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CaMKIl holoenzyme mechanisms that govern the LTP
versus LTD decision

Sarah G. Cook’, Olivia R. Buonarati®, Steven J. Coultrap, K. Ulrich Bayer*

Higher brain functions are thought to require synaptic frequency decoding that can lead to long-term potentiation
(LTP) or depression (LTD). We show that the LTP versus LTD decision is determined by complex cross-regulation
of T286 and T305/306 autophosphorylation within the 12meric CaMKIl holoenzyme, which enabled molecular
computation of stimulus frequency, amplitude, and duration. Both LTP and LTD require T286 phosphorylation,
but T305/306 phosphorylation selectively promoted LTD. In response to excitatory LTP versus LTD stimuli, the
differential T305/306 phosphorylation directed CaMKIl movement to either excitatory or inhibitory synapses,
thereby coordinating plasticity at both synapse types. Fast T305/306 phosphorylation required prior T286 phos-
phorylation and then curbed CaMKIl activity by two mechanisms: (i) a cis-subunit reaction reduced both Ca®*
stimulation and autonomous activity and (ii) a trans-subunit reaction enabled complete activity shutdown and
feed-forward inhibition of further T286 phosphorylation. These are fundamental additions to the long-studied
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CaMKiIl regulation and function in neuronal plasticity.

INTRODUCTION

Higher brain functions such as learning, memory, and cognition are
thought to require long-term changes in synaptic strength such as
hippocampal long-term potentiation (LTP) and depression (LTD),
which are expressed largely through changes of synaptic AMPA-type
glutamate receptors (AMPARs) (1-5). Induction of LTP and some forms
of LTD requires Ca** influx through N-methyl-p-aspartate (NMDA)-
type glutamate receptors (NMDARs), but with distinct stimulation
patterns: Hippocampal LTP is typically induced by high-frequency
stimulation (HFS) that causes brief but strong Ca®" stimuli, whereas
LTD is typically induced by low-frequency stimulation (LFS) that
causes weak but prolonged Ca®* stimuli (6-8). Ca®*-dependent activa-
tion of calcium/calmodulin-dependent protein kinase II (CaMKII)
and its subsequent autophosphorylation at T286 (which generates Ca**-
independent “autonomous” kinase activity) (9-12) has long been
associated with LTP (13-15) [for review, see (16-19)]. CaMKII pT286
appeared to be an ideal mechanism to mediate the LTP versus LTD
decision, because like LTP, pT286 is rapidly induced by HFS in vitro
(20, 21), and frequency-dependent CaMKII activation has been ob-
served also in live neurons (22, 23). However, CaMKII pT286 is re-
quired not only for LTP but also for LTD (24) and thus cannot mediate
the LTP versus LTD decision. Here, we show that this frequency
detection by CaMKII is instead mediated via inhibitory autophosphoryl-
ation at T305/306. These residues are within the calmodulin (CaM)
binding region of the regulatory domain (see Fig. 1A), and their
phosphorylation is known to inhibit subsequent stimulation by Ca**/
CaM (25, 26). Previous experiments with overexpression of CaMKII
mutants indicated that pT305/306 could promote depression of synaptic
strength (27-29); however, it has not been examined whether pT305/306
contributes to the physiologically induction of LTD or whether it
even occurs in response to LTD stimuli. Our experiments here (i)
elucidated the differential induction of pT305/306 in response to
LTP- versus LTD-type stimulation in neurons and in vitro, (ii) showed
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the requirement for the frequency detection in the LTP versus LTD
decision, (iii) determined the underlying autophosphorylation and
inhibitory mechanisms within the 12meric CaMKII holoenzymes,
and (iv) showed an additional requirement of pT305/306 in com-
municating the excitatory LTD stimuli also to inhibitory synapses.
The CaMKIIa isoform is largely restricted to neurons, but the y and
& isoforms are ubiquitously expressed and play important roles also
outside the nervous system, including in regulating the cell cycle,
immune response, and metabolism (30-32). Thus, our findings on
the fundamentals of CaMKII holoenzyme regulation are highly relevant
well beyond the specific functions in synaptic plasticity studied here.

RESULTS

CaMKII pT305/306 is selectively induced by LTD, but not
LTP, stimuli

The major regulatory autophosphorylation sites within a CaMKII
holoenzyme (33, 34) are T286 and T305/306 (see Introduction and
Fig. 1A). Increased pT286 was detected in hippocampal slices after
electrical induction of LTP with HFS (2x, 1's, 100 Hz) and after in-
duction of LTD with LFS (15 min, 1 Hz) (Fig. 1B). By contrast,
pT305/306 instead increased specifically only after stimulation of
LTD but not LTP (Fig. 1B). Detection of biochemical changes after
electrical stimulation was aided by using a monopolar stimulation
electrode (which increases the stimulated area) on hippocampal CA1
mini-slices (which eliminates inclusion of nonstimulated other areas
of the hippocampus; Fig. 1C). Similarly, using chemical stimulation
of either LTP (cLTP; at 1 min after 100 uM glutamate, 10 pM glycine)
or LTD [cLTD; at 5 min after 30 uM NMDA, 10 pM 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX), 10 uM glycine] in hippocampal
cultures induced a robust increase in pT286 (Fig. 1, D and E). Again,
increased pT305/306 was detected selectively only after cLTD but
not cLTP (Fig. 1, D and E). cLTD stimuli in slices also induced both
pT286 and pT305/306 (fig. S1). Notably, pT286 was fully reversed at
5 min after cLTP stimuli in hippocampal cultures [consistent with
previous findings; for review, see (17)], but after cLTD stimuli,
pT286 remained elevated at this time point and pT305/306 was in-
creased (fig. S2). In summary, pT286 is induced by both LTP and
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Fig. 1. CaMKII pT305/306 is induced by LTD but not LTP stimuli. Quantifications show means + SEM. *P < 0.05 and **P < 0.01. (A) Schematic of CaMKIl dodecamer-
ic holoenzyme and regulatory domain sequence showing T286, T305, and T306 autophosphorylation sites within the regulatory domain. CaM binding displaces the
regulatory domain to allow substrate access to the “S site” and GIuN2B binding to the “T site,” which basally interacts with T286 to keep the regulatory domain in place.
(B) Electrical stimulation of mouse hippocampal CA1 mini-slices promoted pT286 after both LTD (900 x 1 Hz) and LTP (1's, 100 Hz) stimulation. In contrast, pT305 and
pT306 was only induced by LTD stimuli (one-way ANOVA, Tukey’s post hoc test versus control, P=0.0398 and 0.0025 for pT286, P=0.0043 and 0.8668 for pT305, and
P=0.0222 and 0.4059 for pT306; n =4 slices). n.s., not significant. (C) Schematic of hippocampal CA1 mini-slices. The dentate gyrus (DG) and the other areas of the cornu
ammonis (CA) are removed. (D) cLTP stimulation induced pT286 but not pT305 or pT306 in WT cultured rat hippocampal neurons (P = 0.0480 for T286, P = 0.6522 for T305,
and P=0.7738 for T306; n = 3 wells). (E) cLTD stimulation induced phosphorylation of all three residues in WT rat neurons (unpaired two-tailed t test, P=0.0168 for T286,
P=0.0078 for T305, and P=10.0476 for T306; n = 4 wells).

LTD stimuli, whereas pT305/306 is selectively induced by LTD stimuli ~ sites of excitatory synapses), both in cultures from wild-type (WT)
in both cultured hippocampal neurons and in acute slices. and T305/305AV mutant mice (Fig. 3, A to D). CaMKII WT accu-
mulated further at excitatory synapses in response to cLTP stimuli
CaMKII T305/306AV mutation impairs LFS-induced LTD but and at inhibitory synapses after cLTD stimuli, as expected (Fig. 3, A
not HFS-induced LTP and B). The endogenous CaMKII T305/306AV mutant showed the
CaMKII pT286 is required for both LTP and LTD at the excitatory =~ same movement as WT in response to cLTP stimuli (Fig. 3C), con-
hippocampal CA3 to CA1 synapse, as T286A mutation impairs both  sistent with the normal LTP in these mice. However, after cLTD stimuli,
HFS-induced LTP (15) and LFS-induced LTD (24). To test the function ~ the CaMKII T305/306AV mutant still moved to excitatory synapses
of pT'305/306, we used knock-in mice with the phospho-incompetent  and not to inhibitory synapses (Fig. 3C), i.e., it showed the opposite
T305/306AV mutation (35). As expected, in electrophysiological ~movement as WT after cLTD and instead a similar movement as
field recordings of hippocampal slices, these mice showed normal  seen after the opposing cLTP plasticity stimulus. Corresponding re-
HFS-induced LTP at the CA3 to CA1 synapse (Fig. 2A), consistent  sults were obtained also for overexpressed green fluorescent protein
with previous results (35) and with the lack of pT305/306 in response to  (GFP)-CaMKII WT versus T305/306AA mutant (fig. S3). Thus,
LTP stimuli (see Fig. 1, B and D). By contrast, LFS-induced LTD was ~ pT305/306 is required during LTD both for suppressing CaMKII
significantly impaired by the T305/306AV mutation (Fig. 2B). Thus, movement to excitatory synapses and for enabling CaMKII move-
at the excitatory model synapse tested here, pT286 is required for ment to inhibitory synapses (Fig. 4A).
both LTP and LTD, whereas pT305/306 is instead selectively re-
quired only for normal expression of LTD. This indicates that LTP specificity of CaMKIl movement to excitatory
pT305/306 but not pT286 mediates the LTP versus LTD decision synapses requires two independent LTD-specific

by CaMKIL suppression mechanisms

Our previous inhibitor studies indicated that activity of DAPK1
pT305/306 directs CaMKIl movement during LTD (death-associated protein kinase 1) is required for making the
from excitatory to inhibitory synapses CaMKII movement to excitatory synapses LTP specific (37).

