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ABSTRACT: DREAM (downstream regulatory element antagonist modulator) is a
neuronal calcium sensor that has been shown to modulate gene expression as well as
to be involved in numerous neuronal processes. In this report, we show that
association of calcium-bound calmodulin (CaM) with DREAM is mediated by a
short amphipathic amino acid sequence located between residues 29 and 44 on
DREAM. The association of CaM with a peptide analogous to DREAM(29−44) or
to full-length DREAM protein is calcium-dependent with a dissociation constant of
136 nM or 3.4 μM, respectively. Thermodynamic and kinetic studies show that the
observed decrease in affinity for the native protein is due to electrostatic interactions
between the basic N-terminus and an electronegative surface on DREAM. These
results are further supported by circular dichroism, binding studies, and molecular
dynamics simulations. Additionally, fluorescence anisotropy decay measurements show a rotational correlation time of 10.8 ns for
a complex of CaM with a DREAM(29−44) peptide, supporting a wraparound semispherical model with 1:1 stoichiometry.
Furthermore, the interaction between an IEDANS-labeled CaM construct with DREAM is best modeled as a heterotetramer that
adopts an elongated conformation with a correlation time of 45 ns in the presence of Ca2+. We also demonstrate that association
of CaM with DREAM eliminates the nonspecific interaction of DREAM with the DRE double-stranded DNA sequence of the
human prodynorphin gene. This work provides molecular insight into the CaM:DREAM complex and its potential role in
modulation of gene expression.

Among the many biological signaling mechanisms, ion−
protein and protein−protein interactions play leading roles.

Of important relevance is the metal ion calcium (Ca2+) and its
interaction with calcium binding proteins. Calcium is involved in
the regulation of numerous cellular processes such as apoptosis,
muscle contraction, neuronal signaling, and cell proliferation, to
name a few.1,2 The role of calcium as an essential messenger
highlights the need to understand how calcium binding proteins
are able to translate this chemical signal into a biological
response. Therefore, understanding the mechanism by which
calcium interacts with calcium binding proteins and how these
proteins interact with their cellular partners is relevant to
discerning the pathology of calcium-related diseases.
One of the most widely studied calcium binding proteins is

calmodulin (CaM), a small and ubiquitous (148 residues) acidic
protein, with four active EF-hand motifs that can bind calcium
with affinities between 1 and 10 μM.3 The structure of calcium-
bound CaM has been shown to follow a dumbbell arrangement
of the N- and C-terminal domain, while removal of calcium
induces local rearrangement of the EF-hands and an increase in
the flexibility of the N- and C-termini.4,5 The interaction of CaM
with proteins as well as with their peptide fragments often
surpasses the affinity for calcium.6 The mechanism of calcium-
induced protein binding to CaM can be simplified as a calcium-
triggered exposure of hydrophobic surfaces, which facilitates the
association of the target protein. The protein fragments involved

in CaM association often function as an autoinhibitory domain or
are directly involved in protein activity. These CaM recognition
sequences are amphipathic in nature with numerous positive and
bulky hydrophobic residues forming electrostatic and hydro-
phobic contacts. CaM binding sequences can be grouped by
those that are enhanced by calcium or are calcium-independent.6

The fact that CaM has been shown to constitute ∼0.1% of total
cytosolic protein also highlights the role of this signal transducer
in calcium signaling.7

A relatively new member of the group of EF-hand calcium
binding proteins is the downstream regulatory element
antagonist modulator (DREAM), which has been shown to be
one of the first proteins to regulate gene expression in a calcium-
dependent manner.8 Additionally, this protein was identified to
be involved in presenilin fragmentation,9 as well as regulation of
the KV4 subfamily of voltage-gated potassium channels.10

DREAM is a 256-amino acid, 29 kDa protein highly expressed
in the brain10 and belongs to the superfamily of neuronal calcium
sensors (NCS) that are highly homologous to NCS-1 and
recoverin.11 Like other NCS, DREAM contains four EF-hand
motifs. EF-hand 1 is unable to bind calcium. EF-hand 2 binds
preferentially magnesium, and the two EF-hands at the C-
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terminus bind calcium with affinities between 1 and 10 μM.12

Three other proteins closely homologous to DREAM (KChIP1,
KChIP2, and KChIP4) have also been identified and together
form the KChIP subgroup of NCS proteins.10 Despite the high
degree of homology of KChIPs at their C-termini, the N-terminal
region and tissue expression are highly divergent.
A recent report by Ramachandran and co-workers showed that

DREAM and CaM form a complex and enhance the activation of
calcineurin.13 Additionally, more than 40 protein partners were
identified to interact with DREAM in a calcium-dependent and
-independent manner, further highlighting the role of DREAM as
a calcium sensor involved in numerous cell processes.13

Consequently, given the wide spectrum of processes regulated
by CaM and the multifunctional activity of DREAM, a better
understanding of the molecular mechanism by which these two
proteins interact and how such interaction can be inhibited is
necessary to further explore the biological significance of this
protein complex.
Numerous studies have addressed the molecular structure of

DREAM and how calcium-induced changes are translated into
regulation of protein−protein and protein−DNA interac-
tions.13−15 Nuclear magnetic resonance (NMR) structures of
the calcium binding C-terminal domain [EF-hand 3 and EF-hand
4, residues 161−256, Protein Data Bank (PDB) entry 2E6W]16

and of the core domain (EF-hands 1−4, residues 76−256, PDB
entry 2JUL)15 have been resolved. Interestingly, DREAM has
been shown to be cleaved at Asp61−Asp64 by caspase-3, which
indicates that inside the cell there may be a subpopulation
DREAM with a structure analogous to that resolved by NMR.17

However, no model for the full-length DREAM protein is
currently available.
In this report, we seek to identify the amino acid sequence at

the N-terminus of DREAM involved in CaM binding. We further
characterize the secondary and tertiary structure of the DREAM
N-terminus using a combination of theoretical and experimental
techniques to build a molecular model for the full-length protein.
Finally, we propose a mechanism by which CaM associates with
DREAM and sequesters its N-terminal domain, which could
potentially modulate DREAM’s interaction with binding targets.
Altogether, the results presented here provide us with a
molecular understanding of the CaM:DREAM interaction and
underline the implication of this protein complex in calcium
signaling and gene expression. Some of these results have been
previously presented in abstract forms.18,19

■ MATERIALS AND METHODS
General. NS5806 {1-[2,4-dibromo-6-(1H-tetrazol-5-yl)-

phenyl]-3-[3,5-bis(trifluoromethyl)phenyl]urea} at >99% purity
was purchased from Tocris Bioscience. Trifluoperazine (TFP)
was purchased from Sigma-Aldrich. 1,8-ANS (8-anilino-1-
naphthalenesulfonic acid) was purchased from Cayman
Chemical Co. 1,5-IAEDANS and rhodamine red C2 maleimide
were purchased from Invitrogen. A concentrated stock solution
of NS5806 was prepared by dissolving NS5806 in DMSO and
stored at −20 °C. Concentrated TFP and 1,8-ANS stocks were
prepared in ultrapure (18.2 MΩ) water. The concentrations of
NS5806, TFP, and 1,8-ANS stocks were determined spectropho-
metrically using an ε295 of 2200 M

