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In brief

CaMKIlla and CaMKIIB play distinct roles
in supporting synaptic transmission and
LTP with unknown underlying
mechanisms. Cai et al. show that the
linker length of CaMKII determines its
phase separation with GIuN2B, which
regulates its differential role in synaptic
plasticity.
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SUMMARY

Calcium calmodulin-dependent kinase Il (CaMKII) is critical for synaptic transmission and plasticity. Two
major isoforms of CaMKIl, CaMKll« and CaMKIIB, play distinct roles in synaptic transmission and long-
term potentiation (LTP) with unknown mechanisms. Here, we show that the length of the unstructured linker
between the kinase domain and the oligomerizing hub determines the ability of CaMKII to rescue the basal
synaptic transmission and LTP defects caused by removal of both CaMKIla and CaMKIIp (double knockout
[DKO]). Remarkably, although CaMKIIB binds to GIuN2B with a comparable affinity as CaMKIlla does, only
CaMKlla with the short linker forms robust dense clusters with GIuN2B via phase separation. Lengthening
the linker of CaMKIlla with unstructured “Gly-Gly-Ser” repeats impairs its phase separation with GIuUN2B,
and the mutant enzyme cannot rescue the basal synaptic transmission and LTP defects of DKO mice. Our
results suggest that the phase separation capacity of CaMKIl with GIuN2B is critical for its cellular functions

in the brain.

INTRODUCTION

Calcium calmodulin-dependent kinase Il (CaMKII) and long-term
potentiation (LTP) were discovered within a decade of each other
and have been linked together ever since.’™ On the one hand,
CaMKIl provides a molecular basis for information storage in
that a brief pulse of Ca®* results in the long-lasting activation
of the kinase. On the other hand, LTP, in which a brief high-fre-
quency synaptic stimulation results in the long-lasting potentia-
tion of synaptic responses, provides an attractive physiological
readout for the underlying molecular changes. Indeed, it is well
established that CaMKII activation is required for LTP,°™ and
recent evidence indicates that it is required for the maintenance
of LTP.'%"2

However, there are two isoforms of neuronal CaMKII, CaMKlla
and CaMKIIB, and they are expressed in the forebrain in a ratio of
approximately 3:1."*7'° CaMKIl is extremely abundant in brains.
At excitatory synapses of mature rodent brains, CaMKIl is ~10
times more abundant than PSD-95."® Furthermore, holoen-
zymes are composed of both isoforms.’*'® Both CaMKilla and
CaMKIIB have an N-terminal kinase domain followed by an auto-
inhibitory sequence (AlS), followed by a linker domain that links
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the kinase domain with the C-terminal hub or association domain
(Figure 1A). The hub domain assembles the individual subunits
into a primarily dodecameric holoenzyme with a small population
of tetradecamers or even higher oligomers.'”~2° Much of our un-
derstanding of CaMKIl comes from studies on the a isoform. Ge-
netic deletion of CaMKlla severely impairs LTP,”°?"?2 and
constitutively active CaMKlle: mimics LTP.?*?* While genetic
deletion of CaMKIIB reduces LTP,”?>?° it is incapable of
rescuing the defects seen when both isoforms are deleted
together.” What could account for these profound differences?
The structures and biochemical properties of CaMKlla and
CaMKIIB are remarkably similar, in line with the extremely high
amino acid sequence identity between the kinase and the hub
domains of the isoforms.”? In addition, both CaMKlla>’~*° and
CaMKIIB (Bayer et al.>" and this study below) bind to the C-ter-
minal domain of the GIUN2B subunit of the NMDA receptor
(NMDAR). Direct binding between CaMKIlla and GIuN2B is crit-
ical for basal AMPAR transmission”'" and LTP.”"'"*2%3 The pri-
mary difference between CaMKIlo. and CaMKIIB resides in the
linker region. In the mouse brain and in the human hippocampus,
the principle a isoform contains 30 amino acids and the § isoform
contains 93 amino acids in their linkers.'®** The length of the
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linker in CaMKII has been linked to rates of autophosphorylation
and dephosphorylation of T286 and T305/T306 of the enzyme.*®

To determine if the linker region can account for the profound
differences in the function of CaMKlla. and CaMKIIB, we attemp-
ted to rescue the defects created by deleting both CaMKllo and
CaMKIIp (double knockout [DKO])” by expressing mutant forms
of the isoforms with variable linker lengths. We found that the
ability of CaMKII mutants to rescue basal synaptic transmission,
as well as LTP, was entirely related to the length of the linker. We
further found a dramatic difference in the ability of CaMKllo. and
CaMKIIB to undergo phase separation with GIUN2B, although
both isoforms bind to GIuN2B with comparable affinities. We
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postulate that the binding of CaMKII to GIuN2B is not sufficient
for its synaptic action. CaMKII’s action also requires phase sep-
aration to form densely clustered protein condensates with
NMDARs.