For monitoring movement of endogenous CaMKII after LTP ver- Here, these findings were supported by experiments in cultures from
sus LTD stimuli, we used our recently described method for simul- DAPK1 knockout (KO) mice (Fig. 4A and fig. S4): Like the CaMKII
taneous live imaging of CaMKII together with two marker proteins  T305/306AV mutation, DAPK1 KO prevented the suppression of
for excitatory versus inhibitory synapses, i.e., PSD-95 and gephyrin =~ CaMKII movement to excitatory synapses seen during cLTD in WT
(36). This is enabled by simultaneous expression of three intrabodies  mice (Fig. 4A). However, in contrast to the CaMKII T305/306AV
that are labeled with three different fluorescent proteins. Basally, —mutation, DAPK1 KO did not abolish the cLTD-induced CaMKII
CaMKII was found throughout dendrites and dendritic spines (the = movement to inhibitory synapses (Fig. 4A).
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Fig. 2. CaMKII pT305/306 is induced required for normal LTD but not LTP.
Quantifications show means + SEM. **P < 0.01. (A) LTP stimulation potentiates
the CA3-CA1 Schaffer collateral pathway in both WT and T305/6AV CaMKII hippo-
campal slices (unpaired two-tailed t test, P=0.6561, n=5 and 4 slices). (B) Synaptic
weakening induced by LTD stimulation is impaired in T305/6AV slices compared to
WT (P=0.0023, n=9 and 7 slices).
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The requirement for both DAPK1 and pT305/306 raised the
possibility that both are steps along the same pathway. However,
our results instead showed that the actions of DAPK1 and CaMKII
pT305/306 are independent of each other: LTD induced DAPK1
activation (assessed by S308 dephosphorylation) alsoin T305/306 AV
mutant mice (Fig. 4B). and it induced CaMKII pT305/306 also in
DAPK1 KO mice (Fig. 4C). Thus, suppression of CaMKII move-
ment to excitatory synapses during LTD requires simultaneous en-
gagement of two independent mechanisms; of these two mechanisms,
only pT305/306 is additionally required to enable CaMKII move-
ment to inhibitory synapses (as illustrated in Fig. 5A).

pT305/306 promotes iLTP at inhibitory synapses in response
to excitatory LTD

While the CaMKII movement to excitatory synapses during LTP is
input specific (as it occurs specifically to the stimulated synapse) (38),
the LTD-induced CaMKII movement to inhibitory synapses is by
definition heterosynaptic (as it is induced by stimulation of a differ-
ent synapse type, excitatory synapses; Fig. 5A). Functionally, excit-
atory LTD stimuli can cause induction of LTP at inhibitory synapses
(iLTP) (39, 40). Our results indicate that this heterosynaptically in-
duced iLTP is mediated by CaMKII pT305/306: cLTD stimuli
induced an increase in the surface expression of the inhibitory
y-aminobutyric acid type A (GABA,) receptors, but only in hippo-
campal slices from WT mice, and not from T305/306AV mice
(Fig. 5B). At excitatory synapses, the cLTD stimuli induced a decrease
in surface expression of the AMPAR subunit GluA1, but again only
in slices from WT mice and not from T305/306AV mice (Fig. 5C),
as expected based on the impairment of excitatory LTD in these mu-
tant mice. The experiments in slices were done by receptor surface
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Fig. 3. pT305/306 mediates LTD-induced CaMKII heterosynaptic targeting. Quantifications show means + SEM. ***P < 0.001 and ****P < 0.0001. Imaging experiments
followed movement of endogenous CaMKIl (green) to excitatory synapses (PSD-95; red) or inhibitory synapses (gephyrin; blue) using intrabody labeling. Scale bars, 10 um.
(A) cLTP (100 uM glutamate/10 uM glycine, 1 min) induced CaMKII translocation to excitatory but not inhibitory synapses in cultured WT mouse hippocampal neurons
(DIVs 14 to 17) (paired two-tailed t test, P < 0.0001 versus P=0.0930, n = 14 neurons). (B) cLTD stimulation (30 uM NMDA/10 uM CNQX/10 uM glycine, 1 min) in WT
neurons resulted in CaMKIl movement to inhibitory but not excitatory synapses (P < 0.0001 versus P=0.3543, n =13 neurons). (C) Similar to WT, endogenous T305/6AV
CaMKIl targeted only excitatory synapses following cLTP (P =0.009 versus P=0.2228, n = 10 neurons). (D) In contrast to WT, CaMKII T305/6AV also targeted excitatory, and

not inhibitory, synapses after cLTD (P < 0.0001 versus P=0.6383, n= 13 neurons).
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Fig. 4. CaMKII pT305/306 and DAPK1 regulate LTD-related CaMKII targeting by independent mechanisms. Quantifications show means + SEM. *P < 0.05, **P < 0.01,
and ***P <0.001. (A) Quantification of the change in synaptic CaMKIlI following cLTD stimulation (5 min after wash out) in WT, T305/6AV, and DAPK1 KO cultured hippo-
campal neurons. CaMKIl in DAPK1 KO neurons targeted both excitatory and inhibitory synapses (one-way ANOVA, Tukey’s post hoc test; n =14, 13, and 14 neurons).
(B) cLTD-induced activation of DAPK1 via S308 dephosphorylation is not impaired in T305/6AV neurons (unpaired two-tailed t test, P=0.0400 for WT and P =0.0436 for
AV, n =3 wells per condition), as detected by immunoblot. (C) cLTD-induced autophosphorylation of CaMKII T305 and T306 is not impaired in DAPK1 KO neurons (un-
paired two-tailed t test, P=0.0291 for pT305 and P =0.0205 for pT306, n =4 wells per condition), as detected by immunoblot.
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Fig. 5. CaMKII pT305/306 promotes LTD-induced GABA4R insertion at inhibitory synapses. Quantifications show means + SEM. *P < 0.05 and **P < 0.01. Scale bars,
10 um. (A) Schematic of CaMKIl movement in response excitatory LTD stimuli. The LTD-induced pT305/306 blocks CaMKIl movement to glutamatergic excitatory synaps-
es and instead enables movement to GABAergic inhibitory synapses. (B) cLTD stimulation increased surface GABAAR accumulation in WT, but not T305/6AV, CA1 mini-slices
(unpaired two-tailed t test, P=0.0033 for WT and P=0.6760 for AV, n=5 and 6 samples (two slices/sample), as detected by immunoblot after surface biotinylation. (C) cLTD
stimulation decreased surface GluA1 accumulation in WT, but not T305/6AV, CA1 mini-slices (unpaired two-tailed t test, P=0.0062 for WT and P=0.6252 for AV, n=5 and
6 samples (two slices/sample). (D) cLTP decreased surface GABAAR cluster size in nonpermeabilized neurons from WT mouse hippocampal cultures (fixed 5 min after
washout), while cLTD increased the cluster size (fixed 20 min after washout) (one-way ANOVA, Tukey'’s post hoc test versus control, P=0.0273 for cLTP and P =0.0046 for
cLTD; n=12, 12, and 13 neurons), as detected by immunocytochemistry. (E) By contrast, in nonpermeabilized neurons from T305/5AV hippocampal cultures, cLTD did not
increase surface GABAAR clusters. However, cLTP still decreased surface GABAAR clusters (P=0.0147 for cLTP and P=0.7121 for cLTD; n=15, 13, and 14 neurons).

biotinylation. In addition, we labeled surface GABA, receptors
(GABA4 Rs) in hippocampal cultures by immunocytochemistry
without cell permeabilization (to hide the epitopes of intracellular
receptors; Fig. 5, D and E, and fig. S5). Again, cLTD stimuli induced
an increase in GABA, R surface expression in WT cultures (Fig.
5D) but not in T305/306AV cultures (Fig. 5E). By contrast, cLTP
stimuli caused a reduction of GABA R surface expression in both
WT and mutant cultures (Fig. 5, D and E), again consistent with the

Cook et al., Sci. Adv. 2021; 7 : eabe2300 14 April 2021

normal LTP in the T305/306AV mice. Notably, the effects on GABA 4
R surface expression after both cLTP and cLTD manifested in cor-
responding changes in both number and size of the puncta de-
tected by the surface stain; however, the cLTD-specific effect of
the T305/306AV mutant manifested only in the size (Fig. 5, D
and E) but not in the number of the puncta (fig. S5, A and B),
suggesting that pT305/306 regulates only existing inhibitory
synapses.
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pT305/306 curbs activity of pT286 CaMKIl also

in the absence of Ca**

At excitatory synapses, CaMKII mediates phosphorylation of GluA1l
at two distinct sites: pS831 promotes the LTP-related increase in
single channel conductance (41, 42); pS567 is induced during LTD
and instead promotes a decrease in synaptic channel number (24, 43).
This stimulus-dependent substrate-site selection on GluAl results
from S567 being an unusual substrate type: Phosphorylation by
pT286 CaMKII was significantly further enhanced by additional
Ca®*/CaM stimulation in case of $831 and other regular substrates,
but such enhancement of stimulated over autonomous activity was
not seen in case of S567 or other LTD-related substrates, resulting
in equal or hi§her phosphorylation by autonomous activity in the
absence of Ca?* (12, 24, 44). As removal of Ca®* from autonomous
CaMKII quickly induces pT305/306 (see also fig. S6), we decided to
test whether pT305/306 is required for the elevated level of autonomous
phosphorylation of S567. However, T305/306AV mutation did not
reduce the autonomous phosphorylation of $567 in biochemical as-
says in vitro; if any, it appeared slightly enhanced (Fig. 6A). Instead,
for $831 phosphorylation, T305/306AV mutation abolished the Ca**/
CaM-induced enhancement of phosphorylation by pT286 CaMKII
(Fig. 6B), indicating that pT305/306 is the reason why pT286 CaMKII
is not fully active in the absence of Ca**. Thus, pT305/306 not only
prevents further stimulation of the autonomous activity of pT286
CaMKII but also directly contributes to the lower activity of autonomous
pT286 CaMKII compared to fully Ca**/CaM-stimulated CaMKII.

pT286 versus pT305/306 in response to biochemical CaMKII
stimulation in the test tube

