
related transcriptio~~al e i~ors  leadin, to mutailt 
proteins could result in ,'error catastrophe" 
nhere genes necessary for cellulas viability be- 
conle compromised. resulting in age-related cell 
death ( 2 8 ) .  This meclla~lism may also provide 
one eapla~lation for adapti\,e (or directed) mu- 
tagenesis (29).  Future sh~dies should be focused 
on detemliaing the extent to \vhich transcrip- 
tional base substitutio~l co~ltlibutes to the mutant 
pl.otei11 burden of cells. 
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Dynamic Control of CaMKll 
Translocation and Localization 

in Hippocampal Neurons by 
NMDA Receptor Stimulation 

Kang §hem and Tobias Meyer" 

Calcium-calmodulin-dependent protein kinase II (CaMKII) is thought to in- 
crease synaptic strength by phosphorylating postsynaptic density (PSD) ion 
channels and signaling proteins. It is shown that N-methyl-D-aspartate (NMDA) 
receptor stimulation reversibly translocates green fluorescent protein-tagged 
CaMKll from an F-actin-bound to  a PSD-bound state. The translocation time 
was controlled by the ratio of expressed P-CaMKII to a-CaMKII isoforms. 
Although F-actin dissociation into the cytosol required autophosphorylation of . - 

or ca\c&m-ca\modu\in bindingto B-C~MK\\, PSD translocation required binding 
of caicium-cahoduY\n t o  either the a- or B-CaM\(\\ subunits. Autophospho- 
rylation of CaMKll indirectly prolongs its PSD localization by increasing the 
calmodulin-binding affinity. 

CahsIKII is involved ill synaptic plasticity (I) 
and in the maintenance of the dendritic archi- 
tecture (2). These different postsynaptic and 
dendritic fu~lctio~ls of Cah'lKII make this en- 
zyme a good model to investigate if and how 
signaling proteins are recruited to their sites 
of actioa. \L7e studied the translocation of 
Cah'lKII isoforins by monitoring green fluo- 

rescent protein (GFP)-tagged CaMKII iso- 
forms in cultured hippocampal CA41-CA3 neu- 
rons (3) .  GFP-a-CaMKII n a s  uniformly dis- 
tributed in the cell body and main processes of 
living neurons [Fig. lA, (I)]. Glutamate stimu- 
lation induced a rapid enrichment of fluores- 
cence in punctate structures along the dendritic 
processes and somatic cortex [Fig. lA, (11)] 
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(n = 32) (4). Alternatively, 10-s electric field 
stimuli of 50 Hz also triggered GFP-CaMIUI 
translocation to similar punctate sites (5). The 
CaMKII translocation sites were likely in 
postsynaptic terminals, since they correlated 
with cross-points of transfected dendrites and 
untransfected neurites. Panel 111 of Fig. 1A 
shows an overlay of a fluorescence image of 
GFP-a-CaMKII (green) and a differential in- 
terference contrast PIC) image before gluta- 
mate stimulation. The sites of GFP-a-CaMIUI 
translocation can be visualized in a difference 
image (red, panel IV) by subtracting the fluo- 
rescence image before glutamate stimulation 
from the image after stimulation. 

What are these punctate dendritic target 
sites? Because previous biochemical studies 
suggested that CaMKII is associated with 
postsynaptic densities (PSDs) and enriches in 
PSD fractions during ischemic conditions or 
tetraethylammonium stimulation protocols 
(6), we compared the localization of GFP-a- 
CaMKII to that of the PSD marker PSD-95 
(Fig. 1B) (7). The punctate distribution of 
GFF-a-CaMKII after glutamate stimulation 
(green) showed a marked colocalization with 
antibodies to PSD-95 (red) (n = 7), suggest- 
ing that CaMKII translocates to PSD. A sim- 
ilar colocalization was observed between 
GFP-a-CaMKII and FM 4-64, a marker for 
functional presynaptic terminals juxtaposed 
to PSD (4). Together, these results suggest 
that GFP-a-CaMKII translocates to PSDs 
after glutamate or electrical stimulation. 

The localization of GFP-a-CaMKII to 
PSD is a Ca2+-dependent process, because 
the translocation could readily be reversed by 
chelating extracellular CaZ+ concentrations 
after glutamate addition. Panels I and I1 of 
Fig. 1C show the glutamate-triggered PSD 
translocation of GFP-CaMKII, while panel 
I11 shows the reversal by lowering extracel- 
lular CaZ+. Panel IV shows that the translo- 
cation to PSD could be repeated by subse- 
quent addition of glutamate and extracellular 
Ca2+. This glutamate-induced translocation 
was repeatable at least four times (n = 3) (5). 
These findings not only show that the trans- 
location of CaMKII is a Caz+-mediated pro- 
cess but also suggest that PSD translocation 
is a dynamic state of CaMKII that reversibly 
enhances the phosphorylation of PSD-local- 
ized substrates. 

