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Abstract: Downstream Regulatory Element Antagonist Modulator (DREAM) belongs to the family of

neuronal calcium sensors (NCS) that transduce the intracellular changes in Ca21 concentration into
a variety of responses including gene expression, regulation of Kv channel activity, and calcium

homeostasis. Despite the significant sequence and structural similarities with other NCS members,

DREAM shows several features unique among NCS such as formation of a tetramer in the
apo-state, and interactions with various intracellular biomacromolecules including DNA, presenilin,

Kv channels, and calmodulin. Here we use spectroscopic techniques in combination with molecu-

lar dynamics simulation to study conformational changes induced by Ca21/Mg21 association to
DREAM. Our data indicate a minor impact of Ca21 association on the overall structure of the N-

and C-terminal domains, although Ca21 binding decreases the conformational heterogeneity as

evident from the decrease in the fluorescence lifetime distribution in the Ca21 bound forms of the
protein. Time-resolved fluorescence data indicate that Ca21binding triggers a conformational tran-

sition that is characterized by more efficient quenching of Trp residue. The unfolding of DREAM

occurs through an partially unfolded intermediate that is stabilized by Ca21 association to EF-hand
3 and EF-hand 4. The native state is stabilized with respect to the partially unfolded state only in

the presence of both Ca21 and Mg21 suggesting that, under physiological conditions, Ca21 free

DREAM exhibits a high conformational flexibility that may facilitate its physiological functions.

Keywords: DREAM; potassium channel interacting protein; EF-hand motif; neuronal calcium sen-

sors; tryptophan emission; equilibrium unfolding

Introduction

EF-hand motif Ca21 binding proteins are involved in

the regulation of numerous intracellular processes

ranging from gene expression, cell division, cell

growth, as well as apoptosis. All members of this fam-

ily carry at least one pair of EF-hand calcium binding

sites that bind calcium with equilibrium affinity con-

stants ranging from 104M in the case of S100 pro-

teins, to 108M as found for parvalbumin.1 The protein

affinity for Ca21 is fine-tuned by the amino acid

sequence of the EF-hand binding site, overall struc-

ture of the Ca21 sensor, and by interactions with
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other intracellular partners. Despite relatively high

sequence similarities, EF-hand proteins exhibit large

structural diversity in the apo- and Ca21 bound forms

that is essential for specific interactions with intracel-

lular partners and functional diversity.2

For example, in calmodulin and troponin C, two

independent domains are connected by a flexible a-

helical linker and calcium association leads to a sub-

stantial reorganization of the C- and N-terminal

domains and exposure of hydrophobic patches on the

protein surface. In calmodulin, such highly dynamic

protein structure enables specific interactions with a

large number of intracellular targets.2 Unlike the

calmodulin family, structural changes linked to Ca21

binding to EF-hands in S100 proteins are relatively

modest and result in exposure of a wider and flatter

hydrophobic crevice on the protein surface that facil-

itates binding of intracellular partners.3 On the

other hand, in neuronal calcium sensors (NCS), the

calcium association leads to the structural reorgan-

ization that promotes repositioning of the N- and C-

terminal domain and in some proteins exposure of

the myristoyl group.

NCS are predominantly expressed in neuronal

tissue where they regulate numerous intracellular

processes including vision transduction, potassium

voltage channel kinetics, DNA expression, etc.4–6 All

members carry four EF-hand binding sites, although

only two or three EF-hands are active and bind biva-

lent ions with a high affinity.5 Some members of the

NCS family undergo post-translational modifications

such as fatty acid esterification at the N-terminus.

