Ser-156) (19) . To pursue the mechanism
of this phosphorylation, we identified two human B cell
lines, T5-1 and Raji, that demonstrated increased phophor-
ylation of the Ets-1 protein (3.6-fold over control for anti-
IgM) in response to increased calcium levels . Both cell lines
respond with increased ([Cal+]i ) after incubation with anti-
IgM (20 and Valentine, M. A., unpublished observations). To
test whether CaM kinase II was responsible for the phos-
phorylation of Ets-1 in response to elevation of [Ca2+1,' Raji
cells were incubated with medium alone, ionomycin, or
anti-IgM (Fig . 1) . Both ionomycin and anti-IgM induced
increased phosphorylation of two distinct peptides that were
not phosphorylated in untreated cells (peptides 1 and 3) .
Peptide 2 was faintly distinguishable in the untreated control
sample, accounting for 2% of the total radioactivity in the
sample as quantified with the use of the phosphorimager .
Phosphorylation of this peptide was increased slightly (ac-
counting for 5-9% oftotal cpm) in all other samples. When
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Figure 1.

	

Ionomycin and anti-IgM induce phosphorylation on the Ets-1
protein, The human B cell line Raji was metabolically labeled with
[ 32p]orthophosphate and then incubated with medium, 1 N,M ionomycin,
or anti-IgM (50 f . g/ml; anti-W) for 5 min before being washed, lysed, and
immunoprecipitated with anti-Ets-1 . Equal amounts ofproteins were an-
alyzed by SDS-PAGE (10% gels, reducing conditions) . Ets-1 proteins were
excised from the gels and analyzed by two-dimensional phosphopeptide
mapping as described in Materials and Methods (A) . For comparison, pu-
rified CaM kinase II was incubated with unlabeled Ets-1 proteins bound
to Sepharose beads using phosphorylating conditions; the proteins were
eluted from the solid phase and analyzed as described above . In all cases,
the position of the origin is marked . Increased phosphorylation of three
peptides was quantified using a phosphorimager . Phosphopeptide 1 was
present only in stimulated cells or after in vitro phosphorylation of Ets-1
by purified CaM kinase lI and comprised 11-30% of total counts in the
protein. Peptide 2 phosphorylation contributed 4-9% of total counts in
Ets-1 from stimulated cells ; peptide 3 had 35, 19, and 34% of total label
incorporated into Ets-1 from anti-IgM-, ionomycin-, or CaM kinase II-
treated samples, respectively. (B) Peptides 1-3 were removed from the
plates ofproteins from anti-IgM-, ionomycin-, or CaM kinase II-treated
cells . After Cerenkov counting, equal cpm from each treatment for each
peptide were combined and reanalyzed in two dimensions .

immunoprecipitated Ets-1 protein was incubated in vitro
with purified CaM kinase II (Fig . 1 A, bottom right), the pat-
tern of peptide phosphorylation appeared to be identical to
that ofEts-1 peptides from cells stimulated with anti-IgM or
ionomycin. None of the phosphopeptides comigrated with
free phosphate or ATP (data not shown) . The identity of
the three peptides having increased phosphorylation was con-
firmed by removing them from the plates and mixing equal
cpm of each peptide from the anti-IgM, ionomycin, or
CaM kinase II plates (Fig . 1 B) . In all three instances, the
mixtures migrated as a single phosphopeptide . These results
demonstrate that the Ets-1 protein can serve as a substrate
for CaM kinase II and that the pattern of phosphopeptides
produced by in vitro phosphorylation with the purified en-
zyme is identical to that induced by those stimuli that in-
crease levels of [Ca2+] i in intact cells.

