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The NF-�B/Rel family of transcription factors participates in the control of a wide array of genes, including
genes involved in embryonic development and regulation of immune, inflammation, and stress responses. In
most cells, inhibitory I�B proteins sequester NF-�B/Rel in the cytoplasm. Cellular stimulation results in the
degradation of I�B and modification of NF-�B/Rel proteins, allowing NF-�B/Rel to translocate to the nucleus
and act on its target genes. Calmodulin (CaM) is a highly conserved, ubiquitously expressed Ca2� binding
protein that serves as a key mediator of intracellular Ca2� signals. Here we report that two members of the
NF-�B/Rel family, c-Rel and RelA, interact directly with Ca2�-loaded CaM. The interaction with CaM is
greatly enhanced by cell stimulation, and this enhancement is blocked by addition of I�B. c-Rel and RelA
interact with CaM through a similar sequence near the nuclear localization signal. Compared to the wild-type
protein, CaM binding-deficient mutants of c-Rel exhibit increases in both nuclear accumulation and tran-
scriptional activity on the interleukin 2 and granulocyte macrophage colony-stimulating factor promoters in
the presence of a Ca2� signal. Conversely, for RelA neither nuclear accumulation nor transcriptional activity
on these promoters is increased by mutation of the sequence interacting with CaM. Our results suggest that
CaM binds c-Rel and RelA after their release from I�B and can inhibit nuclear import of c-Rel while letting
RelA translocate to the nucleus and act on its target genes. CaM can therefore differentially regulate the
activation of NF-�B/Rel proteins following stimulation.

NF-�B/Rel proteins are a family of transcription factors that
are expressed in virtually all cell types and regulate a wide
range of genes (50). NF-�B/Rel proteins have been shown to
play important roles in the regulation of immune, inflamma-
tion, and stress responses, embryonic development, growth
control, and apoptosis (2, 15, 18, 19, 50). The mammalian
NF-�B/Rel family consists of five proteins, namely NF-�B1
(p50/p105), NF-�B2 (p52/p100), c-Rel, RelA (p65), and RelB.
They are characterized by an N-terminal Rel homology do-
main (7) that mediates DNA binding, dimerization, and I�B
binding and also harbors a nuclear localization signal (NLS).
Sequences outside the Rel domain are less conserved, and in
the case of c-Rel, RelA, and RelB they contain transactivation
domains.

NF-�B/Rel proteins are regulated primarily at the level of
subcellular localization. In most cells, NF-�B/Rel is complexed
with an inhibitory I�B protein. This interaction masks the NLS
of NF-�B/Rel, and consequently the NF-�B/Rel-I�B complex
resides in the cytoplasm. NF-�B/Rel is known to be activated
by over 150 different stimuli such as, for example, inflamma-
tory cytokines, mitogens, oxidative stress, UV and gamma ra-
diation, viruses, and bacterial lipopolysaccharide (50). NF-�B/
Rel-activating stimuli initiate a cascade of events that lead to
the phosphorylation, ubiquitination, and subsequent degrada-
tion of the inhibitory I�B protein (27, 31, 32). Loss of I�B
reveals the NLS of NF-�B/Rel, allowing NF-�B/Rel to be di-

rected to the nucleus, where it can act on its target genes. The
initiating step in NF-�B/Rel activation is the phosphorylation
of I�B, which in most cases is mediated by a large kinase
complex termed IKK (17, 27, 31, 32, 41).

In addition to regulation by inhibitory proteins, NF-�B/Rel
activity is also influenced at several other levels. NF-�B/Rel
proteins are themselves phosphorylated upon cellular stimula-
tion (4, 17, 34, 37, 40, 45, 46, 56, 57, 66, 67). Stimulation-
induced phosphorylation of the transactivation domains of
RelA and c-Rel enhances their ability to activate transcription.
NF-�B1 has also been shown to become phosphorylated in
response to stimulation, resulting in a more stable interaction
with DNA (37). In addition, there is evidence that the cAMP-
dependent protein kinase PKA regulates c-Rel activity (34,
45). The outcome of activation of NF-�B/Rel proteins also
depends on their interaction with other proteins. NF-�B/Rel
proteins synergize with many other transcription factors and
coactivators in the process of transcriptional activation (16,
51–53, 60, 68).

Calmodulin (CaM) is a small, acidic, highly conserved pro-
tein that is ubiquitously expressed. CaM is a key mediator of
signals by the secondary messenger Ca2�, and it has been
shown to be an essential regulator of cell cycle progression, cell
motility and contraction, ion homeostasis, and other funda-
mental cellular processes (65). CaM is also involved in the
regulation of transcription (6, 12, 13, 22), not only indirectly
through CaM-dependent kinases and phosphatases, but also
directly through interaction with transcription factors (10, 21,
47, 61).

Here we report that two members of the NF-�B/Rel family,
c-Rel and RelA, interact directly and Ca2� specifically with
CaM. NF-�B/Rel-activating stimuli enhance the interaction
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with CaM, and this enhancement is blocked by the addition of
I�B�. Compared to wild-type c-Rel, CaM binding-deficient
mutants exhibit an increased nuclear accumulation and tran-
scriptional activity on the granulocyte macrophage colony stim-
ulating factor (GM-CSF) and interleukin 2 (IL-2) promoters in
the presence of a Ca2� signal. Our results suggest that CaM
can inhibit transport of c-Rel, but not RelA, to the nucleus and
thereby differentially regulates the activation of NF-�B/Rel
proteins following cell stimulation. We therefore propose a
novel role for CaM as a direct link between Ca2� signals and
the regulation of NF-�B/Rel.