−1 cm−1 for NS5806 in 20 mM
MOPS (pH 7.4), an ε306 of 3300 M

−1 cm−1 for TFP, and an ε350
of 4995 M−1 cm−1 for 1,8-ANS in water.
Isolation and Purification of DREAM Constructs. The

recombinant mouse DREAM(Δ64) construct was expressed in
Escherichia coli BL21(DE3) cells and purified according to

previously published procedures.14,20 Rat calmodulin (herein
termed CaM) plasmid was a kind gift from J. P. Davis (The Ohio
State University, Columbus, OH) that was subcloned in
BL21(DE3) cells and purified as previously described.21 A
CaM(A148C) mutant was obtained by site-directed mutagenesis
of the CaM plasmid using the QuickChange Lightning kit
(Agilent Technologies, Palo Alto, CA) and confirmed by DNA
sequencing (Eurofins Genomics). Following a CaM and
DREAM co-expression protocol at a low temperature, we have
been able to recover milligram quantities of soluble full-length
DREAM. E. coli BL21(DE3) competent cells were transformed
with CaM and DREAM plasmids and grown in LBmedium at 37
°C in the presence of 100 μg/mL ampicillin until an optical
density of 2 at 600 nm was reached. The medium was then
quickly chilled on an ice bath to 4 °C, and protein expression was
induced by adding 0.2 mM IPTG. The medium was placed back
in the shaker at 250 rpm for an additional 6 h at 18 °C, and cells
were harvested by centrifugation. The cell pellet was
resuspended in 100 mM Tris buffer (pH 8.0), 0.5 M NaCl, 1
mM CaCl2, 5 mM MgCl2, 5 mM imidazole, 1.0% Triton X-100,
0.5% Tween 20 supplemented with 20 μg/mL DNase, 200 μg/
mL lysozyme, and 0.5 mM phenylmethanesulfonyl fluoride and
sonicated on an ice bath for 30 cycles at 30% duty cycle. The cell
lysate was centrifuged at 11000g for 50 min, and the supernatant
was loaded on a Ni-NTA column equilibrated with buffer A [20
mM Tris (pH 7.4), 300 mM NaCl, 0.5 mM CaCl2, and 10 mM
LDAO]. DREAM was washed extensively with buffer A and
eluted in buffer B [20 mM Tris (pH 7.4) and 10 mM LDAO]
supplemented with 250 mM imidazole. Selected fractions were
loaded onto a DEAE-sepharose anion exchange column
previously equilibrated with buffer B, washed with buffer B and
80 mM NaCl, and then eluted with 180 mM NaCl; the final
protein was stored in 5 mM Tris (pH 8.0). The purity of all
protein constructs was assessed using sodium dodecyl sulfate−
polyacrylamide gel electrophoresis, while secondary structure
and tertiary structure were confirmed using the known far-UV
CD transition and tryptophan fluorescence change upon calcium
binding.

Protein Labeling and Sample Preparation. Labeling of
CaM(A148C) with 1,5-IAEDANS or rhodamine red C2 (RRC2)
maleimide was conducted after reduction of cysteine residues
with 5 mM TCEP in 200 mM Tris (pH 7.4) followed by
extensive purging with argon and addition of (10−50-fold)
excess fluorophore freshly prepared in DMF. The reaction was
allowed to proceed for 24 h at 4 °C while the mixture was being
constantly stirred in the dark. Unbound fluorophore was
removed by size exclusion chromatography through a Sephadex
G10 column. Labeled protein fractions were selected on the basis
of their absorption and fluorescence anisotropy and extensively
dialyzed in 5 mM Tris (pH 7.4). The fraction of labeled protein
was determined by dividing the fluorophore concentration (1,5-
IAEDANS ε336 = 6100 M−1 cm−1 in buffer,22 or RRC2 ε560 =
119000 M−1 cm−1 in DMSO) by the protein concentration
[CaM(A148C) ε280 = 3140 M−1 cm−1] after correction by the
absorption of the fluorophore at 280 nm. Protein samples were
prepared by dilution, and the final protein concentration was
measured using an ε280 of 31200 M

−1 cm−1 for DREAM and an
ε280 of 19000 M−1 cm−1 for DREAM(Δ64). The extrinsic
fluorophore 1,8-ANS was added to protein samples directly from
a concentrated stock. Calcium was added at a 10-fold excess for
DREAM and 1 mM for DRE29 samples, while 2 mM EDTA was
used to remove calcium; 50 mM CaCl2 and 200 mM EDTA
standard stocks at pH 7.4 were used. CaM labeled with
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IAEDANS or RRC2 is termed CaM-IAEDANS or CaMRR2,
respectively.
Steady-State Fluorescence Measurements. Fluores-

cence emission measurements were taken using a custom PC1
spectrofluorimeter (ISS, Champaign, IL). Tryptophan emission
spectra were measured using 295 nm excitation, and titrations
were conducted in a 0.2 cm × 1 cm path-length quartz cuvette
with excitation along the 0.2 cm path. The dissociation constants
for binding of CaM to DREAM were determined by a nonlinear
fit of the change in normalized fluorescence emission spectra at
370 nm using a single-binding site model:

Δ =
+ + − + + −

F
K nP L K nP L nPL

c
( ) 4

2
d t t d t t

2
t t

(1)

whereΔF is the intensity change, Kd is the dissociation constant,
n is the number of binding sites, Pt is the total protein
concentration, Lt is the total ligand concentration, and c is a
proportionality constant. Emission intensities were corrected for
dilution effects and the inner filter effect.
To study the interaction between CaM and the N-terminus of

DREAM, we employed a fluorescently labeled peptide
homologous to DREAM(29−44), and the fluorescence aniso-
tropy increase upon complex formation was used to determine
the affinity. A peptide homologous to DREAM(29−44) with a
FITC label at the N-terminus was purchased from ThinkPep-
tides. Additional titrations of apo and Ca2+CaMRR2 and
DREAM(29−44)-FITC peptides were conducted bymonitoring
the quenching of FITC fluorescence by rhodamine through
energy transfer. Equation 1 was used for fitting of the anisotropy
and quenching data, where ΔF represents the change in
anisotropy or intensity.
The effect of CaM on the interaction of DREAMwith the DRE

sequence of human prodynorphin was probed by steady-state
fluorescence anisotropy. A synthetic oligonucleotide corre-
sponding to the DRE sequence 5′-GAAGCCGGAGTCAAGG-
AGGCCCCTG-3′ labeled at the 5′ end with FITC was
purchased (Eurofins) and used without further purification,
and the complementary strand was not labeled. Samples were
prepared as previously reported.12

Circular Dichroism (CD) Measurements. All CD spectra
were measured using a Jasco J-810 CD spectropolarimeter. The
far-UV CD spectra were measured at a protein concentration of
10 μM through a 1 mm path in 5 mM phosphate buffer (pH 7.4).
Near-UV CD spectra were measured along a 1 mm path using
160 μM DREAM and 560 μM DREAM(Δ64) in 20 mM Tris
(pH 7.4) and 10 mM LDAO. All measurements were conducted
at 16 °C, and traces represent an average of 20 scans.
Stopped-Flow Kinetics. A PC1 spectrofluorometer (ISS)

with an SFA-20 stopped-flow kinetics accessory (Hi-Tech,
Salisbury, U.K.) was used to determine the dissociation rate
constants by monitoring the change in anisotropy upon complex
dissociation. Experiments with CaM and DREAM(29−44)-
FITC, as well as CaMRR2 and DREAM, were conducted by
mixing a 1:1 volumetric ratio of the protein complexes in the
presence of 100 μM calcium with 2 mM EDTA in 20 mM Tris
(pH 7.4). Samples were excited using 470 nm excitation for
DREAM(29−44)-FITC and 520 nm excitation for CaMRR2.
The change in fluorescence anisotropy upon complex dissoci-
ation was determined by collecting the fluorescence at 520 ± 10
nm for FITC and 600 ± 10 nm for RRC2 using a T-format
configuration. The dissociation of Ca2+ from CaM was
monitored using 285 nm excitation and the intrinsic tyrosine

fluorescence in the L-format through a 305 nm long pass filter.
The temperature was controlled using a circulating water bath
(Fisher, Isotemp M9100) and measured at the sample holder to
±0.5 °C. Dissociation kinetic data were best fitted by single- or
double-exponential decay equations using Origin version 8.0
(OriginLab Corp.).