Anti-IgM Induces CaM Kinase Activity in Human B Cells .
To test for anti-IgM-induced activation of a CaM kinase,
we prepared cell extracts from the Raji or T5-1 cells and
measured phosphorylation ofthe peptide substrate, syntide.
Whereas both CaM kinase II and CaM kinase IV can use syn-



tide as substrate, CaM kinase II uses syntide as substrate about
10X more efficiently than does CaM kinase IV (21) . We in-
corporated into the assay the inhibitor KN-62, which is spe-
cific for the calmodulin-binding region ofseveral members
ofthe CaM kinase family. Asecond inhibitor, a peptide hav-
ing the sequence corresponding to the autoinhibitory do-
main ofCaMkinase II (a subunit residues 281-309) (11), was
also used. In several experiments, addition ofionomycin (not
shown) or anti-IgM to the cells stimulated the rate of phos-
phorylation of syntide by 1 .4-2 .5-fold above basal levels .
This increase was reduced by both inhibitors at the early time
points, suggesting that CaM kinase(s) was activated by these
stimuli (Fig . 2) . Similar results were obtained using the Raji
cell fine and resting (dense) or activated (buoyant) human ton-
silar B cells. Anti-IgM induced a two-fold increase of syn-
tide phosphorylation in the Raji cells and from two- to four-
fold increases in tonsilar human B cells . In other experiments,
addition of calcium (0.5 mM) into the reaction mix resulted
in only a slight increase in the activity of the anti-IgM- or
ionomycin-treated samples. These results suggest that CaM
kinase was rapidly activated by increased calcium levels at
these early time points .

Anti-IgM Increases a CaM Kinase Activity in the Nucleus.

	

As
the data were consistent with anti-IgM-induced activation
ofCaM kinase in parallel with phosphorylation of Ets-1, we
prepared nuclear extracts from Raji or T5-1 cells incubated
with anti-IgM or medium and assayed for phosphorylation
ofsyntide in the presence or absence ofthe inhibitor KN-62 .
Fig. 3 presents results for the Raji cells in which anti-IgM-
induced phosphorylation ofsyntide was almost exclusively nu-
clear, and the nuclear kinase activity was inhibited by KN-62
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Anti-IgM-induced phosphorylation of syntide is inhibited by
KN-62 . T5-1 cells were incubated with medium or with anti-IgM for the
times shown. OtherT5-1 cells were also incubated with ionomycin (1 1aM)
for 5 min. Total cellular lysates were prepared and assayed for syntide phos-
phorylation in the presence or absence of20 N.M inhibitor peptide or 10 [LM
KN-62 . The time and amount of extract used for T5-1 were determined
to be linear for syntide phosphorylation by previous assay. Data are repre-
sentative of results from four to six replicate experiments, and phosphate
incorporation is given as picomoles/minute per milligram of total protein .
Similar results were obtained using Raji cells (not shown) . f, anti-f.,
-A-, peptide,
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time, minutes

Figure 3 .

	

Anti-IgM induces CaM kinase activity in the nucleus . Nu-
clear or cytosolic lysates were prepared from Raji cells, which were incu-
bated for the times shown in the presence of medium alone or with 50
Ltg/ml anti-IgM . Phosphorylation of syntide was measured in the pres-
ence of 10 wM KN-62, and values are shown as the mean of triplicate as-
says from duplicate samples for each time point. Data are representative of
at least three independent experiments for Raji (or T5-1) cells .

	

-, nu
clear-anti-N.,

	

--&- , nuclear + KN62, -C)- , cytosol-anti-N,, -~--, cy-
tosol + KN62 .

at the early time points . cytosolic extracts routinely had one-
third to one-eighth the activity ofnuclear extracts, and activ-
ity changed minimally in extracts prepared from anti-IgM-
stimulated cells . These results were similar to those obtained
using the T5-1 cell line . In other experiments, increased syn-
tide phosphorylation as induced by ionomycin or anti-IgM
was reduced to unstimulated levels by preincubation (1 h) of
cells with 10 jt,M KN-62 (data not shown) . These data show
that ligation ofsurface IgM can induce CaM kinase activity in
the nucleus, and this activation is sensitive shortly after stim-
ulus to an inhibitor that competes with calmodulin-binding
sites .
CaM Kinase II and the Ets-1 Proteins in the Nucleus in Raji