RESULTS

CaMKIl with a short linker is critical to support basal
synaptic transmission and LTP

Previous studies have shown that CaMKlla and CaMKIIB (Fig-
ure 1A) play different roles in basal synaptic transmission and
LTP.” Using a previously well-established system in which both
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CaMKlla. and CaMKIIB are deleted via CRISPR by two specific
guide RNAs (gRNAs)’ (Figure 1B), CaMKlla. fully rescued both
basal transmission (Figure 1C) and LTP (Figure 1E) in the CA1
hippocampus neurons, whereas CaMKIIB could not
(Figures 1D and 1F).

The long linker of CaMKIIB is encoded by five exons (V1-V5),
and the short linker of CaMKIlo only contains exon V2 and V5 (Fig-
ure 1A).%° To determine whether the different roles of CaMKillo.
and CaMKIIB in basal synaptic transmission and LTP are due to
the different linker length, we generated two linker-swapped mu-
tants of CaMKII, “CaMKllz-long” (i.e., with the long linker from
CaMKIIB) and “CaMKIIB-short” (i.e., with the V1, V3, and V4
exons deleted to make the length of linker the same as that of
CaMKlla) (Figure 1A). While CaMKIla-long failed to rescue either
basal synaptic transmission (Figure 1G) or LTP (Figure 1),
CaMKIIB-short fully rescued both basal synaptic transmission
(Figure 1H) and LTP (Figure 1J), indicating that the switch of the
linkers between CaMKIlla and CaMKIIB can fully account for the
profound functional differences in these two isoforms.

CaMKIl with a short linker promotes phase separation
with GluN2B
Next, we sought to explain why CaMKIla. and CaMKIIf have such
a profound functional difference in supporting basal synaptic
transmission and LTP. Previous research has established that
the binding of CaMKlla to GIuN2B, one of the subunits of the
NMDAR, is critical for the function of CaMKII.”***** The quantita-
tive isothermal titration calorimetry (ITC) data revealed that the
interactions between CaMKlle and GIuN2B or between
CaMKIIB and GIuN2B were nearly the same (Figures S1A-
S1D). We also used a purified GST-tagged GIuN2B C-terminal
domain (CTD) fragment containing aa 1259-1310 (termed
GST-GIuN2B in the figure) (Figure S1E) to pull down GFP-tagged
CaMKlla, CaMKIIB, CaMKlla-long, and CaMKIIB-short ex-
pressed in heterologous cells, and the result showed that all
four variants bound to GIuN2B with a similar affinity (Figure S1E),
indicating that the linker length does not influence the binding
between CaMKIl and GIuN2B. In striking contrast, CaMKIIB
and CaMKIIB-short failed to bind to the Shank3 NTD-ANK tan-
dem (Figure S1E), as the kinase domain and a short fragment
immediately following the kinase domain of CaMKlla are respon-
sible for the specific binding between CaMKllo. and Shank3.*”
Previously, we reported that the CaMKIllo. and GIuUN2B mixture
can undergo phase separation,®”**® prompting the question as to
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whether CaMKIIB and GIuN2B may also undergo phase separa-
tion. We sparsely labeled CaMKIl variants and GIuN2B CTD con-
taining aa 1170-1482 (termed GIuN2B) with Cy3-NHS and
iFluor488-NHS, respectively. When mixed at room temperature,
both CaMKIlla. and GIuN2B were highly enriched in the
condensed droplets formed via phase separation in confocal
fluorescence imaging experiments (Figure 2A). Remarkably, no
condensed droplets could be observed in the mixture of
CaMKIIB and GIuN2B (Figure 2B). This result indicated that, in
sharp contrast to CaMKIla, CaMKIIB could not phase separate
with GIuN2B. The sedimentation-based experiments also
showed the same result that CaMKilla, but not CaMKIIB, could
phase separate with GIUN2B (Figures 2C and 2D).

We then assayed the linker-swapped variants of CaMKII,
CaMKlla-long and CaMKIIB-short, to test whether phase sepa-
ration of CaMKIl and GIuN2B depend on the lengths of their
linkers. Both confocal fluorescence imaging and sedimenta-
tion-based assays showed that the CaMKlla-long mutant could
not form droplets upon mixing with GIuN2B. In contrast, the
CaMKIIB-short variant gained phase separation capacity upon
binding to GIuN2B (Figures 2E-2G). The results from the phase
separation experiments shown in Figure 2 correlate very well
with the functional results in Figure 1 showing that CaMKiIl
with a short linker is critical for basal synaptic transmission
and LTP.

CaMKlIl« is stronger than CaMKII in promoting phase
separation of GluN2B with reconstituted 4 xPSD
Formation of postsynaptic density (PSD) assemblies are driven
by specific multivalent interactions between major PSD scaffold
proteins via phase separation.®>*° Hence, we asked whether
CaMKlloe can still show stronger phase separation than
CaMKIIB when the other major PSD scaffold proteins (i.e.,
PSD-95, SAPAP, Shank3, and Homer3, termed 4xPSD; Fig-
ure S2A)*° are incorporated into the phase separation system.
Confocal fluorescence imaging studies indicated that although
both CaMKIlla/GIuN2B and CaMKIIB/GIuN2B could be recruited
into reconstituted 4xPSD condensed droplets (Figure S2B),
CaMKllo. promoted much stronger phase separation of both
CaMKlla and the other PSD proteins (Figure S2C). A sedimenta-
tion-based assay also supported the same conclusion
(Figures S2D and S2E). Therefore, in a more complete reconsti-
tuted PSD system, CaMKIla. has a stronger phase separation
capacity than CaMKII.