Fluorescence Lifetime and Anisotropy Decay Meas-
urements. Fluorescence decay data were obtained using a
ChronosFD spectrofluorometer (ISS) in the frequency domain
mode. The fluorescence decay lifetime of IAEDANS or FITC
complexes was determined by excitation with a 370 or 470 nm
modulated laser diode, respectively. Fluorescence was collected
through a 400 nm long pass filter for IAEDANS samples or a 500
nm long pass filter for FITC samples. POPOP [1,4-bis(5-
phenyloxazol-2-yl)benzene] in ethanol (τ = 1.35 ns) or
rhodamine B in water (τ = 1.70 ns) was used as a lifetime
reference; polarizers were set at the magic angle configuration.
Anisotropy decay measurements were conducted under identical
conditions. Modulation-phase data were fitted using GlobalsWE
software, and the χ2 parameter was used as a criterion for
goodness of fit.23

Molecular Modeling and Dynamic Simulations. The
initial structure of Ca2+-bound DREAM(76−256) (PDB entry
2JUL, conformation 1) was employed as a starting model of the
core domain of the full-length protein.15 The secondary structure
of the N-terminal residues of DREAM not resolved in the NMR
structure and those comprising helix 1 (residues 76−86) were
predicted by a combination of six secondary structure prediction
software algorithms. To decrease the variability of the helix
prediction, a helical conformation was only accepted if it was
predicted by at least four of the algorithms. A model for the full-
length protein was constructed by modeling the first 90 residues
as an extended helix or loop based on the secondary structure
prediction followed by a 10 ns molecular dynamics simulation to
equilibrate the structure. The helical structure of residues 76−86
(helix 1) was used to align the peptide to the published NMR
structure to obtain the structure of DREAM from residue 1 to
256.
The DREAM model was solvated and ionized as described

below (122639 atoms) followed by classical and accelerated
molecular dynamics simulations (cMD and aMD, respectively)
to identify the dynamics and folding of the N-terminus. The
parameters for the aMD were determined from the total energy
and dihedral energy from a cMD simulation (⟨Etotal⟩ =
−330141.1 kcal/mol, and ⟨Edihed⟩ = 973.1 kcal/mol). The
dihedral boost was applied above a threshold energy set to 1993.1
kcal/mol with a dihedral α value of 204 kcal/mol. All-atom
explicit solvent molecular dynamics simulations were obtained
using the molecular dynamics simulation package NAMD24 with
the CHARMM27 force fields.25 All simulated systems were
solvated in a periodic TIP3P water box with 10 Å margins and
ionized with 150 mM NaCl.26 Long range interactions were
treated with the PME method27 with a 12 Å cutoff. Energy was
minimized with a conjugate gradient algorithm, followed by
heating at 1 K/ps from 0 to 310 K. After a temperature of 310 K
had been reached, a 100 ps equilibration step in the NVT
ensemble using Langevin dynamics with a 1 fs integration time
was conducted. Production runs were in the NPT ensemble (1
atm and 310 K) both with Langevin coupling and with a 2 fs
integration time. All simulations were performed on an i7-4770/
GTX-780Ti system using NAMD 2.09. Trajectory files were
saved every 20 ps for further analysis. The initial structure used
for cMD and aMD in the absence of Ca2+ was modeled as coarse
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grained spheres using the VMD plugin and MARTINI

parameters.28 The structure was minimized, and simulations

were run in the NPT ensemble. Solvation, ionization, and force

field parameters were identical to those utilized in cMD and aMD

simulations, but with an increased time step of 20 fs.

■ RESULTS

Calmodulin Stabilizes the N-Terminus of DREAM and
Increases the Solubility of the Protein Complex. Previous
reports have shown that DREAM readily forms inclusion bodies
when it is overexpressed in BL21(DE3) E. coli cells, whereas
DREAM(Δ64) was recovered in moderate yields as a soluble
protein,14,15 indicating that residues 1−64 of DREAM destabilize

Figure 1. (a) Bioinformatics analysis of the first 100 residues at the N-terminus of mouse DREAM, indicating regions of helical structure and charge
distribution. Proposed sites for posttranslational modification and ligand interactions are shown. (b) Helical plot analysis of residues 29−44 of DREAM.
(c) DREAM amino acid sequence disorder prediction using the PONDR-FIT and VL3 prediction servers.37,38 (d) Potential energy surface of
apoDREAM (lacking the first 77 residues) calculated using the published NMR structure15 and the APBS plugin of the VMD software with CHARMM
parameters at a mobile ion concentration of 150 mM.26,57

Figure 2. Titration curves for binding of calmodulin to (a) 100 nM FITC-labeled peptide analogous to residues 29−44 of mouse DREAM (DRE29) in
the absence (circles) or presence (squares) of 1 mM calcium (Kd = 136± 10 nM) and in the presence of calcium and 30 μM trifluoperazine (triangles).
(b) Fluorescence emission spectra of 5 μMDRE29 peptide in the presence or absence of 10 μMCa2+CaM. The sample was excited at 300± 4 nm, which
resulted in a negligible contribution from tyrosine on CaM. Buffer background emission was subtracted to decrease Rayleigh, Raman, and second
harmonic peaks contributing to the signal. (c) Observed shift and increase in tryptophan fluorescence upon calmodulin binding. (d) Normalized
tryptophan fluorescence change at 370 nm of DREAM(1−256) upon addition of calmodulin in the absence (circles) and presence (squares) or 1 mM
calcium (Kd = 3.4 ± 0.9 μM).
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the protein under conditions used for recombinant protein
expression. It has also been shown that the association between
DREAM and CaM is mediated by an amino acid sequence within
the 94 N-terminal residues of DREAM.13 We hypothesized that
binding of CaM could stabilize DREAM and lead to an increase
in solubility during recombinant expression. To test this
hypothesis, we co-expressed CaM and DREAM in BL21(DE3)
E. coli at low temperatures (see Materials and Methods). Under
such conditions, DREAMwas recovered as a soluble protein with
yields of ∼40 mg. Interestingly, we have observed that 10 mM
LDAO abolishes the CaM:DREAM interaction and prevents
DREAM aggregation in the presence of saturating calcium, which
facilitates the purification of soluble DREAM. We envision this
protocol being more robust than the previously employed
method of inclusion body refolding14 or GST fusion tags.13

These results support the role of CaM as a protein cofactor that
stabilizes theN-terminus of DREAM and potentially facilitates its
translocation in the cell.
Residues 29−44 at the N-Terminus of DREAMMediate

CaM Binding in a Calcium-Dependent Manner. Bio-
informatics analysis of the N-terminus of DREAM revealed the
presence of numerous basic, acidic, and hydrophobic residues. Of
particular interest is a short amphipathic 16-residue peptide
segment (residues 29−44, SIKWQRPRFTRQALMR) with a
high density of positively charged residues and hydrophobic
residues (Figure 1). This short amino acid sequence is quite
similar to the 1−8−14 type A bindingmotif associated with other
calmodulin binding peptides,6 with a total charge of +5 and bulky
hydrophobic residues Ile30, Trp32, Phe37, Leu42, and Met43.
Secondary structure prediction also shows this sequence to have
a moderate helical propensity. The helical wheel diagram of
DREAM(29−44) shows an arrangement of dispersed positive
and hydrophobic residues (Figure 1b). This small helical region
is surrounded by extended disordered domains (Figure 1c),
which may enhance the flexibility of the N-terminus. The core
domain of DREAM (residues 76−256) exhibits a strong
electronegative surface opposite a hydrophobic groove that has
been shown to be involved in ligand binding20,29 (Figure 1d).
Calmodulin is well-known to bind positively charged

amphipathic protein segments in a calcium-dependent manner;
therefore, we hypothesize that a similar binding mechanism is
present in DREAM. To test this hypothesis, we studied binding
of CaM to a fluorescently labeled peptide homologous to
residues 29−44 of DREAM (herein named DRE29). Upon

addition of calcium-bound CaM to DRE29, a large increase in
fluorescence anisotropy was measured, indicative of binding. The
binding curves show a clear calcium-dependent binding of the
DRE29 peptide to calmodulin, with a dissociation constant (Kd)
in the calcium-bound form of 136 ± 10 nM and negligible
binding in the absence of calcium (Figure 2a). Similar results
were obtained using FRET experiments between DRE29 and
CaMRR2, with a dissociation constant of 132 ± 16 nM (Figure
S1a,b of the Supporting Information). The binding of CaM to
DRE29 was inhibited in the presence of the antipsychotic drug
and known calmodulin inhibitor trifluoperazine (TFP). Analysis
of the binding using a competitive model in the presence of 30
μM TFP, using the reported affinity of TFP for CaM of 1 μM,30

shows that a single bound TFP is sufficient to inhibit binding of
the peptide (Figure S1c of the Supporting Information). Because
the higher-affinity binding sites of TFP on CaM are at the C-
terminal domain, the data show that this domain is mainly
responsible for binding the DRE29 peptide.31