Although the a isoform of CaMKII has 
been extensively studied, much less is known 
about P-CaMKII. We recently reported that 
P-CaMIUI can bind to F-actin in vitro and 
colocalizes with F-actin in vivo when expressed 
in different cell types. Coexpression of P- and 
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a-CaMKII leads to the formation of large het- 2A, middle). In a subsequent step, GFP-P- 
ero-oligomers which bind to F-actin (8). This CaMKII translocated from the cytosol to PSD 
F-actin localization of GFP-P-CaMKII can be (Fig. 2A, right) (n = 22). The same F-actin 
seen in Fig. 2A (left). Glutamate stimulation dissociation and PSD translocation of CaMKII 
triggered a rapid dissociation of GFP-P- hetero-oligomers was also observed when 
CaMKII from F-actin and led to a nearly uni- GFP-ol-CaMIUI was expressed in the same 
form cytosolic distribution of the kinase (Fig. neurons together with P-CaMKII (5). 

Fig. 1. Glutamate-induced translocation of a-CaMKII to PSD. (A) (panel I) GFP-a-CaMKII-trans- 
fected CA3-CAI neurons (12 days in culture) showed a uniform cytosolic fluorescence distribution. 
In panel I I ,  the same neuron is shown after stimulation with 100 p,M glutamate plus 10 p,M glycine. 
A marked translocation of GFP-a-CaMKlla to local sites can be observed after 20 s. Panel I l l  shows 
an overlay of a DIC image and a fluorescence image of a neuron expressing GFP-a-CaMKII before 
glutamate stimulation (green). Panel IV shows the translocation to punctate sites using a 
subtraction analysis (red; the fluorescence image after glutamate addition was subtracted from the 
fluorescence image before addition). Arrows point to local sites where transfected dendrites make 
physical contacts with untransfected neurites. (B) Colocalization of GFP-a-CaMKII (left, green) with 
antibodies to the PSD marker PSD-95 (middle, red). Colocalization is apparent as a yellow color in 
the merged image (right). (C) (panel I) GFP-a-CaMKII transfected CAI-CA3 neuron before 
glutamate addition. In panel I I ,  the same neuron is shown 20 s later after addition of 50 p,M 
glutamate plus 5 p,M glycine. In panel I l l ,  the same neuron is shown 2 min later, after the 
extracellular buffer was exchanged to a low Ca2+ solution without glutamate. In panel IV, the same 
neuron is shown 20 s later after the solution with Ca2+ and glutamate was added. Scale ban. 5 p,m. 
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We used photobleaching recovery to com- 
pare the binding of CaMKII to F-actin and PSD 
(9). Whereas F-actin-localized GW+-CaMKII 
recovered in less than 5 s from a local photo- 
bleaching laser pulse (8), the fluorescence re- 
covery of PSD-bound GFP-a-CaMKII was 
longer than 5 min, suggesting that PSDlocal- 
ized CaMKII is nearly immobile for the dura- 
tion of glutamate stimulation (Fig. 2B). The 
same PSD immobilization was observed for 
GFP-P-CaMKII (5). As a control shows (Fig. 
2C), cytosolic GFP-a-CaMKII recovered much 
more rapidly from a local photobleaching pulse. 
This suggests that the binding of CaMKII to 
PSD has a much higher affinity than its binding 
to F-actin. 

Because the time required to recruit 
CaMKII to PSD is important to convert the 
duration of the synaptic input to the activa- 
tion of CaMKII targets, we measured the 
translocation kinetics for CaMKII homo- and 
hetero-oligomers. Figure 2D shows a series 
of images used to analyze the translocation 
time course of GFP-a-CaMKII. The average 
relative increase in fluorescence intensity at 
each PSD was plotted as a function of time 
(10). The half-maximal time required for 
translocation was -20 s for GFP-a-CaMKII, 
increased to -80 s for GFP-alp-CaMKII 
hetero-oligomers (1 : 1 ratio), and was longest 
(-280 s) for GFP-P-CaMKII (Fig. 2E). In 
contrast, the dissociation of GFP-P-CaMKII 
from F-actin was half-completed within 5 s of 
glutamate addition (Fig. 2F). Thus, dissocia- 
tion from F-actin is a rapid process, whereas 
translocation to PSD has a delay time that can 
be regulated in neurons by the ratio of P- to 
a-CaMKII subunits in each oligomer. 

