
tion, transgenic cells are first selected, hut 
then a second round of selectlon is neces- 
sary to  ~dentify the correctly targeted cells. 
T h e  two rounds of selection will require a 
greater nulnher of cell divis~ons, and the  
cells could easllr become senescent b r  the  
tllne the  colrectlv targeted cells are 1dent1- 
fled, and thev would certalnlv be senescent 
before a homozygous mutan; 1s produced. 
T o  address this problem, we generated a 
40-day-old fetus using the  CL1 cell line at 
0.8 population douhllng fro111 senescence. 
T h e  fetus was removed fro111 the  uterus, and 
fibroblasts were derived from it. T h e  num- 
ber of pop~llatlon do~~bl lngs  until senes- 
cence was 3 1 and 33 for the  nuclear transfer 
and same-age nonman~pulated fetal flblo- 
blasts, respectively These data suggest that 
flbrohlast llfe-span can he enhanced h\ nu- 
clear transfer This approach could enable 
us to  generate as man\ gene targetlng 
events as needed by s~ lb jec t~ng  the cell llne 
to  the  successive rounds of nuclear transfer. 

This solnatlc cell nuclear transfer proce- 
dure could Improve the efficiency of produc- 
ing transgenic cattle and broaden the scope 
of applications for transgenic cattle. LVlth 
previous mlcro~njection techniques, ahout 
500 enlbryos would have to be injected and 
transferred to recipient cows to get one trans- 
genic offspring (1 6). For the nuclear transfer 
technique wlth transgenic somatlc cells, the 
transfer of nine embryos to four cows nro- 
duced a transgenic offspring, greatly reducing 
the time and costs 1nr7olved. LVlth the nucle- 
ar transfer approach, a n  entire herd of the 
appropriate sex transgenic cattle could he 
produced In one generation, whereas the tra- 
dltlonal ~nicrolnject~on approach would re- 
quire at least two generations, and likely 
more, to obtain a production herd. This is a 
savings of 2 years for each generation. Finally, 
the somatlc cell nuclear transfer approach 
could broaden the scope of use of transgenic 
cattle because it allows the targetlng of D N A  
inserts to speclfic sltes In the genome. This is 
Illlportant for deleting or replacing bovine 
genes that might interfere with human pro- 
tein isolation or cause rejection of grafted 
tlssues. Inserting genes into a selected slte 
could be used to ensure tissue-speciflc and 
consistent expression levels of transgenes. 
Furthermore, insertion of genes into the same 
slte in multiple lines of anirnals could he used 
to quickly generate holnozygous lines of ani- 
mals while avoiding inbreeding. 
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A Signaling Complex of Ca2+-Calmodulin- 
Dependent Protein Kinase IV and 

Protein Phosphatase 2A 
Ryan S. Westphal,*t Kristin A. Anderson,* Anthony R. Means, 

Brian E. Wadzinskit 

Stimulation of T lymphocytes results in a rapid increase in intracellular calcium con- 
centration ([Ca21],) that parallels the activation of Ca2+-calmodulin-dependent protein 
kinase IV (CaMKIV), a nuclear enzyme that can phosphorylate and activate the cyclic 
adenosine monophosphate (CAMP) response element-binding protein (CREB). Howev- 
er, inactivation of CaMKlV occurs despite the sustained increase in [Ca2+], that is 
required for T cell activation. A stable and stoichiometric complex of CaMKIV with protein 
serine-threonine phosphatase 2A (PP2A) was identified in which PP2A dephosphorylates 
CaMKlV and functions as a negative regulator of CaMKlV signaling. In Jurkat T cells, 
inhibition of PP2A activity by small t antigen enhanced activation of CREB-mediated 
transcription by CaMKIV. These findings reveal an intracellular signaling mechanism 
whereby a protein serine-threonine kinase (CaMKIV) is regulated by a tightly associated 
protein serine-threonine phosphatase (PP2A). 