After establishing a role of pT305/306 in the LTP versus LTD deci-
sion, we wanted to elucidate the underlying biochemical mecha-
nisms. Thus, we determined the effect of different biochemical
stimulation types on purified CaMKII in vitro. Similar to the neuro-
nal response to LTP versus LTD stimuli (see Fig. 1), pT286 in vitro
was promoted both by stimuli mimicking LTP (brief high Ca**/
CaM) or LTD (prolonged low Ca?*/CaM), while pT305/306 instead
specifically required stimuli mimicking LTD (Fig. 7A). For pT286,
the LTD-related prolonged reaction times lowered the requirement
for Ca®*/CaM (Fig. 7B); the corresponding apparent reduction of
the half maximal effective concentration (ECsy) was expected sim-
ply based on more pT286 during the longer reaction times. For
T305/306, minimal or no phosphorylation was seen after any
brief stimulation (10 s); at prolonged times (3 min), it was stimu-
lated by low Ca®*/CaM (0.03 to 0.01 uM) but completely suppressed
by the LTP-related high Ca*"/CaM (1 to 3 uM) (Fig. 7C). The sup-
pression of pT305/306 by high Ca**/CaM is consistent with the
overlapping sites on the regulatory domain, making CaM binding
and pT305/306 mutually exclusive (see Fig. 1A). The stimulation of
pT305/306 by low Ca**/CaM is consistent with the effect of previous
pT286, which markedly accelerates pT305/306 compared to basal
conditions (fig. S6). In these experiments, stimulation strength was
adjusted by the concentration of CaM. However, the same results
were also obtained when LTP versus LTD stimuli were instead
mimicked by varying Ca®" concentrations, specifically 20 uM ver-
sus 0.3 uM Ca®" at 1 uM CaM [Fig. 7D and fig. S7A; conditions that
more closely mimic the regulation in neurons (8)]. Together, these
results suggest that the CaMKII holoenzyme is sufficient to distin-
guish between LTP and LTD stimuli, i.e., without the requirement
of cellular components other than Ca** and CaM.
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Fig. 6. Effect of pT305/306 on GluA1 phosphorylation at S567 versus $831 af-
ter defined biochemical stimulation in the test tube. Quantifications show
means + SEM. **P < 0.01. (A) Phosphorylation of the LTD-related GIuA1 S567 site by
pT286-CaMKIl (10 nM kinase subunits) with Ca?*/CaM present [stimulated (Stim)] or
absent [autonomous (Auton)]. No differences in pS567 were detected between au-
tonomous versus stimulated targeting by either WT or T305/306AV (two-way ANOVA,
Bonferroni post hoc test, P=0.5249 for WT and P=0.0730 for T305/306AV, n=5
reactions), although the mutant showed a trend toward increased pS567 with au-
tonomous activity. (B) Phosphorylation of the LTP-related GluA1 S831 site by
pT286-CaMKIl (10 nM kinase subunits) with Ca?*/CaM present (stimulated) or absent
(autonomous). Enhanced pS831 under stimulated versus autonomous conditions
was seen with CaMKIl WT (two-way ANOVA, Bonferroni post hoc test, P=0.0039,
n=5) but not with the T305/306AV mutant (P=0.7519, n =5 reactions).

Fast pT305/306 within CaMKIl holoenzymes can occur
trans-subunit

Next, we decided to elucidate the holoenzyme mechanism by which
pT305/306 occurs. For this purpose, we used pairs of CaMKII mutants
in vitro, after coexpression in human embryonic kidney (HEK) cells
to allow integration into the same holoenzymes (Fig. 8A). The ki-
nase dead K42M mutant is always an obligate substrate subunit (as
it cannot phosphorylate itself or other subunits in the holoenzyme).
In addition, the K42M mutant was labeled with a GFP tag, to allow
for distinction during phospho-detection by immunoblot (Fig. 8A):
Any phosphorylation of the tagged K42M subunit must have oc-
curred in trans (i.e., between subunits) as it could not have occurred
in cis (i.e., within the same single subunit). At the CaMKII concen-
trations used, all autophosphorylation at T305/306 occurred within
individual holoenzymes and not between them (Fig. 8, B and C).
Within holoenzymes, the slow basal phosphorylation (reaction rate
of ~1 per 20 min) occurred only in cis (Fig. 8B) and appeared to be
more prevalent for T306 compared to T305 (fig. S6), consistent with
previous reports (45). By contrast, the faster phosphorylation that is
induced by dissociation of Ca**/CaM from pT286 CaMKII has not
been examined previously and was found here to occur also in trans
(Fig. 8, B and D). This trans phosphorylation required pT286 on the
kinase subunit, as it was abolished by a T286A mutation on the
un-tagged active subunit (Fig. 8E). As expected, the same trans
phosphorylation was also detected when the GFP tag was switched
from the kinase dead K42M substrate subunit to the active kinase
subunit (fig. S6A) and when the GFP tag was completely eliminated
(fig. S6B; in a reaction with a pair of T286D T305/306AV mutant
kinase subunit and K42M mutant substrate subunit, in which any
pT305/306 can only occur in trans). These experiments demonstrated
a trans mechanism but did not rule out an additional cis mechanism.
An additional cis mechanism also for the fast phosphorylation by
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Fig. 7. LTD- and LTP-related CaMKII phosphorylation induced by defined bio-
chemical stimulation in the test tube. Quantifications show means + SEM. *P < 0.05,
**P<0.01, and ****P < 0.0001. (A) Representative immunoblots of CaMKII (100 nM
kinase subunits) after brief (10 s) or prolonged (3 min) stimulation with 2 mM Ca?*
and varied CaM (0 to 3 uM CaM). High CaM concentrations favored pT286 and sup-
pressed pT305/306 (green boxes, LTP-related), with the latter instead favored by
prolonged stimulation with low CaM (red box; LTD-related). (B) Quantification of
increased pT286 with increasing Ca>*/CaM. Prolonged stimuli induced a leftward
shift in the concentration-dependent response. (C) pT305/306 increased from 0 to
0.03 uM CaM, then decreased with higher CaM concentration. pT305/306 was de-
tected after prolonged (3 min) but not brief (10 s) stimulation. (D) Representative
immunoblots and quantification of CaMKIl (10 nM kinase subunits) after brief,
strong stimuli (10 s, 20 uM Ca®*, 1 uM CaM) versus weak, prolonged stimuli (3 min,
0.3 uM Ca*, 1 uM CaM). pT286 showed a greater increase after high Ca?* compared
to low Ca?* stimuli (unpaired two-tailed t test; P=0.0235, n =3). Increased pT305/306
was only detected after low Ca** stimuli (unpaired two-tailed t test, P=0.0057 for
pT305 and P < 0.0001 for pT306, n = 3 reactions).

pT286 autonomous kinase was expected, as this was the exclusive
mechanism for the slow phosphorylation by basal kinase activity
(see above). An additional cis-subunit phosphorylation was detected
using monomeric CaMKII (fig. S6C); this was done after initial
pT286 reaction at high concentrations (to enable pT286 in the
monomer) (46), followed by a pT305/306 reaction after dilution (to
a level that allows cis phosphorylation but suppressed trans holo-
enzyme reactions, as shown in Fig. 8C). Together, whereas the slow
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basal pT305/306 occurs only cis-subunit, the pT286-dependent fast
pT305/306 can occur by both cis- and trans-subunit autophos-
phorylation.

The pT305/306 trans-subunit mechanism allows
suppression of pT286 in a holoenzyme

As fast phosphorylation of T305/306 requires previous phosphoryla-
tion of T286 (followed by dissociation of Ca**/CaM), pT305/306 was
thought to occur essentially exclusively on a triple-phosphorylated
pT286/305/306 CaMKII, which would then still show Ca**-independent
autonomous activity (16). By contrast, the pT305/306 trans-subunit
mechanism could allow completely shutting down activity of a neigh-
boring subunit; that is unless the trans mechanism does additional-
ly require pT286 also on the substrate subunit. However, pT286 was
required only on the active subunit (Fig. 8E) but not on the tagged
kinase dead K42M obligate substrate subunit (Fig. 8F). If any, trans
phosphorylation appeared to be favored on neighboring subunits
without pT286, as the trans phosphorylation was diminished for a
phospho-mimetic T286D mutation (fig. S6D). Thus, while the known
pT305/306 cis phosphorylation of a pT286 subunit reduces the level
of autonomous activity, the trans phosphorylation described here
can completely shut down activity of a neighboring non-pT286 sub-
unit. In addition, such trans phosphorylation should also prevent
future pT286 on this subunit, because pT286 requires CaM binding
also to the phosphorylated subunit. pT305/306 phosphorylation
caused the expected feed-forward inhibition of subsequent pT286
(Fig. 8G and fig. S7B), thereby curbing pT286 to a submaximal level
(as observed after LTD stimuli; see Fig. 1).

Together, the complex cross-regulation of pT286 and pT305/306
identified here (and illustrated schematically in Fig. 9 and fig. S9)
provides the holoenzyme mechanisms for computation of input stim-
uli, which enables the differential frequency response in the LTP
versus LTD decision.

DISCUSSION

This study revealed previously unknown fundamentals of CaMKII
regulation by inhibitory autophosphorylation at T305/306. In addi-
tion, we show that these regulatory principles are required for (i)
the homosynaptic signal computation that leads to the LTP versus
LTD decisions at excitatory synapses and (ii) the heterosynaptic
communication of these decisions also to inhibitory synapses. Thus,
the inhibitory CaMKII regulation mechanisms are essential for the
complex synaptic plasticity signaling that is required for higher
brain functions. However, the mechanisms also provide important
precedent for understanding CaMKII signaling in general, includ-
ing outside of the nervous system.

