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Activation of the transcription factor CREB is thought to be
important in the formation of long-term memory in several
animal species'”. The phosphorylation of a serine residue at
position 133 of CREB is critical for activation of CREB*. This
phosphorylation is rapid when driven by brief synaptic activity in
hippocampal neurons’. It is initiated by a highly local, rise in
calcium ion concentration’® near the cell membrane, but culmi-
nates in the activation of a specific calmodulin-dependent kinase
known as CaMK1V (ref. 7), which is constitutively present in the
neuronal nucleus”. It is unclear how the signal is conveyed from
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the synapse to the nucleus. We show here that brief bursts of
activity cause a swift (~1 min) translocation of calmodulin from
the cytoplasm to the nucleus, and that this translocation is
important for the rapid phosphorylation of CREB. Certain Ca*
entry systems (L-type Ca”* channels and NMDA receptors) are
able to cause mobilization of calmodulin, whereas others (N- and
P/Q-type Ca®" channels) are not. This translocation of calmodulin
provides a form of cellular communication that combines the
specificity of local Ca®" signalling with the ability to produce
action at a distance.

In hippocampal neurons subjected to synaptic stimulation or
direct depolarization, Ca**-dependent CREB phosphorylation
occurs even when elevation in bulk [Ca®"]; has been suppressed
with internal EGTA’, suggesting that the signalling from synapse to
nucleus does not involve the spread of free Ca®" per se. We looked
instead for translocation of a Ca** effector. Examination of an array
of calmodulin (CaM) kinases™'’ in CA3/CA1 hippocampal pyra-
midal neurons, including CaMKI, CaMKIla, CaMKIIB, CaMKIV
and CaMKKa, failed to reveal any striking redistribution upon
strong direct depolarization of the neurons (for 180sin 90 mM K*)
(Fig. 1a). Although calmodulin itself is largely immobile in quies-
cent cells", changes in its localization to various cellular compart-
ments, including to the nucleus, have been described'™". We
therefore investigated whether the CaM translocation could be
rapid enough to account for signalling on a timescale of minutes.

Figure 1 Rapid activity-dependent translocation
of calmodulin to the nucleus in hippocampal
CA3/CA1 pyramidal neurons. a, Confocal mid-
nuclear sections showing CaMKI (1), CaMKlla
(2), CaMKIIg (3), CaMKIV (4), CaMKKa (5), and
CaM (6) immunofluorescence with or without
stimulation. The same field of cells is shown in
panels 5 and 6. b, Dendritic/nuclear confocal
sections showing CaM translocation and CREB
phosphorylation as a result of depolarization.
¢, Quantification of nuclear confocal data on
CaM and other Ca?*-binding proteins. No activity-
dependent redistribution to the nucleus was
observed for parvalbumin, calbindin D28K, or
S100a (n > b0 neurons; P > 0.2, error bars signify
+1 s.e.m.). pPCREB immunoreactivity was found
to be increased in the same neurons, verifying
that they had been successfully stimulated. In
contrast, the 6D4 anti-CaM (mAb-2) revealed an
increase in nuclear CaM, similar to results
obtained with the UBI antibody (mAb-1)
(P < 0.001 in both cases). Inset, nuclear extracts
from stimulated cells showed increased CaM
content (2.4-fold), as assessed by immunoblot.
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We found a rapid, activity-dependent increase in CaM immunor-
eactivity (CaM-IR) in the nucleus by using a monoclonal antibody
that recognizes CaM regardless of whether it is associated with Ca**
(ref. 29) or a target kinase'* (Fig. 1a). Nuclear CaM was readily
detectable without stimulation, but increased strongly after stimu-
lation. The CaM-IR (Fig. 1a, mid-nuclear sections; Fig. 1b, right,
dendritic/nuclear sections) appeared to be closely correlated with
nuclear CREB phosphorylation (Fig. 1b, left). Similar results were
obtained within 42s of applying briefer stimuli (18s of 50 Hz
electrical field stimulation, Fig. 2; or 18s of 90mM K", not
shown). Comparable increases in nuclear CaM-IR were found
with a second monoclonal antibody (mAb-2; Fig. 1¢). In contrast,
no redistribution was seen for other Ca**-binding proteins, parval-
bumin, calbindin D28K, and S100«, in neurons expressing these
markers (Fig. 1c). A parallel activity-dependent reduction in cyto-
solic CaM-IR was measured at the apical dendrite (52% * 9% of
control, P < 0.01). CaM translocation slowly reversed on a time-
scale of tens of minutes after stimulation (Fig. 4c). We confirmed
the increase of nuclear CaM by subcellular fractionation. Depolar-
ization (180's of 90 mM K*) caused a sizeable increase (2.4-fold) in
nuclear CaM (Fig. 1c, inset). In a third approach, we tracked CaM
translocation using a merocyanine-labelled calmodulin, MeroCaM",
introduced into individual neurons by patch pipette. Rapid (~1 min)
elevations in nuclear MeroCaM were observed upon depolarization,
whereas opposite changes in MeroCaM fluorescence were observed
in cytoplasm, consistent with a net translocation (not shown); in
addition, ratiometric imaging (Fgos/Fs30) demonstrated a rapid
(~1min) increase in the nuclear ratio of Ca®**/MeroCaM to apo-
MeroCal, indicating that the proportion of nuclear CaM in the
Ca®*-bound state was also increased by membrane depolarization.