Cellular  responses to external signals re- 
quire coordinated control of proteln kil~ases 
and phosphatases; multiple colnplexes con- 
tainlng both intracellular sigl~aling enzymes 
are likely to be inlportant for the regulation 
and specificity of signal transduction path- 
ways. T h e  targeting of protein kinases and 
phosphatases to specific s~~bcellular compart- 

ments, through association n l t h  scaffold pro- 
teins such as A-kinase anchoring proteins, 
may contribute to the specificity of cellular 
signaling ( I ) .  However, the enzymes are re- 
tamed by the anchoring protein In their 
lnactive state ( 2 ) ,  and potential regulatory 
interactions within these multiprotein com- 
plexes remain unknown. Preexisting com- 
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plexes containing active protein kinases and 
phosphatases provide an alternative and 
conceptually attractive mechanism by which 
the appropriate phosphorylation state of in- 
tracellular substrates is maintained. The a 
subunit of casein kinase I1 (CKII), but not 
the CKII holoenzyme (containing a and P 
subunits), associates with the catalytic (C) 
subunit of PP2A (3). This association was 
proposed as a mechanism for growth suppres- 
sion in which CKIIa-stimulated phosphoryl- 
ation of the C subunit of PP2A would in- 
crease the activity of the phosphatase. How- 
ever, PP2A exists in cells as a heterotrimeric 
holoenzyme rather than as a free catalytic 
subunit (4) ,  and phosphorylation of the C 
subunit of PP2A on Ser-Thr residues in vivo 
has not been shown. 

CaMKIV is important for T cell activa- 
tion (5). Stimulation of the T cell receptor 
(TCR) causes increases in [Ca2+], and acti- 
vation of CaMKIV. Because CaMKIV phos- 
phorylates the nuclear protein CREB on 
Ser133, it appears to contribute to increased 
transcription of immediate early genes con- 
taining CRE sequences. The immediate early 
genes are required for increased expression of 
the interleukin-2 (IL-2) gene (6). Activation 
of CaMKIV in T cells is transient, rising to 
15 times the background amount by 1 min 
after TCR stimulation and returning to basal 
activity within 5 min (7-9). This decline in 
CaMKIV activity occurs despite a main- 
tained [Ca2+], in excess of that needed for 
activation of the enzyme. After binding of 
Ca2+-calmodulin, CaMKIV is phosphoryl- 
ated on a single Thr residue in the activation 
loop by a Ca2+-calmodulin-dependent ki- 
nase kinase (CaMKK) (9, 10) and, once 
activated, CaMKIV activity becomes inde- 
pendent of Ca2+ and calmodulin (8, 9, 1 1, 
12). Because phosphorylation of CaMKIV is 
required to generate autonomous activity, we 
reasoned that a protein phosphatase might 
inactivate CaMKIV even in the presence of 
increased [Ca2+],. 

Phosphorylated CaMKIV (8) [as well as 
CREB phosphorylated on Ser133 (13)] is an 
in vitro substrate for PP2A. To determine 
whether these enzymes exist as a complex in 
cells, we immunoprecipitated CaMKIV from 
Jurkat T cells and analyzed the immune com- 
plex by immunoblotting with an antibody 
specific for tiie C subunit of PPZA. As shown 
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in Fig. lA, PP2A coimmunoprecipitated 
with CaMKIV (7). Because both CaMKIV 
and PP2A proteins are abundant in the 
brain, we used this tissue to further test 
whether CaMKIV and PP2A exist as a mul- 
tiprotein complex. Rat brain soluble extracts 
were incubated with a glutathione S-trans- 
ferase-CaMKIV (GST-CaMKIV) fusion pro- 
tein (9). Both the C and Ba regulatory sub- 
units of PP2A were isolated with wild-type 
GST-CaMKIV (Fig. 1B). Because the B sub- 
unit is variable among holoenzyme prepara- 
tions of PP2A, these results suggested the 
presence of a CaMKIV-PP2A holoenzyme 
complex. 

To independently assess the presence of a 
complex, we tested whether PP2A holoen- 
zyme bound calmodulin-Sepharose (an affin- 
ity resin for CaMKIV). A small fraction (less 
than 10%) of PPZA holoenzyme (ABaC) 
from rat brain soluble extracts bound cal- 
modulin-Sepharose in a Ca2+-dependent 
manner (Fig. 1C). We attempted to copurify 
CaMKIV and PP2A from rat brain soluble 
extract by sequential purification on phenyl- 
Sepharose, calmodulin-Sepharose, Mono Q, 
and Superdex-200 gel filtration columns 
(14). Immunoblot analysis of the gel filtra- 
tion fractions demonstrated that CaMKIV 
remained associated with the PP2A holoen- 
zyme (Fig. ID). Calmodulin overlay of the 
peak gel filtration fraction revealed the pres- 

Fig. 1. Identification of 
a CaMKIV-PP2A com- 
plex. (A) Coimmunopre- 
cipitation of PP2A with 
CaMKIV. Immunopre- 
cipitations from Jurkat 

ence of a single Ca2+-calmodulin-binding 
protein that comigrated with CaMKIV (Fig. 
1E). The CaMKIV-PP2A complex had an 
apparent molecular mass of 232 kD (from gel 
filtration chromatography), and both its size 
and protein immunoblot analysis (15) indi- 
cated that the PP2A heterotrimer and kinase 
were present in a 1:l ratio. Furthermore, 
immune complexes obtained from the peak 
gel filtration fraction with an antibody spe- 
cific for CaMKIV contained CaMKIV and 
PP2A in a 1 : 1 stoichiometry (7, 16). 

