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ABSTRACT. DREAM (calsenilin/KChIP3) is an EF-hand calcium-binding protein that binds to specific
DNA sequences and regulates?Ginduced transcription of prodynorphin and c-fos genes. Here, we
present the atomic-resolution structure ofGhound DREAM in solution determined by nuclear magnetic
resonance (NMR) spectroscopy. Pulsed-field gradient NMR diffusion experimentad\aNdAR relaxation
analysis indicate that Ga-bound DREAM forms a stable dimer in solution. The structure of the first 77
residues from the N-terminus could not be determined by our NMR analysis. The C-terminal DREAM
structure (residues 7856) contains four EF-hand motifs arranged in a tandem linear array, similar to
that seen in KChIP1, recoverin, and other structures of the neuronal calcium sensor (NCS) branch of the
calmodulin superfamily. Mg is bound at the second EF-hand, wherea% @abound functionally at the

third and fourth sites. The first and second EF-hands form an exposed hydrophobic groove on the protein
surface lined by side-chain atoms of L96, F100, F114, 1117, Y118, F121, F122, Y151, L155, L158, and
L159 that are highly conserved in all NCS proteins. An exposed leucine near the C-terminus (L251) is
suggested to form intermolecular contacts with leucine residues in the hydrophobic groove (L155, L158,
and L159). Positively charged side chains of Arg and Lys (Lys87, Lys90, Lys91, Arg98, Lys101, Arg160,
and Lys166) are clustered on one side of the protein surface and may mediate electrostatic contacts with
DNA targets. We propose that &ainduced dimerization of DREAM may partially block the putative
DNA-binding site, which may suggest as to how?Cabolishes DREAM binding to DNA to activate the
transcription of prodynorphin and other downstream genes in pain control.

DREAM (downstream regulatory element antagonist modu- fashion. DREAM also binds to protein targe (2) and
lator also known as calsenilii) and KChIP3 (2)) is a 29 regulates transcription by interacting with nonsteroid nuclear
kDa EF-hand C#-binding protein that serves as a tran- receptors 13), leucine zipper proteinsl(, 14), and thyroid
scriptional repressor for pain modulatio8«5). DREAM transcription factor 1X5). The importance of DREAM as a
translocates into the nucleus during calcium signaliB)g (  transcriptional regulator is demonstrated in DREAM-
and blocks the transcription of prodynorphin and c-fos genes deficient mice that exhibit ongoing analgesia due to upregu-
by binding to specific DNA sequences (DRE, downstream |gteq transcription of prodynorphinl§). The DREAM
regulatory element 8)). DRE sequences bind to DREAM  ynockout mice also exhibit mild effects ofi-amyloid
i?%lﬁégghc%rﬁ‘f;;raet?oiztght;encgeussazaglt:]c()jl:rs]r? i?g;)?iltzyp;gﬂbind production and long-term potentiatioh7j but do not exhibit

. any motor or behavioral abnormalities. Hence, DREAM
to DRE ©—11). Hence, DREAM is the only known Ca regulates pain transmission by controlling prodynorphin

b!ndmg protein that binds to .spec.:mc DNA sequences and expression and represents an attractive therapeutic op-
directly regulates transcription in a calcium-dependent . ! .
portunity for managing pain.

" This work was supported by NIH Grants NS045909, EY012347  DREAM contains four EF-hand Ca-binding motifs (.8,
(J.B.A)), and RR11973 (UC Davis NMR). 19) and a nonconserved N-terminal region (residue$4,

* Atomic coordinates have been deposited into the RCSB Protein Figure 1). The N-terminal extension contains a humber of
Data Bank (accession no. 2jul). - ’ . . . .
* To whom correspondence should be addressed. Tel.: (530) 752-POSitively charged residues, suggesting initially that this

6358; fax: (530) 752-8995; e-mail: ames@chem.ucdavis.edu. region might form a DNA-binding domain. However, dele-

5 ipres‘a”t. add_rtessF:,. Delfa”me% Jo{)gseélleiology and Neuroscience, tion of the N-terminal region does not abolish functional
utgers University, Piscataway, ) S . )
1 Abbreviations: C&, calcium ion; M@*, magnesium ion; DREAM, ~ DNA binding (10, 14, 20) and/or Ca*-induced protein

downstream regulatory element antagonist modulator; EDTA, ethyl- dimerization 20). In addition, DREAM was shown to be a
enediaminetetraacetic acid; EMSA, electrophoretic mobility shift assay; g\ pstrate for caspase-3 cleavage at residuB4guggesting