It is well established that each subunit within the 12meric CaM-
KII holoenzyme is activated separately by direct binding of Ca**/
CaM [for review, see (16)]. However, when Ca>"/CaM binds to two
neighboring subunits, it additionally induces a fast trans-subunit
autophosphorylation at T286 (46, 47), which generates autonomous
kinase activity that outlasts the initial Ca** stimulus. Then, dissoci-
ation of Ca®"/CaM exposes T305/306 for phosphorylation by the
autonomous CaMKII. Our results revealed that this pT305/306 has
unexpected mechanisms and consequences. In contrast to pT286,
the pT305/306 reaction can occur by both cis- and trans-subunit
mechanisms. Although the occurrence of the cis-mechanism has been
recognized previously, its major consequence has not: In addition
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Fig. 8. Autonomous CaMKIl targets pT305/306 through trans-subunit phosphorylation. Cis- versus trans-subunit T305/306 phosphorylation within CaMKII holo-
enzymes was assessed in biochemical assays without Ca2*, either with prior pT286 (red) or without. (A) Schematic of the assay: K42M blocks kinase activity and GFP tag
allows distinction on immunoblots. (B) With prior pT286 stimulation, pT305/306 occurred in trans. Slow basal pT305/306 occurred in cis only. (C) pT305/306 occurred
within but not between holoenzymes, as homomeric WT holoenzymes did not phosphorylate homomeric K42M-GFP holoenzymes. Homomeric holoenzymes were cre-
ated by separate expression, with subsequent mixing of extracts. Heteromeric holoenzymes in all other panels were created by coexpressing CaMKIl forms within the
same cells. (D to F) The requirements for trans phosphorylation tested with different mutant combinations (in addition to GFP-tagged K42M). (D) The pT305/306 trans
phosphorylation was confirmed and (E) required prior pT286, as it was abolished by T286A mutation on the kinase subunit. However, (F) pT305/306 trans phosphorylation
did not require pT286 on the substrate subunit, as it still occurred after T286A mutation on the GFP-tagged K42M mutant. (G) Previous basal pT305/306 prevented sub-
sequent Ca*/CaM-stimulated pT286in WT but not T305/6AV. As expected, basal prereaction generated pT305/306 only in WT but not T305/306AV (***P =0.0002 and

***¥P < 0.0001; unpaired two-tailed t test; n =5 reactions). Loading control shown in fig. S7B.

to inhibiting subsequent Ca**/CaM binding, pT305/306 directly
contributes to curbing the level of the Ca**-independent autonomous
activity to a level that is lower than the maximal Ca**/CaM-stimulated
activity. Thus, it is the cis-pT305/306 reaction that distinguishes the
lower level of prolonged autonomous CaMKII activity from the
maximal CaMKII activity during acute Ca®" stimuli. These distinct
levels of activity have been recognized before but were misinter-
preted as an entirely intrinsic property of pT286-induced autonomy
(12, 24). By contrast, our results indicate that pT286 and Ca**/CaM
may not substantially differ in the degree of opening the inhibitory
gate that is provided by the regulatory domain. Instead, pT305/306
actively contributes to some level of direct inhibition, independently
from preventing Ca**/CaM binding. However, inhibition of Ca*"/
CaM binding remains an important regulatory feature of pT305/306,
specifically through its previously unrecognized trans-subunit mech-
anism: This trans-subunit reaction can induce pT305/306 on neighboring
subunits that are not autonomous, thereby completely preventing
their activation. The trans-pT305/306 reaction requires previous
pT286 on the neighboring subunit that acts as the kinase but then
leads also to a feed-forward inhibition of subsequent pT286 on these
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pT305/306-only subunits. Together, these mechanisms enable a wide
array of finely tuned possible states for each CaMKII holoenzyme,
with each state tightly linked to the inducing Ca** stimulus. For in-
stance, for a trans-pT305/306 to completely shut down a kinase
subunit, the Ca** stimulus must be sufficiently high to induce some
pT286 within the holoenzyme (which requires Ca**/CaM binding
to two neighboring subunits) but sufficiently low to not induce
pT286 on all of the neighboring subunits. Such finely graded re-
sponses may be of particular importance for the complex neuronal
signaling processes that underlie cognitive brain functions. Howev-
er, as we were able to generate similarly graded responses also in a
highly reductionist biochemical system in vitro, it may be function-
ally important also in other in vivo systems that may require less
complex signal computation.

Our results show that the frequency detection in the LTP versus
LTD decision requires the interplay between the pT286 and pT305/306
mechanisms within the CaMKII holoenzyme. Like LTP, pT286 is
favored by HFS (20). However, pT286 can also be induced by LFS,
at least when it is sufficiently prolonged (20). These effects are based
on the requirement of two CaM molecules for the reaction [for review,
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Fig. 9. Schematic of CaMKII regulation. 12meric holoenzymes depicted as hexamers. (A) LTP stimuli induce maximal pT286. At 100 Hz, pulse intervals are shorter than
the Ca**/CaM dissociation time, promoting complete Ca**/CaM binding to all subunits. (B) LTD stimuli induce submaximal pT286 during the 1-Hz pulses. CaM dissocia-
tion during the pulse intervals triggers pT305/306 in cis (limiting the autonomous activity on the pT286 subunit) and in trans (completely blocking activity and subse-
quent pT286 of this subunit). Low amplitude cLTD stimuli cause similar effects, due to submaximal on-and-off equilibrium Ca?*/CaM binding. (C) Cross-regulation of
CaMKIl activity by Ca“/CaM, pT286, and pT305/306. (i) Ca*/CaM stimulates kinase activity but (ii) additional pT286 causes full stimulation (55). (iii) The pT286 subunit
remains active (autonomous) after dissociation of CaM, but this quickly triggers (iv) cis pT305/306, reducing the level of autonomous activity. (v) trans pT305/306 prevents
future activation of that subunit. (vi) In the basal state (naive or after dephosphorylation), subunits are inactive but competent for stimulation. (D) LTP and LTD stimuli
both induce pT286 (albeit different levels). During LTP, CaMKIl translocates to excitatory synapses in an input specific manner; this movement is prevented during LTD by
pT305/306 and DAPK1. In addition, LTD-induced pT305/306 causes CaMKIl movement to inhibitory synapses, which mediates inhibitory iLTP after excitatory LTD stimuli.

see (16)]: Higher frequencies (with spike intervals shorter than the
CaM dissociation time) increase the likelihood of two CaM mole-
cules binding to two neighboring subunits and thereby the likelihood
of pT286. However, at lower frequencies, the pT286 likelihood is
not zero and increasing the spike number can still lead to maximal
pT286. LTD stimuli are typically prolonged, such as 15-min stimu-
lation at 1 Hz, which delivers 900 pulses; this is in contrast to the 100
pulses delivered when LTP is induced by a 1-s stimulus at 100 Hz.
Thus, despite its preferential induction by higher frequencies, pT286
by itself cannot distinguish between the short high-frequency stimuli
that lead to LTP and the prolonged low-frequency stimuli that lead
to LTD. Instead, distinguishing LTP from LTD stimuli is enabled
by additional pT305/306: During HES, pT305/306 is suppressed by
the continuously bound CaM, whereas LES allows the intermittent
dissociation of CaM that triggers pT305/306 by the autonomous
CaMKII. Notably, the same mechanism can also distinguish between
stimulation amplitudes, with pT305/306 effectively suppressed by high
but not low Ca**/CaM concentrations. This frequency/amplitude
equivalency in CaMKII regulation may be important for continuity
of postsynaptic CaMKII signaling, as the frequency of presynaptic
stimuli is likely to be modulated into a postsynaptic amplitude response
(at least for higher stimulation frequencies that significantly exceed
10 Hz). In addition, this CaMKII equivalency may help explain why LTD
can be induced equivalently by low frequencies (in electrically induced
LTD) and by low amplitudes (in chemically induced LTD) (7, 48).
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Generation of pT305/306 was favored by electrical LTD stimuli
in hippocampal slices (with low frequency), by cLTD stimuli in neu-
ronal cultures [with low-level NMDA receptor (NMDAR) activation],
and by mimicking the mild LTD stimuli in the test tube (by pro-
longed stimulation at low Ca®*/CaM concentrations). The biochemical
mechanisms described above enable both this stimulation prefer-
ence and the resulting curbed CaMKII activity, including curbed
pT286. Notably, pT286 is required for both LTP and LTD (15, 24);
however, LTD appears to require a limitation on the resulting CaMKII
activity, which is provided by pT305/306. This enables the previous-
ly described preferential phosphorylation of LTD-related substrates by
autonomous CaMKII in the absence of Ca®"/CaM (24, 44). In addi-
tion to these intrinsic mechanistic differences between LTP- and LTD-
related substrates, substrate selection is likely guided by subcellular
targeting. Normal LTP requires CaMKII movement to excitatory
synapses, mediated by regulated binding to the NMDAR subunit
GluN2B (49, 50). By contrast, LTD requires active suppression of
this CaMKII movement (37). We showed here that this suppression
requires both DAPKI1 (likely by competitive binding to GIuN2B) (37)
and CaMKII pT305/306 (which has been shown to reduce GIuN2B
binding in vitro) (28): Elimination of either one of the two indepen-
dent mechanisms abolished the suppression. Thus, either one of the
two mechanisms alone is not sufficient to block CaMKII move-
ment, indicating that CaMKII has a strong intrinsic propensity to
move to excitatory synapses even during the weaker LTD stimuli.
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Notably, the CaMKII T305/306AV mutation significantly reduced
excitatory LTD in hippocampal slices but, in contrast to acute CaMKII
inhibition (24), did not abolish LTD completely. A similar apparent
discrepancy has been described for LTP, which is also completely
blocked by acute CaMKII inhibition (13, 51) but only reduced by
genetic CaMKIIo KO (35, 52) or by genetic prevention of CaMKII
binding to GluN2B (50). At least for LTP, this could potentially be
explained by additional contributions of the related CaMKIIp iso-
form (53), which would also be targeted by the inhibitors. However,
both LTP and LTD are completely blocked by T286A mutation on
the CaMKIlIo isoform alone (15, 24), suggesting an additional pos-
sibility: Activity of the CaMKIIa isoform may be necessary and suf-
ficient for LTD, but the different genetic CaMKII mutations may
show different levels of compensatory effects (which is commonly
recognized as a potential complication with transgenic animals).

LTD stimuli cause not only active suppression of CaMKII move-
ment to excitatory synapses but also cause an LTD-specific CaMKII
movement to inhibitory synapses (36, 54). This movement also re-
quired pT305/306 (but not DAPK1), explaining the specific occur-
rence only during LTD but not LTP. The relevant binding partner
at inhibitory synapses is currently not known, but the requirement
of pT305/306 may provide an approach for screening for relevant
binding partners at inhibitory synapses in future studies. CaMKII
has been shown to mediate iLTP at inhibitory synapses in response
to excitatory LTD stimuli (40, 54). Our results showed that such LTD-
induced increase in GABAR surface expression requires pT305/306,
indicating that iLTP requires the physical movement of CaMKII to
inhibitory synapses, similar as LTP at excitatory synapses. However,
whereas CaMKII accumulation during LTP occurs at the stimulated
excitatory synapse in an input-specific manner (38), the LTD-
induced accumulation at inhibitory synapses instead represents a
form of heterosynaptic communication. This heterosynaptic com-
munication can then coordinate the decrease in synaptic strength at
excitatory synapses with an increase at inhibitory synapses to result
in an even greater shift the excitation/inhibition balance.