The presence of the fatty acid modulates the range

of Ca21 triggered conformational switching and facil-

itates protein association to the membrane.7 The C-

and N-terminal domains in NCS are each organized

in a globular arrangement and are connected by a

short U-shaped linker with a solvent-exposed hydro-

phobic groove stretching between the C- and N-

terminal domains.8

DREAM, also known as KChIP3 or calsenilin,

belongs to the subfamily of NCS potassium channel

interacting proteins (KChIP), which includes three

additional members (KChIP1, KChIP2, and

KChIP4).9 All members share a conserved region of

180 residues along with highly variable N-termini of

35 to 100 residues.10 In DREAM, EF-hand 1 has no

function due to the presence of Cys104 and Pro105

prevent this site from binding to Ca21/Mg21,

whereas the canonical EF-hand 3 and EF-hand 4

functionally bind Ca21 with a high affinity (Kd �1–

10 mM) and EF-hand 2 structurally binds Mg21 (Kd

�14 mM).26 KChIP1, DREAM, and KChIP4 are pre-

dominantly expressed in the brain where they regu-

late gating properties of Kv channels and the

surface expression of the Kv4 complex.11,12 Unlike

other members of the KChIP subfamily, DREAM

interacts with numerous intracellular partners

including calmodulin,13 DNA,14 presenilin,15–19 and

CREB/CREM transcription factors.20,21

The role of Ca21 in regulating DREAM functions

and the structural basis of DREAM interactions with

multiple partners are not fully understood. Although

the solution structure of Ca21 bound DREAM (resi-

dues 76–256) is known22 as well as the solution struc-

ture of the C-terminal domain (residues 161–256) of

Ca21 bound DREAM,23 it is unclear how the Ca21/

Mg21 association to the EF hands alters the struc-

tural properties of DREAM. Considering the large

number of DREAM interacting proteins, understand-

ing the structural diversity could provide important

insight into the relationship between the sequence,

structure, and the target diversity of DREAM and

NCS proteins in general. Since the single tryptophan

(Trp169) is located between the N- and C-terminal

domain in DREAM (Fig. 8), this residue is ideal for

monitoring conformational response to changes in

Ca21/Mg21 concentration. Thus we have combined

time-resolved fluorescence, CD spectroscopy, and

molecular dynamics to probe the dynamics and struc-

tural diversity of DREAM under various conditions.

The heterogeneous Trp emission decay indicates that

DREAM adopts multiple conformations in the apo

and Ca21 bound forms. Ca21 binding to EF-hands is

associated with increased protein rigidity and a

decrease in Trp solvent exposure. DREAM unfolds

through a partially unfolded intermediate state that

is populated at a GuHCl concentration around 4.5 to

5.0M. The intermediate state is stabilized by Ca21

binding to EF-hand 3 and EF-hand 4. The presence

of Mg21 stabilizes the native structure of Ca21 bound

DREAM with respect to the intermediate state.

Results

Steady-state emission spectra
The emission spectra of apoDREAM and Mg21DREAM

are almost identical, and are broad with a maximum

at 340 nm (Fig. 1). Upon Ca21 association to DREAM

or Mg21DREAM, we observed that the two spectra

change in the same manner with a decrease in the

emission intensity along with a concomitant hypsochro-

mic shift of 5 nm. Analogous Ca21 triggered bathochro-

mic shifts were reported previously, although the

emission spectra presented here are approximately

5 nm blue shifted compared with the published

results.24 The protein was purified and studied in the

presence of LDAO since the previous study had shown

that the addition of LDAO reduces protein aggregation

and stabilizes apoDREAM and Ca21DREAM in its tet-

rameric and dimeric form, respectively.24 We have

observed that the presence of LDAO strongly impacts

the emission spectra of Ca21 free and Ca21 bound

DREAM. For example, DREAM samples dialyzed

against 20 mM Tris buffer, 1 mM DTT, and 10 mM

LDAO at pH 7.4 for 48 h provided emission spectra
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with a kmax of 340 nm and 335 nm for apo- and

Ca21DREAM, respectively, which are comparable to

those reported by Osawa et al.24 On the other hand,

emission spectra of DREAM samples prepared in the

absence of LDAO are blue shifted with an emission

maximum at �330 nm for Ca21DREAM and 335 nm

for apoDREAM suggesting that LDAO binding to

DREAM increases the solvent exposure of the Trp

side-chain. The fluorescence quantum yield was deter-

mined to be 0.105 6 0.009 for apo- and Mg21DREAM

and 0.090 6 0.011 in Ca21 and Ca21Mg21DREAM. The

bathochromic shift of the Trp emission maximum sug-

gest that Ca21 association to DREAM leads to a con-

formational transition upon which the Trp residue

moves towards the hydrophobic core of the protein.

Fluorescence quenching
Acrylamide, a polar, uncharged water soluble mole-

cule, was used in quenching studies to further probe

the solvent accessibility of Trp169 in DREAM. The

plot of the ratio of the DREAM fluorescence emission

intensities in the absence and presence of the acrylam-

ide quencher exhibit a linear dependence (Fig. 2) with

Stern-Volmer constants [Eq. (1)] of 2.80 6 0.01M21 for

apoDREAM and 2.03 6 0.10M21 for Ca21DREAM, and

1.78 6 0.01M21 for Ca21Mg21DREAM confirming that

the Trp169 side-chain is less solvent accessible in the

structure of Ca21 bound DREAM. In the case of colli-

sional quenching, the bimolecular quenching rate con-

stant, kq 5 KSV/<s>, where <s> is the lifetime in the

absence of the quencher, provides a better estimate of

the quenching efficiency. Using the average value for

the fluorescence lifetime (Table I), the kq value was

determined to be 6.2 x 108M21 s21 for apoDREAM

and 4.2 x 108M21 s21 for Ca21DREAM, and 3.7 x

108M21 s21 for Ca21Mg21DREAM. Interestingly,

Mg21 association to DREAM results in a small but

reproducible decrease in the Stern-Volmer constant

and the bimolecular quenching constant, Ksv 5 2.29 6

0.06M21 and kq 5 5.0 x 108M21 s21, indicating that

Mg21 binding to EF-hand 2 causes a minor structural

reorganization that impacts the Trp169 solvent acces-

sibility. Previously, we have shown that Mg21 binding

to DREAM leads to small changes in the fluorescence

properties of 1,8-ANS DREAM complexes,25 support-

ing the role of Mg21 in stabilizing the tertiary struc-

ture of the DREAM protein.