These measurements define three distinct 
localization states and two translocation steps of 
dP-CaMKII hetero-oligomers. The first rapid 
translocation step requires a dissociation of 
P-CaMKII from F-actin, and the second de- 
layed translocation step requires high-amty 
binding of a- or P-CaMKII subunits to PSD- 
localized binding partners. What is the role of 
these two separate localization states? F-actin 
and PSD localization states might correspond 
to the two separate functions of CaMKII in 
the stabilization of dendritic arbors and syn- 
aptic plasticity, respectively. Although poten- 
tial substrates of F-actin-localized CaMKII 
are unknown, the function of PSD-localized 
CaMKII is likely to phosphorylate N-methyl- 
D-aspartate (NMDA) receptors (II), AMPA 
(a-amino-3-hydroxy-5-methyl-4-isoxazolepro- 
pionic acid) receptors (12), SynGAP (13), as 
well as other PSD-localized substrates involved 
in synaptic plasticity. Because an earlier study 
showed that autophosphorylated CaMKII can 
bind to the NR2B subunit of the NMDA recep- 
tor (14), this substrate of CaMKII is also a 
potential candidate for a PSD-binding partner. 

In addition to being a substrate and potential 
binding partner, the NMDA receptor is a Ca2+ 

channel that may itself mediate CaMKII trans- 
location by increasing Ca2+ concentration in 
the postsynaptic terminal. Indeed, the gluta- 
mate-induced translocation of GFP-cl-CaMKII 
to PSD was blocked by D-2-amino-5-phospho- 
novalerate (APV), a selective NMDA receptor 
blocker (Fig. 3A) (n = 9), suggesting that 
NMDA receptors are necessary for CaMKII 

translocation. Furthermore, when NMDA, 
AMPA, and metahtropic glutamate receptors 
were selectively stimulated with NMDA, 
AMPA, and ACPD [trans-(IS, 3R)- 1-amino- 1, 
3-cyclopentanedicarboxylic], respectively, only 
NMDA induced the PSD translocation of GFP- 
CaMKIIa (Fig. 3B) (n = 11). This suggests 
that Ca2+ influx through NMDA receptors is 
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Fig. 2. Differential translocation kinetics of P- and a-CaMKII homo-oligomers and alp-CaMKII 
hetero-oligomers. (A) Two-step translocation of CFP-P-CaMKII from F-actin to cytosol to PSD. 
CFP-P-CaMKII-transfected CA3-CAI neurons showed a localized and filamentous staining pattern 
reminiscent of the distribution of F-actin (Left) (3). Stimulation with 100 (LM glutamate and 10 (LM 
glycine induced a rapid Loss in the F-actin staining pattern (middle). Persistent glutamate stimuli 
induced a second translocation step to the same punctate pattern observed for CaMKlla (arrows, 
right). (B) Fluorescence recovery after photobleaching (FRAP) experiments in neurons transfected 
with CFP-a-CaMKII. The distribution before the photobleaching protocol (left). An individual 
dendritic site was photobleached 1 min after glutamate addition as indicated by the box in the 
middle image. Almost no recovery was seen 5 min after photobleaching (right). (C) Control 
measurement, showing rapid recovery of cytosolic CFP-a-CaMKII fluorescence in unstimulated 
neurons. (D) Time course of (3FP-a-CaMKII translocation. Glutamate was added at t = 0. (E) Time 
course of PSD translocation of a-CaMKII (square) and P-CaMKII homo-oligomers (circle), and alp 
hetero-oligomers (triangle). Half-maximal translocation was 20, 80, and 280 s for a,  alp, and P 
oligomers, respectively. Traces represent average value of different experiments (n = 12 for a, n = 
8 for p, n = 6 for alp). (F) Time course of F-actin dissociation of GFP-P-CaMKII after glutamate 
addition (n = 6). Scale bars: 10 p,m in (A) through (C), and 5 pm in (D). 
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constructs used for the characterization of the molecular requirements for PSD translocation. (D) Clutamate-induced translocation of a catalytically 
deficient CFP-a-CaMKII to  PSD (K42R mutant). Fluorescence images of a neuron transfected with a K42R mutant CFP-a-CaMKII are shown before 
(left) and -1 min after (right) addition of 100 pM glutamate and 10 FM glycine. (E) Glutamate-induced translocation of an autophosphorylation- 
deficient CFP-u-CaMKII to  PSD [T286A mutant, same protocol as in (D)]. (F) A CFP-a-CaMKII mutant deficient in calmodulin binding (A302R) fails 
to  translocate to  PSDs [same protocol as in (D)]. (G) Potential role of T h P 6  phosphorylation in delaying the CaMKll dissociation from PSD. Time course 
of dissociation of GFP-a-CaMKII wild type (WT) (n = 8) and a T286A mutant (n = 8) from PSD. The glutamate solution was exchanged to  a Low Ca2+ 
solution without glutamate at t = 0. Scale bars, 5 Fm. 