HMQC, heteronuclear multiple quantum coherence; HSQC, hetero- f . I role for th Ivti L of th inal
nuclear single quantum coherence: IPTG, isopropylthiogalactoside; ITC, @ functional role for the proteolytic removal of the N-termina

isothermal titration calorimetry; KChIP, potassium channel interacting region inside the cell. Indeed, the N-terminal region is
protein; NMR, nuclear magnetic resonance; NOE, nuclear Overhausergggested to be structurally unstable in the HSQC spectra

effect; NOESY, nuclear Overhauser effect spectroscopy; rmsd, root- . . .
mean-squared deviation; SDS-PAGE, sodium dodecylsulfate-polyacry- ©f full-length DREAM (Supporting Information Figure 2).

lamide gel electrophoresis; TOCSY, total correlation spectroscopy. Finally, N-terminal deletion constructs of the related KChIP
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Ficure 1: Amino acid sequence alignment of mouse DREAM with various NCS proteins. Residues implicated in the dimer interface are
highlighted in bold and red. Basic residues suggested for DNA binding are in blue. Secondary structural elements indicated schematically
were derived from the analysis of NMR dafd {1, chemical shift index, and sequential NOE patterns shown in Supporting Information
Figure 1). The four EF-hands (EF1, EF2, EF3, and EF4) are highlighted in green, red, cyan, and yellow, respectively.

proteins are all fully capable of activating Kv4.2 channels F122, Y151, and L155) that remains invariant in all other
(2. NCS proteins (Figure 1). The exposed hydrophobic residues
The four EF-hands of DREAM are more than 45% in GCAP2, recoverin, and KChIP1 have been implicated
identical in sequence to KChIP1, recoverin, and related Ca Previously in target recognitior8Q, 35, 36).
sensors of the neuronal calcium sensor (NCS) subclass of Here, we present the atomic-resolution structure 6f€a
the EF-hand superfamily2g, 23) (Figure 1). A characteristic ~ bound DREAM (residues 65256) in solution determined
feature of DREAM and the NCS family is the sequence by NMR spectroscopy. Ca-bound DREAM forms a stable
CPXG (Cys104 and Pro105, Figure 1) that prevents the dimeric structure in solution. Residues-66/7 at the N-
binding of C&* to the first EF-hand (EF-1) as seen in the terminus are structurally disordered, and residuegS.are
crystal structures of recoverin24), KChIP1 @5, 26), not essential for protein dimerization. The overall main chain
neurocalcin 27), and frequenin28). The second EF-hand  structure starting at residue 78 is quite similar to that of
(EF-2) of DREAM contains aspartate (Asp 150) instead of KChIP1, recoverin, and other structures of the NCS family.
the usual glutamate at the 12-position of the EF-hand bindingA unique structural feature of DREAM is an exposed
loop (Figure 1). The presence of aspartate at the 12-positionC-terminal helix that stabilizes protein dimerization by
in other EF-hand proteins is known to diminish binding forming intermolecular contacts with leucine residues in the
selectivity for C&* versus M@" (29). Indeed, M§" (and N-terminal hydrophobic groove. Positively charged side
not C&") binds constitutively to DREAM at EF-2 that chains of Arg and Lys residues are clustered on one side of
stabilizes the protein tertiary structure and promotes DNA the protein surface and may mediate electrostatic contacts
binding @0). C&* binds functionally to the third and fourth ~ with DNA targets. We propose that €ainduced protein
EF-hands of DREAM and induces protein dimerizatif)( dimerization may serve to sterically block the positively
Three-dimensional structures are now known for many Charged protein Surface, which may suggest as to hatw Ca
NCS proteins, including KChIP 26, 30), recoverin 81, 32), abolishes DNA binding to DREAM.
and f_requemn 28). These structures are all similar a_nd EXPERIMENTAL PROCEDURES
contain four EF-hands, forming two domains packed in a
globular arrangement that contrast with the dumbbell-shaped Protein Expression and Purificatios deletion construct
arrangement of the EF-hand domains seen in calmodi8jn (  of mouse DREAM (residues 63256, originally named
and troponin C34). A striking feature of the NCS structures DREAM-C (20)) was used throughout this study and was
is a solvent-exposed groove lined by hydrophobic residuesshown previously to exhibit functional binding to DNA and
in the N-terminal domain (F100, F114, 1117, Y118, F121, C&" (10, 20). The recombinant DREAM-C protein is highly
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Ficure 2: 1H/*N HSQC NMR spectrum of DREAM. Peaks corresponding to the gtdups of the side chain amides of GIn and Asn
residues are connected by dotted lines. Sequence-specific assignments are indicated.