MATERIALS AND METHODS

Plasmids. The RelA, c-Rel, and NF-�B1 (p50) pRc/CMV expression plasmids
used for in vitro translations and transient transfections have been described
previously (38). For expression in Escherichia coli, the RelA cDNA was sub-
cloned into pET-20b�His, a derivative of pET-20b� (Novagen) containing an
N-terminal His6 tag (49). The I�B� cDNA (38) was also subcloned into pET-
20b�His. Mutated derivatives of RelA and c-Rel were made by using standard
cloning and PCR techniques. The enhancer and promoter of GM-CSF (8) were
obtained from genomic Jurkat cell DNA by PCR amplification and cloned into
the BglII and HindIII sites, respectively, of the pGL2-Basic reporter plasmid
(Promega). Existing BglII and HindIII sites of the 716-bp enhancer and the
0.6-kb promoter segment, respectively, were used, except at the 3� end of the
promoter, where the HindIII site was created with the 5�-GAGAAGCTTTAG
CCTTTCTCTCTGTG-3� primer. The reporter plasmid pGL2-IL-2 contains the
enhancer and the minimal promoter of IL-2. The ClaI-HindIII fragment of
pIL2CAT (14) was inserted into the Ecl136II and HindIII sites of pGL2-Basic
after the ClaI site had been blunted. The hCMV-�gal normalization plasmid has
been described previously (35).

Protein preparations. The DNA- and CaM-binding nuclear proteins (shown in
Fig. 1A) were purified as previously described (10), except that the final E-box
DNA-Sepharose column purification step was omitted. RelA, c-Rel, and NF-�B1
were in vitro transcribed and translated by using the TNT coupled reticulocyte
lysate system (Promega) according to the manufacturer’s instructions. His6-
tagged RelA and derivatives were overexpressed in E. coli BL21(DE3)pLysS,
cells were lysed by sonication in 10 mM Tris-HCl (pH 8.0) and centrifuged, and
the RelA-containing pellet was solubilized in 20 mM Tris-HCl (pH 8.0)–0.5 M
NaCl–5 mM imidazole–6 M guanidine-HCl. RelA was then purified by using
nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) under denaturing condi-
tions, replacing guanidine-HCl with 8 M urea in the washing and elution steps.
The purified RelA was renatured by dilution to approximately 100 �g/ml and
dialysis against 20 mM HEPES (pH 8.0)–0.2 mM EDTA–1 mM dithiothreitol
(DTT)–0.05% Triton X-100–0.5 M NaCl–10% glycerol with gradually decreasing
concentrations of urea. EDTA was omitted in the last dialysis. His6-tagged I�B�
was overexpressed in E. coli BL21(DE3)pLysS, cells were lysed by sonication in
20 mM Tris-HCl (pH 8.0)–0.5 M NaCl, and I�B� was purified from the soluble
fraction by Ni-NTA agarose chromatography according to the manufacturer’s
instructions. The purified preparation was dialyzed against 20 mM HEPES (pH
8.0)–0.05% Triton X-100–0.1 M NaCl–10% glycerol–2 mM DTT.

EMSA. A 32P-labeled immunoglobulin � light chain enhancer �B sequence,
5�-GTCAGAGGGGACTTTCCGAGAGGTA-3�, was used as a probe in all
electrophoretic mobility shift assays (EMSAs). The EMSA of DNA- and CaM-
binding nuclear proteins (Fig. 1A) was as described previously (64). In vitro-
translated RelA and c-Rel or the control rabbit reticulocyte lysate was incubated
with the DNA probe in 10 mM HEPES (pH 8.0)–5 mM DTT–10% glycerol–
0.05% Triton X-100–50 mM NaCl for 10 min at room temperature. The binding
reactions were electrophoresed on 6% polyacrylamide Tris-borate-EDTA
(RelA) or Tris-glycine (c-Rel) gels at 4°C. Where indicated, proteins were pre-
incubated with 1 ng of E. coli-produced and purified I�B� per �l for 10 min at
room temperature before addition of DNA.

Cell culture and transient transfections. Jurkat T cells and DG75 B cells were
maintained in RPMI supplemented with 5% fetal calf serum and antibiotics.
Cells were transiently transfected by electroporation as described previously
(24), except that the amounts of expression plasmid in the DG75 transfections
were 2.5 �g for the experiment illustrated in Fig. 6C and 15 �g for the one
illustrated in Fig. 3D. The transfected cells were grown for 24 h. Where indi-
cated, cells were stimulated before being harvested. PMA (Sigma) was used at a
concentration of 25 ng/ml, ionomycin (Calbiochem) at 1 �g/ml, and human
recombinant tumor necrosis factor alpha (TNF-�) (Sigma) at 10 ng/ml. Lucif-

erase activity was measured with the Luciferase assay system (Promega) and
normalized to �-galactosidase activity from the cotransfected hCMV-�gal plas-
mid.