Figure 2. CaMKIl with a short linker promotes phase separation with GluN2B

(A and B) Confocal fluorescence images showing that CaMKila. (A), but not CaMKIIB (B), underwent phase separation with GIUN2B in the present of Ca®*-CaM at
the indicated concentrations. The NaCl concentration included in the assay buffer was 100 mM. Only 1% of each protein was labeled by the indicated fluo-
rophores. The NaCl concentration in the assay buffer and the fluorophore labeling ratio were kept the same throughout this study.

(C and D) Representative SDS-PAGE analysis (C) and quantification data (D) showing the distributions of CaMKIl and GIuN2B in the supernatant (S) and pellet
(P) in the sedimentation-based assays with the indicated protein concentrations. The S and P fractions represent proteins in the dilute and condensed phases,

respectively.

(E) Confocal fluorescence images showing that CaMKIIB-short had an enhanced phase separation with GIuN2B, whereas CaMKlla-long showed a weakened
phase separation with GIUN2B. The final concentration of each protein in the assay was at 5 pM.
(F and G) Representative SDS-PAGE analysis (F) and quantification data (G) showing the distributions of CaMKIl and GIuN2B in the S and P in the sedimentation-

based assay. The concentration of each protein in the assay was at 5 uM.

Statistical data in (D) and (G) are presented as mean + SD, with results from 3 independent batches of sedimentation experiments. ns, not significant; **p < 0.01;
***p < 0.001; ***p < 0.0001 using two-tailed Student’s t test (D) and one-way ANOVA with Tukey’s multiple comparisons test (G).

See also Figures S1 and S2.
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Figure 3. Phase separation of chimeric
CaMKII-GK and GIuN2B-DLS showing the
critical role of the short linker in CaMKII for
its phase separation with GIuN2B
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Phase separation of chimeric CaMKII-GK and GluN2B-
DLS shows the critical role of the short linker of CaMKII
for phase separation

Might the enhancement of phase separation by the short linker
require the kinase domain coupling to the hub domain or kinase
domain-kinase domain interactions?'®'® To answer this ques-
tion, we generated a CaMKIl chimera with its kinase domain
and AIS domain replaced by the GK domain of PSD-95, which
we refer to as “CaMKII-GK” (Figure 3A). In parallel, a GIuN2B
chimera with a high-affinity short GK-binding peptide (called
the DLS peptide as reported in our earlier study*') inserted after
the CaMKII binding motif of GIluN2B was also created, and the
chimera is termed as “GIuN2B-DLS” (Figure 3A). The binding
between the PSD-95 GK domain from the CaMKII-GK chimera
and the DLS peptide from the GIuN2B-DLS chimera can func-
tionally replace the binding between the kinase domain of
CAMKII and CaMKIl-binding motif of GIUN2B in the native
proteins.

Using these chimeric proteins, we could test whether the
interactions between the kinase domains or between the ki-
nase domain and the hub domain of CaMKIl might also be
required for the phase separation between CaMKIl and
GIuN2B. Both imaging- (Figure 3B) and sedimentation-based ex-
periments (Figures 3C and 3D) demonstrated that CaMKlla-GK
could undergo phase separation with GIuUN2B-DLS without

CaMKIIB-GK GIuN2B-DLS

(C and D) Representative SDS-PAGE analysis
(C) and quantification data (D) showing the distri-
butions of CaMKII-GK and GIuN2B-DLS in the S and
P in the sedimentation-based assays with the indi-
cated protein concentrations.

Statistical data in (D) are presented as mean + SD,
with results from 3 independent batches of sedi-
mentation experiments. ***p < 0.001; ***p < 0.0001
using two-tailed Student’s t test.

See also Figure S3.

Ca?*-CaM, whereas CaMKIIB-GK could
not. On the other hand, the control
experiments showed that both GK and
DLS are necessary for the phase separa-
tion of chimeric CaMKII-GK and GIuN2B-
DLS, as no phase separation occurred
when we mixed CaMKIla. with GIuN2B-
DLS or CaMKIla-GK with GIuN2B without
Ca?*-CaM (Figure S3). Thus, the short
linker in CaMKII determines its phase sep-
aration with GIuN2B, and the binding between the kinase domain
and GIuN2B is required and sufficient for the CaMKII/GIuN2B
complex to undergo phase separation.