soluble in bacterial extracts, in contrast to the recombinant with 1 mM phenylmethyl sulfonyl fluoride, 0.2% Tween 20,
full-length protein in which 99% of the protein appeared to 20 ug/mL DNase I, and 5 mM MgG! Cells were then
be insoluble in inclusion bodies. Gene sequences encodingdisrupted by sonication, and soluble protein fractions recov-
full-length DREAM, wild-type DREAM-C, and its mutants  ered by centrifugation were applied onto a Ni-loaded Hi-
K90E/K91E, L155A, L158A, L159A, R217E/K221E, and Trap chelating column (or GST-Sepharose Hi-Trap for GST-
L251A were inserted into pET15b (Novagen) expression DREAM) on an AKTA purifier (Amersham Biosciences),
vectors. Also, wild-type DREAM-C was inserted into pET42 previously equilibrated with buffer A. After washing with
(Novagen), which codes for the expression of DREAM-C buffer A (until Axgo < 0.01), proteins were eluted with buffer
fused to glutathionestransferase (called GST-DREAM). A containing 0.3 M imidazole (or 50 mM reduced glutathione
These constructs were transformed ifEscherichia coli for GST-DREAM). The eluted solution was dialyzed versus
BL21 (DE3) (Stratagene) cells and growm 2 L of LB buffer B (10 mM Tris-HCI, pH 7.4, 1 mM EDTA, and 1
medium with 10Qug/mL ampicillin at 37°C. Recombinant ~ mM dithiothreitol) for 12 h. The dialyzed sample was applied
DREAM-C protein expression was induced by adding 0.5 onto a Hi-Trap DEAE-FF column (Amersham Biosciences)
mM IPTG once the cell culture reached an optical density previously equilibrated in buffer B and eluted with a NaCl
of 0.5 at 600 nm, and the cells were then grown with shaking gradient (3-0.3 M NaCl over 3 h) at a flow rate of 5 mL/
at 37°C for 3 h. The full-length DREAM expression was min.

induced by adding 0.2 mM IPTG to a cell cultur&s§, = The ligand-binding domain (residues X4&27) of the
1.0) cooled to 15C and grown overnight with shaking at human vitamin D receptor (VDR-6His) was expressed in
15 °C. Cells were harvested by centrifugation and resus- BL21(DE3)-RILE. colicells harboring the plasmid, pET28b-
pended in buffer A (20 mM Tris-HCI, pH 8.0, 0.3 M NaCl, VDR-6His, that codes for VDR-6His protein expression. The
1 mM g-mercaptoethanol, and 20% glycerol) supplemented expressed recombinant protein was purified using the same
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procedure described previously for DREAM. Typicaly).5 spectrometers equipped with a four-channel interface and
mg of VDR-6His was obtained fro a 1 L culture. triple-resonance probe with triple-axis pulsed-field gradients.
Size Exclusion Chromatographypetermination of the  The®N/*H HSQC spectra (see Figure 2) were recorded on
molecular weight of C#-bound DREAM and mutants a sample of*N-labeled DREAM (in 95% HO, 5%2H,0).
(L251A and L155A) in solution was carried out on a The number of complex points and acquisition times were
Superdex 200 HR 10/30 column (Amersham) atClin as follows: 256, 180 ms"N(F;)) and and 512, 64 msH-
buffers containing 10 mM Tris-HCI (pH 7.6), 150 mM NaCl, (F,)). All triple-resonance experiments were performed,
5 mM MgCl,, 1 mM dithiothreitol, and 5 mM CaGl A total processed, and analyzed as descrit3¥ 8) on a sample
of 0.1 mL of various concentrations of protein (8.100xM) of 13C/**N-labeled DREAM (in 95% KO and 5%7H,0) with
was loaded onto the column and eluted at a flow rate of 0.5 the following number of complex points and acquisition
mL/min. Apparent molecular weights were calculated using times: HNCO{**N(F,) 32, 23.7 msi3CO(F,) 64, 42.7 ms;
a standard curve o¥¢/V, versus the log of the molecular andH(Fs) 512, 64 m}; HNCACB {!*N(F,) 32, 23.7 ms;
weights of standard proteingi-amylase (200 kDa), alcohol  13C(F,) 48, 6.3 ms; andH(Fs) 512, 64 m$; CBCACONNH
dehydrogenase (150 kDa), transferrin (81 kDa), carbonic {15N(F;) 32, 23.7 ms13C(F,) 48, 6.3 ms; andH(Fs) 512,
anhydrase (29 kDa), and myoglobin (17 kDwgj.is a void 64 mg; and HBHACONNH{*N(F,) 32, 23.7 msiH.{F,)
volume obtained using blue dextrane (2000 kDa), ¥nis 64 21 ms; andH(Fs) 512, 64 m}. 1°N-edited and*C-edited
a volume of elution. NOESY-HSQC and TOCSY-HSQC experiments were per-
Electrophoretic Mobility Shift Assay (EM$ASynthetic  formed as described previous§9 40). The3C(F,)-edited,
oligonucleotides representing the DRE of human prodynor- 13C(F,)-filtered NOESY-HMQC experiments (see Figure 6A)
phin () were S-labeled using the fluorescent dye, Cy5 were performed on a sample containing a 1:1 mixture of
(Amersham Pharmacia Biotech). The precise nucleotide 13C-|abeled and unlabeled protein as described previously
sequence was&AAGCCGGAGTCAAGGAGGCCCCTG-  (41). Stereospecific assignments of chiral methyl groups of
3. Complementary strands were denatured at®@3or 10 valine and leucine were obtained by analyZhg*C HSQC
min and annealed by slowly cooling to room temperature in experiments performed on a sample that contained #0%
the presence of 20 mM Tris-HCI, pH 7.6, 10 mM MgCl  |apeling of DREAM @2).
and 0.1 mM EDTA. The formation of double stranded DNA
was checked on a 20% nondenaturing polyacrylamide/0.25
x TBE/1% glycerol gel prior to binding. DREAM proteins
(wild-type, KOOE/K91E, and R217E/K221E) were exchanged
into 20 mM Tris-HCI, pH 7.4, 10% glycerol, 100 mM NacCl,
5 mM dithiothreitol, and 0.5 mM EDTA using a PD-10
column and concentrated by Centricon 10 (Millipore) at
4°C. Protein (6-100uM, Figure 7) was then incubated with
5 nM Cyb5-labeled DNA fo 1 h atroom temperature in 10
mM HEPES, pH 7.9, 8 mM MgGJ 0.1 mM EDTA, 2 mM
dithiothreitol, 0.05 units of poly(dl-dC) (Amersham Phar-
macia Biotech) per milliliter, and with or without 10 mM
CaCb. Protein-DNA complexes were resolved in 5% non-
denaturing polyacrylamide/0.26 TBE/1% glycerol gels at