Brief bursts of electrical stimulation (50 Hz for 18s) also gave rise
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to a marked translocation of CaM to the nucleus (Fig. 2a, b), which
was sharply diminished by the L-type Ca**-channel antagonist
nimodipine (10 wM). The stimulus-induced rise in nuclear CaM-
IR was also blunted by the NMDA-receptor antagonist D-AP5
(50 wM) and was eliminated completely when p-AP5 and nimodi-
pine were applied together, whereas maximal blockade of N-type
Ca®* channels by w-CTx GVIA (1 uM) barely reduced CaM. This
latter effect could be due to the inhibition of presynaptic N-type
channels contributing to synaptic glutamate release. To focus on the
postsynaptic N-type channels, we bypassed the presynaptic terminal
by imposing direct depolarization (90 mM K") in the presence of
AP5 (Fig. 2¢, d). In this case, o-CTx GVIA did not reduce CaM
translocation. Likewise, blockade of postsynaptic P/Q-type chan-
nels with saturating w-AgalVA (1 wM) was ineffective, whereas
nimodipine blocked CaM translocation (Fig. 2d). We compared
the contributions of the various channel types®>'®" to depolarization-
induced rises in somatic intracellular calcium ion concentration
([Ca*]y) (Fig. 2d) under the conditions used to study CaM
translocation (Fig. 2¢). The contribution of L-type channels was
significantly less than that of P/Q-type channels at every time point,
and less than that of N-type channels at the time of peak [Ca*'],,
although the L-type channels contributed more to the plateau of
[Ca®*]; than did the N-type channels. Thus, CaM translocation
cannot result simply from a bulk increase in [Ca**];, suggesting that
coupling could be more specific between L-type channel activity
and CaM or CaM-binding proteins.

If CaM translocation is necessary for signalling to the nucleus,
the requirements for Ca®" entry that apply to initiation of CaM
translocation should also extend to the downstream nuclear event.
Although L-type Ca®* channels have long been implicated in gene
expression'®", the importance of N- or P/Q-type channels has not

Figure 2 Selective control of activity-
dependent CaM translocation by
NMDA receptors and L-type Ca®
channels. a, Effects of Ca®" influx
inhibitors on CaM translocation to
the nucleus following brief electrical
stimulation. All antagonist effects
were highly significant (P < 0.001,
n>50 cells for each condition).
b, Representative confocal sections
used for analysis in a. ¢, Effects of Ca®*
influx inhibitors on CaM translocation to
the nucleus following stimulation with
90mM K" (3min). In the presence of
p-AP5, the nimodipine effect was
highly significant (P < 0.001), whereas
the effects of GVIA or AgalVA were not
(P>0.2). d, Intracellular free [Ca®"] at
the cell body measured with Fura-2
during depolarization under the con-
ditions of e. b-AP5 strongly reduced
the 90 mM K*-induced Ca?* transient
(1). Reduction of the somatic Ca®"
signal in p-AP5 by the Ca?" channel

w-Conotoxin-GVIA

500
AP5
400
300
200
1
00 AP5/GVIA

1 T T T T 1
2 50 20 60 100 140 180

500
400 AP5
300
200
100
AP5/ AgaI\IIA

antagonists w-conotoxin  GVIA (2),
nimodipine (3), or o-AgalVA (4). The
effect of w-conotoxin GVIA was
greater than the effect of nimodipine
over the first 16s of stimulation, but
not beyond this point. The effect of
AgalVA was significantly greater than