Cells. The above results were consistent with activation of
one or more membei^s' of the family of CaM kinases in the
nucleus of responsive cells . Delcayre et al. have previously re-
ported the presence of calcium/calmodulin-dependent pro-
tein kinase activity in the nucleus ofRaji cells (22) . To iden-
tify which CaM kinase was activated, nuclear and cytosolic
extracts used in Fig. 3 were probed using an antibody spe-
cific for CaM kinase 11 (Fig. 4 A) . Equal amounts of pro-
teins from the extracts were separated by SDS-PAGE, trans-
ferred to a PVDF membrane, and immunoblotted with the
antibody . We found that CaM kinase II was present almost
exclusively in the nucleus and migrated similarly to the 48-
and 60-kD subunts of CaM kinase II isolated from rat brain
(latter not shown) . The identity ofthe higher molecular mass
protein is unknown. Similar results were obtained using the
T5-1 cell line . There is minimal information on the pres-
ence of the other CaM kinase family members in human B
lymphocytes. CaM kinases I and III have been reported to be
almost exclusively cytosolic; whereas significant levels ofCaM
kinase IV can be found in the nucleus, this isoform is not ex-



Figure 4 .

	

Both CaM kinase II and the Ets-1 proteins are predominantly
localized in the nucleus in Raji cells . Equal amounts of protein from nu-
clear and cytosolic extracts used in the experiment shown in Fig. 3 were
separated by SDS-PAGE and transferred to a PVDF membrane . The mem-
brane was probed with antibodies specific for either CaM kinase II (A) or
the Ets-1 protein (B) followed by I 11 1-protein A. Immunoreactive bands were
visualized by autoradiography after 48-h exposure . Arrows indicate the
migration of rat brain 48- and 60-kD CaM kinase II subunits and the 54-kD
Ets-1 protein from cells incubated in medium or with anti-IgM (o-N.) .

pressed in Raji cells (23) . Blotting experiments were repeated
using equal amounts of proteins from the cytosolic and nu-
clear extracts of Raji cells, probing for the presence of the
Ets-1 proteins (Fig. 4 B) . The 54-kD Ets-1 protein was found
predominantly in the nucleus of the Raji cells . In contrast to
previous results from murine B cells (3), migration ofthe Ets-1
protein in these two cell lines was not markedly changed .
These results indicate that both CaM kinase II and the Ets-1
protein, a putative substrate, are localized to the nuclear com-
partment in these cells .

Preadsorption Leith Anti-CaM Kinase II Antibodies Reduces
Anti-IgM-induced Syntide Phosphorylation in Nuclear Extracts .
To demonstrate formally that the kinase activated in the
nuclear extracts of anti-IgM-treated cells is CaM kinase II,
we incubated the nuclear extracts with anti-CaM kinase II
antibody before assaying for syntide phosphorylation . Ex-
tracts were aliquoted to receive no treatment (untreated), the
anti-CaM kinase II antibody and protein A-Sepharose (CaM
kinase 11 adsorbed), or BSA and protein A-Sepharose (BSA/
Sepharose) (Fig. 5) . The Sepharose beads were removed from
the samples, and extracts were then assayed for syntide phos-
phorylation. We found -5-14% reduction of syntide phos-
phorylation in extracts incubated with BSA/Sepharose,
consistent with a dilutional effect . In contrast, adsorption
with the anti-CaM kinase II antibody resulted in 46-66%
decrease of anti-IgM-induced phosphorylation . Immunoad-
sorption also decreased a portion of the basal activity in un-
treated cells . These results demonstrate anti-IgM induction
of nuclear CaM kinase II activity in human B lymphocytes .
As KN-62 treatment ofcells could inhibit CaM kinase activity
only at the early time points after anti-IgM, our results are
consistent with a calcium-independent form of the kinase in
untreated cells and in cells exposed to anti-IgM at the later
time points . In other experiments, after adsorption of CaM
kinase II to the Sepharose beads, we assayed for kinase activ-
ity of the immunoprecipitated protein. Whereas we found
both 48- and 60-kD proteins present by immunoblotting,
we were never able to recover kinase activity in the immu-
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Adsorption of CaM kinase 11 activity from nuclear extracts.
Raji cells were incubated with medium or anti-IgM for 5 or 10 min, nu-
clear extracts were prepared, and the extracts were aliquoted for the fol-
lowing treatments : (a) no treatment ; (b) incubation with anti-CaM kinase
II (6 jig) and protein A-Sepharose (4°C, 30 min) ; or (c) incubation with
BSA (6 lt.g) and protein A-Sepharose . After incubation, the Sepharose
beads were pelleted and the supernatants were assayed for syntide phos-
phorylation . Data are presented as percent cpm for 0 min (untreated =
23,941 cpm), 5 min with anti-IgM (untreated = 39,124 cpm), and 10 min
with anti-lgM (untreated = 37,219 cpm) samples. Similar results were- ob-
tained in each of three replicate experiments . --a-, untreated,