Triple resonance and NOESY spectra measured as stated
previously were analyzed to determine resonance assign-
ments and the secondary structure of DREAM. The chemical
shift index (see ref43 for a detailed description of the
chemical shift index)3Jyn, coupling constants, and nuclear
Overhauser effect (NOE) connectivity patterns for each
residue were analyzed and provided a measure of the overall
secondary structure. Smalln, coupling constants<5 Hz),
strong NOE connectivities (NN{ + 1) andaN(,i + 3)),
and a positive chemical shift index are characteristics of
residues in am-helix. Conversely, largéwn, coupling
constants 8 Hz), strongaN(i,i + 1) and weak NN(i +
1) NOE connectivities, and a negative chemical shift index
o : are characteristic of residues infastrand. The results of
200 Vifor 30 min in 0.25« TBE and 0.5 mM MgGl running the secondary structure analysis and topology of DREAM

buffer. Wet fluorescent gels were scanned using the red . . i . .
fluorescence mode of a Storm 860 system (Molecular are summarized schematically in Supporting Information

Dynamics) with a voltage setting of 1000 V and a scanning F'9ure 1.
resolution of 20Qum. 15N NMR Relaxation Measurementa Ty, T, and**N-
Pull-Down-Binding AssayA total of 100 uL of Ni- {*H} NOE experiments were performed on *G#ound
Sepharose resin was equilibrated in batch mode with a 1:1DREAM at 37°C using standard pulse sequences described
mixture of VDR-6His and GST-DREAM in the presence and previously @4). Longitudinal magnetization decay was
absence of saturating €a The equilibrated beads were recorded using seven different delay times: 0.01, 0.05, 0.15,
washed twice to remove any excess or unbound GST-0.2,0.3, 0.4, and 0.8 s. The transverse magnetization decay
DREAM. The washed beads were treated withu1®of 1% was recorded with eight different delays: 0.0, 0.016, 0.032,
SDS sample buffer and analyzed using SDS-PAGE. 0.048, 0.064, 0.08, 0.096, and 0.112 s. To check the sample
NMR SpectroscopySamples of Ca-bound full-length stability, the transverse magnetization decay at 0.032 s was
DREAM or DREAM-C (hereafter called DREAM) for NMR  verified unchanged before and after each set of measure-
analysis consisted dfN-labeled o3C/**N-labeled protein ~ ments. A recycle delayfd s was employed in measurements
(0.5 mM) in 0.3 mL of a 95% kD/5% {°H} H,O solution of both N T; and T, experiments®N{'H} NOE values
containing 10 mM Tris-HCI (pH 7.4), 3% glycerol, 30 mM were obtained by recording two sets of spectra in the
perdeuterated-octylglucoside, 5 mM MgCbh mM CacCh, presence and absencieao3 sproton saturation period. The
and 1 mM dithiothreitol. The octylglucoside detergent was NOE experiments were repeated 3 times to calculate the
added to prevent protein aggregation that otherwise occursaverage and standard deviation of the NOE values. Model-
slowly over the course of many hours under the conditions free parameters including generalized order parameters and
of the NMR experiments. All NMR experiments were correlation times for internal motiod$—47) were deter-
performed at 37°C on Bruker Avance 500 or 600 MHz mined using the protocol described previoughB)(
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Table 1: Structural Statistics for Ensemble of 15 Calculated
Structures of DREAM

NOE restraints (total) 1921
intra (i —j| =0) 729
medium (1< |[i —j| < 4) 512
long (i —j| > 4) 680
dihedral angle restraintg @ndy) 228