Fluorescence lifetime

Since the Trp fluorescence lifetime is highly sensi-

tive to small variations in the fluorophore environ-

ment, probing the lifetime of the single Trp residue

(Trp169) provides further insight into Mg21/Ca21

induced conformational changes, including altera-

tion of local dynamics. The Trp169 lifetime was

determined using phase modulation fluorescence

spectroscopy. The phase shift and modulation ratio

data were monitored in the frequency range from 5

MHz to 250 MHz and are presented in Figure 3.

Data were analyzed using either a sum of discrete

exponentials or various distribution models (Gaus-

sian, Lorentzian or uniform). The best fits based on

residuals and v2 values were obtained with a model

composed of a discrete single exponential decay com-

ponent and a continuous Gaussian distribution

(Table I). The discrete component exhibits a calcium

independent lifetime of �7.5 ns whereas the Gaus-

sian distribution is centered at 3.5 ns and 1.7 ns for

Ca21 free and Ca21 bound DREAM, respectively.

The width of the distribution is w1 51.8 ns and 2.0

ns in the apo-DREAM and Mg21DREAM, respec-

tively, and narrows upon Ca21 binding to w1 5 0.8 ns

and 0.9 ns in Ca21DREAM and Ca21Mg21DREAM,

respectively. In addition, the fractional contribution

of the 7.5 ns component is �0.12 in the apo- and

Figure 1. Fluorescence emission spectra of apo-, Mg21,

Ca21, and Ca21Mg21DREAM upon excitation at 295 nm.

Note that the emission spectrum of apoDREAM and

Mg21DREAM are almost identical, and likewise for

Ca21DREAM and Ca21Mg21DREAM.

Figure 2. Stern-Volmer plot for acrylamide quenching of

DREAM in the absence/presence of Ca21 and Mg21. Error

bar represents standard deviations of three independent

measurements.
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Mg21 DREAM and increases to 0.20 in Ca21 bound

forms of DREAM.

DREAM stability

The impact of Ca21/Mg21 binding to EF-hands on

the protein stability was characterized by monitor-

ing the CD signal at 220 nm as a function of increas-

ing GuHCl concentration. The unfolding curves

shown in Figure 4 clearly indicate the presence of

an partially folded intermediate at GuHCl concen-

trations between 4.0 and 5.0M. The experimental

data were analyzed using a three-state model

according to Eq. (4) and the recovered thermody-

namic parameters (DG�, m, and Cm) are summarized

in Table II. Ca21 association to DREAM increases

the stability of the native state compared with the

unfolded state by �4 kcal mol21
, whereas the contri-

bution of Mg21 to DREAM stability is significantly

smaller. Interestingly, Ca21 binding to EF-hands

increases the stability of the native state with

respect to the partially unfolded intermediate state

by �2 kcal mol21 in the presence of Mg21, whereas

the stability of the intermediate state with respect

to the unfolded state is increased in both

Ca21DREAM and Ca21Mg21DREAM by �2 kcal

mol21. The shallow folding transition between the

native and partially unfolded intermediate state

points to a low energy barrier between the native

and intermediate state for apo, Mg21, and

Ca21DREAM. The native state is more strongly sta-

bilized with respect to the intermediate state in

Ca21Mg21DREAM, as evident from the steep transi-

tion between the folded and partially folded interme-

diate state.

Table I. Emission Decay Parameters for DREAM Using a Continuous Gaussian Distribution and a Discreet
Component

s1 (ns) w1 (ns) f1 a1 s2 (ns) f2 a2 <s> (ns) v2

apoDREAM 3.6 2.0 0.77 0.88 7.5 0.23 0.12 4.5 1.7
Mg21DREAM 3.4 1.8 0.75 0.87 7.5 0.25 0.13 4.4 2.0
Ca21DREAM 1.8 0.8 0.44 0.78 7.4 0.56 0.22 4.8 1.7
Ca21Mg21DREAM 1.8 0.9 0.48 0.80 7.6 0.52 0.20 4.8 1.0

A constant standard error of 0.2� for the phase angle and 0.004 for modulation ratio was used. s1 is the mean decay time of
the Gaussian distribution with a width of distribution w1. s2 is the lifetime of the discrete single exponential term. The
average lifetime <s> was calculated using Eqs. (S1) and (S2) in Supporting Information section. a1 and a2 are normalized
pre-exponential decay and f1 and f2 are exponential decay fractions.

Figure 3. Top: Frequency-domain intensity decay of 40 mM

apo-DREAM (open squares), Mg21DREAM (open circles),

Ca21DREAM (closed squares), and Mg21Ca21DREAM

(closed circles). The solid lines represent the data fitting using

a Gaussian distribution model and single exponential decay

model. Note that the experimental data for apo-DREAM and

Mg21DREAM are nearly identical, and likewise for the data

for Ca21DREAM and Ca21Mg21DREAM. Bottom: Fluores-

cence lifetime analysis for Mg21DREAM and

Ca21Mg21DREAM using a continuous Gaussian distribution

and a discreet single exponential decay component.