The different roles of the CaMKIl linker on phase
separation is sequence independent

There are two possible interpretations of the results on the basal
synaptic transmission and LTP rescue experiments in Figure 1
and the phase separation experiments above. First, the linker re-
gions in CaMKIIB, which are not present in CaMKille, might exert
a specific negative role on CaMKII function. Alternatively, the
inability of CaMKIIB to rescue function may simply be due to
the length of the linker. One of the differences between
CaMKllo and CaMKIIB is that CaMKIIB can specifically bind to
F-actin, a property determined largely by the specific sequence
of the V1 exon of CaMKIIp.2°:26:36:42:43 Thys, we asked whether
the different capacities of CaMKIlla. and CaMKIIB in phase sepa-
rating with GIuN2B might also be controlled by the specific
sequences in their linkers and whether the F-actin binding ability
of CaMKIIB negatively regulate the rescue of basal synaptic
transmission and LTP. We designed an artificial CaMKIl
construct termed CaMKIlla-GGS by inserting two fragments of
“GlyGlySer” repeats with the same lengths of the V1 and V3-
V4 exons of CaMKIIB, respectively, into the CaMKlla. linker re-
gion (Figure 4A). The resulting CaMKIlz-GGS is with a linker of
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the same length to that of CaMKIIB but without F-actin binding
capacity (see below).

The imaging-based phase separation assay revealed that,
compared with CaMKlla, CaMKIla-GGS has a much lower ca-
pacity in forming condensed droplets with GIuN2B (Figures 4B
and 4C), consistent with our theory that it is the linker length
that determines the phase separation of CaMKIl with GIuN2B.
We also demonstrated that CaMKIla-GGS, like other CaMKIl
variants with the long linker (i.e. CaMKlla-long and CaMKIIp),
failed to rescue basal synaptic transmission (Figure 4D) and
LTP (Figure 4E) in the DKO neurons. Thus, the roles of the long
linker of CaMKII variants in both phase separation and electro-
physiological functions are amino acid-sequence independent.

It is possible that the reason CaMKIIB and CaMKlla-long
cannot rescue basal transmission and LTP in CaMKII DKO neu-
rons is due to both of them bundling F-actin instead of their weak
phase separation with GIuN2B. To address this question, we
performed sedimentation-based F-actin bundling assays to
examine the F-actin bundling activity of the CaMKIl variants.
The experimental results matched well with our expectations
on the F-actin bundling capacities of CaMKIl variants. Only the
CaMKIl variants with the native CaMKIIB linker (i.e.,
CaMKlla-long and CaMKIIB) could bundle F-actin (Figures 4F
and 4G). CaMKIlla-GGS could not bundle F-actin and could not
rescue basal synaptic transmission and LTP in the DKO neurons
(Figures 4D and 4E). Thus, it is the phase separation capacity,
but not the F-actin bundling activity, responsible for the different
roles played by CaMKIl variants in basal synaptic transmission
and LTP.

DISCUSSION

Extensive studies in the past have revealed that, both in CaMKilla
and CaMKIIB, the kinase domain adopts a continuum of confor-
mation with respect to the oligomeric hub domain.'”'%*4 The
length of the unstructured linker between the kinase domain
and the hub domain of CaMKII directly determines the “open-
ness” of the holoenzyme. With respect to CaMKlla, CaMKIIpB
has a longer linker, and consequently, the enzyme adopts a
more extended conformation and also is with higher conforma-
tional freedom.

¢ CellP’ress

Given the structural differences between CaMKlla. and CaM-
KIIB, the goal of the present study was to determine the func-
tional difference between these two isoforms and the structural
basis underlying this difference. While CaMKlla. fully rescued
the defects in basal synaptic transmission and LTP, CaMKIIp
failed to rescue the defects. Transplanting the short linker of
CaMKlla into CaMKIIB restored synaptic functions, whereas
transplanting the long linker of CaMKIIB into CaMKlla failed to
restore synaptic functions. Ciritically, if a flexible “GGS” repeat
of the same length as the CaMKIIB linker is inserted into CaM-
Klle, no rescue of synaptic function occurs. Thus, we conclude
that the functional difference between CaMKIlla. and CaMKIIp re-
sides solely in the length of the linker. How does the length of the
linker have such a profound effect on the functional properties of
these two isoforms?

It is well established that the binding of CaMKII to GIUN2B is
critical for the action of CaMKIL.”*>** Surprisingly, CaMKllo.
and CaMKIIB bind to the cytoplasmic tail of GIluN2B with essen-
tially the same affinity. However, when this interaction was
examined with phase separation, there was a dramatic differ-
ence: the CaMKIlla/GIUN2B complex, but not the CaMKIIB/
GIuN2B complex, undergoes phase separation, forming
condensed molecular assemblies. We further demonstrated
that the length of the unstructured linker between the kinase
domain and the hub domain determines the phase separation
capacity of the CaMKII/GIuN2B complexes. Our experimental
observation is consistent with the core concept of biological
condensates formation via phase separation. Phase separation
of biomolecular complexes depends on multivalent interaction-
mediated formation of large molecular networks.*>*® Both
CaMKlloe and CaMKIIB exist predominantly as dodecamers
formed by their hub domain, with a small population capable
of forming tetradecamers.'” ' GIUN2B binds to the kinase
domain of both CaMKlle. and CaMKIIB. Thus, the length of the
unstructured linker between the kinase domain and the hub
domain determines the effective valences of CaMKIl in binding
to GIuN2B. CaMKIIB with a longer linker has a lower effective va-
lency than CaMKlla in binding to GIuN2B and thus has a lower
capacity in forming condensed assembly via phase separation
(Figure S4). One might imagine that a CaMKII mutant with an infi-
nitely long linker would have an effective valency of one in

Figure 4. CaMKIla-GGS fails to rescue the defects in basal transmission and LTP induced by DKO
(A) Schematic diagram showing the design and domain organization of CaMKllx-GGS.