hydrogen bond restraints firsheet regions 158
rmsd from ideal geometry
bond length (A) 0.006%
0.00013
bond angles (deg) 2.02 0.0015
Ramachandran plot
most favored region (%) 82
allowed regions (%) 17
disallowed regions (%) 1

rmsd of atom position from average structure
p-sheet andi-helical regions (main chain atoms) (A) 0.700.098
B-sheet andi-helical regions (non-hydrogen atoms) (A)  122.075

Structure Calculation Backbone and side-chain NMR
resonances were assigned as described previo@8y (
Analysis of NOESY data determined nearly 2200 interproton
distance relationships throughout the prot&n (The NMR-

Lusin et al.

ol o2 a3 o4 o5 ab o7 o8 o9 alld

15N{H}-NOE
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FiGure 3: Relative intensity of heteronuclear NOEN{'H} NOE)
plotted as a function of residue number. Error bars are given as
the standard deviation of three independent measurements.

100

also used initially to help dock the DREAM dimer (KChIP1
residues D202, N204, and R207 with T49, R51, E52, and

derived distances and dihedral angles then served as conN54) (25). The initially docked DREAM dimer structures
straints (see Table 1) for calculating the three-dimensional generated in this fashion were then subjected to simulated

structure of the protein using distance geometry and re-

annealing for 25 ps, during which the intermolecular

strained molecular dynamics. Structure calculations were restraints (involving L155 and L159 with L251 and the

performed using the YASAP protocol within X-PLORY,

50), as described previousI$1). A total of 1921 interproton
distance constraints was obtained as descril@8) by
analysis oft3C-edited and®N-edited NOESY-HSQC spectra
(100 ms mixing time) of*C/**N-labeled DREAM. In
addition to the NOE-derived distance constraints, the fol-
lowing additional constraints were included in the structure
calculation: 228 dihedral angle constraings &nd v); 12
distance constraints involving €abound to loop residues
1,3,5,7,and 12 in EF-3 and EF-25 33); and 158 distance
constraints for 85 hydrogen bonds verified by identifying
slowly exchanging amide protons in hydrogegeuterium
exchange experiments2). Fifty independent structures were

corresponding invariant KChIP1 residues as stated previ-
ously) were ramped on from a force constant 6f32 kcal/

mol A2 The resulting dimer structures were then refined by
another 25 ps simulated annealing cycle, followed by energy
minimization.

RESULTS AND DISCUSSION

NMR Spectral Characterization and Relaxation Analysis.
The H/AN HSQC NMR spectrum of°N-labeled Ca'-
bound DREAM exhibited close to the expected nhumber of
backbone amide resonances (180 out of 186). The large
chemical shift dispersion and uniform peak intensities suggest

calculated, and the 15 structures of lowest energy Werethat the protein is structurally homogeneous and stably folded
selected. The average total and experimental distance ener(Figure 2). Analysis of*N relaxation parametersT{ and

gies were 4301 and 203 kcal mél The average root-mean-

T,) indicates an average rotational correlation time oftl8

square (rms) deviations from an idealized geometry for bonds 0.5 ns, suggesting that €abound DREAM forms a dimer

and angles were 0.0069 A and 2°0Rlone of the distance

in solution under NMR conditions, consistent with protein

and angle constraints were violated by more than 0.40 A or dimerization observed previously2@ 25). Pulsed-field

4°, respectively.