Figure 4. Representative equilibrium unfolding traces of

DREAM as determined by the CD signal at 220 nm. The

experimental data were fit using Eq. (4) and the thermody-

namic parameters are reported in Table II.
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Molecular dynamics studies

Molecular dynamics simulations provide a comple-

mentary approach to monitor structural transitions

in DREAM. The root mean square fluctuation

(RMSF) of Ca atoms can be used to probe fluctuations

of individual residues with respect to the average

structure in the apo- and Ca21 bound form of

DREAM. The RMSF profile for a 40 ns time window

is shown in Figure 5. The overall profiles are similar

for apo and Ca21 bound DREAM. Ca21 association to

EF-hand 3 and EF-hand 4 reduces the fluctuations of

the Ca21 binding loop in EF-hand 3 (residues 174–

183), and to a smaller extent reduces the fluctuations

in the binding loop of EF-hand 4 (residues 222–231).

The flexibility of the long loop connecting a-helix 7 to

a-helix 8 (residues 198–211) remains high in the

Ca21 bound form of the protein, in agreement with

NMR results that show increased structural devia-

tions in this region.22 Interestingly, the C-terminal

loop (residues 242–244) connecting a-helix 9 and a-

helix10 in the C-terminal domain exhibits high flexi-

bility in the Ca21 bound structure. As expected,

smaller changes in protein flexibility due to Ca21

binding to DREAM are observed for the N-terminal

domain of the protein.

The superposition of MD simulations structures

of apo-DREAM and Ca21DREAM monomers (Fig. 6)

shows high structural similarity. Detailed inspection

of these structures reveals that the N-terminal

domain containing the nonfunctional EF-hand 1 and

EF-hand 2 does not show significant structural dif-

ferences between the apo- and Ca21 bound forms

apart from a-helix 2, which moves away from a-

helix 5 in the Ca21 bound protein. A larger struc-

tural reorganization is observed for the C-terminal

domain and includes repositioning of the a-helices

within the individual EF-hand binding sites. Inter-

estingly, the entering and exiting helices of the EF-

hand 3 undergo a minor reorientation in the calcium

bound state with respect to the apo-state, whereas

Ca21 association to EF-hand 4 is accompanied by

the clear transition of the a-helices from a perpen-

dicular to a parallel orientation (Fig. 6). Also, the C-

terminal helix (a-helix 10) moves away from a-helix

6 in the Ca21 bound protein.

Discussion

Previous studies have demonstrated that Ca21 asso-

ciation to the EF-hand 3 and EF-hand 4 in the

C-terminal domain of DREAM leads to the dissocia-

tion of the apo-DREAM tetramer into dimers

which decreases DREAM affinity for intracellular

partners,26 as well as DREAM monomer affinity for

small hydrophobic molecules.25 However, the

detailed molecular mechanism of how Ca21 associa-

tion to the C-terminal domain EF-hands modulates

the conformation of the DREAM monomer and the

impact of Ca21/Mg21 association on DREAM affinity

for intracellular partners remains elusive. Trypto-

phan emission has been widely used as a sensitive

probe of structural transitions in proteins including

protein folding, Ca21/Mg21 association to proteins

and protein-protein interactions. In the DREAM

structure (residues 65–256), the single Trp residue

that is located at the interface between the N- and

C-terminal domains provides a unique tool for char-

acterization of Ca21/Mg21 triggered conformational

transitions in DREAM.

Table II. Thermodynamic Parameters for GuHCl-Induced Denaturation of DREAM in the Absence/Presence of
Ca21 and Mg21

DGN!I

(kcal mol21)
mN!I

(kcal M21 mol21)
CN!I

(M)
DGI!U

(kcal mol21)
mI!U

(kcal M21 mol21)
CI!U

(M)
DGN!U

(kcal mol21)

ApoDREAM 1.6 6 0.1 0.8 6 0.1 2.0 7.7 6 0.8 1.3 6 0.1 5.9 9.3 6 0.8
Mg21DREAM 1.7 6 0.2 0.8 6 0.1 2.1 8.4 6 0.9 1.4 6 0.2 6.0 10.1 6 0.9
Ca21DREAM 1.6 6 0.3 0.6 6 0.1 2.0 11.3 6 0.1 1.7 6 0.1 6.5 12.9 6 0.3
Ca21Mg21DREAM 3.8 6 0.4 1.2 6 0.2 3.2 10.5 6 1.2 1.6 6 0.2 6.5 14.3 6 1.3

The thermodynamic parameters were calculated using Eq. (4) where N, I, and U correspond to the native state, intermedi-
ate state, and unfolded state, respectively. DG is the standard free energy for the transition, m is the dependence of the
free energy on the denaturant concentration, and CN!I and CN!U represent for denaturant concentration of half unfold
from native to intermediate state and from intermediate state to unfolded state, respectively. GN!U represents the overall
unfolding free energy from native to unfolded state. Errors were determined from standard deviations of at least three
independent measurements.