Calmodulin binding assays. E. coli-produced and in vitro-translated proteins
were incubated with CaM-Sepharose (10) or protein A-Sepharose 4 Fast Flow
(Pharmacia) in CaM binding buffer (25 mM HEPES [pH 7.3], 0.1 M NaCl, 10%
glycerol, 0.05% Triton X-100 with 2 mM CaCl2 or EDTA) for 1 h at 4°C. After
a thorough washing, bound proteins were eluted with CaM binding buffer con-
taining 1 M NaCl and 2 mM EDTA and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Where indicated, the CaM-
Sepharose was prebound with a fourfold molar excess of a CaM-binding peptide
corresponding to amino acids 290 to 309 of CaM kinase II (Sigma). Cell extracts
were adjusted to the above binding conditions, except that Triton X-100 was
adjusted to 0.1% and 2 mM CaCl2 was included, and then they were incubated
with CaM affinity resin (Stratagene) in the presence or absence of 100 ng of
recombinant I�B�/�l for 1 h at 4°C. After a thorough washing, bound proteins
were eluted by boiling in sample buffer and analyzed by Western blotting.

FIG. 1. NF-�B/Rel proteins bind CaM. (A) A calf thymus nuclear
protein preparation purified by a series of chromatographic steps in-
cluding CaM-Sepharose was analyzed by EMSA with a �B sequence
used as a probe. A 100-fold molar excess of the same DNA sequence
(s) or a non-�B sequence (ns) was added as competitor where indi-
cated. In the first lane (co), no protein was added to the binding
reaction. (B) RelA, c-Rel, or NF-�B1 (p50) expressed in vitro in a
reticulocyte lysate was incubated with CaM-Sepharose in the presence
of Ca2� (�) or EDTA (�), eluted with 1 M NaCl plus 2 mM EDTA,
and analyzed by SDS-PAGE and autoradiography. Preloads (lane 1)
represent 40% (RelA and NF�B1) and 20% (c-Rel) of the protein
amount incubated with CaM-Sepharose or protein A-Sepharose. RelA
and c-Rel binding was inhibited by prebinding a fourfold molar excess
of a CaM-binding peptide, amino acids 290 to 309 of CaM kinase II, to
the CaM-Sepharose (lane 4), and RelA and c-Rel did not bind to
protein A-Sepharose (lanes 5 and 6).
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Extract preparations. For whole-cell extracts used in CaM binding assays, cells
were lysed in CaM binding buffer containing 0.1% Triton X-100 and 2 mM CaCl2
and supplemented with Complete EDTA-free protease inhibitor cocktail tablets
(Roche Diagnostics GmbH), 1 mM Na3VO4, 20 mM �-glycerophosphate, and 10
mM sodium pyrophosphate. Cytoplasmic and nuclear extracts were prepared as
described previously (3), except that Complete EDTA-free protease inhibitor
cocktail tablets were included in the buffers. Buffers for preparing cytoplasmic
and nuclear extracts for CaM binding assays were further supplemented with 1
mM Na3VO4, 20 mM �-glycerophosphate, and 10 mM sodium pyrophosphate.

Immunoprecipitation assays. Cells were lysed in CaM IP buffer (25 mM Tris
[pH 7.5], 150 mM NaCl, 2 mM CaCl2, 1 mM DTT, 1% Triton X-100, and
Complete EDTA-free protease inhibitor cocktail), and the extracts were incu-
bated together with 2 to 4 �g of �-CaM (catalogue no. 05-173; Upstate Biotech-
nology) or �-Flag M2 (Sigma) antibodies for 2 h at 4°C. Ten to 20 �l of protein
G-Sepharose was added, and the mixture was incubated for one additional hour
at 4°C. The beads were washed 3 to 10 times with 1 ml of CaM IP buffer.
Antibody-bound complexes were eluted by boiling in sample buffer. The preload
represents 1/350 (c-Rel) and 1/500 (RelA) of the lysates.

Western blot analysis. Cell extracts (10 to 35 �g), eluates from CaM binding
resin, or immunoprecipitations were separated by SDS-PAGE followed by West-
ern blot analysis by using 0.4 to 1 �g of anti-c-Rel C per ml, 0.4 to 1 �g of
anti-p65 C-20 per ml, 1 �g of anti-histone H1 FL-219 per ml (all from Santa Cruz
Biotechnology), or 1/15,000 anti-�-tubulin (clone B-5-1-2; Sigma) antibody. De-
tection was performed with SuperSignal chemiluminescent substrate (Pierce).

RESULTS

RelA and c-Rel interact with CaM. In a search for DNA
binding proteins that can interact with CaM, we purified a calf
thymus nuclear protein preparation by using a series of Sepha-
rose columns that select for proteins with DNA binding prop-
erties followed by a CaM-Sepharose column (see Materials
and Methods). Proteins binding to the CaM-Sepharose in the
presence of Ca2� were eluted with a high salt concentration
and the Ca2� chelator EDTA and screened for DNA binding
activity by EMSA. Figure 1A shows that the eluate contained
an activity that bound specifically to a �B DNA sequence. This
DNA binding activity could be stimulated by GTP (data not
shown), a previously reported property of NF-�B (36). Thus, a
nuclear protein(s) with NF-�B-like DNA binding properties
binds CaM.