The emission spectra of DRE29 in the presence or absence of
Ca2+CaM show two peaks corresponding to Trp32 and FITC
(Figure 2b). The weak fluorescence of Trp32 is due to an
efficient energy transfer to the FITC label; however, upon
association with CaM, an increase in fluorescence and a blue shift
from 351 to 329 nm are observed. The increase in FITC emission
is expected on the basis of the increase in the quantum yield of
Trp32. It is also possible that restructuring of the DRE29 peptide
in the CaM:DRE29 complex increases the energy transfer
efficiency. Overall, these results identify the amphipathic region
in the N-terminus of DREAM spanning residues 29−44 as
mediating the calcium-dependent binding of CaM. It also shows
that upon association with Ca2+CaM the solvent accessibility of
Trp32 decreases.

The N-Terminal Domain of DREAM Does Not Block Its
Hydrophobic Cavity. The intrinsic tryptophan fluorescence of
DREAM decreases upon calcium binding, a transition similar to
that observed for DREAM(Δ64).8,32 Upon association of
Ca2+CaM with DREAM, a 5 nm blue shift from 337 to 332 nm
is observed along with an increase in fluorescence intensity
(Figure 2c). As in our peptide studies, CaM interacts with
DREAM only in the presence of calcium (Kd = 3.4 ± 0.9 μM),
with no detectable interaction in the absence of Ca2+ (Figure 2d),
in good agreement with the previously reported value of 3 μM.13

The decreased affinity of CaM for the N-terminus of DREAM
compared to the affinity of isolated residues 29−44 may indicate

Figure 3. (a) Modified Stern−Volmer analysis of tryptophan fluorescence quenching upon binding of NS5806 to apo and Ca2+DREAM. Solid lines
illustrate the expected traces for complete quenching, and dashed lines show the intercept at 2.83 ± 0.12. (b) Association of Kv4.3(1−22)-FITC with
apo and Ca2+DREAM monitored using fluorescence anisotropy. Solid lines represent the best fit to the data using a Hill binding model with the
recovered parameters shown in the inset. (c) Fluorescence spectra of 1,8-ANS bound to apoDREAMwith a λmax of 478 nm and Ca2+DREAMwith a λmax
of 475 nm. These results support the idea that the accessibility of the hydrophobic cavity at the C-terminus of DREAM is not compromised by the
presence of N-terminal residues 1−65.
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that the N-terminus is not completely solvent accessible. This
could be easily explained by a model in which the N-terminus
collapses on the DREAM core domain (residues 76−256) and
reduces the affinity of CaM. Indeed, a similar folding was
observed in the structure of calcium-bound KChIP4 and Mg2+-
bound caldendrin.33,34 Therefore, to test whether the N-
terminus of DREAM (residues 29−44) physically interacts
with the core domain, we conducted titrations of DRE29 with
DREAM(Δ64). We observe an interaction between DRE29 and
DREAM(Δ64) with a Kd of ∼30 μM; however, a similar affinity
with DREAM was observed (Figure S2 of the Supporting
Information). In the presence of 100mMNaCl, the affinity of the
DRE29 peptide with DREAM(Δ64) decreased to a Kd of ∼0.3
mM. These results indicate that the observed association
between residues 29−44 and the core domain of DREAM is
nonspecific and mediated by electrostatic interactions.
DREAM(Δ64) protein has been shown to interact with small

hydrophobic ligands such as arachidonic acid, the K+ current
activator NS5806, and the hydrophobic probes 1,8-ANS and 2,6-
ANS.20,29 These ligands associate with a hydrophobic cavity at
the C-terminus of DREAM whose accessibility increases upon
association of Ca2+ with EF-3 and EF-4. Association of the
hydrophobic N-terminus of KV4 channels with DREAM and
other KChIPs is also mediated by a hydrophobic groove that
extends from the C- to N-terminus.20,35,36 Therefore, we
investigated whether the presence of residues 1−64 in
DREAM can affect the binding of these hydrophobic ligands.
Titrations of a peptide homologous to the hydrophobic N-
terminus of Kv4.3 (residues 2−22) show that the affinity is not
only independent of calcium but also identical to the previously
reported value for binding to the Ca2+-bound DREAM(Δ64)
construct (Figure 3).20 Similarly, the hydrophobic probe 1,8-
ANS and NS5806 compound showed interactions with DREAM
that are similar to those observed for DREAM(Δ64).20,29 These
results support the idea that the N-terminus of DREAM does not
function as an autoinhibitory domain of the hydrophobic cavity
as observed for isoform 4 of KChIP4.33 Analysis of the NS5806
tryptophan quenching data using a modified Stern−Volmer plot
shows that unlike DREAM(Δ64), where Trp169 is completely
quenched,20 only one of three tryptophans is quenched in
DREAM (Figure 3a). This observation can easily be explained if
the N-terminus of DREAM is not near the hydrophobic C-
terminus where the Kv4.3 N-terminus, 1,8-ANS, or NS5806
binds or if the association of the hydrophobic ligand induces the
displacement of the N-terminus.
Calcium Binding to DREAM Induces a Structural

Rearrangement at the N-Terminus. The structure of the
N-terminus of DREAM (residues 1−75) has not been resolved,

and on the basis of NMR results, it has been proposed to form a
random coil.15 To improve our understanding of the mechanism
of CaM binding, we set forth to identify the potential secondary
structure of the N-terminal residues of DREAM using structure
prediction tools and CD. The N-terminus of DREAM shows the
potential formation of two α helices between residues 4 and 11
and between residues 27 and 53, herein named α−1 and α0,
respectively (Figure 1). Two additional α helices comprising
residues 76−85 and 88−102 were also identified; these helices
correspond to α1 and α2 previously identified by NMR.15 Further
analysis of the N-terminus of DREAM using protein disorder
prediction tools also shows residues surrounding α0 as having a
strong propensity to form disordered regions.37,38 Molecular
dynamics simulations support the idea that both N-terminal
helices retain their secondary structure and are flexible relative to
each other (Figure S3 of the Supporting Information), with α0
showing an expected bend at Pro36. Overall, these bioinfor-
matics analyses and simulations of the N-terminal domain of
DREAM indicate that this domain forms a disordered region
with a small helical structure connected to the core of DREAM
by a 21-residue disordered region rich in small hydrophilic
residues (residues 54−75).
To gain insight into the secondary structure of DREAM and its

N-terminus, we also performed near- and far-UV circular
dichroism measurements on DREAM and DREAM(Δ64). The
far-UV CD signal for both constructs shows the characteristic
spectra of α-helical proteins, with negative peaks at 220 and 207
nm and a larger positive peak near 190 nm (Figure 4a). The
magnitude of the CD signal was dependent on Ca2+ for both
constructs with an increase in the 190 nm peak and a decrease in
220/207 nm peaks upon calcium binding (data not shown).
However, the magnitude of the positive and negative peaks of
DREAM in the absence or presence of calcium was smaller than
that of DREAM(Δ64), indicative of there being less α-helical
content in the full-length construct. Analysis of the far-UV CD
spectra with the K2D secondary structure prediction tools shows
α-helical contents of 68 and 50% for calcium-bound DREAM-
(Δ64) and DREAM, respectively. A fully unfolded N-terminal
domain in DREAM would result in a 47% α-helical content,
which is slightly lower than the value determined here.
Therefore, the N-terminal domain of DREAM likely forms a
disordered domain with a small region of α-helical structure near
the CaM binding sequence.
On the other hand, the near-UV CD spectra for both DREAM

constructs showed complex and distinct positive and negative
peaks. In the absence of calcium, DREAM showed a broad
negative band with fine structured positive and negative peaks.
The peaks between 256 and 272 nm are likely due to