a b 18s, 50 Hz electrical stimulaticn
18s,50Hz
2.5 Nimodipine
8 % +AP5
=
[7]
2
g 27
[]
3
2 1.5
3
E
E
= 1
O
[&)
® 0.5
o
Qo
z
0 T
Do Vo <
g3 g3
Z O z O
c d X
180's, 90 mMK* 1200 180's,90 mMK
__1000
2.5 % Eeoo
3 T 600
g 24 U 8 400
_§ — 200 Prer:
§1,5— 1 0 T T T T ]
g 20 20 60 100 140 180
E ;- 500
= < 400
< “ s
© f £ 300
= 0.5 T
3 f & 200
3 € 100 ~—
Z 0 T AP5/ Nimodipine
! 'ooa « 0 T T T T 1
£5 2 3 20 20 60 100 140 180 4
z 0 §> Time (s)

NATURE |VOL 392|12 MARCH 1998

Nature © Macmillan Publishers Ltd 1998

0-T T T T 1
-20 20 60 100 140 180
Time (s)

the effect of nimodipine throughout
(P < 0.001 at the beginning, P < 0.05
at the end).

199




letters to nature

been systematically examined. We found a pharmacological profile
for CREB Ser 133 phosphorylation” (Fig. 3a, b) very similar to that
of CaM mobilization (Fig. 2a—c). Blockade of P/Q- or N-type
channels was completely ineffective in reducing CREB phosphoryl-
ation (Fig. 3b), despite their strong participation in triggering an
increase in [Ca®"]; (Fig. 2d). The privileged linkage between L-type
Ca®" entry and CaM translocation to the nucleus thus extends to the
putative outcome of the translocation.

To test the importance of nuclear CaM in synaptically induced
CREB phosphorylation, we compared the immunoreactivities of
CaM-IR and Ser 133-pCREB-IR in individual nuclei across a large
population of cells. There was a strong correlation between levels of
nuclear CaM and nuclear pCREB after 50 Hz electrical stimulation
(Fig. 3¢, r = 0.907, n = 201, P < 0.0001; Fig. 1b). The relation was
maintained under partial pharmacological inhibition (Fig. 3d): the
greater the reduction in nuclear CaM, the greater the decrease in
pCREB. Like the results of Ca**-channel blockade, our results
support the idea that nuclear CaM could be limiting in rapid
CaM-kinase-dependent CREB phosphorylation. In contrast, stimu-
lation of cyclic-AMP signalling with forskolin increased pCREB,
weakly at 5 min and strongly at 30 min, but with no clear correlation
with changes in nuclear CaM (Figs 3d, 4d). Presumably, forskolin
promotes CREB phosphorylation through translocation of protein
kinase A to the nucleus®"** and not through the CaM translocation
and CaM kinase mechanism recruited by synaptic activity. The
efficacy of CaM translocation as triggered by Ca®* influx through L-
type channels was demonstrated by using a direct activator of L-type
channel activity, FPL 64176 (Fig. 3e). When applied for 3 min, this
agent increased nuclear CaM-IR several-fold, again with strongly
correlated increases in nuclear pCREB. Previous work has shown a
substantial increase in nuclear calmodulin after 1h of Bay K8644
treatment in vivo".

To interfere with CaM import into the nucleus, we exploited

the extreme temperature-sensitivity'> of this process (diffusive
processes such as entry of the protein kinase A catalytic subunit
into the nucleus are only slightly temperature-sensitive”). Moderate
chilling after a brief burst of electrical activity (Fig. 4a) essentially
abolished rapid translocation of CaM, although a slow leakage of
CaM into the nucleus persisted at long times after the stimulus. This
indicates that the nuclear translocation of CaM is not simply
diffusive but may be facilitated'?, perhaps involving the cyto-
skeleton. Like CaM translocation, activity-dependent CREB phos-
phorylation is also sharply reduced by chilling, giving only a late
increase at the lowered temperature (Fig. 4b). In contrast to
behaviour triggered by synaptic activity, forskolin-stimulated
CREB phosphorylation is not slowed by chilling” (Fig. 4d). No
significant CaM translocation was observed with forskolin treat-
ment, regardless of temperature (Fig. 4d). Reversal of CaM translo-
cation reached baseline levels 2 h after stimulation (Fig. 4c).