Figure 5. Root-mean-square fluctuations (RMSF) of the Ca

backbone in apoDREAM and Ca21DREAM.
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Impact of Ca21 binding on conformational

dynamics of DREAM
Steady-state emission data of Trp169 indicate that

Ca21 association to EF-hand 3 and EF-hand 4 trig-

gers the reorganization of the interface between EF-

hand 2 and EF-hand 3 with the Trp side chain being

located in a less polar environment in the Ca21

bound form. This is further supported by the emis-

sion quenching and fluorescence lifetime data. The

smaller bimolecular quenching rate constant

observed for Ca21- and Ca21Mg21DREAM is consist-

ent with a reduced solvent accessibility to the Trp

residue due to tertiary structure alterations and/or

decreased conformational flexibility in the Ca21

bound form of DREAM.

The decrease in the structural flexibility is sup-

ported by the Trp lifetime data (Fig. 3). The major

fraction of the Trp169 emission decay can be

described using a continuous Gaussian distribution

model centered at 3.5 ns for apo- and Mg21 DREAM

and 1.7 ns for Ca21DREAM and Ca21Mg21DREAM.

The minor fraction (�10% in apo-DREAM and 20%

in Mg21 and/or Ca21 bound DREAM) exhibits a dis-

crete single exponential decay with lifetime of �7.5

ns. The full width at half maximum value of the life-

time distribution parameter, w, was found to be 2.0

ns for apo- and Mg21DREAM and �0.9 ns for Ca21

bound DREAM. The observed decrease in the w

value suggests that Ca21 binding to EF-hands

reduces the distribution of conformational micro-

states and/or modulates the dynamics of the inter-

conversion between individual substates in

DREAM.27,28 Several mechanisms were proposed to

explain the observed heterogeneity of the Trp life-

time in single Trp proteins including the presence of

Trp side chain rotamers, quenching by water mole-

cules, electron transfer to the peptide carbonyl

group, excited state electron or proton transfer and

intersystem crossing.29–31 Interestingly, an overlay

of the 15 lowest energy structures of Ca21 bound

DREAM determined by NMR spectroscopy22 and the

structure of the DREAM C-terminal domain (resi-

dues 161–256)23 displays the presence of a single

Trp rotamer (t rotamer) in the DREAM structure.

However, as shown in Figure 7, a transition from

the t to g1 rotamer of Trp169 sidechain is observed

during molecular dynamic simulations, which sup-

port the idea that the bimodal distribution could

arise from two rotameric orientations of Trp169 with

the side chain of the g1 rotamer being more solvent

exposed (see below). Inspection of the DREAM and

DREAM C-terminal domain structures (PDB entry

2JUL and 2E6W, respectively) reveals four charged

amino acid residues located within 6 Å of the

Trp169 indole ring that may serve as efficient

Figure 6. Top: Overlaid MD simulations structures of apo-

DREAM (in red) and Ca21 bound DREAM (in yellow). Alpha-

helices 1 to 10 in DREAM are labeled by a1 to a10, respec-

tively. EF-hand 1 is composed of a2 and a3, EF-hand 2 com-

posed of a4 and a5, EF-hand 3 composed of a6 and a7, EF-

hand 4 composed of a8 and a9. The position of the Trp169

residue is shown with sticks. Bottom: Ca21 triggered reor-

ganization of the EF-hand 3 (left) and EF-hand 4 (right).

Figure 7. Top: charged and polar amino acid residues sur-

rounding Trp169 in the structure of DREAM (PBD entry 2JUL,

shown in blue) and C-terminal domain of DREAM (PBD entry

2E6W, shown in green). Bottom: Left: SASA of Trp169 in

DREAM during 270 ns of the MD trajectory. Right: Partially

buried (in blue) and solvent exposed (in green) orientation of

Trp169 side chain in DREAM structure.
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quenchers for the t rotamer. Glu165, Lys168, and

Asn172 are located on the same a-helix as Trp169,

whereas Glu253 is found at the end of a-helix 10

(Fig. 7).In addition, the side chains of these residues

are disordered in the NMR structures, which likely

contribute to the observed heterogeneity of the Trp

emission decay. In the absence of the NMR structure

of apo-DREAM, it is difficult to pinpoint the origin

of the slower Trp decay in apo- and Mg21DREAM.