Figure 4. (a) Far-UV CD spectra of DREAM(Δ64) and DREAM in the presence of 100 μM calcium in 5 mM phosphate buffer (pH 7.4). Near-UV CD
spectra of (b) DREAM(Δ64) and (c) DREAM in the absence and presence of calcium.
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phenylalanine residues, whereas the peaks between 275 and 305
nm are associated with tyrosine and tryptophan residues.39,40

Calcium binding resulted in an increase in the ellipticity signal
between 256 and 295 nm (Figure 4b), without a significant shift
of the observed vibronic structures. The near-UV CD spectra of
DREAM(Δ64) in the absence of calcium showed many
similarities in terms of its phenylalanine and tyrosine peaks to
DREAM, whereas a larger peak at 290 nm was observed in the
tryptophan region. Binding of calcium to DREAM(Δ64) did not
induce major changes in the spectra, with the exception of a
decrease in ellipticity near 305 nm (Figure 4c). The presence of
only three additional aromatic residues in DREAM compared to
the construct lacking the first 64 residues indicates that the
increase in ellipticity between 270 and 290 nm likely arises from
Phe37, Trp32, and/or Trp50. Additionally, the broad changes in
ellipticity upon binding of calcium in DREAM but not in
DREAM(Δ64) indicate that the N-terminal residues undergo a
structural rearrangement that restricts the solvent accessibility of
Trp32 and/or Trp50.41 These results support the idea that the
conformation of the N-terminal residues of DREAM may be
affected by calcium binding.
The Core Domain of DREAM Facilitates Dissociation of

the CaM:DREAM Complex. To better understand the
mechanism of CaM:DREAM interaction, we determined the
kinetics of formation of the CaM:DREAM complex by
monitoring the fluorescence change of CaM and CaMRR2
upon dissociation from DRE29 and DREAM. Initial attempts to
resolve the association rate by mixing a 1:1 volumetric ratio of 10
μMCa2+CaM and 0.5 μMDRE29 or 10 μMapoDREAM and 0.5
μM CaMRR2 with 1 mM CaCl2 showed that the protein
complex was formed within the dead time of our stopped-flow
instrument (∼20 ms), indicating that like other CaM binding
peptides and proteins,42,43 the bimolecular association rate
constant is near the diffusion limit, with kon in excess of 10

8 M−1

s−1. Dissociation of Ca2+ from 2.5 μM CaM by 1 mM EDTA
monitored using tyrosine fluorescence showed a monophasic
decay with a koff of 7.9 ± 0.6 s−1 at 25 °C, as previously
reported.42 The dissociation of calcium from 0.5 μM CaMRR2
determined by monitoring the anisotropy change of the
rhodamine label at Cys148 was 4 times slower than that
observed for CaM, with a koff of 1.9 ± 0.1 s−1 at 25 °C. The slow
dissociation of Ca2+ from CaMRR2 could be likely due to
stabilization of the calcium-exposed hydrophobic cavity at the C-
terminus by the rhodamine label or due to measurement of a
structural change sequential to calcium dissociation.

On the other hand, mixing of Ca2+CaM:DRE29 and
Ca2+CaMRR2:DREAM complexes with 2 mM EDTA resulted
in a well-resolved decrease in fluorescence anisotropy indicative
of complex dissociation upon Ca2+ removal (Figure 5a,b). The
dissociations of CaM:DRE29 and CaMRR2:DREAM complexes
were best fitted by double- and single-exponential decay
functions, respectively (Table 1). The rates of dissociation

(koff) of CaM from the DRE29 peptide and DREAM protein
were 2.3 ± 0.2 and 1.5 ± 0.1 s−1, respectively. The amplitude of
the lag phase observed in the CaM:DRE29 complex accounted
for ∼22% of the signal change with a koff of 8.3 ± 3.5 s−1. The
dissociation of Ca2+ from CaM and CaMRR2 as well as
CaM:DRE29 and CaMRR2:DREAM complexes was measured
in the temperature range of 6.5−24.7 °C, and the decay times are
listed in Table S1 of the Supporting Information. Analysis of the
dissociation rates as a function of temperature using Eyring
plots44 shows a larger contribution of the enthalpic component
to the activation parameters of dissociation of Ca2+ from CaM
and CaM:DRE29 (Table 1). The activation parameters for
Ca2+CaM (ΔH⧧ = 12.9 ± 0.5 kcal/mol, and TΔS⧧ = −3.5 ± 0.5
kcal/mol) and the fast phase of Ca2+CaM:DRE29 (ΔH⧧ = 13.8±
0.4 kcal/mol, and TΔS⧧ =−2.7± 0.2 kcal/mol) are identical and
likely correspond to the same process. On the other hand, Ca2+

dissociation activation parameters for CaMRR2 show enthalpy
and entropy contributions of 8.6 ± 0.6 and −8.6 ± 0.6 kcal/mol,
respectively. The slow phase of Ca2+ dissociation observed in the
presence of the DRE29 peptide also shows a large enthalpy
barrier with aΔH⧧ of 16.1 ± 0.3 kcal/mol and a TΔS⧧ of −1.1 ±
0.2 kcal/mol. In the presence of the full-length DREAM protein,
the kinetics of dissociation from CaMRR2 were not significantly
different (Table 1) from those in the absence of DREAM.
Therefore, the recovered CaMRR2 activation parameters likely

Figure 5. Dissociation kinetics of (a) 10 μM CaM and 1 μM DRE29 and (b) 1 μM CaMRR2 and 10 μM DREAM upon addition of 1 mM EDTA
monitored using T-format fluorescence anisotropy as a function of temperature. (c) Eyring plot analysis of the dissociation constant as a function of
temperature. Solid lines represent best linear fits to the data.

Table 1. Activation Parameters for CaM:DRE29 and
CaMRR2:DREAM Dissociation

koff (s
−1)a ΔH⧧ (kcal/mol) TΔS⧧ (kcal/mol)

CaM 7.9 ± 0.6 12.9 ± 0.5 −3.5 ± 0.5
CaM-DRE29fast 8.3 ± 3.5 13.8 ± 0.4 −2.7 ± 0.2
CaM-DRE29slow 2.3 ± 0.16 16.1 ± 0.3 −1.1 ± 0.2
CaMRR2 1.9 ± 0.1 8.6 ± 0.6 −8.6 ± 0.6
CaMRR2:DREAMb 1.5 ± 0.1 13.5 ± 1.2 −4.0 ± 0.7

aAt 298 K. bActivation enthalpy and entropy corrected for the fraction
of DREAM bound ( f b = 0.57) based on the concentration of DREAM
of 5 μM and a Kd of 3.3 μM.
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arise from a combination of Ca2+ and protein dissociation
activation barriers. The protein dissociation activation parame-
ters can be approximated by subtracting the activation barrier for
CaMRR2 from those of CaMRR2:DREAM, which result in a
ΔH⧧ of 4.9 ± 0.5 kcal/mol and a TΔS⧧ of 4.6 ± 0.8 kcal/mol.
These results show that the core domain of DREAM facilitates
the dissociation of residues 29−44 from CaMRR2 by lowering
the enthalpic dissociation activation barrier.
The DREAM:CaM Protein Complex Forms a Nearly