To directly investigate whether NF-�B/Rel can bind CaM,
we expressed cDNAs for the NF-�B/Rel proteins NF-�B1
(also designated p50), RelA (p65), and c-Rel in vitro and
analyzed the proteins for their ability to bind to CaM-Sepha-
rose. While NF-�B1 did not bind (Fig. 1B), both RelA and
c-Rel bound in the presence and, to a much lower extent, in the
absence of Ca2� (Fig. 1B, lanes 2 and 3, respectively). The
interaction was CaM specific, since binding could be inhibited
by prebinding the CaM-Sepharose with a known CaM-binding
peptide from CaM kinase II (Fig. 1B, lane 4) and RelA and
c-Rel did not bind to the protein A-Sepharose control (Fig. 1B,
lanes 5 and 6). E. coli-produced and purified RelA also bound
to the CaM-Sepharose (see below), showing that the interac-
tion is direct and is not mediated by other proteins in the in
vitro-translated protein preparation.

CaM binding to RelA and c-Rel is induced by NF-�B/Rel-
activating agents. To further characterize the identified inter-
action between CaM and the NF-�B/Rel proteins, we analyzed
the CaM binding ability of RelA and c-Rel in extracts from
mammalian cells. Jurkat T cells were stimulated for 1 h with
the phorbol ester mitogen phorbol 12-myristate 13-acetate
(PMA), PMA plus the Ca2� ionophore ionomycin, or the
cytokine TNF-�, and whole-cell extracts were prepared. The

extracts were incubated together with CaM affinity resin, and
eluates were subjected to Western blot analysis with RelA- and
c-Rel-specific antibodies. As shown in Fig. 2A, RelA and c-Rel
from Jurkat whole-cell extracts bind to CaM affinity resin and
the binding is dramatically enhanced after cell stimulation ei-
ther by a combination of PMA and ionomycin or by TNF-�.
Next, we investigated whether this interaction is present
throughout the cell or if it is restricted to either the cytoplasmic
or the nuclear compartment. Cytoplasmic and nuclear frac-
tions of stimulated Jurkat cells were analyzed as above, reveal-
ing that the induced binding occurs predominantly in the cy-
toplasm (Fig. 2B). Doublets, as those seen in Fig. 2A (RelA
preload) and 2B (c-Rel cytoplasm), appeared in some experi-
ments and are probably caused by degradation or a modifica-
tion of the protein.

In an unstimulated cell, NF-�B/Rel proteins are retained in
the cytoplasm by their interaction with I�B. Cell stimulation
releases NF-�B/Rel from I�B, and this coincides with the ob-
served dramatic increase in RelA and c-Rel interaction with
CaM. We investigated whether one interaction excludes the
other or if RelA and c-Rel are capable of simultaneous binding
to both CaM and I�B. Jurkat whole-cell extracts were incu-
bated with CaM affinity resin in the absence or presence of
recombinant I�B�. Western blot analysis of the CaM affinity
resin eluates showed that I�B� abolishes the TNF-� stimula-
tion-dependent increase in RelA and c-Rel binding to CaM
(Fig. 2C). This suggests that RelA and c-Rel can bind either
CaM or I�B and that binding to CaM is dependent on the
induced degradation of I�B.

Identification of the CaM binding site of RelA and c-Rel. To
identify the segment of RelA that mediates its interaction with
CaM, we constructed various deletion derivatives of RelA in E.
coli and assayed for the ability of the purified proteins to bind
to CaM-Sepharose (Fig. 3A). This CaM binding analysis with
deletion derivatives localized the interacting region to a 37-
amino-acid segment at the C-terminal end of the Rel domain,
from amino acids 283 to 319. The loss of CaM binding upon
deletion of the C terminus to amino acid 313 but not to amino
acid 319 shows that the segment of amino acids 314 to 319 is
essential for the CaM interaction. Common among many CaM
targets is that they are basic and amphiphilic �-helical seg-
ments, in which basic and hydrophobic amino acids are critical
for the CaM interaction (48). The C-terminal end of the iden-
tified 37-amino-acid segment of RelA, as well as the corre-
sponding sequence of c-Rel, resembles previously described
CaM targets in that it is particularly rich in basic and hydro-
phobic residues (see below). Furthermore, this sequence in
RelA has been shown to be in an �-helical conformation when
in complex with NF-�B1 and I�B (28). Mutation of either two
basic residues (RelA B�) or two hydrophobic residues (RelA
H�) to the uncharged polar amino acid asparagine resulted in
a decrease in the ability of RelA to bind CaM (Fig. 3B), with
RelA H� being particularly affected. Similarly, mutation of
two hydrophobic residues (c-Rel H�) or one hydrophobic and
one basic residue (c-Rel HB�) in the corresponding sequence
of c-Rel resulted in severely decreased CaM binding (Fig. 3B).

We further analyzed the RelA H� and c-Rel HB� mutants
by CaM pull-down experiments and coimmunoprecipitations.
In the pull-down experiments, whole-cell extracts of trans-
fected Jurkat cells, transiently expressing either wild-type or
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mutated proteins, were incubated together with CaM-affinity
resin. Cells transfected with c-Rel constructs were stimulated
with PMA, PMA plus ionomycin, or TNF-� for 1 h, and cells
transfected with RelA constructs were stimulated for 20 min
(Fig. 3C). Exogenous wild-type mouse RelA and c-Rel were
found to behave like their endogenous human counterparts in
that they bound to the CaM affinity resin in a stimulation-
dependent manner (Fig. 3C). RelA H�, however, did not bind,
and c-Rel HB� bound only weakly, and this weak binding was
not enhanced by stimulation. Stimulation of RelA-transfected
cells for 1 h gave results identical to those obtained with a
20-min stimulation, except that the longer stimulation caused
up-regulation of RelA from the expression vector (data not
shown). Coimmunoprecipitation analyses were performed with
DG75 B cells. In this cell line, like in many other B-cell lines,
the half-life of I�B is much shorter than in nonstimulated
Jurkat T cells and the continuous degradation of I�B results in
a high endogenous NF-�B-activity that is not enhanced either
by PMA alone or by a combination of PMA and ionomycin
(data not shown). As discussed above, CaM binding to the
NF-�B/Rel proteins appears to be dependent on the degrada-
tion of I�B. Together this suggests that in DG75 cells, CaM
and RelA or c-Rel would interact independently of stimula-
tion. Indeed, in extracts from DG75 cells transfected with
wild-type RelA or c-Rel, both proteins were found to interact
with endogenous CaM (Fig. 3D). The two mutants, RelA H�

and c-Rel HB�, had lost most of the binding ability compared
to that of the wild-type proteins (Fig. 3D). These mutation
analyses demonstrate that RelA and c-Rel interact with CaM
through corresponding sequences both in vitro and in vivo and

that, as with several other CaM targets, hydrophobic and basic
amino acids are critical for the interaction.

Mutation of the CaM binding site does not affect DNA
binding, dimerization, or I�B interaction properties of RelA or
c-Rel. The amino acid residues mutated in RelA and c-Rel are
directly C terminal to the Rel domain, the critical structure for
DNA binding, dimerization, and interaction with I�B. There-
fore, to address whether any of these properties were affected
in the CaM binding-deficient proteins, we in vitro translated
the three mutants with the most severe effects on CaM binding
and analyzed their DNA binding by EMSA. RelA H�, c-Rel
HB�, and c-Rel H� all bound DNA as well as did their cor-
responding wild-type proteins (Fig. 4). This shows that the
mutated residues just outside the Rel domain do not affect the
DNA binding structure of the Rel domain. This also shows that
the mutated proteins are still able to form dimers, since dimer-
ization is a necessity for their DNA binding.

I�B binds to the Rel domain of NF-�B/Rel proteins and, in
addition to preventing their nuclear import, inhibits their DNA
binding. Like the wild-type proteins, the DNA binding of RelA
H�, c-Rel HB�, and c-Rel H� was efficiently inhibited by I�B�
(Fig. 4), showing that these mutated proteins still can interact
with I�B�.

Since DNA binding, dimerization, and I�B interaction of
RelA and c-Rel are unaffected in the mutated proteins, we
conclude that these mutations do not result in general struc-
ture changes but specifically affect CaM binding.

The CaM binding site of c-Rel is of functional importance in
vivo. In order to address the question of whether the interac-
tions of RelA and c-Rel with CaM are relevant for their activity

FIG. 2. RelA and c-Rel binding to CaM is increased by NF-�B/Rel-activating stimuli. (A) Jurkat cells were unstimulated (�) or stimulated for
1 h with PMA (P), PMA plus ionomycin (P�I), or TNF-� (T), and whole-cell extracts were prepared. Extracts were incubated with CaM affinity
resin, bound proteins were eluted and separated by SDS-PAGE, and RelA and c-Rel were detected by Western blot analysis. Preload lanes contain
an equal volume of each extract before incubation with the CaM affinity resin. (B) Cytoplasmic and nuclear extracts of Jurkat cells, stimulated as
described for panel A, were analyzed as for panel A. (C) Whole-cell extracts of Jurkat cells, stimulated where indicated for 1 h with TNF-� (T),
were incubated with CaM affinity resin in the presence or absence of recombinant I�B�. Eluates were analyzed as for panel A.
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in vivo, we analyzed the wild-type and CaM binding-deficient
proteins in Jurkat cells. Cells were cotransfected with the in-
dicated NF-�B/Rel expression plasmids and reporter plasmids
in which the expression of the reporter gene luciferase is driven
by the transcription control regions of either the IL-2 or the
GM-CSF genes. The IL-2 and GM-CSF reporters were chosen
as examples of cytokines that are transcriptionally regulated by
both NF-�B/Rel and Ca2� (29, 58, 59). A Ca2� signal by itself
did not activate NF-�B/Rel, since an additional signal is also
needed for the degradation of I�B (data not shown). Cells
were therefore stimulated with PMA plus ionomycin or PMA
alone, and the effect of Ca2�was determined by calculating the
ratio of the reporter activities resulting from the two different
stimulations (Fig. 5). Overexpression of wild-type c-Rel was
found to potentiate the Ca2�-dependent activation of tran-
scription of both cytokine reporters. Most interestingly, the
CaM binding-deficient c-Rel mutants activated better than did
wild-type c-Rel under this circumstance. RelA, however, did
not positively affect the Ca2�-induced reporter activities. The
apparent decrease in the effect of Ca2� on the GM-CSF re-
porter activity induced by RelA (Fig. 5B) is the result of a high
responsiveness to PMA compared to that observed in cells
transfected with c-Rel, c-Rel H�, c-Rel HB� or in vector
control-transfected cells (data not shown). In contrast to the
c-Rel mutants, a mutation in the CaM binding site of RelA
does not alter the effect of RelA on Ca2� activation of the
GM-CSF reporter (Fig. 5B) and alters only slightly its effect on
the IL-2 reporter (Fig. 5A). Western blot analysis verified that
transfected wild-type and mutated proteins were expressed at
the same level (data not shown).