However, we speculate that the re-positioning of a-

helix 10 upon Ca21 binding brings the Glu253 side-

chain closer to the Trp169 indole ring resulting in

more efficient Trp emission quenching. Indeed, a-

helix 10 was found to be flexible in the structure of

KChIP1 as it moves away from a-helix 8 in the

KChIP1:Kv4 channel T1 domain complex.32 Also,

the reorientation of the a-helix 10 was associated

with increased affinity of Ca21 bound DREAM for

arachidonic acid and small hydrophobic molecules.25

The second Trp decay component is character-

ized by an unusually long lifetime of �7.5 ns. It is

unlikely that the presence of the second lifetime

reflects other oligomerization forms of DREAM

(monomer/tetramer in the case of Ca21 free DREAM

and monomer/dimer in the case of Ca21 bound pro-

tein) since two comparable lifetimes were found for

the C-terminal DREAM construct (residues 161–

256) in the apo form which does not form a tetramer

or dimer in solution (manuscript in preparation). On

the other hand, a similar lifetime of 7.3 ns was

detected in the multitryptophan protein beta-

glycosidase from Sulfolobus solfataricus, and was

associated with a rigid cluster of eight Trp resi-

dues.33 However, the NMR structure (Fig. 7, top)

and RMSF from MD simulations (Fig. 5) are not

consistent with the presence of a rigid hydrophobic

cluster surrounding Trp in DREAM. On the other

hand, a single Trp residue in the calcium binding

protein annexin was reported to exhibit two distinct

lifetimes of 2.0 ns and 7.0 ns when annexin is asso-

ciated to lipid vesicles.34 The 7.0 ns decay was

attributed to the Trp side-chain located in a more

polar environment, at the interface between the pro-

tein surface and the lipid membrane.34

Thus, to further explore the dynamic behavior

of the Trp side chain, a 250 ns molecular dynamics

simulation was analyzed and the solvent accessible

surface area (SASA) plot for Trp169 is shown in

Figure 7. The Trp side chain samples three major

conformations with distinct SASA values. Two con-

formations are characterized by SASA values of 376

Å2 and 370 Å2, respectively, and can be attributed to

the partially buried Trp side-chain within the inter-

face between the C- and N-terminal domains of

DREAM. The additional conformation with a SASA

of 385 Å2 corresponds to the solvent exposed indole

ring (Fig. 7). The binding site for the LDAO mole-

cule on the DREAM surface is not known. The

detergent molecule may bind into the hydrophobic

cleft between the N- and C-terminal domain in a

similar way as a myristoyl group binds to apo-

recoverin, and thus the interactions between the

Trp169 indole ring and the polar head of the LDAO

molecule bound to DREAM can contribute to a 7.5

ns Trp decay and the red-shifted emission spectra of

DREAM samples prepared in the presence of LDAO.

Furthermore, Liao et al.35 have shown that the C-

terminal domain of KChIP1 is required for KChIP1

association to phospholipid vesicles and the forma-

tion of KChIP1—phospholipid vesicle complexes

alters the protein structure. Taking into account a

high sequence and structural homology of the C-

terminal domain among the members of the KChIP

subfamily, it is likely that DREAM forms similar

complexes with phospholipid vesicles. Indeed, one

can speculate that the DREAM conformation that is

characterized by the 7.5 ns Trp lifetime reflects the

conformation of DREAM associated with lipid

vesicles or membranes.

DREAM stability increases in the presence of

Ca21/Mg21

Association of Mg21 and/or Ca21 to DREAM

EF-hands increases the stability of the protein,

although to different extent. The unfolding data

(Fig. 4) show that DREAM unfolds through a

partially unfolded intermediate state that is popu-

lated at �4.5M GuHCl in the case of apo- and Mg21

DREAM and at �5.0M GuHCl for Ca21- and

Ca21Mg21DREAM. Further increase in the GuHCl

concentration promotes protein destabilization

towards the unfolded state. Unlike small, single

domain proteins that fold with two-state kinetics

without populating intermediate state, multidomain

proteins commonly exhibit unfolding intermediates.

Furthermore, protein stability and folding is modified

by the presence of higher order clusters of aromatic

Figure 8. The aromatic clusters identified in DREAM C-

terminus (grad solid surface) and N-terminus (blue solid sur-

face). EF-hand 1 in DREAM is shown in cyan, EF-hand 2 in

green, EF-hand 3 in yellow, EF-hand 4 in orange, Trp169 in

wireframe surface, and calcium ions shown in yellow

spheres.

Pham et al. PROTEIN SCIENCE VOL 24:741—751 747



residues.36,37 Such residues are usually highly con-

served and their substitution often leads to the desta-

bilization of protein structure. We have identified two

aromatic hydrophobic cores in the DREAM structure

(Fig. 8) that (i) are formed by residues conserved

among NCS members, (ii) have a relative solvent

accessibility smaller than 10%,38 and (iii) groups side

chains that are within a distance of 4.5 Å39 of each

other. One hydrophobic core is formed by an aromatic

tetramer of Phe171, Tyr174, Phe218, and Phe235 and

is found at the C-terminal domain (Fig. 8). All these

residues are in a helical structural motif. The cluster

formation brings together a-helices 6, 8, and, 9 which

may stabilize the C-terminal domain. The second

hydrophobic core was found within the N-terminal

domain and is a trimer of phenylalanine residues

(Phe114, Phe135, and Phe138) that are found in a-

helices 3 and 4. Analogously to the C terminal

domain, the interactions between these residues

increase the stability of the N-terminal domain. In

addition, Trp169 from the C-terminal domain inter-

acts with Phe138 from the N-terminal domain and

such inter-domain interactions may contribute to

DREAM stability.