Spherical Heterotetramer. We employed time-resolved
fluorescence anisotropy decay to recover the rotational
correlation time of calmodulin and DRE29 as well as the
CaM:DREAM complex. Fluorescence emission spectra and
fluorescence lifetime decay of FITC-labeled DREAM(29−44)
show no changes upon binding of calmodulin. Analysis of the
frequency domain fluorescence decay using a Gaussian model
yields satisfactory fits for the DRE29 peptide and CaM:DRE29
complex (decay parameters listed in Table 2). A bimodal model

was necessary to accurately fit the anisotropy decay data, and the
recovered rotational correlation times for the CaM:DRE29
complex are listed in Table 3. The fast rotational correlation time
of 0.57 ns for DRE29 accounts for 57% of the depolarization and
can be attributed to a local motion of the fluorophore. The
second rotational correlation time of 2.0 ns for the DRE29
peptide is ∼2-fold larger than that expected for a spherical
peptide of 1.0 ns, calculated using the Einstein−Stokes equation
(2.6 kDa and 0.3 mL/g hydration).45 The CaM:DRE29 complex

shows a similar local rotational time of 0.61 ns, while the global
motion time increased to 10.8 ns. The expected rotational time of
a sphere with a molecular weight similar to that of the
CaM:DRE29 complex (19 kDa and 0.30 mL/g hydration) yields
a rotational diffusion time of 8.0 ns. The discrepancies observed
could be due to deviations from a spherical conformation and/or
a higher level of protein hydration. These results show that CaM
binds to DRE29 as a monomer to form a complex with nearly
spherical shape, likely similar to the often observed wraparound
conformation of CaM:peptide complexes.46

To investigate the oligomerization state of calmodulin bound
to full-length DREAM, we employed a fluorescently labeled
CaM-IAEDANS construct. The long fluorescence lifetime decay
and solvent sensitivity of IAEDANS allow us to resolve slower
correlation times as well as changes in the probe environment.47

The fluorescence emission spectra of CaM-IAEDANS upon
calcium binding show an increase in fluorescence and a blue shift
from 495 to 484 nm (Figure 6a). Amodest increase in the steady-
state anisotropy can be observed upon binding of Ca2+ to CaM-
IAEDANS, from an rss of 0.049 to an rss of 0.081. Additional
information is obtained from lifetimemeasurements, which show
a small increase in lifetime from 16.9 ns for apoCaM to 18.9 ns
for Ca2+-bound CaM and a change in pre-exponential factor α2 of
25%, likely due to a decrease in the solvent accessibility of the
probe (Table 1). Analysis of the χ2 surface of the phase/
modulation fits also reveals that in the absence of Ca2+, the C-
terminal domain of CaM is more heterogeneous and solvent-
exposed based on the smaller τ2 (Figure 6b). The rotational
correlation times recovered from the fit of the anisotropy decay
yield values of 0.51 and 0.64 ns for the local motion of IAEDANS
attached to apo and calcium-bound CaM, respectively, and 6.7
and 8.1 ns for the global motion of apo and calcium-bound CaM,
respectively. The increase in θ1 is significant (Figure 6c) and
correlates with a decrease in the local flexibility of the Cys148
region. On the other hand, the increase in θ2 uponCa

2+ binding is
likely due to a more rigid and elongated structure of Ca2+CaM in
solution. Nonetheless, the rotational correlation times are in
good agreement with the expected rotational time for CaM-
IAEDANS of 7.1 ns (17.2 kDa and 0.3 mL/g hydration). Overall,
these results indicate that association of calcium induces the
region near Cys148 to become less flexible and solvent-restricted,
which is in good agreement with the rearrangement of CaM
structure upon Ca2+ binding.4,48

We also investigated the effects of association of CaM-
IAEDANS with DREAM and found that the emission of Ca2+-
bound CaM-IAEDANS increases 2-fold upon addition of
DREAM with a maximum at 475 nm (Figure 6a). A small
increase in intensity and a blue shift to 486 nm were also
observed for apoCaM-IAEDANS in the presence of DREAM.

Table 2. Photophysical Properties of DRE29 and CaM-
IAEDANS upon Complex Formationa

rss
λmax
(nm)

τ1
(ns)

α1
(%)

τ2
(ns)

α2
(%) χ2

DRE29b 0.010 517 3.6 1.0
DRE29:CaMb 0.090 516 3.9 0.7
IAEDANS 0.006 505 4.1 14 10.5 86 1.7
apoCaM 0.049 495 10.8 80 16.9 20 1.1
Ca2+CaM 0.081 484 10.6 55 18.9 45 1.3
apoCaM:DREAM 0.113 486 10.6 89 21.1 11 0.9
Ca2+CaM:DREAM 0.132 475 11.3 51 21.9 49 0.9

aRecovered parameters from global analysis of at least three
independent measurements of the phase delay and modulation ratio
using a Gaussian or double-exponential decay model. The lifetime
parameters (τ1 and τ2) were set as linked variables and the pre-
exponential parameters (α1 and α2) as free variables; χ

2 represents the
goodness of fit. bA Gaussian lifetime distribution was used, with a
recovered width of 0.5 ns for DRE29 and 1.0 ns for the DRE29:CaM
complex. Sample concentrations were 0.5 μM DRE29 and 10 μM
CaM or 10 μM CaM-IAEDANS and 20 μM DREAM.

Table 3. Anisotropy Decay Parameters of DRE29 and CaM-IAEDANS upon Complex Formationa

θ1 (ns) f1 θ2 (ns) f 2 θ3 (ns) f 3 χ2

DRE29 0.57 0.72 2.0 0.28
Ca2+CaM:DRE29 0.61 0.42 10.8 0.58 0.6
apoCaM 0.51 0.80 6.7 0.20 1.0
Ca2+CaM 0.64 0.52 8.1 0.48 0.7
apoCaM:DREAM 0.59 0.79 8.1 0.20 56 0.01 0.7
Ca2+CaM:DREAM 0.62 0.31 8.9 0.31 47 0.38 0.8

aRecovered from global analysis of at least three independent measurements of the phase and modulation data using a double-exponential decay
model. Decay parameters (θ1−θ3) were set as linked variables, and the fractional depolarizations ( f1−f 3) were set as free variables. χ2 represents the
goodness of fit. Sample conditions are identical to those listed for Table 2.
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The fluorescence decay lifetime of Ca2+CaM-IAEDANS was
affected by association with DREAM, showing an increase in the
long fluorescence decay lifetime (τ2) from 18.9 to 21.9 ns. A
larger increase in τ2 was observed for Ca

2+ free CaM-IAEDANS
upon addition of DREAM (from 16.9 to 21.1 ns); however, the
amplitude of this decay was ∼4-fold lower than that of the
Ca2+CaM-IAEDANS:DREAM complex. Further analysis of the
fluorescence of CaM-IAEDANS using anisotropy decay shows
that in addition to the local and global rotation of apo and
Ca2+CaM-IAEDANS, a third rotation with correlation times of
56 and 47 ns is present (Figure 6c and Table 3). The rotational
correlation time for the Ca2+CaM-IAEDANS:DREAM complex
is similar to that expected for a spherical CaM:DREAM
heterotetramer (calculated value of 40 ns at 0.3 mL/g hydration).
The larger rotation for the apoCaM-IAEDANS:DREAM
complex could be due to the presence of a mixture of oligomers.
Analysis of the χ2 surface reveals that the rotation of the CaM-
IAEDANS:DREAM complex is heterogeneous, ranging from 43
to 52 ns and from 51 to 61 ns in the presence and absence of
Ca2+, respectively (Figure 6c). Such a heterogeneity likely arises
from an extended and flexible conformation of the protein

complex. These results indicate that not only the calcium-bound
CaM but also the apo form can interact with DREAM, likely with
a significantly lower affinity. The solvent accessibility of
IAEDANS decreases upon protein complex formation, suggest-
ing that Cys148 forms part of the protein interface. It also
supports a model in which a Ca2+DREAM dimer associates with
two Ca2+CaM molecules to form a nearly spherical hetero-
tetramer.