Together, our results show how CaMKII pT305/306 determines
the direction of homosynaptic plasticity at excitatory synapses and
its heterosynaptic communication to inhibitory synapses. These are
important mechanisms in neuronal computations that ultimately underlie
higher brain functions such as learning, memory, and cognition.
Equally important, however, may be the elucidation of fundamental
regulatory principles within the CaMKII holoenzyme that likely govern
CaMKII-dependent functions also beyond the nervous system.

MATERIALS AND METHODS

Material and DNA constructs

The following antibodies were used: GABAAR o1 (1:1000; Synaptic
Systems, 224 211), GluA1 (Millipore, AB1504), GluA1 pS845 (1:1000;
PhosphoSolutions, p1160-845), GluA1 pS831 (1:1000, Phospho-
Solutions, p1160-831), CaMKII pT286 (1:1000, PhosphoSolutions,
p1005-286), CaMKII pT305 (1:800; Assay BioTech, A0005; but see
fig. S2 and the note below), CaMKII pT306 (1:800; PhosphoSolu-
tions, p1005-306), DAPK1 (1:1000; Sigma-Aldrich, D1319), DAPK1
pS308 (1:1000, Sigma-Aldrich, D4941), GluA1 pS567 (1:1000, pro-
vided by K. Roche) (43), and CaMKIIa (1:5000; CBo2, made in-
house), 2° anti-rabbit (1:600; GE Healthcare, NA934V), anti-mouse
secondary (1:10,000, GE Healthcare, NA931V), and Alexa Fluor 647
anti-mouse (1:5000; Molecular Probes, A21236). For immunoblots,
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antibody incubations contained 5% milk, with the exception of incuba-
tions with DAPK1 and DAPK1 p308 antibodies, which contained 5% bo-
vine serum albumin (BSA) instead. For immunocytochemistry, GABA,R
ol and Alexa Fluor 647 anti-mouse were both diluted in 5% BSA/
phosphate-buffered saline (PBS).

Note that all CaMKII pT305 antibody used was purchased before
April 2020, unless indicated otherwise (i.e., in fig. S2). We and others
have successfully used this antibody previously (28, 55, 56). However,
two different samples of the same antibody that were obtained after
August 2020 (for additional experiments during the revision) failed
to successfully detect pT305 after cLTD stimuli in neurons, even, at
fourfold, the antibody concentrations typically used and although
pT306 was successfully detected in the same samples (fig. S2). A
faint signal was obtained only for purified CaMKII that was phos-
phorylated in vitro (fig. S2).

The expression vectors for the GFP-labeled FingR intrabodies
targeting CaMKIIa, PSD-95, and gephyrin were provided by D. Arnold
(University of Southern California, Los Angeles, CA, USA) as pre-
viously characterized (57, 58). As we have described recently (36),
the fluorophore label was exchanged using Gibson Assembly to
contain the following tags in place of GFP: CaMKIlo-FingR-YFP2,
PSD-95-FingR-mCh, and gephyrin-FingR-mTurquois. Mutated CaMKII
constructs were created with complementary mutagenic nucleotides
for polymerase chain reaction (PCR) amplification of the WT CaMKII
(GFP-tagged or GFP-untagged) plasmid using PfuPolymerase (Agilent)
and subsequent digestion with DpnlI to remove nonmutated, methyl-
ated template DNA before transformation of the PCR product into
competent Escherichia coli (made in-house).

Vertebrate animal models

All animal procedures were approved by the University of Colorado
Institutional Animal Care and Use Committee and carried out in
accordance with National Institutes of Health (NIH) best practices
for animal use. All animals were housed in ventilated cages on a
12-hour light/12-hour dark cycle and were provided ad libitum ac-
cess to food and water. Mixed sex WT or mutant mouse littermates
(on a C57BL/6 background) from heterozygous breeder pairs were
used for slice electrophysiology and biochemistry. Mixed sex pups
from homozygous mice [postnatal day 1 (P1) to P2] or Sprague-Dawley
rats (P0) were used to prepare dissociated hippocampal cultures for
imaging and biochemistry. T305/306AV and DAPK1 KO mice are
described previously (35, 59). The T305/306AV mice were provided
by Y. Elgersma (Erasmus MC, Rotterdam); the DAPK1 KO mice
were provided by T. H. Lee (Harvard University) with permission
by A. Kimchi (Weizman Institute for Science).

Hippocampal slice preparation from mouse

WT and mutant mouse hippocampal slices were prepared using P13
to P17 mice, an age at which NMDAR-dependent LTD is robust (60).
Isoflurane anesthetized mice were rapidly decapitated, and the brain
was dissected in ice-cold high sucrose solution containing 220 mM
sucrose, 12 mM MgSOy4, 10 mM glucose, 0.2 mM CaCl,, 0.5 mM
KCl, 0.65 mM NaH,PQy, 13 mM NaHCOs3, and 1.8 mM ascorbate.
Transverse hippocampal slices (400 pm) were made using a tissue
chopper (Mcllwain) and transferred into 32°C artificial cerebral
spinal fluid (ACSF) containing 124 mM NaCl, 2 mM KCl, 1.3 mM
NaH, PO4, 26 mM NaHCOs3, 10 mM glucose, 2 mM CaCl,, 1 mM
MgSO4, and 1.8 mM ascorbate. All solutions were recovered in 95%
0,/5% CO; for at least 1.5 hours before experimentation. Preparation
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of hippocampal CA1 mini-slices was performed as described above
with additional cuts to isolate the CA1 region (see Fig. 1C).

Hippocampal culture preparation from mouse or rat

To prepare primary hippocampal neurons from WT or mutant mice,
hippocampi were dissected from mixed sex mouse pups (P1 to P2),
dissociated in papain for 30 min, and plated at 200 to 300,000 cells/
ml for imaging or 500,000 cells/ml for biochemistry. To prepare rat
neurons, hippocampi were dissected from mixed set rat pups (P0),
dissociated in papain for 1 hour, and plated at 100,000 cells/ml for
imaging. At days in vitro (DIVs) 12 to 14, neurons were transfected
with 1 pg of total cDNA per well using Lipofectamine 2000 (Invit-
rogen) and then imaged or treated and fixed 2 to 3 days later. For
biochemical experiments, DIV 14 neurons were treated and har-
vested via sonication in lysis buffer containing 10 mM tris (pH 8),
1 mM EDTA, and 1% SDS.

Rat cultures are typically more robust than mouse cultures (and
generate more material for biochemistry) but were here used only
where a direct comparison between WT and mutant cultures was
not necessary (i.e., in Fig. 1, D and E, and figs. S2 and S3), and these
exception are specifically indicated. Mouse was used in all other tis-
sue culture experiments (i.e., in Figs. 3 to 5, D and E, and fig. $4), as
identified by the comparative use of WT and mutant mice; mouse
was also used for all biochemistry and electrophysiology in slices
(see above).

Extracellular field recordings

All recordings and analysis were performed blind to genotype. For
electrical slice recording experiments, a glass micropipette (typical
resistance 0.4 to 0.8 megaohm when filled with ACSF) was used
to record field excitatory postsynaptic potentials (fEPSPs) from
the CA1 dendritic layer in response to stimulation in the Schaffer
collaterals at the CA2 to CAl interface using a tungsten bipolar
electrode. Slices were continually perfused with 30.5° + 0.5°C ACSF
at a rate of 3.5 £ 0.5 ml/min during recordings. Stimuli were de-
livered every 20 s, and three responses (1 min) were averaged for
analysis. Data were analyzed using WinLTP software (61) with slope
calculated as the initial rise from 10 to 60% of response peak. Input/
output (I/O) curves were generated by increasing the stimulus
intensity at a constant interval until a maximum response or pop-
ulation spike was noted to determine stimulation that elicits 40
to 70% of maximum slope. Slope of I/O curve was calculated by
dividing the slope of response (millivolts per millisecond) by the
fiber volley amplitude (millivolts) for the initial linear increase.
Paired-pulse recordings (50-ms interpulse interval) were acquired
from 40% max slope, and no differences in presynaptic facilitation
were seen in mutant slices. A stable baseline was acquired for a
minimum of 20 min at 70% maximum slope before lower frequen-
cy stimulation (900 pulses at 1 Hz) induced LTD or at 50% maxi-
mum slope before higher frequency stimulation (100 Hz). Slices
were stimulated electrically with 900 pulses at 1 Hz or for 1 s at
100 Hz, and responses were recorded for 60 min after stimula-
tion. Change in slope was calculated as a ratio of the average
slope of the 20 min baseline (before stimulation). For NMDAR
experiments, slices were treated with NMDAR antagonists (50 uM
D,L-2-amino-5-phosphonovaleric acid and 10 pM MK-801, di-
luted in ACSF) for the entire recording session, including
10 min before I/O curve acquisition (or until 10 min baseline was
achieved).
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cLTD and cLTP stimulation

cLTD was induced with 30 uM NMDA, 10 uM glycine, and 10 pM
CNQX for 1 min. cLTP was induced with 100 uM glutamate and 10 pM
glycine for 1 min. Both treatments were followed by washout in
fresh ACSF; samples were harvested 1 min after the cLTP stimuli
and 5 min after the cLTD, unless indicated otherwise.

Slice biochemistry

For electrically stimulated biochemical experiments, CA1 mini-slices
were stimulated with a tungsten mono-polar electrode to allow for
a larger stimulation area of CA3-CA1 synapses. In addition, hippo-
campal slices were treated with cLTD and then sonicated in buffer
containing 1 mM EDTA and 10 mM tris (pH 8) in 1% SDS. For all
slice biochemical experiments, n represents the number of indepen-
dent treatments that each consisted of pooled slices from at least
three mice (equal number of slices from each mouse for each condi-
tion, typically two to four slices per treatment).