(B and C) Confocal fluorescence images (B) and quantification data (C) showing that CaMKlla with the GGS repeat insertion in the linker weakens its phase
separation with GIUN2B. The concentration of each protein in the assay was at 5 uM.

Statistical data in (C) are presented as mean + SD, with results from 3 independent batches of experiments. **p < 0.001; ****p < 0.0001 using two-tailed Student’s
t test.

(D) Scatterplots and bar graph of ratios normalized to control of the AMPAR EPSCs show amplitudes of AMPAR EPSC for single pairs (open circles) of control and
transfected cells of DKO + CaMKIlla-GGS (n = 17 pairs). Filled circles indicate mean amplitude + SEM (control = 93.4 + 16; DKO + CaMKlla-GGS =39.7 + 6.2, n =
21, p < 0.0001). Bar graph of ratios normalized to control (%) summarizing the mean + SEM of AMPAR EPSCs for values represented in the scatterplot (52.6 + 6).
Raw amplitude data from dual-cell recordings were analyzed using Wilcoxon signed rank test (p values above). Scale bars: 20 ms, 50 mA.

(E) Plots show mean + SEM AMPAR EPSC amplitude of control (black) and transfected (red) DKO + CaMKIIl-aGGS pyramidal neurons normalized to the mean
AMPAR EPSC amplitude before LTP induction (control, n = 8; DKO + CaMKIlla-GGS, n = 8). Scale bars: 20 ms, 50 mA.

(F and G) Representative SDS-PAGE analysis (F) and quantification data (G) showing actin bundling by various CaMKII proteins using the high-speed centri-
fugation assay. The concentration of CaMKIl was 2 pM, and the concentration of actin was 5 uM.

Statistical data in (C) and (G) are presented as mean + SD, with results from 3 independent batches of experiments. ns, not significant; ***p < 0.001; ***p < 0.0001
using one-way ANOVA with Dunnett’s multiple comparisons test.

See also Figure S4.
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binding to GIuN2B. In contrast, removing the linker between the
kinase domain and the hub domain would increase the GIuN2B
binding valency of CaMKllx to a theoretical maximum of twelve
for the dodecameric enzyme. However, CaMKlIla with the linker
domain removed adopts a much more compact conformation
due to enhanced direct binding between the kinase domain
and the hub domain,'®** causing the weakening of the interac-
tion between the mutant CaMKlla. and GIuN2B.

In addition to the effective interaction valences between
CaMKIl and GIuN2B, the length of the unstructured linker may
also affect the high-order oligomerization of CaMKII, a process
that is mediated by the interactions between the kinase domains
or between the kinase domain and the hub domain of two neigh-
boring holoenzymes.'®'® CaMKlla. with a shorter linker is
more favorable of forming high-order enzyme clusters than
CaMKIIB."® Therefore, the short linker of CaMKlla, when
compared with the long linker in CaMKIIB, could also promote
the phase separation of the CaMKIla/GIuN2B complex by
providing higher effective valences for the interaction between
the CaMKIl holoenzyme and for the interaction between
CaMKIl and GIuN2B. We extrapolate, based on our in vitro
biochemical and in vivo functional studies presented here, that
activated CaMKlIla can form dense clusters with NMDARSs in syn-
apses via phase separation.®”-*® Such phase separation-medi-
ated CaMKIle/NMDAR nanodomain formation may support
CaMKlla-mediated synaptic transmission and LTP.

The present study has revealed the basis for why CaMKll«, but
not CaMKIIB, rescues the deficits resulting from deleting CaMKII
in hippocampal pyramidal cells. This raises the intriguing ques-
tion as to what roles CaMKIIB might play in neurons. Unlike excit-
atory neurons in the forebrain, it is well established that CaMKIIB
is the primary isoform expressed in cerebellar Purkinje cells*’
and that it has well-characterized roles in neuronal excitability
and synaptic function.*®~>° However, the mechanism underlying
these actions must be fundamentally different from the role of
CaMKlla in the hippocampus because Purkinje cells in young ro-
dents lack NMDARs.” ">

Finally, in addition to answering a long-standing question in
neuroscience regarding the roles of CaMKlle. and CaMKIIB in
synaptic physiology, our work also highlights how subtle
sequence differences between CaMKIlla. and CaMKIIB can be
harnessed by phase separation to express dramatically
different physiological outcomes. In a broad perspective, our
work suggests that divergent and unstructured linker se-
quences can play critical roles in determining the physiological
functions among the different isoforms of proteins via phase
separation.