Molecular Dynamics Simulations Support a Model in
Which the N-Terminus of DREAM Interacts with an
Electrostatic Patch on the Surface of DREAM. To improve
our understanding of the interaction between the N-terminus
and the core domain of DREAM, we conducted multiple
molecular dynamics simulations using three different strategies
(Figure S5 of the Supporting Information). Our initial approach
tomodel theN-terminus of DREAM as an extended domain with
partial α-helical structure followed by an 80 ns cMD simulation
resulted in structures that are shown in Figure 7a. We observed
that during the simulation most of the α helices are retained and
there is a partial contraction of the structure. The extended
conformation of the N-terminus likely arises from insufficient

Figure 6. (a) Fluorescence emission spectral transition of 5 μMCaM-IAEDANS upon association with 20 μMDREAM. (b) Global fluorescence decay
lifetime χ2 surface for the two-component exponential decay of CaM-IAEDANS in the presence (red) or absence (black) of Ca2+ and Ca2+CaM-
IAEDANS:DREAM (blue) and the Ca2+ free complex (green). Rotational correlation time χ2 surface from the global analysis of the anisotropy decay
data using a two-component exponential decay for CaM-IAEDANS and triple-exponential decay model for the CaM-IAEDANS:DREAM complex,
following the color scheme in panel b.

Figure 7. Molecular dynamics simulation of DREAM using an initial model constructed by combining a peptide model for residues 1−76 with the
published NMR structure of DREAM (residues 76−256) colored green. The α-helical section of the N-terminal domain was predicted using secondary
prediction tools and is colored orange, and the CaM binding region corresponding to residues 29−44 is shown as red licorice. All structures are aligned
using residues 76−256; calcium is shown as yellow spheres. (a) Two final structures of DREAM after 80 ns classical MD simulations. (b) Three final
structures of DREAM after 30 ns accelerated MD simulations. (c) Three independent structures of DREAM after 1000 ns of coarse grained molecular
dynamics simulation in the absence of Ca2+, showing a collapsed N-terminus. The hydrophobic surface known to mediate ligand binding on DREAM is
highlighted by a blue ellipse, and the electronegative surface identified in Figure 1 is highlighted in black.
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simulation time. To overcome the computational cost of longer
cMD simulations, we performed three additional aMDs in which
an additional energy was applied to the dihedral angles. This type
of simulation results in larger conformational space sampling,
and as shown in Figure 7b, the N-terminus of DREAM adopts a
more unfolded and collapsed structure. Nonetheless, the CaM
binding region is still significantly accessible to solution. Finally,
we modeled DREAM using a residue-based coarse grained
approach, which significantly decreases computational costs and
increases sampling time. In Figure 7c, we show three
representative all-atom structures obtained from coarse grained
simulations that clearly show a collapse of the N-terminus.
Furthermore, all of our simulations resulted in a collapse of the
N-terminus near the electronegative surface of DREAM (shown
as a black ellipse) and away from the hydrophobic cavity (blue
ellipse).
CaM Modulates the Ca2+-Dependent Association of

DREAM and DNA. It has been well reported that DREAM
interacts with the DRE promoter sequence of many genes,
including c-fos, c-jun, and prodynorphin.8,12,49 It was proposed that
the interaction between DREAM and its target DNA is mediated
by basic residues residing on the entering helix of EF-hand 1
(Lys101, Arg98, Lys91, and Lys90) that form an electropositive
region at the N-terminus (Figure 1d). Additionally, DREAM-
(Δ64) binds DNA with an affinity∼2-fold lower than that of the
full-length DREAM.12 We hypothesize that the presence of
numerous basic residues at the N-terminus of DREAM enhances
its interaction with DNA and that association with CaM may
result in a decrease in DNA binding affinity. We employed a
fluorescently labeled dsDNA homologous to the DRE sequence
of the human prodynorphin gene and monitored the change in
fluorescence anisotropy in the presence of DREAM and CaM. As
shown in Figure 8, addition of 5 μM DREAM results in a sharp
increase in fluorescence anisotropy in the presence or absence of
Ca2+. Furthermore, upon addition of increasing concentrations
of CaM, a decrease in anisotropy is observed, only in the

presence of Ca2+. Addition of 2 mM EDTA results in the reversal
of the CaM-induced decrease in anisotropy, to a value identical to
that observed for DREAM in the absence of CaM. These results
support the idea that in the presence of the N-terminus, Ca2+-
bound DREAM interacts with DNA, unless CaM is present to
sequester its N-terminal domain.

■ DISCUSSION
The principal goal of this study is to present a model for the
interface between the CaM:DREAM protein complex. On the
basis of our results, it is clear that residues 29−44 of DREAM
associate with CaM in a Ca2+-dependent manner with a Kd of
∼136 nM. Association of CaM at the N-terminus results in a blue
shift and an increase in tryptophan fluorescence on DREAM as
well as on the DRE29 peptide, likely due to solvent restriction of
Trp32 (Figure 2). The calcium dependency of association of
CaM with the DRE29 peptide is similar to that of the intact
DREAM protein; however, the affinity is decreased to a Kd of 3.3
± 0.9 μM. This indicates that the core domain of DREAM
(residues comprising helices 1−10) contributes to a decrease in
binding energy of ∼1.8 kcal/mol. Such a decrease in the free
energy of the complex could be due to greater steric hindrance of
residues 29−44 in the presence of the rest of the protein or a
direct interaction between the N-terminal residues and the core
domain of DREAM. Indeed, titration of residues 29−44 with
DREAM(Δ64) or DREAM shows the formation of a complex,
with aKd of∼0.3mM (∼−3 kcal/mol). Such a low affinity for the
N-terminal domain with the core domain of DREAM is not
irrelevant. The local concentration of the N-terminus can be
calculated to be ∼3 mM, assuming an extended conformation of
DREAM of ∼100 Å (0.5 × 10−21 L), which would result in
approximately 91% of the N-terminus being associated with the
core domain of DREAM. However, it is likely that the interaction
between DRE29 and DREAM is favored by increased peptide
flexibility. Therefore, using a Kd of ∼5 mM would be more
appropriate (calculated from the decrease in binding energy of
1.8 kcal/mol), which shows that only ∼60% of the N-terminal
domain is accessible to bind CaM. The collapse of the N-
terminus seems to be nonspecific and mainly driven by
electrostatic interactions. This conclusion explains why the
hydrophobic cavity of DREAM at the C-terminus is not
compromised and can bind small hydrophobic ligands such as
1,8-ANS and NS5806 as well as large peptides such as the N-
terminus of Kv4.3 (Figure 3). Moreover, the puzzling calcium-
independent association of DREAM with Kv4.3 indicates that
the N-terminus of DREAM is able to modify the accessibility of
the hydrophobic groove. A similar effect was observed for
NS5806,20 and it is possible that the presence of the N-terminus
results in a destabilization of the hydrophobic groove that
facilitates association with large hydrophobic peptides such as
Kv4.3. A calcium-independent binding of KChIPs and Kv4
channels has been observed using full-length proteins.10,36

However, we and others have reported a calcium-dependent
association of KChIP1 (which lacks the extended N-terminal
domain) and DREAM(Δ64) with fragments of Kv4.20,35,50

Therefore, the results presented here support a mechanism in
which the presence of the N-terminus in DREAM enhances
association with Kv4 channels, whereas its truncation by caspase-
3 likely results in disruption of the DREAM:Kv4 complex in the
absence of calcium.17

Despite the observed flexibility of the N-terminal domain, far-
and near-UV CD spectra support a model in which the first 64
residues do not form a random coil, but rather a partial helical