Considering that the Ca21 association to EF-

hand 3 and EF-hand 4 increases the stability of the

partially unfolded intermediate with respect to the

unfolded protein, we propose that a-helices 6, 8, and

9 form a stable hydrophobic core that unfolds during

the intermediate between the transition and

unfolded states. The N-terminal domain that lacks

more extended hydrophobic core(s) may be less sta-

ble than the C-terminal domain and thus may be

destabilized during the initial unfolding transition.

This is further supported by the fact that the stabil-

ity of the N-terminal domain is increased by the

Mg21 association to EF- hand 2, which is located in

the N-terminal domain. Thus the unfolding data

suggest that the N-terminal domain unfolds during

the first transition whereas the C-terminal domain

is destabilized at increased denaturant concentra-

tion. An analogous unfolding mechanism was

reported previously for another member of the NCS

family, neuronal calcium sensor 1 (NCS-1).40–42 That

study reported that the folding mechanism and pro-

tein stability of NCS-1 are altered by the presence of

Ca21 and Mg21 ions as well as by the protein myris-

toylation at the N-terminus. Nonmyristoylated

NCS1 unfolds through a three step mechanism with

an overall stability of DGN!U 5 12.9 6 0.7 kcal mol21

for apo-NCS1, and DGN!U 5 14.5 6 1.6 kcal mol21

for holo-NCS1. These values are comparable to those

determined here for apo- and Ca21 bound DREAM.

These results indicate a similar folding mechanism

for NCS1 and DREAM, and possibly other members

of the NCS family. This is further supported by a

kinetic study of folding mechanisms using optical

tweezers.41 The authors have reported that the fold-

ing of the C-terminal domain precedes the folding of

the N-terminal domain, and that the C-terminal

domain is stabilized by aromatic interactions

between a-helix 9, a-helix 8 and a-helix 6.

Material and Methods

Protein isolation and purification

The coding sequence of truncated mouse DREAM

(residues 65–256) inserted into the expression vec-

tor, pReceiver B-31, with T7 promoter was pur-

chased from GeneCopoeia. The expression vector

was transformed into Escherichia coli BL21 (DE3)

competent cells (Stratagene) and the cells were

grown in 1 L of LB medium with 100 mg/mL ampicil-

lin at 37�C until the optical density reached 0.5 at

600 nm. Expression of the recombinant protein was

induced by adding 0.5 mM IPTG. The cells were

grown overnight at 37�C and then harvested by cen-

trifugation (8000 rpm at 4�). Protein isolation and

purification were performed as described previ-

ously.22 The purity of the protein was verified by

SDS-page electrophoresis and the protein concentra-

tion was determined based on the absorbance at

280 nm (e280 nm 5 19,000M21 cm21). Absorption spec-

tra were recorded using a single beam UV-vis spec-

trometer (Cary 50, Varian). To prepare Ca21 and

Ca21Mg21 bound DREAM samples, CaCl2 or MgCl2
solutions was added to protein samples to a final

concentration of 1 mM Ca21 and/or 5 mM Mg21.

Apo and Mg21DREAM samples were prepared by

adding 1 mM EDTA and 1 mM EGTA with 5 mM

MgCl2 to protein solutions, respectively.

Steady-state fluorescence measurements

Steady-state emission spectra were measured using

a PC1 fluorimeter (ISS, Champaign, IL). For steady-

state emission measurements, 40 mM DREAM in

20 mM Tris buffer pH 7.4, 1 mM DTT, and 10 mM

N,N-dimethyldodecylamine N-oxide (LDAO) was

placed in a 0.2 x 1.0 cm quartz cell and emission

spectra were recorded using 295 nm excitation. The

spectra were corrected for the inner filter effect and

the quantum yield for Trp emission was calculated

as described using tryptophan as a standard

(U 5 0.13).43

Fluorescence quenching

Quenching studies were performed by measuring

fluorescence emission intensity in the range from

300 nm to 450 nm using an excitation wavelength of

295 nm, after addition of small aliquots of freshly

prepared 10M acrylamide solution following 5 min

incubation. The decrease in the emission intensity

at 340 nm and 335 nm for the Ca21 free and Ca21

bound form of DREAM, respectively, was corrected

for the inner filter effect. The data were analyzed

using the Stern-Volmer equation:
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I0

I
511KSV½Q� (1)

where I0 and I correspond to the fluorescence inten-

sities in the absence and presence of quencher,

respectively. KSV is the Stern-Volmer quenching con-

stant, and [Q] is the quencher concentration.

Time-resolved fluorescence measurements

The frequency domain fluorescence lifetime meas-

urements were performed on a ChronoFD fluorome-

ter (ISS, IL-Champaign). The output of a 280 nm

light emitting diode was frequency modulated in the

range between 5 and 250 MHz. The emission was

collected through a 320 nm long pass filter (Andover

Inc.) and detected using a PMT (R928, Hamamatsu).