These data suggest that the CaM binding site of c-Rel is of
functional importance in vivo, since the interaction between
CaM and c-Rel is one way by which Ca2� regulates the ex-
pression of the cytokines IL-2 and GM-CSF.

Ca2�- and CaM-mediated regulation of c-Rel nuclear local-
ization. The effects of mutating the CaM binding sites in c-Rel,
demonstrated in the reporter gene assay, could possibly be
explained by an altered cellular distribution of the mutated
proteins compared to that observed with their wild-type coun-
terpart. To test this hypothesis, Jurkat cells were transiently
transfected with wild-type or the CaM binding-deficient deriv-
atives of c-Rel or RelA and stimulated with PMA, PMA plus
ionomycin, or TNF-�. Cytoplasmic and nuclear extracts were
prepared and analyzed by Western blotting to determine the
localization of the proteins. The extracts from cells overex-

FIG. 3. Identification of the CaM binding sequences of RelA and
c-Rel. (A) E. coli-produced and purified full-length (amino acids 1 to
549) and the schematically drawn deletion derivatives of RelA were
assayed for CaM-Sepharose binding in the presence of Ca2� as de-
scribed for Fig. 1B, except that proteins were visualized by silver
staining. (B) E. coli-produced RelA or in vitro-translated c-Rel and
derivatives with the point mutations in the CaM binding sequences
shown to the left were assayed for CaM-Sepharose binding in the

presence of Ca2� as described for Fig. 1B. RelA was visualized by
silver staining and c-Rel by autoradiography. (C) Jurkat cells tran-
siently transfected with vectors encoding RelA, RelA H�, c-Rel, or
c-Rel HB� were unstimulated (�) or stimulated with PMA (P), PMA
plus ionomycin (P�I), or TNF-� (T) for 20 min (RelA) or 1 h (c-Rel)
prior to harvest. Whole-cell extracts were then incubated with CaM
affinity resin, and bound proteins were eluted and separated by SDS-
PAGE. Endogenous RelA and c-Rel and transiently expressed pro-
teins from transfected cDNAs were detected by Western blot analysis.
(D) DG75 cells were transiently transfected with vectors encoding the
indicated NF-�B/Rel proteins, and whole-cell extracts were subjected
to immunoprecipitation with a mouse monoclonal �-CaM antibody or
a control (co) mouse monoclonal �-Flag M2 antibody. Coimmunopre-
cipitated RelA or c-Rel was detected by Western blot analysis. Preload
lanes contain an equal volume of each extract.

1422 ANTONSSON ET AL. MOL. CELL. BIOL.



pressing c-Rel were also subjected to Western blotting with
antibodies against �-tubulin and histone H1 as a control of the
fractionation method. The cytoplasmic protein �-tubulin was
found exclusively in the cytoplasmic extracts, and the nuclear
protein histone H1 was found only in nuclear extracts, showing
that there were no significant cross-contaminations (Fig. 6A).
Interestingly, both CaM binding-deficient c-Rel proteins accu-
mulated in the nucleus to a much higher extent than the wild-
type protein did (Fig. 6A). This, together with the observation
of the increased ability of c-Rel H� and c-Rel HB� to activate
transcription (Fig. 5), suggests that when c-Rel is unable to
bind CaM, its nuclear concentration increases and thus more
protein is available to activate transcription. The enhanced
nuclear accumulation of CaM binding-deficient mutants of
c-Rel was small upon stimulation with PMA alone, but upon
combined stimulation with PMA and ionomycin, the nuclear
accumulation/cytoplasmic accumulation ratio became approx-
imately twofold higher than for the wild-type protein (Fig. 6A
and B). Ionomycin alone had no effect on the nuclear local-
ization of NF-�B/Rel, since an additional signal is also needed
for the degradation of I�B (data not shown). TNF-� stimula-
tion, which involves Ca2� signaling (33, 39), resulted in ap-
proximately fourfold-higher nuclear/cytoplasmic accumulation
ratios for the mutants than for the wild type (Fig. 6A and B).
The Ca2�-dependent effects emphasize the importance of the
CaM binding site for controlling the nuclear localization of
c-Rel. In addition, analysis of the cellular distribution of c-Rel
and c-Rel HB� in DG75 cells, in which I�B degradation is
constitutively high (see above), demonstrated a much higher
nuclear accumulation of CaM binding-deficient c-Rel (Fig.
6C).

In contrast to c-Rel, mutation of the CaM binding site of
RelA did not increase its nuclear accumulation, since accumu-
lation of RelA H� in the nucleus was not significantly different
from that of the wild-type protein (Fig. 6D and E). This finding

reveals that there is a differential regulation of these two NF-
�B/Rel proteins at this level.