	

T,
CaM KII adsorbed, . .. .a. ._, BSA/Sepharose .

noprecipitates either in the absence or presence of calcium/
calmoduhn . Similar to our experience with several antibodies
directed against some PKC isoforms, however, the inability
of the antibody to maintain enzymatic activity may he due to
irreversible denaturation induced during immunoprecipita-
tion .

Discussion
Activation ofsignaling pathways by ligation ofthe B cell

antigen receptor is amplified by several protein serine/threo-
nine kinases, some of which are dependent on second mes-
sengers for activation (for reviews see references 5, 24) . Li-
gation ofsurface IgM leads to a rapid increase of the second
messenger calcium, which, in turn, can activate numerous
calcium-dependent enzymes, including the CaM kinases . In
this report, we show that nuclear protein kinase activity is
stimulated in response to anti-IgM or ionomycin in human
B cells . CaM kinase II appears to account for the majority of
the nuclear protein kinase activity that is stimulated by anti-
IgM ligation asjudged by (a) the presence of CaM kinase II
in the nucleus ; (b) induction of phosphorylation on syntide,
which was inhibitable by KN-62; and, most compellingly, (c)
reduction ofnuclear protein kinase activity by preadsorption
with anti-CaM kinase II and protein A-Sepharose beads .
The inhibitor KN-62 has no measurable activity on MLCK,

PKC, or PKA type II (11, 25) . Whereas KN-62 can inhibit
the calcium/calmodulin activation of CaM kinase 11, once
the kinase is autophosphorylated and converted to a calcium-
independent form (for review see reference 25), KN-62 has
little effect (11) . In the context of this mechanism, the rapid
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anti-IgM-induced phosphorylation of syntide in both the
Raji and T5-1 cells was almost totally ablated by addition of
KN-62 to the extracts only at the early time points, imply-
ing that CaM kinase It was not autophosphorylated at these
early time points . In contrast, anti-IgM-induced CaM kinase
II activity was only partially inhibited by KN-62 after
10-15-min stimulation of the two cell lines and in normal
tonsilar B cells (Valentine, M. A., unpublished results) . As
the induced protein kinase activity was adsorbed by anti-
CaM kinase II antibodies at 10 min, this suggests that CaM
kinase II became autophosphorylated (and resistant to inhi-
bition by KN-62) later in stimulation .
A current model for CaM kinase 11 regulation proposes

that kinase activation leads to autophosphorylation and en-
trapment of calmodulin (for reviews see references 26, 27) .
Our results provide evidence for a pathway initiated by li-
gation of surface IgM that increases calcium levels within
the cell and rapidly activates nuclear CaM kinase II . Nuclear
CaM kinase II then could phosphorylate the Ets-1 protein
and negatively regulate its interaction with specific enhancer
and promoter elements (5) . Nuclear Ets proteins appear to
exhibit cooperative effects in a variety of systems, including
the induction of avian erythroleukemia through association
with v-erb (28), transcriptional activation of the mim-1 pro-
moter through association with myb (29), and stimulation of
the Ets-1 promoter itself (30) . At least two examples exist in
which CaM kinases have been linked to phosphorylation of
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