Limitations of the study

The linkers between CaMKIllo. and CaMKIIB are linked to several
distinct functional properties other than their different capacities
in phase separating with NMDARs. For example, the two iso-
forms display different affinity and sensitivity for Ca®*-CaM,
different responses to Ca®*-oscillation frequency,'®°%°* differ-
ences in stimulatory and inhibitory autophosphorylation
kinetics,*® different affinities in binding to actin cytoskel-
eton,?>26:36:4243 otc. We have provided some evidence that dif-
ferential actin cytoskeleton binding is unlikely a key determinant
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for the different roles of the two CaMKIl isoforms in synaptic
plasticity. However, one should not rule out that the remaining
different properties of the two isoforms may also contribute to
their distinct roles in synaptic plasticity.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Mingjie
Zhang (zhangmj@sustech.edu.cn).

Materials availability
Plasmids generated in this study are available upon request. Requests for plasmids should be directed to and will be fulfilled by the
lead contact.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Both male and female B6J.129(Cg)-Gt(ROSA)26Sortm1-1(CAG-cas9«~EGFPIFezh j mjice (The Jackson Laboratory) with the age of 18-
45 days were used in this study. All mice were maintained under a 12:12 h L/D schedule according to the University of California,
San Francisco IACUC guidelines. All protocols were approved by the IACUC at University of California, San Francisco, in full compli-
ance with NIH guidelines for humane treatment of animals.

Bacterial strain

Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent) were used in this study for the production of recombinant proteins.
DH10Bac cells (Thermo Fisher) were used for recombinant bacmid production. Cells were cultured in LB medium supplemented
with necessary antibiotics.

Cell line

Sf9 cells (Thermo Fisher) were used in this study to produce the recombinant baculovirus. The sf9 cells were cultured in Sf-900 Il SFM
medium (Thermo Fisher). High Five cells (Thermo Fisher) were used in this study for the production of recombinant proteins. The High
Five cells were cultured in Express Five SFM medium (Thermo Fisher).
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METHOD DETAILS

DNA constructs and peptide

The cDNA sequences of rat CaMKlla (Uniprot: P11275) and mouse CaMKIIB (Uniprot: P28652) were PCR-amplified from rat and
mouse brain cDNA library. All variants of full length CaMKIl encoding constructs were generated by the standard PCR method.
Each resulting CaMKII construct was inserted into the pEGFP-C3 vector with an N-terminal EGFP tag for HEK 293T cell expression
or a pET vector with an N-terminal Hisg-SUMO tag for Escherichia coli expression except for CaMKIIB. DNA fragment encoding the
full length CaMKIIB was inserted into a modified pFastbac HT A vector with the TEV protease cutting site replaced by an HRV-3C
protease cutting site followed by an N-terminal SUMO tag for baculovirus expression. Constructs encoding various fragments of
CaMKIl were generated by the standard PCR method and inserted into a pET vector with N-terminal Hisg tag and an HRV-3C pro-
tease cutting site.

The chimeric constructs of CaMKII with the kinase and AlS domains (a.a. 1-314 for CaMKllz and a.a. 1-315 for CaMKIIB) replaced
by the PSD-95 GK domain (a.a. 531-713 of human PSD-95) by the overlap PCR method and inserted into a pET vector with an N-ter-
minal Hisg-SUMO tag for Escherichia coli expression. For the GIUN2B-DLS construct, the cDNA sequence of DLS peptide*’ was
inserted between a.a. 1310 and 1311 of GIuN2B by the standard PCR method.

For the constructs used for electrophysiological experiments, the DNA fragments of all variants of the full length CaMKII were
inserted into the pFUGW-CaMKIl 2gRNA” and controlled by ubiquitin promoter, which followed by IRES-mCherry sequence
(Figure 1B).

All other constructs are the same as previously reported.®”*° All constructs were confirmed by DNA sequencing.

The GIuN2Bpep peptide (sequence: KAQKKNRNKLRRQHSYDTFVDL) was commercially synthesized by ChinaPeptides
(Shanghai, China) with purity >99%.

Protein expression and purification

All variants of CaMKII holoenzyme, except for CaMKIIB, were expressed and purified according to the previous reported proto-
cols.®”>° Briefly, variants of CaMKIl with N-terminal Hiss-SUMO tag were co-expressed with A phosphatase in Escherichia coli
BL21-CodonPlus(DE3)-RIL cells (Agilent Technologies) in LB medium at 16°C for 24 h. The recombinant CaMKII proteins were
extracted by high pressure homogenizer and purified by Ni®*-NTA Sepharose 6 Fast Flow resin (Cytiva) and Superdex 200 26/600
(Cytiva) gel filtration chromatography. After the Hisg-SUMO tag was removed by Ulp1 protease, proteins were further purified by
Mono Q anion exchange chromatography and Superose 6 10/300 gel filtration chromatography. The final column buffer and also
as the storage buffer was 50 mM Tris pH 8.0, 200 mM NaCl, 10% glycerol, 5 mM DTT. CaMKIIB holoenzyme was expressed by
Bac-to-Bac baculovirus expression system. The recombinant virus was obtained by transposition, transfection, and serial steps
of amplification using sf9 cells (Thermo Fisher) according to the manufacturer’s instructions. High Five cells (Thermo Fisher) with
the density of 2.0 x 10° cells per mL were infected by baculovirus and incubated at 27°C for 60 h. The purification of CaMKIIB
was similar as the other CaMKIl proteins.