Fig. 4. Dissociation of P-CaMKII from F-actin 
was triggered by either binding of Cazc/calmod- c CaMKIIf3 
ulin or ThrZS7 autophosphorylation. (A and 0)  Catalytic Regulatory 

F-actin dissociation of CFP-P-CaMKII in model domain region - doman 

cells. (A) Hippocampal glial cell transfected with 
GFP-P-CaMKII showed a distinct stress fiber 

F -  L.vs 43 l r g  

P h303Arg  
staining pattern (left). LOSS of stress fiber stain- (Caa'?'lc tll; rU. (CAM blndlng disabled) 

ing pattern 20 s after stimulation with 1 p M  (Autophaphorylation disabled) 
ionomycin (right). (B) RBL cells transfected with 
CFP-CaMKIIP showed a cortical staining pattern 
reminiscent of the abundant cortical F-actin in 
these cells (left). Loss of cortical staining after 
ionomycin stimulation (right). (C) Schematic rep- 
resentation of mutant P-CaMKII constructs used 
for the characterization of the molecular require- 
ments for F-actin dissociation. (D) Calcium iono- 
phore induced F-actin dissociation of a catalytic 
activiq-deficient (Left) Distribution of CFP-P-CaMKII the mutant before (K43R the mutant). Ca2' increase. ~~~~ (Right) Distribution 2 min after addition of 

1 pM ionomycin. (E) A GFP-P-CaMKII mutant deficient in calmodulin binding (A303R) fails to 
dissociate from F-actin after ionomycin addition. The F-actin prelocalization of this mutant construct 
is prominently visible in the left and right images. (F) A mutant CFP-P-CaMKII with a simulated 
autophosphorylation at ThSa7 (T287D) fails to prelocalize to  F-actin. The addition of Ca2' ionophore 
had no apparent effect on the localization of this mutant in the model cells. Scale bars, 5 pm. mu 
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not only necessaly but also sufficient for PSD 
tra~lslocatio~l. 

Wllicll molecular el  ents deternli~le the lo- 
calization and translocatio~l of CaMI<IIr? Cal- 
modulin binding and autopllosphorylatio~l are 
the two Ice) events in Cah?I<II ac t i~a t io~ l .  
Earlier studies s1101ved that hrhIDX receptor 
stinluli acti\.ate cl-CahlKII and trigger auto- 
phosphorylatio~~ of ct- and @-CahlICII (15). 
?lutophosphor)lation leads to a paltially ac- 
ti1.e kinase (16 )  n i th  a sel-era1 hundred-fold 
increase in Ca2+-calmoduli~l-bindine affiai- 
Q ( i7) .  

CaXIKII mutants were used to define the 
nlolecular steps of C a h I U I  translocation ( 14) 
(Fig. 3C). Because a-CaRIKII does not bind 
F-actin, n e used GFP-cl-CahlKII instead of 
hetero-oligomers for the PSD translocation 
studies. Surlxisinglj . a ki~lase-inactix c mu- 
tant [Lys4' + ?I&' (I<42R)] (19) still trans- 
located to the PSD. suggesting that kinas? 
acti~.ity is not needed for PSD translocation 
(Fig. 3D) (11 = 7). Co~lsistent \\-it11 this result. 
the autophosphorylatio11-deficirnt nlutant 
[Thr2"" . ~ l ~ 2 " "  (T286X)I (30)  translocated 

to PSD. sllo15-ing that autophosphorylation is 
also not a requirement for PSD translocation 
(Fig. 3E)  (11 = 12).  Fu~thesmore. the Thr'"" 
-1 Asp'"  mutant. n-hich simulates the auto- 
phosphor>-lated CaMKII. did not prelocalize 
to PSDs ( 5 )  (11 = 8). Howevtr. \\,hen calmod- 
ulin binding was disrupted in the Xla"" + 

Arg"'' i.A3OZR) mutant (21). no PSD trans- 
location \vas obserl ed (Fig. 3F) (11 = 6) .  This 
suggests that calmodulin bindiag. but not auto- 
phospho~ylatio~~, is necessaly and sufficient for 
PSD trans~ocation. 