The fluorescence decay data were analyzed using a

combination of a single Gaussian distribution and a

single discrete component according to Eqs. (2) and

(3).44

IðtÞ5a1

ð1

0

qðsÞ
2t=s

ds1a2expð�t=s2Þ (2)

and

qðsÞ5 1

w1

ffiffiffiffiffiffi
2p
p exp

�
2

1

2

s2s1

w1

� �2�
(3)

where a1 and a2 represent the amplitude of each term

in Eq. (2) and s1 is the mean decay time of the Gaus-

sian distribution with a width of distribution w1. s2 is

the lifetime of the discrete single exponential term.

The data analysis was performed using the Globals for

Spectroscopy Software (Laboratory of Fluorescence

Dynamics, University of California, Irvine). The refer-

ence compound used in lifetime measurements was

2,5-diphenyloxazole (PPO) in ethanol (s 5 1.40 ns).45

DREAM stability studies

GuHCl induced protein unfolding was monitored by

measuring the CD spectra as a function of increas-

ing GuHCl concentration. Samples for CD measure-

ments were prepared by solubilizing 40 lM DREAM

in 20 mM Tris-HCl, 1 mM DTT, 10 mM LDAO, pH

7.4, and incubated in the presence of GuHCl for 30

min before CD measurements. The CD spectra were

recorded using a Jasco J-810 CD-spectrometer at

16�C. DREAM unfolding traces were analyzed as a

two-step process involving an intermediate state:

N $ I $ U (4)

where N corresponds to the native state, I to the

partially unfolded intermediate state, and U to the

unfolded state. The unfolding curves were fit using

the following equation:46,47

YðGuHClÞ5
YN1YIexp

2ðDG8
I
2mI½D�Þ

RT

� �
1YUexp

2ðDG8
I
2mI½D�1DG8

U
2mU½D�Þ

RT

� �

11exp
2ðDG8

I
2mI½D�Þ

RT

h i
1exp

2ðDG8
I
2mI½D�1DG8

U
2mU½D�Þ

RT

h i (5)

where Y(GuHCl) is the CD signal at 220 nm, DG is

the standard free energy for the unfolding, m is the

dependence of the free energy on the denaturant

concentration, T is the temperature (T 5 289 K), [D]

is the concentration of GuHCl, and R is the ideal

gas constant, R 5 8.314 JK21 mol21. The parameters

YN, YI, and YU represent the 220 nm CD signal of

each molecular species at zero GuHCl concentration.

Molecular dynamics simulations

Time series molecular dynamics (MD) trajectories

were obtained from explicit solvent, all-atom simula-

tions using the molecular dynamics simulation pack-

age NAMD48 with the CHARMM27 force field.49 The

initial NMR structure of the DREAM protein was

obtained from the Protein Data Bank (PDB code

2JUL). The protein was solvated using the VMD

package50 with a box cutoff set to 10 Å. This

resulted in a simulation box of dimensions 81.5 3

68.6 3 58.1 Å. The solvated system was electrically

neutralized by adding 12 Na1 ions randomly in the

bulk water using the VMD autoionize plugin. The

particle mesh Ewald method51 was used to treat

long-range interactions with a 12 Å nonbonded cut-

off. Energy minimization (50,000 steps) was per-

formed using the conjugate gradient and line search

algorithm. The system was then heated for 90 ps

with a linear gradient of 20 K/6 ps from 20 to 300 K.

At 300 K, the system was equilibrated for 910 ps

with a 2 fs integration time step in the NVT (con-

stant number, volume, and temperature) ensemble.

Langevin dynamics was used to maintain the tem-

perature at 300 K. The production run was 67 ns

using NVT dynamics with 2 fs time steps. The same
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procedure was used to setup another system of a

DREAM protein without calcium ions for simulating

the apo-state of the protein. An additional 270 ns

simulation was conducted for calcium bound

DREAM using AMBER03 force fields with a 10 Å

PME cut off and 1.25 fs integration time, all other

parameters being identical.

Summary
Despite the low impact of Mg21 association with EF-

hand 2 on the DREAM tertiary structure, the pres-

ence of Mg21 stabilizes the native state with respect

to a partially unfolded state. The Trp lifetime data

indicates that DREAM can adopt an additional con-

formation with a long Trp lifetime of 7.5 ns that

may reflect conformations of DREAM populated in

the presence of lipid membranes and vesicles. The

results show that DREAM unfolding is a complex

process that occurs through an partially unfolded,

intermediate state. The Ca21 association to EF-hand

3 and 4 stabilizes the partially unfolded state with

respect to the unfolded state whereas the association

of the Mg21 increases the stability of the native

state only in the presence of Ca21. These results

suggest that the intracellular fluctuations in Ca21

and Mg21 concentrations control the global confor-

mation and stability of DREAM and likely regulate

its interactions with intracellular partners.
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