All other proteins were expressed in Escherichia coli BL21-CodonPlus(DE3)-RIL cells (Agilent Technologies) in LB medium at 16°C
overnight, except that GIuN2B was expressed at 37°C for 2 h. Recombinant proteins were firstly purified using NiZ*-NTA Sepharose 6
Fast Flow affinity chromatography (Cytiva) for Hisg-tagged proteins or Glutathione Sepharose 4 Fast Flow affinity chromatography
(Cytiva) for GST-tagged proteins and followed by a step of gel filtration chromatography using Superdex 200 26/600 or Superdex
75 26/600 column (Cytiva). The tag of each protein was cleaved by HRV-3C protease at 4°C overnight and removed by another
step of gel filtration chromatography.

GST pull down assay

GST pull down assay was carried out as previously described.” Briefly, HEK293T cells were transiently transfected with various
GFP-CaMKII encoding plasmids using Lipofectamine and Plus reagents (Thermo Fisher), then harvested at 20 h post transfection
and lysed using the lysis buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100 and a cocktail of protease inhibitors
(Merck). The mixture of lysate and GST-fused protein was incubated at 4°C for 30 min. After centrifugation at 16,873 g for 5 min, the
supernatant was mixed with 40 uL of fresh Glutathione Sepharose resin and incubated for another 30 min. After extensive washing,
the captured proteins were eluted by SDS-PAGE loading buffer by boiling, resolved by SDS-PAGE, and immunoblotted with specific
antibodies. Protein signals were visualized by an HRP-conjugated secondary antibody (Thermo Fisher) and Luminata Forte western
HRP substrate (Merck)

Isothermal titration calorimetry (ITC) assay

ITC experiments were carried out using a VP-ITC calorimeter (Malvern) at 25°C. All proteins used in the ITC experiments were in the
buffer containing 50 mM Tris pH 8.0, 100 mM NaCl, 2 mM DTT and 2 mM CaCl,. Each titration point was performed by injecting a
10 pL aliquot of one protein in the syringe into its binding protein in the cell at a time interval of 120 s to ensure that the titration peak
returned to the baseline. Titration data were fitted with the one-site binding model using Origin 7.0 to derive the Ky values.
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Protein labeling with chemical fluorophore

The chemical fluorophores, including iFluor 488/Cy3/Cy5 NHS esters (AAT Bioquest), were dissolved in DMSO at the concentration
of 10 mg/mL. A HiTrap desalting column (Cytiva) was used to replace 50 mM Tris with 100 mM NaHCO3; pH 8.3 while the rest of the
buffer components were kept the same for each purified protein. A fluorophore was mixed with a specific protein at a 1:1 M ratio and
incubated at room temperature for 1 h. After quenching by 0.2 M Tris pH 8.0, the labeled protein was exchanged into the storage
buffer using a HiTrap Desalting column (Cytiva). Fluorescence labeling efficiency was detected using Nanodrop OneC (Thermo
Fisher).

Phase separation assays

In vitro phase separation assays were carried out according to our previous reported protocols.***° Briefly, all purified proteins were
pre-cleared by high-speed centrifugation (16,873 g for 10 min) at 4°C in their storage buffer prior to phase separation assays. Proteins
were directly mixed to reach specified protein concentrations. For phase separation assays, the NaCl concentration of the final buffer
was carefully adjusted to reach specified concentration. Fresh DTT was added to the final concentration of 2 mM to avoid potential
protein aggregation and precipitation.

For sedimentation-based assays, the total volume of each mixture is 30 pL. After incubation at room temperature for 10 min, the
mixture was centrifuged at 16,873 g at 22°C for 5 min. The supernatant was collected, and the pellet was resuspended with 30 pL
buffer. Samples from supernatant fraction and pellet fraction were analyzed by SDS-PAGE with Coomassie blue R250 staining. Three
repeats were performed for each group. The intensity of each band on SDS-PAGE was quantified by ImagedJ and data were pre-
sented as mean + SD.

For confocal microscope-based assay, the total volume of each mixture is 20 pL. Each mixture was injected into a home-made
chamber composed of a coverslip and a glass slide assembled with one layer of double-sided tape. The confocal fluorescent images
were captured at room temperature using a Zeiss LSM 880 confocal microscope with a 63 x 1.4 N.A. oil objective. The integrated
fluorescence intensities in droplets were quantified by ImagedJ and data were presented as mean + SD.

F-actin bundle sedimentation assay

Rabbit skeletal muscle actin (Cytoskeleton) was dissolved in the buffer containing 5 mM Tris, pH 8.0, 0.2 mM CaCl,, 0.2 mM ATP and
0.5 mM DTT with the concentration of 20 uM and centrifuged at 16,873 g for 10 min at 4°C. Actin was polymerized at room temper-
ature for 1 hin the polymerizing buffer containing 50 mM KCI, 2 mM MgCl,, 1 mM ATP and 0.5 mM DTT. Actin bundles was prepared
by mixing 5 M F-actin with 2 uM CaMKII variants at room temperature for 1 h with the total volume of 25 puL. The mixture was centri-
fuged at 10,000 g at 22°C for 20 min. The supernatant was collected, and the pellet was resuspended with 25 pL buffer. Samples from
supernatant fraction and pellet fraction were analyzed by SDS-PAGE with Coomassie blue R250 staining. Three repeats were per-
formed for each group. The intensity of each band on SDS-PAGE was quantified by ImageJ and data were presented as mean + SD.