Live imaging of hippocampal cultured neurons

Live imaging was performed following procedures that we have
previously described (36). All images were acquired using an Axio
Observer microscope (Carl Zeiss) fitted with a 63x Plan-Apo/1.4
numerical aperture objective, using 445-, 515-, 561-, and 647-nm
laser excitation and a CSU-XI spinning disk confocal scan head
(Yokogawa) coupled to an Evolve 512 EM-CCD camera (Photo-
metrics). Experiments were analyzed using SlideBook 6.0 software
[Intelligent Imaging Innovations (3i)]. During image acquisition,
neurons were maintained at 34°C in ACSF solution containing
130 mM NaCl, 5 mM KCl, 10 mM Hepes (pH 7.4), 20 mM glucose,
2 mM CaCl,, and 1 mM MgCl, adjusted to proper osmolarity
with sucrose. After baseline imaging and cLTP or cLTD treat-
ment, neurons were imaged 1 min (cLTP) or 5 min (cLTD) later.
Tertiary dendrites from pyramidal spiny neurons were selected
from maximum intensity projections of confocal Z stacks. To
analyze synaptic CaMKIlo, the mean yellow fluorescent protein
(YEP) intensity (CaMKIla) at excitatory (PSD-95) and inhibitory
(gephyrin) synapses was quantified. PSD-95 and gephyrin thresh-
old masks were defined using the mean intensity of mCh or
mTurquois plus 2 SDs. Synaptic CaMKIIa was then calculated
using the mean YFP intensity at PSD-95 or gephyrin puncta
masks divided by the mean intensity of a line drawn in the
dendritic shaft. Changes in CaMKIla synaptic accumulation
were determined by dividing the net change in YFP at PSD-95 or
gephyrin puncta-to-shaft ratio by the prestimulation YFP puncta-
to-shaft ratio.

Immunocytochemistry

Cultured hippocampal neurons were allowed to recover for 5 min
after cLTP and 20 min after cLTD, then fixed in 4% paraformalde-
hyde and 4% sucrose in PBS for 15 min, and washed three times for
10 min with PBS. Nonpermeabilized cells were blocked in 5% BSA
in PBS at room temperature for 1 hour and surface-stained with
anti-GABA4R ol (1:2000, Synaptic Systems) in 5% BSA in PBS
overnight at 4°C. Cells were then washed three times for 10 min with
PBS and incubated with Alexa Fluor 647-labeled secondary anti-
bodies (1:500, Thermo Fisher Scientific) for 1 to 2 hours at 25°C. After
washing four times for 10 min with PBS, coverslips were embedded
using ProLong gold anti-fade reagent (Thermo Fisher Scientific) for
confocal imaging.
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Surface biotinylation

Surface biotinylation was performed as described previously with
slight modifications (36, 62). CA1 mini-slices or cultured neurons
were treated with cLTD, allowed to recover for 10 min, and then
incubated in ACSF containing EZ-Link-Sulfo-NHS-LC-Biotin (1 mg/ml,
Thermo Fisher Scientific) for 10 min at room temperature. Neurons
or slices were then rinsed three times in ACSF and 0.1% BSA and
sonicated in warm precipitation buffer (PB) containing 5 mM EDTA,
5 mM EGTA, 100 mM NaCl, phosphatase inhibitors [10 mM NaPOy,
1 mM Na3zVOy, 10 mM sodium pyrophosphate, 50 mM NaF (Sodium
Fluoride)], and protease inhibitors (Roche cOmplete cocktail). After
clearing lysates by centrifugation (18,000g) for 20 min, 10% of each
sample was reserved for total input quantification. The remaining
sample was combined with 30 pl of NeutrAvidin agarose beads
(Thermo Fisher Scientific) and incubated overnight at 4°C for pull-
down of biotinylated proteins. The beads were then washed two times
each with PB containing 0.1% Triton X-100, 0.1% Triton X-100 and
600 mM NaCl, and PB alone. Sample buffer was added to the beads and
samples were heated at 90°C for 5 min before SDS-polyacrylamide
gel electrophoresis (PAGE). Immunoblotting was performed with
GluA1 (1:2000, Millipore), GABA 4R a1 (1:1000, Synaptic Systems),
and B-tubulin (1:5000, Millipore) primary antibodies. Blots were
quantified by comparing biotinylated protein to total protein, after
normalizing to B-tubulin loading control.

Protein purification

All purified proteins and cell extracts were stored at —80°C. Re-
combinant CaMKII was purified from a baculovirus/Sf9 cell ex-
pression system, as previously described (63). Cells were pelleted
and lysed in Brickey buffer containing 10 mM tris (pH 7.5), 1 mM
EDTA, 1 mM EGTA, 1 mM B-mercaptoethanol, 2.5% betaine, and
protease inhibitor (Roche cOmplete). Lysates were cleared by ultra-
centrifugation at 100,000g at 4°C for 30 min. The supernatant was
loaded onto a phosphor-cellulose column, washed three times in elu-
tion buffer containing 50 mM Pipes (pH 7.0); 1 mM EGTA; 1 mM
BME (Beta-Mercaptoethanol); and 100, 180, or 500 mM NacCl. Pro-
tein eluted during these washes was diluted to a final concentration of
25 mM Pipes (pH 7.0), 100 mM NaCl, 1 mM CaCl,, and 10% glycer-
ol, before being incubated with CaM-Sepharose beads for 1 hour at
4°C. Beads were washed three times in equilibration buffer contain-
ing 25 mM Pipes (pH 7.0), 500 mM NaCl, 1 mM CaCl,, and 10%
glycerol. Purified CaMKII was then eluted in Ca*'-free buffer con-
taining 25 mM Pipes (pH 7.0), 400 mM NaCl, 1 mM EGTA, and
10% glycerol. To study specific CaMKII variants in vitro, HEK 293
cells were transfected with 12 ug of total cDNA/10-cm plate using
Ca,POy. To express heteromeric CaMKII, two constructs were trans-
fected simultaneously using equal amounts of cDNA. After 48 hours, cells
were harvested on ice in PBS, pelleted at 1000g, and homogenized in
buffer containing 50 mM Pipes (pH 7.0), 1 mM EGTA, 1 mM dith-
iothreitol, 500 mM NaCl, protease inhibitors (Roche cOmplete),
and 2 uM microcystin-LR. After clearing by centrifugation at 20,000
for 20 min at 4°C, CaMKII concentration was determined by SDS-
PAGE and immunoblot with a purified CaMKII standard. Recom-
binant CaM was purified from BL21 bacteria using differentiallammonium
sulfate precipitation, as previously described (64). Transformed cells
were grown until optical density at 600 nm (ODgy) = ~0.6 before
expression was induced by 1 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) for 3 hours. Cells were then pelleted at 2500¢ and resuspended
in resuspension buffer containing 20 mM tris (pH 7.55), 150 mM
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NaCl, 1 mM EDTA, 0.1% Tween 20, lysozyme (1 mg/ml), ribonuclease
A (10 pg/ml), deoxyribonuclease I (20 pg/ml), and protease inhibi-
tors (Roche cOmplete). Cell suspensions were freeze-thawed, soni-
cated, and cleared by ultracentrifugation at 100,000¢ for 1 hour.
Ammonium sulfate (3 M) was added to the supernatant, which was
then centrifuged at 12,000g for 10 min. An additional 2 M total am-
monium sulfate was added to the supernatant, which was then centrifuged
at 12,000¢ for 10 min. The pellet was dissolved in 200 to 400 ml of
Buffer P [50 mM tris (pH 7.5), 1l mM EDTA, and 200 mM ammonium
sulfate] and then loaded onto a phenyl-Sepharose column equili-
brated in Buffer P. CaCl, (2.5 mM) was added to the flow-through,
which was then applied to another phenyl-Sepharose column equil-
ibrated in Buffer P and 2.5 mM CaCl,. After washing, protein was
eluted in Ca**-free buffer containing 50 mM tris (pH 7.5), 2.5 mM
EGTA, and 1 M NaCl. The eluent was desalted by a gel filtration
desalting column using 50 mM Mops (pH 7.0).

Glutathione S-transferase (GST)-fusion proteins with cytoplasmic
GluA1 loopl and C-tail were purified from BL21 bacteria, as previ-
ously described (24). Transformed cells were grown until ODggg = ~0.6
before expression was induced by 1 mM IPTG for 3 hours. Cells
were then pelleted at 2500 and resuspended in resuspension buffer
(described above). Cell suspensions were freeze-thawed, sonicated,
and cleared by 10,000¢ centrifugation. The supernatant containing
GST-fusion protein was batch purified with Glutathione Sepharose
4B (GE Healthcare), washed three times with TBS, and eluted with
100 mM reduced glutathione in 200 mM tris (pH 9.0). Glutathione
was removed by dialysis against 2 liters of 50 mM tris (pH 7.6) and
300 mM NaCl, twice for 2 hours.

In vitro phosphorylation assays

Kinase reactions were performed with purified CaMKII (from Sf9
cells) or overexpressed CaMKII (HEK 293 cell lysate) in Buffer A
containing 50 mM Pipes (pH 7.1), 10 mM MgCl,, 1 mM adenosine
triphosphate (ATP). Purified CaMKII (100 nM kinase subunits)
was stimulated at 30°C in Buffer A with additional (i) 2 mM CaCl,
and 0.01 to 3 uM CaM or (ii) 0.3 versus 20 uM CaCl, and 1 uM
CaM. For selective autophosphorylation of T286, CaMKII (250 nM
kinase subunits) was stimulated on ice for 10 min in Buffer A with
additional 2 mM CaCl, and 1 pM CaM, followed by addition of 5 mM
EDTA. Then, for autophosphorylation of T305/306, diluted auton-
omous CaMKII (100 nM kinase subunits) was stimulated at 30°C
with Buffer B [50 mM Pipes (pH 7.1), 10 mM MgCl,, 1 mM ATP,
and 2 mM EGTA]. Basal kinase reactions were initiated with Buffer
B (without prior T286 activation). In vitro GluA1 phosphorylation
assays were done at 30°C with T286-autophosphorylated CaMKII
(10 nM kinase subunits) and 2 uM GST fusion proteins of the cyto-
plasmic GluA1 loop1 (containing S567) or C-tail (containing S831),
in the presence of either 2 mM Ca®*/1 uM CaM or EGTA. Reactions
were terminated by adding sample buffer and heating at 95°C
for 5 min.