The structure of the DREAM dimer was modeled by
docking the lowest energy subunit conformer with itself to
satisfy intermolecular NOE constraints observed for L155
and L159 with L251 (Figure 6A). The two subunits were

gradient NMR diffusion studies5@) and dynamic light
scattering analysis also confirmed protein dimerization.
Heteronuclear NOE valued°({'H} NOE) are plotted for
each residue in Figure N{H} NOE values less than 0.65
were observed for residues in unstructured regions (residues

positioned so that the respective side-chain Leu methyl 65—77 and 198-211). Much higher>N{'H} NOE values
groups (with pseudo-atom corrections) were adjusted to bewere observed for C-terminal residues in regions of regular
5 A apart at the dimer interface. Unfortunately, these distance Secondary structure (residues—7856), suggesting a rigid
constraints alone were not sufficient to unambiguously define main-chain fold, consistent with the compact globular
the entire dimer interface using our simulated annealing Structure determined as follows.

procedure performed by X-PLOR. However, the close
proximity of L115 (L155) and L211 (L251) at the dimer

More than 95% of the NMR resonances in tHal/*H
HSQC spectrum were assigned as indicated in Figure 2.

interface in the X-ray crystal structure of KChIP1 suggested NMR chemical shift assignments have been deposited in the
that the KChIP1 dimer interaction may be related to that of BioMagResBank (BMRB) repository (accession no. 15561).

DREAM. Therefore, intermolecular interactions involving

NMR assignments were not obtained for residues D126,

conserved residues of KChIP1 at the dimer interface were A127, T202, Y203, E213, and F252 because of weak NMR
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intensities perhaps due to chemical exchange broadening(a)
Most of the unassigned residues are in unstructured loop
regions, and F252 is predicted to be at the dimer interface.
The assigned peaks in the spectrum represent main-chai
and side-chain amide groups that serve as fingerprints of the
overall conformation. Three-dimensional protein structures
derived from the NMR assignments were calculated on the
basis of NOE data, slowly exchanging amide NH groups,
chemical shift analysis, anddwn, Spin—spin coupling
constants (see Experimental Procedures). The analysis o
chemical shift index (CS1)34), 3Jwna (55), and hydrogen
deuterium exchange rates of NH group$)(are shown in
Supporting Information Figure 1. The final three-dimensional
structures of DREAM derived from the NMR data are
illustrated in Figures 4and 5(atomic coordinates have been
deposited in the RCSB Protein Data Bank). Table 1 sum-
marizes the structural statistics calculated for the 15 lowest
energy conformers.
The low solubility of full-length DREAM has prevented (b)
us from performing its full 3-D NMR structural analysis.
However, we were able to obtain a 2-IH/**N HSQC
spectrum of C&-bound, full-length DREAM (512 scans)
and compared it to that of €abound DREAM-C (Sup-
porting Information Figure 2). Many amide chemical shifts
appear to be identical in these two spectra assigned to the
C-terminal residues (65256), suggesting that the structure
of the C-terminal region determined in this study remains
fully intact in the full-length protein. The NMR spectrum of
the full-length protein contains a number of new peaks not
observed in the DREAM-C spectrum that likely represent
N-terminal residues (164). These additional peaks have a
wide range of NMR intensities, caused by exchange broad-
ening perhaps due to structural instability in the N-terminal
region. The N-terminal peaks also have amide proton
chemical shifts (7.88.5 ppm) consistent with a random coil
secondary structure. Together, these results suggest that th(c)
N-terminal residues (£64) may be structurally unstable,
which would explain as to why these residues are readily
cleaved by proteolytic digestion (data not shown an@dgf
and as to why deletion of these residues has very little impact