DISCUSSION

NF-�B/Rel proteins are primarily regulated by subcellular
location, being sequestered by I�B in the cytoplasm and re-
leased into the nucleus upon stimulation by one of the numer-
ous NF-�B/Rel activating signals (17, 27, 31, 32, 50). There is,
however, increasing evidence that NF-�B/Rel is also regulated
by other mechanisms, such as phosphorylation and interaction
with other proteins (17). Here we report that some NF-�B/Rel
proteins are regulated through interaction with the Ca2� bind-
ing protein CaM, and our analysis of the function of this
interaction in vivo reveals possible mechanisms by which NF-
�B/Rel proteins can be differentially regulated. c-Rel and
RelA, but not NF-�B1 (p50), interact Ca2� specifically with
CaM. The interaction is dramatically enhanced by NF-�B/Rel-
activating agents. This enhancement occurs predominantly in
the cytoplasm and can be blocked by the addition of I�B�,
suggesting that c-Rel and RelA can bind to either CaM or I�B
and that degradation of I�B is a prerequisite for c-Rel and
RelA to interact with CaM. This conclusion was supported by
analyses with purified E. coli-produced proteins, in which I�B�
directly inhibits binding of RelA to CaM-Sepharose (data not
shown). CaM targets are often basic and amphiphilic �-helical
segments, in which basic and hydrophobic amino acids are
critical for the CaM interaction (48). It has been shown, in a
RelA/NF-�B1-I�B� complex, that the CaM binding sequence
of RelA is an �-helical structure (28) and the CaM binding
sequences of c-Rel and RelA contain basic and hydrophobic
residues. The importance of these residues for the CaM inter-
action is illustrated in Fig. 3B to D, which show that mutation
of basic or hydrophobic amino acids in these sequences se-
verely reduced the ability of c-Rel and RelA to bind CaM both

FIG. 4. Mutation of the CaM binding sequences does not affect DNA binding or I�B inhibition properties of RelA or c-Rel. RelA (A) or c-Rel
(B) and their respective CaM binding-deficient derivatives were in vitro translated by using a rabbit reticulocyte lysate system and analyzed for
DNA binding activity by EMSA with a �B sequence as probe. Where indicated (�), proteins were preincubated with E. coli-produced and purified
I�B� before addition of DNA. In the first lane of each gel, no protein was added to the binding reaction. lysate, binding reactions with rabbit
reticulocyte lysate without in vitro-translated protein.

VOL. 23, 2003 CALMODULIN REGULATION OF c-Rel NUCLEAR LOCALIZATION 1423



in vitro and in vivo. The corresponding sequence of NF-�B1
(Fig. 7) contains a proline residue and a stretch of three gly-
cines, features that destabilize �-helices, which might explain
why NF-�B1 does not bind CaM. NF-�B2 and RelB also con-
tain �-helix-destabilizing residues in their corresponding se-
quences, and no other sequence in NF-�B2 or RelB is homol-
ogous to the CaM binding site of c-Rel or RelA, suggesting
that these proteins are not CaM binding.

NF-�B/Rel proteins play important roles in the regulation of
the expression of many cytokines, such as IL-2 and GM-CSF

(50). Mutation of the CaM binding site of c-Rel resulted in an
increased ability to activate transcription from the promoters
of IL-2 and GM-CSF in the presence of a Ca2� signal. Further
analysis of the transfected proteins revealed that CaM binding-
deficient c-Rel proteins accumulate in the nucleus to a greater
extent than does the wild-type protein upon cellular stimula-
tion. The simplest interpretation of these observations is that
when c-Rel cannot bind CaM, NF-�B-inducing signals lead to
concentration of c-Rel in the nucleus, and thus, the amount of
protein available to activate transcription increases. This would
imply that the role of CaM is to negatively regulate c-Rel
nuclear accumulation, a task that could be achieved in two
ways. First, CaM may positively regulate c-Rel nuclear export.
The involvement of nuclear export in the regulation of NF-�B/
Rel has recently been described (1, 20, 23, 30, 54, 55, 62, 63).
The emerging picture is that I�B is continuously shuttling
between the cytoplasm and the nucleus. In the nucleus, I�B
binds NF-�B/Rel and transports it back to the cytoplasm. In
addition to being subject to I�B-mediated nuclear export,
RelA has also been reported to have its own nuclear export
signal (20, 55). However, c-Rel lacks a nuclear export signal,
suggesting that it is not subject to direct nuclear export (63).
Furthermore, our finding that the inducible interaction be-
tween c-Rel and CaM occurs mainly in the cytoplasm argues
against CaM being involved in a hypothetical regulation of
c-Rel nuclear export. The second alternative is that CaM may
negatively regulate nuclear import of c-Rel. There are several
possible mechanisms by which CaM could achieve this. (i) It
has been shown that removal of C-terminal residues of c-Rel
allows the protein to accumulate in the nucleus and that fusion
of the C-terminal half of c-Rel to v-Rel, which is normally
nuclear, sequesters v-Rel in the cytoplasm (5). This suggests
that mechanisms exist to prevent c-Rel from entering the nu-
cleus and that this is mediated through sequences in its C
terminus. CaM could perhaps be part of this regulatory mech-
anism, and when the CaM binding site of c-Rel is mutated this
negative regulation is overcome. (ii) As mentioned above,
CaM targets are usually �-helical structures (48). Interestingly,
the NLS of RelA is known to be part of an �-helix when in a
complex with I�B� (28). However, it has been demonstrated
that an NLS bound to its nuclear import receptor, importin-�,
is an extended chain (9). It is conceivable that CaM, by binding
to c-Rel, imposes an �-helical structure on the NLS that is
incompatible with importin-� interaction and subsequently nu-
clear import. (iii) The NLS of c-Rel is directly adjacent to the
CaM binding site that we have identified. It is therefore pos-
sible that CaM could have a negative effect on c-Rel nuclear
import simply by competing for binding to the amino acids that
the nuclear import receptor importin-� binds to. It has been
shown that basic amino acids in the N terminus of CaM-
binding sequences are electrostatically interacting with acidic
residues in CaM (26, 42, 43). If the basic residues in the NLS
are responsible for such interactions, it is easy to envision how
CaM would directly interfere with nuclear import of c-Rel.