To intercept CaM in the nucleus, we transfected hippocampal
neurons® with a CaM-inhibitor peptide specifically targeted to the
nucleus® (nCaMBP) (Fig. 5). The peptide’s nuclear location was
confirmed by staining with an nCaMBP-specific antibody* and
counterstaining with DAPI (Fig. 5a). Depolarization with 20 mM
K" produced a clear increase in pCREB that was abolished by
nCaMBP (Fig. 5b, middle) but not in control transfected cells
(Fig. 5b, left). When the strength of the depolarizing stimulus was
increased, nCaMBP only partly reduced the increase in pCREB
(Fig. 5b, ¢), consistent with the competitive mechanism of nCaMBP
action® or perhaps with recruitment of an additional pathway by
this very strong stimulus.

Our experiments have revealed a rapid, activity-dependent
nuclear translocation of calmodulin and demonstrated its impor-
tance for neuronal CREB phosphorylation. The time course of CaM
translocation is fast enough (~1-2 min) to account for the kinetics
of nuclear CREB phosphorylation under similar conditions®’.
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Indeed, the arrival of CaM at the nucleus is critical for promoting
CREB phosphorylation, as indicated by the insufficiency of basal
nuclear CaM (Figs 2¢, d, 3b), by the correlation between increased
nuclear CaM and pCREB (Fig. 3), and by the effects on pCREB of
blocking nuclear CaM import (Fig. 4) or of intercepting CaM in the
nucleus (Fig. 5). Reinforcing the idea that signalling to the nucleus
may originate from changes in local rather than in bulk [Ca®"]; (refs
5, 25), even large increases in bulk [Ca*"]; fail to promote CREB
phosphorylation if not coupled with CaM translocation (Figs 2¢, d,
3b). In fact, Ca®* ions coming in may only need to reach apo-CaM
near the plasma membrane to transmit the signal; molecules with a
selective affinity for Ca**/CaM could be involved in CaM movement
in the cell and would be expected to stabilize the Ca**-bound state.
One nuclear target could be CaMKIV (refs 26, 27), which has been
localized to the nucleus of hippocampal neurons and implicated in
neuronal activity-dependent CREB phosphorylation”. CaMKIV can
be phosphorylated and thereby activated by similarly CaM-
dependent® kinase kinases. An isoform of CaMKK might trans-
locate together with CaM, stabilizing Ca**-bound CaM and increas-
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ing the activity of CaMKIV. The exceptionally fast kinetics of
this pathway activated by bursts of synaptic activity may be well
suited for communication of rapid information from synapse to
nucleus. U
Methods

Electrophysiology. CA3/CA1 hippocampal neurons were cultured essentially
as described®. Synaptic activity was controlled by field electrical stimulation®;
unlike high-K* depolarization, action potentials provided by the field electro-
des are not sufficient when postsynaptic receptors are blocked to give rise to
CREB phosphorylation, probably because fast action potentials are too brief to
open slowly-activating L-type channels sufficiently. Neurons were prein-
cubated for 2—3h before stimulation in 1 uM tetrodotoxin (TTX) (Calbio-
chem); TTX was removed just before stimulation. Pharmacological agents were
w-agatoxin IVA and w-conotoxin GVIA (Peptide Institute or Pfizer); nimodi-
pine, p-AP5, FPL 64176, CNQX and forskolin (RBI).

Imaging. Imaging of Ca®" and MeroCaM was done using a Videoscope ICCD
camera. For Fura-2 Ca** imaging, data were taken from a measurement region
encompassing the entire soma, including the nucleus. Neurons were fixed in