Figure 8. Fluorescence anisotropy increase due to 0.5 μMFITC-labeled
dsDNA homologous to the DRE sequence of the human prodynorphin
gene binding to 5 μM DREAM in the presence or absence of Ca2+.
Addition of CaM at increasing concentrations (0, 20, 40, and 60 μM)
results in a concomitant decrease in fluorescence anisotropy. Chelation
of Ca2+ by 2 mM EDTA results in an increase in anisotropy due to
association of dsDNA with DREAM, even in the presence of 60 μM
CaM.
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structure. This is supported by bioinformatics analysis that
highlights a region of high helical propensity, here named α0
(residues 27−53). Additionally, analysis of the disorder
propensity of the DREAM amino acid sequence reveals that
the N-terminus is comprised of two disordered regions
connected by a structured segment, identified as α0. The N-
terminal tryptophans (Trp32 and Trp50) within α0 undergo a
structural reorganization upon calcium binding that correlates
with an increase in solvent polarity.41 However, the contribution
to the observed near-UV ellipticity change upon Ca2+ binding
being due the disulfide bond between Cys45 and Cys46 cannot
be ruled out.40,51 We hypothesize that upon Ca2+ binding the
surface charge reduction on DREAM as well as structural
rearrangements may lead to a decrease in the collapse of the N-
terminus, thus inducing an increase in the level of solvent
exposure of the N-terminus. Near-UV data also do not support a
model in which the N-terminus collapses into the hydrophobic
cavity, which would result in a reversal of the observed transition.
As seen for other CaM binding peptides, the association

between CaM and the N-terminus of DREAM is fast and close to
the diffusion limit.42,43 On the other hand, dissociation of CaM
from DRE29 proceeds only after dissociation of Ca2+ from CaM.
Whether the dissociation requires dissociation of all Ca2+ ions or
only those at the CaM C-terminal domain is not revealed by
these experiments. However, the observed displacement of the
DRE29 peptide by TFP bound at the C-terminus highlights the
possibility that this domain plays a major role in complex
formation. The change in fluorescence anisotropy upon
dissociation of Ca2+ from CaMRR2 shows kinetics much slower
than that observed using tyrosine residues located in the C-
terminal domain. The position of the rhodamine label at the C-
terminus on the exiting helix of EF-4 near the hydrophobic
pocket may allow the xanthene group to stabilize the open
conformation, which results in a much slower transition of CaM
to the closed apo form. Furthermore, the temperature depend-
ence of the dissociation kinetics allows us to extract the activation
enthalpy and entropy for the dissociation of DRE29 and
DREAM from apoCaM. These thermodynamic parameters
reveal that the presence of the core domain of DREAM resulted
in an enthalpy of activation (4.9 kcal/mol) approximately 3-fold
lower than that of dissociation of DRE29 (16.1 kcal/mol). We
hypothesize that this difference arises from an electrostatic
attraction of the N-terminal domain involved in binding of CaM
to the electronegative side of DREAM (Figure 1). On the other
hand, the positive 4.0 kcal/mol activation entropy for
dissociation of CaMRR2 from DREAM compared to −1.1
kcal/mol for the DRE29 dissociation shows that the dissociation
transition states are not identical. These results support our
hypothesis that there is an electrostatic interaction between the
N-terminal domain and the core domain of DREAM, as well as
the idea that CaM decreases the level of disorder of the N-
terminus, which likely explains the increase in the solubility of
DREAM.
DREAM has been shown to undergo an oligomerization

change upon binding of calcium; however, there seems to be
some disagreement among the reported oligomerization states.
We have recently reported that in the absence of calcium, the
DREAM(Δ64) construct forms a stable tetramer in solution and
a dimer upon calcium binding.29 In contrast, Ramachandran and
co-workers observed a dimer to monomer transition upon
calcium binding to DREAM,13 which is contrary to the initial
finding favoring a tetramer to dimer transition.14 The disagree-
ment could be likely due to different expression methodologies

(GST fusion vs inclusion body refolding), and/or sample
conditions (high salt vs low salt and 10 mM LDAO). Therefore,
to understand the impact of association of CaM with DREAM,
we determined the structural arrangement and oligomerization
of CaM:DRE29 and CaM:DREAM complexes using steady-state
and time-resolved spectroscopy.
The fluorescence properties of the IAEDANS-labeled CaM

show a clear transition upon Ca2+ binding, which include an
increase in fluorescence, a blue shift in emission, and a slower
decay lifetime and rotational correlation time of the protein.
These results are in good agreement with the known transition of
CaM from a flexible conformation in the apo form to a more rigid
and elongated structure in the presence of calcium with
concomitant exposure of a hydrophobic surface at the C-
terminus.4,48 Association of CaM-IAEDANS with DREAM
results in an even more dramatic increased fluorescence, a larger
blue shift, and an increased decay lifetime as well as a more
complex rotational decay. Noticeably, CaM and DRE29 form a
spherical heterodimer whereas a heterotetramer was observed for
the CaM-IAEDANS:DREAM complex, which supports a
stoichiometry of 1:1. Moreover, the fact that Ca2+DREAM
forms a dimer in the presence of CaM supports the idea that
CaM association does not disrupt the dimer interface that is
partially solvent protected in calcium-bound DREAM dimer15

and likely does not affect the accessibility of the hydrophobic
groove on DREAM or its interaction with hydrophobic
partners.15,20,29

Multiple simulations of a DREAM model derived from
bioinformatics analysis (Figure 7) show that the N-terminus of
DREAM likely collapses on a negative surface adjacent to the
hydrophobic surface. The interaction between the core domain
and the N-terminus of DREAM is mainly mediated by Asp and
Glu residues on the exiting helix of EF-2 and EE-4 and entering
helix of EF-3 as well as on the loop of EF-4. The position of the
N-terminus also does not conflict with the proposed structure of
KChIPs bound to the T1 domain of Kv4 channels.36,52 It is well-
known that the drosophila shaker channels (homologous to Kv4
in humans) can inactivate through pore occlusion mediated by a
long and flexible positively charged N-terminus.53 The positive
charge and conformational flexibility of the N-terminal domain
of DREAM could highlight the role of this domain in modulation
of Kv4 channels through a mechanism similar to that of shaker
channels. Moreover, the divergent amino acid sequence among
the KChIP subfamily of Ca2+ binding proteins could explain the
observed variation in modulation of K+ currents by KChIPs.
Finally, binding of CaM to DREAM shows a clear effect on the

interactions of DREAM with the DRE sequence of the
prodynorphin gene, an effect that likely translates to other
DRE-promoted genes regulated by DREAM.49 Our observation
that DREAM associates with DNA independent of calcium is in
contrast to previous work.12 However, we believe that the
discrepancy arises from different experimental conditions since
previous ITC experiments were conducted in the presence of
LDAO. We observed that both LDAO and CaM increase the
solubility of DREAM, and it is possible that association of LDAO
with DREAM modulates the interactions between DRE and
DREAM and potentially inhibits the interaction between
Ca2+DREAM and DNA. Indeed, we have observed inhibition
of the CaM:DREAM interaction by LDAO as well as a strong
interaction between DRE29 peptide and DRE dsDNA with
LDAO (data not shown). The EC50 for Ca2+CaM-induced
DREAM DNA dissociation observed here is relatively high, ∼20
μM. However, the high intracellular concentrations of CaM, the
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known Ca2+-induced translocation of CaM from the cytosol to
the nucleus, and the Ca2+-induced increase in the freely diffusing
CaM concentration could facilitate the formation of the
DREAM:CAM complex and dissociation of DREAM from
DNA.54,55 It is also possible that post-translational modification
such as myristoylation/palmytoylation at Cys45/Cys46 could
enhance the affinity between CaM andDREAM and decrease the
observed EC50, an effect that has been observed in other CaM
binding proteins.56

■ CONCLUSION

We have shown that an α-helical region at the N-terminus of
DREAM comprising residues 29−44 contains a CaM binding
surface. The Ca2+-dependent association of CaM with DREAM
increases its solubility in the presence of calcium. We also
demonstrate that the N-terminus of DREAM forms a flexible
Ca2+ sensitive domain, which can collapse on the core domain of
DREAM but does not block the hydrophobic cavity at the C-
terminus. The protein complexes between CaM and DRE29 or
DREAM follow a 1:1 stoichiometry, in good agreement with a
heterodimer and heterotetramer oligomerization. Overall, our
biochemical studies provide insight into the molecular
mechanism of the CaM:DREAM complex and the impact of
association of CaM with DREAM and open the possibility of the
CaM:DREAM complex being involved in gene regulation. The
complex behavior of the N-terminus in DREAM highlights the
functional diversity of members of the KChIPs group of calcium
binding proteins, which share a low degree of homology in this
region. These results also provide a roadmap for the design of a
molecular model of the CaM:DREAM complex, which may shed
light on the understanding of these multifunctional proteins and
how they affect downstream binding partners such as Kv4
channels, DNA, and presenilin.
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