on both Ca"-dependent DNA binding and protein dimer- o

ization (L0). __
Three-Dimensional Structure of DREAMhe NMR- Q94 ),

derived structures of DREAM (residues-7856) (Figures K91y,

4 and 5) revealed an overall fold similar to that of KChIP1 Kg0
(1.8 A rmsd for the EF-hand region€5, 30, 57) and other N~
structures of the NCS family2{, 28, 31, 58). The entire \ e
polypeptide chain has been defined except for the unstruc-
tured N-terminal region (residues-637) and loop between
EF-3 and EF-4 (residues 19211). These unstructured . 4 Main chain structure of DREAM in Solution deterrr;'ned
regions are poorly defined due to a lack of long-range NOE bIGLIJ\lRl\IiIR:Z AI sy elr OSlthiOII:I] Cman chailn atolﬂnls o 15 Io:Nest
_Cor?tac_ts as well as chemical shift ai‘ﬁﬂl{ *H} NOE data e%ergy cal(cu)lateg s?ructures. (B) Ribbon representation of the
|nd|Cat|ng an Unstructured, random CO|I Secondary structure. energy-minimized average main chain structure. (Cflemnon
The C-terminal structured region of DREAM begins at of panel A. The N-terminal residues (6%7) and loop between
residue 78 and contains a total of &Bhelices and four =~ EF-3 and EF-4 (residues 927) are unstructured and not shown.
B-strands: o1 (residues 7885), a2 (residues 96103),a3 sEp'):r;g?ensdfe?)rr%shé%?Ié%Tr?gzgaCOlor as defined in Figure 1. Orange
(residues 11%120), a4 (residues 128138), a5 (residues

148-159),06 (residues 163174),0.7 (residues 184198),

a8 (residues 211222), 09 (residues 232240), anda10 of four EF-hands (Figure 1A): EF1 (green, residues-90
(residues 243254) and31 (residues 108110),32 (residues 119) and EF2 (red, residues 12857) are linked and form
145-147), 3 (residues 161163), andf4 (residues 229 the N-terminal domain; likewise, EF3 (cyan, residues-163
231) (Figure 1A). DREAM contains two domains comprised 192) and EF4 (yellow, residues 21240) are linked and
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(a) and L194) and EF-4 (F218, M222, and C239). The C-
terminal helix interaction with EF-3 and EF-4 resembles the
structural interaction between calmodulin and its M13 target
helix (59). The C-terminal capping helix of DREAM may
prevent adventitious binding of helical target proteins. By
contrast, the corresponding C-terminal helix of KChIP1 is
displaced far away from the crevice between EF-3 and EF-
4, which allows the binding of a target helix from Kv4.3
(30). The distinctive disposition of the C-terminal helix in
DREAM/KChIP3 versus KChIP1 may help explain some of
the apparent functional differences among the various KChiP
proteins (6, 17, 60).

The NMR structure of DREAM was determined under
conditions known to cause binding of Ffgto EF-2 and
binding of C&" to EF-3 and EF-4 as described previously
(20). The binding of Mg" to EF-2 was verified by
monitoring Mg"-dependent amide chemical shift changes
(in the presence of saturating TH which occurred solely
for residues in EF-2 (e.g., D141 and G144)2Chinding to
(b) EF-3 and EF-4 was verified by monitoring characteristic
Ca"-dependent amide chemical shift changes assigned to
Gly180 in EF-3 and Gly228 in EF-4 (Figure 2). Unfortu-
nately, the geometry of the coordinate covalent bonds formed
between chelating amino acid residues and the bound cations
cannot be observed directly in our NMR study. Instead, the
stereochemical geometry and chelation of'Chound at
EF-3 and EF-4 (orange spheres, Figure 4) was modeled using
structural constraints derived from the X-ray structure of
KChIP1 @5, 30), which closely resembles the stereochemical
binding site structure seen in many other EF-hand proteins
and is known to be highly conserveti§]. In particular, the
bound C&" is chelated by oxygen atoms from side chains
of D175, N177, D179, and E185 for EF-3 and D223, N225,
D227, and E233 for EF-4. The stereochemical geometry and
chelation of M@" bound at EF-2 could not be derived from
our NMR analysis and was not modeled in this study. The
EF-1 loop in DREAM does not bind Gaor Mg?t and is
FicURe 5: Space-filling representation of DREAM showing (o) Structurally conserved in all other NCS proteins. The
exposed hydrophobic patch and (B) 186tation of panel A. Acidic structure of the EF-1 loop in DREAM is distorted from a
residues (Glu and Asp), basic residues (Lys and Arg), and favorable C&"-binding geometry by the presence of Pro105
hydrophobic residues (Leu, lle, Phe, Trp, and Val) are inred, blue, at the fourth position that places a kink in the middle of the
and yellow, respectively. loop. Also, the third residue in the loop (Cys104) is not