SDS-PAGE and immunoblot

Protein content was determined using the Pierce BCA protein assay
(Thermo Fisher Scientific). Four to 10 pg of total protein was re-
solved by SDS-PAGE on 8 or 10% polyacrylamide gels and trans-
ferred to polyvinylidene fluoride membrane at 24 V for 1 to 2 hours
at 4°C in transfer buffer containing 12 to 15% MeOH, 25 mM tris,
192 mM glycine (pH 8.3). All membranes were blocked in 5% non-
fat dried milk in TBS [20 mM tris (pH 7.4) and 150 mM NacCl] with
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0.1% Tween 20 (TBS-T) for 1 hour at room temperature before primary
antibody incubation for 2 hours at room temperature or overnight
at 4°C. Blots were then washed three times for 10 min in TBS-T,
incubated in secondary antibody (1:6000 to 10,000) for 1 hour at
room temperature, washed three times for 10 min in TBS-T. Immuno-
reactive signal was visualized by chemiluminescence (SuperSignal
West Femto, Thermo Fisher Scientific) using the Chemi-Imager
4400 system (Alpha Innotech). Densitometry analysis was performed
in AlphaEaseFC (Alpha Innotech) or Image] (NIH) software as fol-
lows: Immunoreactive bands were outlined and light intensity per
area was measured. Background intensity below each band was sub-
tracted. Phospho-signal was normalized to total protein. The rela-
tive immunodetection value was normalized as a percent of the
average of all control conditions for the same blot, which was set at
a value of one to allow comparison between multiple experiments.

Quantification and statistical analysis

All data are shown as means + SEM. Statistical significance and
sample size (n) are indicated in the figure legends. Sample sizes for
all imaging experiments indicate the number of neurons per condi-
tion. Sample sizes for electrically induced LTP and LTD experiments
indicate one CA1l hippocampal mini-slice per condition. Sample
sizes for chemically induced LTP and LTD experiments are either
one cultured neuron well per sample or two slices per sample, using
at least three independent neuronal cultures and at least three mice
per dataset, unless indicated otherwise (i.e., in fig. S1A, where CA1
mini-slices from two mice were used). The analysis was performed
following procedures that we have previously described (36). Data
from the imaging experiments were obtained and quantified using
SlideBook 6.0 software (31) and analyzed using Prism (GraphPad)
software. All data met parametric conditions, as evaluated by a Shapiro-Wilk
test for normal distribution and a Brown-Forsythe test (three or
more groups) or an F test (two groups) to determine equal variance.
Comparisons between two groups were analyzed using unpaired, two-
tailed Student’s t tests. Comparisons between pre- and posttreat-
ment images at the same synapse type from the same neurons were
analyzed using paired, two-tailed Student’s ¢ tests. Comparisons
between three or more groups were done by one-way analysis of
variance (ANOVA) with Tukey’s post hoc test. Comparisons be-
tween three or more groups with two independent variables were
assessed by two-way ANOVA with Bonferroni post hoc test to de-
termine whether there is an interaction and/or main effect between
the variables.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabe2300/DC1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. J.D.Shepherd, R. L. Huganir, The cell biology of synaptic plasticity: AMPA receptor
trafficking. Annu. Rev. Cell Dev. Biol. 23, 613-643 (2007).

2. B.E.Herring, R. A. Nicoll, Long-term potentiation: From CaMKIl to AMPA receptor
trafficking. Annu. Rev. Physiol. 78, 351-365 (2016).

3. O.R.Buonarati, E. A.Hammes, J. F. Watson, |. H. Greger, J. W. Hell, Mechanisms
of postsynaptic localization of AMPA-type glutamate receptors and their regulation
during long-term potentiation. Sci. Signal. 12, eaar6889 (2019).

4. L.Groc, D. Choquet, Linking glutamate receptor movements and synapse function.
Science 368, eaay4631 (2020).

5. I.H. Greger, J. A. Esteban, AMPA receptor biogenesis and trafficking. Curr. Opin. Neurobiol.
17, 289-297 (2007).

Cook et al., Sci. Adv. 2021; 7 : eabe2300 14 April 2021

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

. K.P.Giese, N. B. Fedorov, R. K. Filipkowski, A. J. Silva, Autophosphorylation at Thr

. T.V.Bliss, T. Lomo, Long-lasting potentiation of synaptic transmission in the dentate area

of the anaesthetized rabbit following stimulation of the perforant path. J. Physiol. 232,
331-356 (1973).

. S.M. Dudek, M. F. Bear, Homosynaptic long-term depression in area CA1 of hippocampus

and effects of N-methyl-D-aspartate receptor blockade. Proc. Natl. Acad. Sci. U.S.A. 89,
4363-4367 (1992).

. S-N.Yang, Y.-G. Tang, R-S. Zucker, Selective induction of LTP and LTD by postsynaptic

[Ca?*]i elevation. J. Neurophysiol. 81, 781-787 (1999).

. S.G. Miller, M. B. Kennedy, Regulation of brain type Il Ca%*/calmodulin-dependent

protein kinase by autophosphorylation: A Ca®*-triggered molecular switch. Cell 44,
861-870 (1986).

. L.L.Lou,S.J. Lloyd, H. Schulman, Activation of the multifunctional Ca?*/calmodulin-

dependent protein kinase by autophosphorylation: ATP modulates production
of an autonomous enzyme. Proc. Natl. Acad. Sci. U.S.A. 83, 9497-9501 (1986).

. C.M. Schworer, R. J. Colbran, T. R. Soderling, Reversible generation of a Ca2+-

independent form of Ca2+(calmodulin)-dependent protein kinase Il by
an autophosphorylation mechanism. J. Biol. Chem. 261, 8581-8584 (1986).

. S.J. Coultrap, . Buard, J. R. Kulbe, M. L. Dell'Acqua, K. U. Bayer, CaMKIl autonomy is

substrate-dependent and further stimulated by Ca2+/calmodulin. J. Biol. Chem. 285,
17930-17937 (2010).

. R.Malinow, H. Schulman, R. W. Tsien, Inhibition of postsynaptic PKC or CaMKII blocks

induction but not expression of LTP. Science 245, 862-866 (1989).

. A.J.Silva, C.F. Stevens, S. Tonegawa, Y. Wang, Deficient hippocampal long-term

potentiation in alpha-calcium-calmodulin kinase Il mutant mice. Science 257, 201-206

(1992).
286

of the a calcium-calmodulin kinase Il in LTP and learning. Science 279, 870-873 (1998).

. K. U. Bayer, H. Schulman, CaM kinase: Still inspiring at 40. Neuron 103, 380-394 (2019).
. S.J. Coultrap, K. U. Bayer, CaMKIl regulation in information processing and storage.

Trends Neurosci. 35, 607-618 (2012).

. J. W. Hell, CaMKII: Claiming center stage in postsynaptic function and organization.

Neuron 81, 249-265 (2014).

. J.Lisman, R. Yasuda, S. Raghavachari, Mechanisms of CaMKIl action in long-term

potentiation. Nat. Rev. Neurosci. 13, 169-182 (2012).

P. De Koninck, H. Schulman, Sensitivity of CaM kinase Il to the frequency of Ca®*
oscillations. Science 279, 227-230 (1998).

K. U. Bayer, P. De Koninck, H. Schulman, Alternative splicing modulates the frequency-
dependent response of CaMKIl to Ca®* oscillations. EMBO J. 21, 3590-3597 (2002).

H. Fujii, M. Inoue, H. Okuno, Y. Sano, S. Takemoto-Kimura, K. Kitamura, M. Kano, H. Bito,
Nonlinear decoding and asymmetric representation of neuronal input information by
CaMKlla and calcineurin. Cell Rep. 3, 978-987 (2013).

J.Y. Chang, P. Parra-Bueno, T. Laviv, E. M. Szatmari, S. R. Lee, R. Yasuda, CaMKII
autophosphorylation is necessary for optimal integration of Ca* signals during LTP
induction, but not maintenance. Neuron 94, 800-808.e4 (2017).

S.J. Coultrap, R. K. Freund, H. O'Leary, J. L. Sanderson, K. W. Roche, M. L. Dell'Acqua,

K. U. Bayer, Autonomous CaMKIl mediates both LTP and LTD using a mechanism

for differential substrate site selection. Cell Rep. 6, 431-437 (2014).

R.J. Colbran, T. R. Soderling, Calcium/calmodulin-independent autophosphorylation
sites of calcium/calmodulin-dependent protein kinase II. Studies on the effect

of phosphorylation of threonine 305/306 and serine 314 on calmodulin binding using
synthetic peptides. J. Biol. Chem. 265, 11213-11219 (1990).

P.1. Hanson, H. Schulman, Inhibitory autophosphorylation of multifunctional Ca2+/
calmodulin-dependent protein kinase analyzed by site-directed mutagenesis. J. Biol.
Chem. 267, 17216-17224 (1992).

H. J. Pi, N. Otmakhov, D. Lemelin, P. De Koninck, J. Lisman, Autonomous CaMKIl can
promote either long-term potentiation or long-term depression, depending on the state
of T305/T306 phosphorylation. J. Neurosci. 30, 8704-8709 (2010).

K. Barcomb, I. Buard, S. J. Coultrap, J. R. Kulbe, H. O'Leary, T. A. Benke, K. U. Bayer,
Autonomous CaMKIl requires further stimulation by Ca2+/calmodulin for enhancing
synaptic strength. FASEB J. 28, 3810-3819 (2014).

H. J. Pi, N. Otmakhov, F. El Gaamouch, D. Lemelin, P. De Koninck, J. Lisman, CaMKII control
of spine size and synaptic strength: Role of phosphorylation states and nonenzymatic
action. Proc. Natl. Acad. Sci. U.S.A. 107, 14437-14442 (2010).

Y. Matsumoto, J. L. Maller, Calcium, calmodulin, and CaMKIl requirement

for initiation of centrosome duplication in Xenopus egg extracts. Science 295,
499-502 (2002).

J. D.Bui, S. Calbo, K. Hayden-Martinez, L. P. Kane, P. Gardner, S. M. Hedrick, A role

for CaMKIlin T cell memory. Cell 100, 457-467 (2000).

J. R. Erickson, L. Pereira, L. Wang, G. Han, A. Ferguson, K. Dao, R. J. Copeland, F. Despa,
G. W. Hart, C. M. Ripplinger, D. M. Bers, Diabetic hyperglycaemia activates CaMKIl

and arrhythmias by O-linked glycosylation. Nature 502, 372-376 (2013).

120f 13


http://advances.sciencemag.org/cgi/content/full/7/16/eabe2300/DC1
http://advances.sciencemag.org/cgi/content/full/7/16/eabe2300/DC1
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abe2300

SCIENCE ADVANCES | RESEARCH ARTICLE

33. J.B.Myers, V. Zaegel, S. J. Coultrap, A. P. Miller, K. U. Bayer, S. L. Reichow, The CaMKII
holoenzyme structure in activation-competent conformations. Nat. Commun. 8, 15742 (2017).