Lentivirus production

Three T-75 flasks of rapidly dividing HEK293T cells (ATCC) were transfected with 27 mg FUGW-CaMKIl 2gRNA-CaMKII variant-
mCherry, plus helper plasmids pVSV-G (18 mg) and psPAX2 (27 mg) using FUGENE HD (Promega). DNA was incubated with
210 mL FUGENE HD in 4.5 mL Opti-MEM (Life Technologies) before transfection, according to the manufacturer’s directions. Forty
hours later, supernatant was collected, filtered, and concentrated using the PEG-it Virus Precipitation Solution (System Biosciences)
according to the manufacturer’s directions. The resulting pellet was resuspended in 150 mL Opti-MEM, flash-frozen with dry ice, and
stored at —80°C.

PO injection

Rosa26-Cas9 knock-in mice (B6J.129(Cg)-Gt(ROSA)26S0rtm1-1(CAG-casdx~EGFPIFezhy j) \vere used. The mice of both sexes were
purchased from the Jackson Laboratory (Stock No. 026179). These mice constitutively express Cas9 and GFP. Concentrated len-
tiviruses were injected bilaterally into the medial hippocampi of hypothermia anesthetized PO-P1 pups, by free hand. 2 uL per hemi-
sphere was slowly delivered. All experiments were performed in accordance with established protocols approved by the University of
California San Francisco Institutional Animal Care and Use Committee.

Acute slice preparation

Acute hippocampal slices were prepared from P18-P28 mice. Adult mice were anesthetized with isoflurane and decapitated. While
submerged in cutting solution, brains were removed and sliced into 300 um near-horizontal sections using Microslicer DTK-Zero1
(Ted Pella). Slices were then transferred to a holding chamber containing ACSF (125 mM NaCl, 2.5 mM KCI, 1.25 mM NaH,POy,,
25 mM NaHCOg, 11 mM glucose, 1 mM MgSO,, 2 mM CaCl, saturated with 95% 0,/5% CO,) and incubated for 20 min at 37°C
and then kept at room temperature until use.
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Slice culture preparation

Hippocampal organotypic slice cultures were prepared from 7-9 day old mice as previously described.*® Transfections were carried
out 48 h after culturing using a Helios Gene Gun (Bio-Rad) with 1-um DNA-coated gold particles. Slices were maintained at 34°C with
media changes every two days.

Electrophysiological recording

All electrophysiological recordings were carried out on an upright Olympus BX51WI microscope and collected using a Multiclamp
700B amplifier (Molecular Devices). During recording, slices were maintained in ACSF containing 125 mM NaCl, 2.5 mM KClI,
1.25 mM NaH,PO4, 25 mM NaHCO3, 11 mM glucose saturated with 95% O,/5% CO,) containing 1 mM MgSQ,, 2 mM CaCl, during
acute recordings and 4 mM MgSQ,, 4 mM CaCl, during slice culture recordings. Transfected cells were identified visually using fluo-
rescence and recorded simultaneously with a neighboring control cell. All recordings were carried out at 20-25 °C using glass patch
electrodes filled with an intracellular solution containing 135 mM CsMeSO3, 10 mM HEPES, 8 mM NacCl, 0.3 mM EGTA, 4 mM Mg-
ATP, 0.3 mM Na-GTP, 5 mM QX-314, and 0.1 mM spermine). Synaptic currents were elicited by stimulation of the Schaffer collaterals
with a bipolar electrode (Micro Probes). AMPAR-mediated responses were collected in the presence of 100 uM picrotoxin to block
inhibition. 4 uM 2-Chloroadenosine was used to suppress epileptic activity in slice culture. Bipolar stimulating electrode was placed
in stratum radiatum or stratum moleculare of recording cells. AMPAR EPSCs were evoked while voltage clamping cells at =70 mV,
and the amplitude was determined by measuring the peak of this response. Series resistances typically ranged from 10 to 20 MQ; a
cell pair was discarded if the series resistance of either increased to >30 MQ.

LTP was induced via a pairing protocol of 2 Hz stimulation for 90 s at a holding potential of 0 mV, after recording a 3-5 min baseline,
but not more than 6 min after breaking into the cell. All LTP experiments were carried out in acute slices. Simultaneous dual whole-cell
recordings were made in a transfected CA1 pyramidal cell and a neighboring wild-type cell. In some cases, one of the paired cells was
lost during the experiment, then the recordings were considered until that point. In cases where one cell was lost the remaining cell
was considered for the averages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the definitions and exact values of n (e.g. number of experiments), distributions and deviations are
reported in the Figures and corresponding Figure Legends. Statistical analysis was performed in GraphPad Prism.
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