E\;en though autophosphor>~latio~l does 
not directl) mediate PSD translocation. \I-e 
determined 15 hether autophosphorylation has 
an indirect role in PSD translocation bj- in- 
creasing the calalodulin-bindi11~ affinit~- 
(1 7 ) .  The prediction is that such an increase 
in binding affinity should prolong the associ- 
ation of CahlKII xx-ith PSD after a transient 
Ca'-' increase. Indeed. ~ v h e n  the ~~eurona l  
Ca" concentration \?as lo\x,ered by remo1.- 
ing external glutanlate and Ca'-'. the auto- 
pllospllorylatio11-deficirnt T286X mutant dis- 
sociated much Inore rapid11 fro111 PSD com- 
p x e d  to the xvild type (Fig. 3G). Tliis finding 
adds a nen- perspecti\-e to the earlier sugges- 
tion that autopllosp11o1~-lation is necessar) for 
binding of CahII<II to PSD ( 6 )  or NLIDA 
receptors (14).  In the nen model, autophos- 
pllor>lation of CahIKII nlaj function as a 
short-te~m biochemical "memor)" by pro- 
longing the localizatio~l of actil-e CahlKII 
near its site of action. 

R-e then explored the molecular require- 
ments for @-CahIICII dissociation fro111 F- 
actin. using lnodel cells that co~l ta i~l  F-actin 
but lack the PSD tra~lslocation exent. Actin 
localization of GFP-P-CaMKII can be readi- 
ly 1.isualized in glial cells. n-llich are rich in 

actin stress fibers (Fig. 1X.  left). and ill rat 
basophilic leukemia (RBL) cells. nliich are 
rich in cortical actin (Fig. dB. Ieft). The F- 
actin localization of @-Cah?ICII was lost after 
all increase ill Ca' ' concentration (Fig. 4. X 
and B: right) (11 = 25). 

\Ve tested the P-Cah'lKLI Inutallts (Fig. 4C) 
in the RBL cell nlodel. The lcinase-deficient 
GFP-@-CahlKII mutant (K13R) shon-ed prelo- 
calization and dissociation sinlilar to wild-t~pe 
GFP-P-Cah?I<II. suggesting that 1;inase activi- 
t) is not required for F-actin dissociation (Fig. 
l D .  11 = 14). .4 GFP-@-CahIKII deficient in 
calmodulin binding (.4303R) bound effictil ely 
to F-actin and failed to dissociate after an in- 
crease in C a '  concenWation (Fig. 1E. 11 = 16). 
Consistent \?-it11 this result. \V-7. a calnloduli~l 
antagonist. also b1ocl;ed the dissociation of 
GFP-P-Cah'lKII kom actin c>-tosl<eleton ( 5 ) .  
However. no F-actin localizatio~l n as observed 
~vhen Thr2" was replaced by aspaltic acid 
(T287D). e\.en in the absence of an increase in 
C a '  collcenkation (Fig. 4F. left) (11 = 18). 
This suggests that either Ca2+-calmoduli~l~- 
binding or autophosphor> lation at T111.'" are 
both sufficient to induce the dissociatio~l of 
@-CaMIUI from F-actin. These measurements 
define a separate c>tosolic au:ophosphoi~ lated 
state of Cah'lI<II lvhicll cannot translocat? to 
PSD unless calmodulin is bolmd. 

R-e demo~lstrate tht  tuisttnct of distinct 
molecular states of cl- and P-CaMI<TI. corre- 
sponding to an F-actill-bound. a c>tosolic. and 
a PSD-bound folln of the hetero-oligonleric 
kinase. \\:hereas calmodulin binding or auto- 
phospho1ylatio11 of @-CahIKII n ere both suffi- 
cient for the dissociation of CahlICII from 
F-actin. PSD translocation of CahIKII required 
the binding of cahnodulin to a- or P-CaXII<II. 
Because autophospllo~~latio~l induces a several 
hundred-fold increase in calnlodulin-binding 
affinity ( 1  7 ) .  a role for autophospho~ylation of 
cl- or P-Cah?IUI is to delay calmodulin disso- 
ciation and thereby prolong the sti~nulus-in- 
duced CaXII<II localization to PSD. Thus. 1x0 

molecular el-ents-calmodulin binding and 
au tophosphory l a t i o~~~a re  not only used to 
control CaXIKII enz)me actil-it) but also to 
dynamically regulate the translocation and 
localization of CahlKII n ith its cytosl<eletal 
and synaptic target sites. 
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