34. L.H.Chao, M. M. Stratton, |. H. Lee, O. S. Rosenberg, J. Levitz, D. J. Mandell, T. Kortemme,
J.T. Groves, H. Schulman, J. Kuriyan, A mechanism for tunable autoinhibition
in the structure of a human Ca2+/calmodulin- dependent kinase Il holoenzyme. Cell 146,
732-745 (2011).

35. Y.Elgersma, N. B. Fedorov, S. Ikonen, E. S. Choi, M. Elgersma, O. M. Carvalho, K. P. Giese,
A. J. Silva, Inhibitory autophosphorylation of CaMKIl controls PSD association, plasticity,
and learning. Neuron 36, 493-505 (2002).

36. S.G.Cook, D.J. Goodell, S. Restrepo, D. B. Arnold, K. U. Bayer, Simultaneous live imaging
of multiple endogenous proteins reveals a mechanism for Alzheimer’s-related plasticity
impairment. Cell Rep. 27, 658-665.e4 (2019).

37. D.J.Goodell, V. Zaegel, S. J. Coultrap, J. W. Hell, K. U. Bayer, DAPK1 mediates LTD by
making CaMKII/GIuN2B binding LTP specific. Cell Rep. 19, 2231-2243 (2017).

38. Y.P.Zhang, N. Holbro, T. G. Oertner, Optical induction of plasticity at single synapses
reveals input-specific accumulation of alphaCaMKII. Proc. Natl. Acad. Sci. U.S.A. 105,
12039-12044 (2008).

39. K.C.Marsden, J. B. Beattie, J. Friedenthal, R. C. Carroll, NMDA receptor activation
potentiates inhibitory transmission through GABA receptor-associated protein-
dependent exocytosis of GABA, receptors. J. Neurosci. 27, 14326-14337 (2007).

40. C.Q.Chiu, J.S. Martenson, M. Yamazaki, R. Natsume, K. Sakimura, S. Tomita, S. J. Tavalin,
M. J. Higley, Input-specific NMDAR-dependent potentiation of dendritic GABAergic
inhibition. Neuron 97, 368-377.e3 (2018).

41. V.Derkach, A. Barria, T. R. Soderling, Ca2+/calmodulin-kinase Il enhances channel
conductance of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate type glutamate
receptors. Proc. Natl. Acad. Sci. U.S.A. 96, 3269-3274 (1999).

42. A.S.Kristensen, M. A. Jenkins, T. G. Banke, A. Schousboe, Y. Makino, R. C. Johnson,

R. Huganir, S. F. Traynelis, Mechanism of Ca?*/calmodulin-dependent kinase Il regulation
of AMPA receptor gating. Nat. Neurosci. 14,727-735 (2011).

43. W.Lu, K. Isozaki, K. W. Roche, R. A. Nicoll, Synaptic targeting of AMPA receptors is
regulated by a CaMKil site in the first intracellular loop of GIuA1. Proc. Natl. Acad. Sci.
U.S.A. 107, 22266-22271 (2010).

44. K. M. Woolfrey, H. O'Leary, D. J. Goodell, H. R. Robertson, E. A. Horne, S. J. Coultrap,

M. L. Dell’Acqua, K. U. Bayer, CaMKII regulates the depalmitoylation and synaptic removal
of the scaffold protein AKAP79/150 to mediate structural long-term depression. J. Biol.
Chem. 293, 1551-1567 (2018).

45. R.J.Colbran, Inactivation of Ca2+/calmodulin-dependent protein kinase Il by basal
autophosphorylation. J. Biol. Chem. 268, 7163-7170 (1993).

46. P.l.Hanson, T. Meyer, L. Stryer, H. Schulman, Dual role of calmodulin
in autophosphorylation of multifunctional CaM kinase may underlie decoding of calcium
signals. Neuron 12, 943-956 (1994).

47. J.M.Bradshaw, A. Hudmon, H. Schulman, Chemical quenched flow kinetic studies
indicate an intraholoenzyme autophosphorylation mechanism for Ca2+/calmodulin-
dependent protein kinase II. J. Biol. Chem. 277, 20991-20998 (2002).

48. H.K.Lee, K. Kameyama, R. L. Huganir, M. F. Bear, NMDA induces long-term synaptic
depression and dephosphorylation of the GluR1 subunit of AMPA receptors
in hippocampus. Neuron 21, 1151-1162 (1998).

49. A.Barria, R. Malinow, NMDA receptor subunit composition controls synaptic plasticity by
regulating binding to CaMKII. Neuron 48, 289-301 (2005).

50. A.R.Halt, R.F. Dallpiazza, Y. Zhou, I. S. Stein, H. Qian, S. Juntti, S. Wojcik, N. Brose,

A. ). Silva, J. W. Hell, CaMKII binding to GIuN2B is critical during memory consolidation.
EMBO J. 31,1203-1216 (2012).

51. I.Buard, S.J. Coultrap, R. K. Freund, Y. S. Lee, M. L. Dell’Acqua, A. J. Silva, K. U. Bayer,
CaMKIl “autonomy”is required for initiating but not for maintaining neuronal long-term
information storage. J. Neurosci. 30, 8214-8220 (2010).

52. H.L.Hinds, S. Tonegawa, R. Malinow, CA1 long-term potentiation is diminished but
present in hippocampal slices from o-CaMKIl mutant mice. Learn. Mem. 5, 344-354 (1998).

Cook et al., Sci. Adv. 2021; 7 : eabe2300 14 April 2021

53. M. J.Kool, M. Proietti Onori, N. Z. Borgesius, J. E. van de Bree, M. Elgersma-Hooisma, E. Nio,
K. Bezstarosti, G. H. S. Buitendijk, M. Aghadavoud Jolfaei, J. A. A. Demmers, Y. Elgersma,

G. M. van Woerden, CAMK2-dependent signaling in neurons is essential for survival.
J. Neurosci. 39, 5424-5439 (2019).

54. K.C.Marsden, A. Shemesh, K. U. Bayer, R. C. Carroll, Selective translocation of Ca
calmodulin protein kinase llalpha (CaMKlla) to inhibitory synapses. Proc. Natl. Acad. Sci.
U.S.A. 107, 20559-20564 (2010).

55. S.J. Coultrap, K. Barcomb, K. U. Bayer, A significant but rather mild contribution of T286
autophosphorylation to Ca**/CaM-stimulated CaMKIl activity. PLOS ONE 7, e37176
(2012).

56. S.J.Coultrap, K. U. Bayer, Nitric oxide induces Ca**-independent activity of the Ca
calmodulin-dependent protein kinase Il (CaMKIl). J. Biol. Chem. 289, 19458-19465
(2014).

57. G.G.Gross, J. A. Junge, R.J. Mora, H. B. Kwon, C. A. Olson, T. T. Takahashi, E. R. Liman,

G. C. Ellis-Davies, A. W. McGee, B. L. Sabatini, R. W. Roberts, D. B. Arnold, Recombinant
probes for visualizing endogenous synaptic proteins in living neurons. Neuron 78,
971-985 (2013).

58. R.J.Mora, R. W. Roberts, D. B. Arnold, Recombinant probes reveal dynamic localization
of CaMKillo, within somata of cortical neurons. J. Neurosci. 33, 14579-14590 (2013).

59. D. Gozuacik, S. Bialik, T. Raveh, G. Mitou, G. Shohat, H. Sabanay, N. Mizushima,

T. Yoshimori, A. Kimchi, DAP-kinase is a mediator of endoplasmic reticulum stress-
induced caspase activation and autophagic cell death. Cell Death Differ. 15, 1875-1886
(2008).

60. S.M.Dudek, M. F. Bear, Bidirectional long-term modification of synaptic effectiveness
in the adult and immature hippocampus. J. Neurosci. 13, 2910-2918 (1993).

61. W.W.Anderson, G. L. Collingridge, The LTP Program: A data acquisition program
for on-line analysis of long-term potentiation and other synaptic events. J. Neurosci.
Methods 108, 71-83 (2001).

62. A.L.Mammen, R. L. Huganir, R. ). O'Brien, Redistribution and stabilization of cell surface
glutamate receptors during synapse formation. J. Neurosci. 17, 7351-7358 (1997).

63. S.J. Coultrap, K. U. Bayer, in Neuromethods: Protein Kinase Technologies, H. Mukai, Ed.
(Springer, 2012), chap. 4, pp.49-72.

64. S.I.Singla, A. Hudmon, J. M. Goldberg, J. L. Smith, H. Schulman, Molecular
characterization of calmodulin trapping by calcium/calmodulin-dependent protein
kinase II. J. Biol. Chem. 276, 29353-29360 (2001).

2+/

2+/

Acknowledgments: We thank C. N. Brown for critical reading of the manuscript. We thank

J. Mize-Berge for help with mouse colony maintenance. Funding: The research was funded by
NIH grants T32GM007635 (UCD pharmacology training grant supporting S.G.C.), P30NS048154
(UCD neuroscience center grant), F31AG062160 (to S.G.C.), F32AG066536 (to O.R.B.),
ROTNS081248, ROTNS110383, and ROTAG067713 (to K.U.B.). Author contributions: S.G.C,
O.R.B., and S.J.C. performed experiments. S.G.C,, O.R.B., S.J.C,, and K.U.B. conceived this study.
K.U.B. wrote the first draft and all authors contributed to the final manuscript. Competing
interests: K.U.B. is a co-founder and board member of Neurexis Therapeutics. The other authors
declare that they have no competing interests. Data and materials availability: All data
needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. The data are deposited at Mendeley Data, v2, doi: 10.17632/42zmr4n5d8.2. Additional
data related to this paper may be requested from the authors.

Submitted 7 August 2020
Accepted 24 February 2021
Published 14 April 2021
10.1126/sciadv.abe2300

Citation: S. G. Cook, O. R. Buonarati, S. J. Coultrap, K. U. Bayer, CaMKIl holoenzyme mechanisms
that govern the LTP versus LTD decision. Sci. Adv. 7, eabe2300 (2021).

130f 13


http://dx.doi.org/10.17632/42zmr4n5d8.2