To determine whether the kinase domain 
of CaMKIV is sufficient to interact with 
PPZA, and to test whether kinase activity 
was necessary for this interaction, we ana- 
lyzed a series of GST-CaMKIV deletion and 
point mutants for their ability to interact 
with PP2A (9, 17). Wild-type and several 
mutant GST-CaMKIV fusion proteins asso- 
ciated with PPZA, but GST alone (Fig. 2A) 
or glutathione-Sepharose beads did not (1 8). 
As evidenced by the interaction of the dele- 
tion mutant that contained the entire cata- 
lytic domain (residues 1 to 3 17), association 
with PP2A did not require the autoinhibitory 
or calmodulin-binding domains of CaMKIV 
(Fig. 2A). In contrast, an NH2-terminal de- 
letion mutant of CaMKIV that contained 
amino acid residues 306 to 474 did not inter- 
act with PPZA. Catalytically inactive GST- 
CaMKIV mutants and a mutant GST- 

T cell extracts were per- ppznlc 

formed as described (7) 
with a rabbit polyclonal 
antibodv raised aaainst 
the ~00~-terrninal 17 
residues of human CaM 
KIV (Imrn.) or preimrnune 
serum (Preimm.). Irn- 
rnune complexes were 
subjected to irnrnunoblot 
analysis with a monoclo- 
nal antibody to the C 
subunit of PP2A (75). (B) 
Isolation of PP2A with a 
GST-CaMKIV fusion pro- 

D Gel flltratlon fractions 
17 I8 19 20 21 22 23 24 25 26 27 

r d- LM 
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tein (9). Rat brain soluble 
extracts were incubated with buffer or wild-type GST-CaMKIV fusion protein (1 0 pg) for 3 hours at 4°C and 
then purified with glutathione-Sepharose (7 7). The resin was extensively washed and bound proteins were 
eluted with 20 mM glutathione, resolved by SDS-PAGE, and subjected to irnrnunoblot analysis with 
antibodies to the C and Ba regulatoly subunits of PP2A. (C) Binding to calrnodulin-Sepharose. Fractions 
containing proteins of large molecular mass (250 to 700 kD) from gel filtration of rat brain soluble extracts 
were incubated with calmodulin-Sepharose in the presence (+Ca2+) or absence (-Ca2+) of 5 rrrM CaCI, 
(36). Bound proteins were eluted with 15 rnM EGTA, resolved by SDS-PAGE, and subjected to protein 
irnrnunoblotting with antibodies to the indicated PP2A subunits. (D) Elution of CaMKlV and PP2A from a 
Superdex-200 gel filtration column after sequential fractionation of brain extracts on phenyl-Sepharose, 
calrnodulin-Sepharose, and Mono Q columns (74). Presented is an irnrnunoblot of fractions from the final 
gel filtration column showing CaMKlV and the C and Ba subunits of PP2A. Although not shown, the A 
subunit of PP2A was also present. (E) Calrnodulin overlay was performed on fraction 23 of the gel filtration 
column in the presence of 1 rnM Ca2+ or 1 rnM EGTA (75). 
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CaMKIV (T2OOA) not activated by CaMKK 
(9) associated with PPZA; this demonstrated 
that neither CaMKIV activity nor its phos- 
phorylation by CaMKK is required for inter- 
action with PPZA. 

To test whether PPZA catalytic activity 
was required for association with CaMKIV, 
we used microcystin-Sepharose to purify 
PP2A from extracts prepared from rat brain 
and Jurkat T cells (19). Both PPZA and 
CaMKIV were isolated from the extracts 
with the resin (Fig. 2B). Because microcystin 

PPWC --ad- 

is an inhibitor of PPZA that binds to the 
substrate binding site of the phosphatase cat- 
alytic subunit (20), PPZA activity appeared 
not to be required for association with 
CaMKIV. Association of CaMKIV and 
PPZA with microcystin-Sepharose was at- 
tenuated by pretreatment of the extracts 
with free microcystin. Hence, the purifica- 
tion of the proteins by the affinity resin 
occurred in a microcystindependent fashion 
and was not a result of nonspecific associa- 
tion with the beads. 