In contrast to what was observed with c-Rel, nuclear accu-
mulation of RelA was not affected by a mutation of the domain
that interacts with CaM. The mechanism of this differential
regulation is at present not known, but it may be that nuclear
transport of RelA and c-Rel is mediated by different transport
receptors. If that is the case, our data would imply that CaM is

FIG. 5. Functional importance of the CaM binding sequences of
c-Rel and RelA. c-Rel, c-Rel H�, c-Rel HB�, RelA, or RelA H� were
transiently expressed in Jurkat cells together with an IL-2 (A) or
GM-CSF (B) reporter plasmid. Twenty-two hours after transfection,
cells were stimulated for 2 h with PMA or PMA plus ionomycin.
Values shown are the ratios between the reporter gene activity in the
presence of ionomycin and the reporter gene activity in the absence of
ionomycin and are normalized to empty vector. Bars represent average
ratios from at least three independent transfections � standard errors
of the means.
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one of the factors involved in the regulation of c-Rel nuclear
transport whereas regulation of RelA nuclear transport is in-
dependent of CaM. Another possibility is that CaM influences
a c-Rel modification that controls its nuclear accumulation and
that this modification does not occur in RelA. Interestingly,
endogenous RelA is transported to the nucleus much faster
than c-Rel following stimulation (11, 44; data not shown). The
slower kinetics of c-Rel nuclear accumulation could be a result
of the differential effect of CaM binding to RelA and c-Rel.
Wild-type and CaM binding-deficient RelA proteins activate
transcription nearly equally well on both IL-2 and GM-CSF
reporter plasmids (data not shown). However, on a luciferase
reporter plasmid with only two �B-sites, the RelA mutant is
3.3-fold less efficient in activating transcription than the wild-
type protein (data not shown). This would imply that RelA also
is regulated by the CaM interaction, but not in the same way as

FIG. 7. Comparison of the CaM binding sequences of RelA and
c-Rel with the corresponding sequences of other mammalian NF-�B/
Rel proteins. Sequences surrounding the identified residues important
for CaM binding of mouse RelA (amino acids 301 to 319) and c-Rel
(amino acids 294 to 312) were aligned with the corresponding se-
quences of NF-�B1 (amino acids 369 to 387), RelB (amino acids 388
to 406), and the cloned human NF-�B2 (amino acids 338 to 356) by
using the ClustalW program (http://www2.ebi.ac.uk/clustalw). Hydro-
phobic and basic residues are indicated by open and shaded boxes,
respectively. Residues of RelA and c-Rel that were mutated to disrupt
CaM binding are circled, and potential �-helix-disturbing amino acids,
P or rows of G, in the corresponding regions of NF-�B1, NF-�B2, and
RelB are underlined.

FIG. 6. The nuclear accumulation of c-Rel, but not of RelA, is
negatively regulated by its CaM binding site. (A) Jurkat cells were
transfected with expression plasmids for c-Rel or the point-mutated
derivatives as indicated on the left. Twenty-four hours after transfec-
tion, cells were stimulated for 30 min with PMA (P), PMA plus iono-
mycin (P�I), or TNF-� (	). Cytoplasmic (c) and nuclear (n) extracts
were prepared and analyzed by Western blotting with the anti-c-Rel C
antibody. As a control of the purity of the cytoplasmic and nuclear
extracts, the localization of tubulin (cytoplasmic) and that of histone
H1 (nuclear) were determined by Western blotting. Shown are tubulin
and histone H1 Western blots with extracts from cells transfected with
wild-type c-Rel plasmid. (B) Quantitation of the results shown in panel
A and two other corresponding Western blot experiments. The ratios
of nuclear and cytoplasmic contents of c-Rel � standard errors of the
means (SEM) are shown. (C) DG75 cells were transfected with c-Rel
or c-Rel HB� expression plasmids and were harvested 24 h later.
Analysis of cytoplasmic (c) and nuclear (n) extracts was performed as
described for panel A. (D) Jurkat cells were transfected with RelA or
RelA H� expression plasmids. After 24 h, cells were stimulated as for
panel A. Cytoplasmic (c) and nuclear (n) extracts were prepared, and
RelA proteins were detected by Western blotting performed with the
anti-p65 C-20 antibody. (E) Quantitation of the results shown in panel
D and two other corresponding Western blot experiments. The ratios
of nuclear and cytoplasmic contents of RelA � SEM are shown.
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c-Rel. We have not found any direct effect of CaM on the
DNA binding properties of RelA, or c-Rel, in vitro (data not
shown), but it is possible that the interaction with CaM is
affecting the ability of RelA to activate transcription. However,
further studies are required in order to address the functional
consequences of this interaction.

In earlier studies, it was found that inhibitors of CaM com-
pletely block PMA-induced phosphorylation of I�B� (24), with
CaM acting via CaMKII at a step prior to IKK activation (25).
Taking all the information together, it is clear that CaM is an
important regulatory protein for members of the NF-�B/Rel
family, involved in the inactivation of their inhibitor I�B�,
their nuclear accumulation, and possibly their ability to acti-
vate transcription. Defining the mechanism by which CaM acts
at each of these levels and how these mechanisms differ for
NF-�B/Rel family members may reveal important regulatory
steps in the control of NF-�B/Rel proteins.
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