Figure 4 Requirement for nuclear CaM
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(GFP signal shown in upper row); arrowheads indicate non-transfected neurons
nearby. Expression of nCaMBP did not affect neuronal morphology or total CREB
levels (CREB immunofluorescence, 105.2 + 14.5% of control, n = 8). ¢, nCaMBP
abolished 20mM K*-induced CREB phosphorylation (P < 0.01, n = 9); empty
vector had no effect (P > 0.2, n = 14). As a separate control, we coexpressed
B-galactosidase instead of nCaMBP; no effect was seen on CREB phosphorylation
(pCREB-IR 101.4 + 11.2% relative to control, n = 7). nCaMBP partially inhibited
90 mM K'*-induced CREB phosphorylation (P < 0.05, n = 16), whereas transfection
with empty vector did not (P >0.2,n = 13).
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ice-cold 4mM EGTA/4% formaldehyde/PBS and permeabilized in 0.4%
saponin or 0.1% Triton X-100 (fainter background staining was detected with
saponin). The monoclonal anti-CaM antibodies (mAb-1 from UBI was used
for all experiments except for Fig. 1c, for which mAb-2 from Sigma was also
used) each recognize both Ca**-bound and Ca**-free forms of CaM>*; the UBI
antibody has a slight preference for Ca**-free CaM and the Sigma antibody
Ca?"-bound CaM; as all the fixations were in 4 mM EGTA, the antibodies gave
quantitatively indistinguishable results (Fig. 1c). Other primary antibodies
used were anti-calbindin D28K, anti-parvalbumin and anti-S100a (Sigma),
anti-pCREB and anti-CREB (UBI), anti-CaMKI (gift from A. Nairn), anti-
CaMKIla and anti-CaMKIIB (Life Technologies), anti-CaMKIV and anti-
CaMKKa (Santa Cruz Biotechnology), and anti-nCaMBP (gift from M.
Kaetzel and J. Dedman). For chilling experiments, cells were bathed at 7.5°C
or 24°C within 5s of electrical stimulation. Confocal sections were mid-
nuclear; DAPI (4,6-diamidino-2-phenylindole) was used to validate the mor-
phological identification of nuclei.

Transfection. Calcium phosphate transfections of neurons® were carried out
in 24-well plates using 4 wg DNA per well. Neurons were exposed to the
precipitate for 2h in serum-free Optimem (GIBCO/BRL) and subsequently
returned to normal culture medium for 48 h. In co-transfections, the green
fluorescent protein (GFP) marker plasmid was put at a disadvantage to ensure
that GFP-positive cells express the cotransfected plasmid, as verified by double-
marker experiments. The E-GFP expression vector (pEGFP-C1) was from
Clontech; other materials were gifts from J. Wang, M. Kaetzel and J. Dedman
and have been described™.

Subcellular fractionation. Fractionation was done essentially as described’: to
hypotonic lysis buffer were added 2 mM CaCl,, 1 mM MgCl,, 1 mini-protease
inhibitor tablet (Boehringer), and 2.5 mgml™" wheat germ agglutinin (WGA,
Sigma; this WGA fraction exhibited some nonspecific binding to antibodies on
western blot). Fractionation was carried out as near to 0 °C as possible. Protein
concentrations were determined by the Bradford method, and 4 pg of each
sample was loaded onto each lane for denaturing 15% SDS—-PAGE and then
transferred to nitrocellulose. The membrane was probed with anti-CaM
monoclonal antibody (UBI) and detected by ECL.
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The proteins Sac7d and Sso7d belong to a class of small chromo-
somal proteins from the hyperthermophilic archaeon Sulfolobus
acidocaldarius and S. solfactaricus, respectively'”. These proteins
are extremely stable to heat, acid and chemical agents’. Sac7d
binds to DNA without any particular sequence preference and
thereby increases its melting temperature by ~40°C (ref. 4). We
have now solved and refined the crystal structure of Sac7d in
complex with two DNA sequences to high resolution. The struc-
tures are examples of a nonspecific DNA-binding protein bound
to DNA, and reveal that Sac7d binds in the minor groove, causing
a sharp kinking of the DNA helix that is more marked than that
induced by any sequence-specific DNA-binding proteins. The
kink results from the intercalation of specific hydrophobic side
chains of Sac7d into the DNA structure, but without causing any
significant distortion of the protein structure relative to the
uncomplexed protein in solution.

Sac7d and Sso7d are proteins of relative molecular mass 7,000 (M,
7K) from S. acidocaldarius and S. solfataricus, respectively (Fig. 1a).
The structures of Sac7d bound to d(GCGATCGC), and d(GTAATT-
TAC), have been well refined at 1.6 and 1.9 A resolution, respectively
(Table 1, Fig. 1b). All ¢/ angles in both complexes fall within the
acceptable regions. Sac7d binds to the DNA octamer duplex in the
minor groove forming a 1:1 complex (Fig. 1c). In the Sac7d-
GCGATCGC complex, the protein binds at the C2pG3 step with a
sharp kink, covering four base pairs (G1-C16 to A4-T13) and
dramatically widens the DNA minor groove. The other end of the
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