B Protein stain 
Rat brain 

PPZA - + 
Protein lmmunobiot 

Rat bnln Jurkat T celh 

Fig. 2. Independence of associat~on of CaMKlV 
and PP2A from enzyme activity. (A) lsolation of ) 

PP2A with wild-type and mutant GST-CaMKIV fu- 
sion proteins (9, 17). Rat brain soluble extracts were incubated w~t'l the indicated GST fusion protens (1 0 
pg) and analyzed as described in Fig. 1. Data shown are from a single experiment repeated two to six times 
with various wild-tvoe and mutant GST-CaMKIV fusion ~roteins. I61 Isolation of CaMKlV with microcvstin- 
Sepharose. Rat brain or Jurkat T cell soluble extracts here incubated with microcystin-Sepharose in the 
absence (-) or presence (+) of the PP2A inhibitor microcystin (79). Bound proteins were eluted with 
SDS-PAGE sample buffer and subjected to immunoblot analysis with antibodies to the C subunit of PP2A 
and to CaMKIV. The rat brain immunoblot (middle) was stained with Ponceau S (left) to compare proteins 
eluted from microcystin-Sepharose (75). The locations of the A, Ba, and C subunits of PP2A are marked 
by arrows. Results are representative of three independent experiments. 

Fig. 3. Dephosphorylation of CaMKlV by PP2A. A CaMKK - - + + 
CaMKIV-PP2A preparation (Fig. 1, gel filtration frac- 
tion 23) was incubated for 15 min at 30°C in the ca~*/cca~ + + + + 
presence of 10 mM MgCI,, 100 &M ATp, and Okadalc acid - + - + 
[Y-~~PIATP (2000 dpmlpmol) and the indicated com- 
ponents (+); CaMKK (0.53 ng/pI) 3 mM CaCI,, 1 pm " 84- ‘rr"-l 
calmodulin, and 1 pm okadaic acid. EGTA (25 mM) 
was added, and the incubation was continued an 
additional 30 min. Reactions were stopped with sam- 
ple buffer and subjected to SDS-PAGE and autoradiography. 

45 --I - I 
Fig. 4. Regulation of 
CREB ac t i i  in Jurkat T 
cells. (A) Enhancement of 

A 
15 

CaMKN-mediated CREB 
activity by small t antigen, 2 
an inhibitor of PP2A activ- ,: $ 10 
ily. Jurkat cells were t m -  
siennycotmsfectedwith g; 
5~(~ ) -1uc i f e rase  re- 5 
porter plasmid (5 pg) and 
Gal4-CREB expression o 
plasmid (5 pg) together 

I control T T 

with expression plasmids 
for.CaMKN (3 pg), small t (1 pg), or constitutively active protein ldnase A (PKA, 0.1 pg), as indi ied (37). 
Eighteen hours after transfectbn, cdls were stimulated for 5 hours with buffer (control) or calcium ionophore 
(1 pM ionomydn) and assayed for luciferase actiwty. A low concentration of PKA expression plasmid cDNA 
(0.1 pg) was used in these experiments to achieve a small amount of luciferase activity. Increasing the amount 
of PKA expression plasmid resulted in a large increase in luciferase a c t i i  that also was unaffected by 
expression of small t (16). Bars represent the W i v e  induction over the value for control plasmid alone, 
normalized for amount of protein and efficiency of transfecth. The values are means t SE (n = 4). (9) A 
model for Ca2+-mediated phosphorylation of CREB in T lymphocytes. 

Although association of CaMKIV with 
PPZA did not require activity of either en- 
zyme, we tested the potential activity of 
CaMKIV and PPZA toward each other in 
vitro. The highly enriched complex of 
CaMKIV-PP2A was incubated in the pres- 
ence or absence of Ca2+-calmodulin, 
CaMKK, and the PPZA inhibitor okadaic 
acid, and the proteins were separated by 
SDS-polyacrylamide gel electrophoresis 
(PAGE). The only phosphorylated protein 
detected by autoradiography appeared to be 
CaMKIV, as indicated by its size and in- 
creased phosphorylation after treatment with 
CaMKK (Fig. 3). Immunoblot analysis con- 
firmed that the only okadaic acid--sensitive 
phosphatase present in the preparation was 
PPZA (18). Thus, the enhanced phosphoryl- 
ation of CaMKIV obse~ed in the presence of 
okadaic acid (Fig. 3) indicates that CaMKIV 
is a substrate for PPZA and suggests that 
PPZA may also regulate CaMKIV activity in 
vivo. 

To determine whether PPZA regulates 
CaMKIV activity in intact cells, we exam- 
ined the effects of SV40 small t antigen, a 
specific inhibitor of PPZA activity (21-24), 
on CaMKIV-mediated activation of CREB 
dependent transcription in Jurkat T cells. We 
used a Gal4-CREB construct together with a 
5 x (Gal4)-luciferase reporter plasmid be- 
cause this assay specifically requires phos- 
phorylacion of Ser'33 of the Gal4-CREB 
molecule. This chimeric protein binds 
DNA as a monomer and is therefore not 
influenced by endogenous CREB or other 
proteins that can heterodimerize with 
CREB. Previous studies have established 
that CaMKIV activates transcription by 
direct phosphorylation of Gal4-CREB on 
Ser133 (25) and that this assay requires 
phosphorylation of CaMKIV by CaMKK 
(9, 25, 26). Expression of small t antigen 
augmented CaMKIV-mediated Ga14- 
CREB activity that had been elicited by 
the Ca2+ ionophore ionomycin (Fig. 4) or 
by the CD3 antibody (16). This effect 
appeared to be specific for Ca2+-depen- 
dent, CaMKIV-mediated activation of 
Gal4-CREB, as expression of small t anti- 
gen had no effect on its own or on Ga14- 
CREB activity stimulated by constitutively 
active cAMPdependent protein kinase, 
which also specifically and directly phosphor- 
ylates Gal4-CREB on Ser133 but in a Ca2+- 
independent manner (25, 26). These results 
indicate that the CaMKIV-PPZA complex 
regulates CaMKIV activity and plays a key 
role in controlling CRE-mediated gene tran- 
scription in T cells. 

In T cells, the Ca2+-calmodulin-depen- 
dent dephosphorylation of nuclear factor of 
activated T cells (NFAT,) by calcineurin 
allows its translocation from the cytosol to 
the nucleus, where it participates in the in- 
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ductlon of IL-2 gene transcription (27-29). 
Sustained increases in [Ca2+], during T cell 
activation maintain NFATc in the n u c l e ~ ~ s  
long enough to induce IL-2 transcription; 
once [Ca2+], returns to basal amounts, 
NFAT is rapidly redistributed out of the 
nucleus to the cytosol (30, 31). Our  experi- 
ments show how another Ca2+-initiated reg- 
ulatory event (CaMKIV-stimulated gene 
transcription) may be inhibited \v' ' ~ t  h out a 
decrease in [Ca2+],. T h e  CaMKIV-PP2A 
complex \vould permit rapid dephosphoryl- 
ation and inactivation of CaMKIV. 

T h e  complex of CalvIKIV and PP2A ex- 
ists in resting T cells and is not altered as a 
function of time after activation (16). How, 
then, would phosphorylation of CaMKIV 
and CREB happen at all? Several possible 
mechanisms may explaln the inactivation of 
CaMKIV in the face of a sustained elevation 
of [Ca2+],. First, it is plausible that PP2A is 
constitutively active toward CaMKIV but 
that CaMKK transiently outpaces the phos- 
phatase (before becoming inactive itself) to 
ensure that CaMKIV remains active long 
enough to phosphorylate CREB. After phos- 
phorplation, a coactivator, phospho-CREB 
binding protein (CBP), is recruited to the 
transcription apparatus and CBP binding oc- 
curs through the regton of CREB that 111- 
cludes Ser'33 (32). A second possibility is 
that PP2A could be inhibited by a Ca2+- 
independent posttranslational modification 
such as phosphorylation (33) or by a n  ad- 
ditional interacting protein (34) .  Finally, 
it seems possible that  the  state of phospho- 
rylation of CaMKIV could, by itself, regu- 
late PP2A activity. O n c e  CaMKIV binds 
cal~nodul in  and is phosphorylated o n  
Thr200 by CaMKK, it undergoes autophos- 
phorylation o n  a number of Ser residues in  
t h e  extreme NH2-terminus (9,  11).  T h e  
function of some of these ~nodificattons is 
unknown, but could be to  regulate activity 
of PP2A either directly or  by recruitment 
of another protein to  the  complex. 

Regardless of the additional mechanisms 
involved, our results tnay reveal a way in 
\vhich the duration of immediate early gene 
expresston can be regulated independently of 
[Ca2+],. Our findings that CablKIV-PP2A 
complexes also occur in the brain suggest that 
sitnilar regulatory mechanisms tnay contribute 
to synaptic plasticity and its role in the mo- 
lecular basis for memory, where the phospho- 
rylation state of CREB is regulated in a Ca2+- 
dependent manner by CaMKIV (35). 
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