suitable for ligating C&. The bulky sulfhydryl group
form the C-terminal domain. The interface between the two sterically blocks the entry of C&
domains is established by interactions between EF2 (Y130, Intermolecular Interactions and Protein Dimerization.
F133, L134, and A137) and EF3 (L173, 1190, and M197) Pulsed-field gradient NMR diffusion studies atft relax-
that forms a noticeable cleft (see Figure 4A). Each EF-hand ation analysis both indicated that&ound DREAM exists
consists of a helixturn—helix structure similar to the as a dimer under NMR conditions, consistent with our
structure of C& occupied EF-hands seen in previous previous hydrodynamic analysis of DREAM dimerization
structures of calmodulir8@), troponin C 84), and recoverin (20). Isotope-filtered NOESY experiment§1) were per-
(24, 31). The interhelical angles for the EF-hands aré 92 formed on a mixed labeled dimer of DREAM (1:1 mixture
(EF-1), 109 (EF-2), 96 (EF-3), and 102 (EF-4). The of 13C-labeled and unlabeled protein) to selectively probe
interhelical angle calculation was performed using the intermolecular contacts at the dimer interface (Figure 6A).
software program Interhlx available at http://structbio.vander- The strongest intermonomer NOE intensities were observed
bilt.edu/chazin/wisdom/interhel.html. The four EF-hands are between side-chain methyl resonances from leucine residues
arranged in a tandem array and, overall, form a globular (at 0.80 and 1.1 ppm). The large number of leucine residues
structure with a concave solvent-exposed groove lined by in DREAM and a high degree of chemical shift degeneracy
hydrophobic residues (L96, F100, F114, 1117, Y118, F121, caused ambiguity in assigning all the intermonomer NOEs
F122, Y151, L155, L158, and L159; highlighted in yellow due to spectral overlap. To help simplify the spectral
in Figure 5A). The C-terminal helix following EF-4 (residues assignments, we selectively mutated solvent-exposed leucine
243—-254) forms intramolecular and hydrophobic contacts residues on the surface of the DREAM monomer (L155,
with a crevice formed between EF-3 (L167, A170, M191, L158, L159, and L251 in Figure 5) that likely give rise to
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Ficure 6: Intermolecular interactions within the €abound DREAM dimer. (AY3C(F1)-editedi*C(F3)-filtered NOESY-HMQC spectra

of 50% 13C-labeled wild-type DREAM (black), L155A (red), and L159A (green). These spectra yielded information on the individual
atoms of DREAM located at the dimer interface: L155, L159, and L251. (B) Size-exclusion chromatography of L155A, L159A, and
L251A mutants (at 100 nM protein concentration) and plot of elution time vs protein concentration, indicating at least a 5-fold higher
dimerization affinity for the wild-type as compared to each mutant. (C) Modeled three-dimensional structure of the DREAM dimer. (D)
Close-up view of the DREAM dimer interface. The dimer structure was calculated by docking the NMR solution structure (Figure 4) such
that the side-chain methyl groups of L155 and L159 make the closest possible intermolecular contacts with methyl groups of L251 at the
dimer interface (see Experimental Procedures).

the intermonomer NOE intensity in Figure 6A. The single largest detectable changes in the NOESY spectra in Figure
site mutants (L155A, L159A, and L251A) exhibited the 6A. Also, the chemical shift assignments for the side-chain
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methyl groups of L155d:: 1.1 ppm), L159 §,: 0.8 ppm), The leucine residues at the modeled dimer interface of
and L251 61 1.07 ppm {H)/27 ppm £C) andd,: 0.8 ppm DREAM (L155, L158, and L159) are part of a LxxLL
(*H)/24 ppm {3C)) all match the chemical shifts observed sequence motif in EF-2 that resembles the familiar pretein

in Figure 6A. The intermonomer NOE cross-peak intensity protein interaction sequence recognized by nonsteroid nuclear
at 1.1 ppm £C(F;) = 24 ppm) was significantly reduced in  receptors and related leucine zipper transcription factor
the spectrum of L155A (red, Figure 6A), and the negative proteins 62). The LxxLL motif is most commonly observed
diagonal intensity disappeared in the spectrum of L251A, in transcriptional cofactor proteins that interact with hormone-
consistent with the diagonal peak being assigned td.ts  activated nuclear recepto®3). The X-ray crystal structures

methyl group. The off-diagonal peak at 1.1 ppRC(F,) = of nuclear receptorss@, 65) reveal that the LxxLL motifs
24 ppm) is therefore assigned as an intermonomer NOEare found on the surface of an exposetielix that forms
between the); methyl of L155 and thé), methyl of L251. intermolecular contacts with exposed leucine residues on a

The intermonomer cross-peak intensity at 0.8 ppiG(F.) target protein. The LxxLL motif in DREAM might similarly
= 27 ppm) was markedly reduced in the spectrum of L159A promote intermolecular association of DREAM with itself
(green, Figure 6A), suggesting an intermonomer interaction or with nuclear receptor proteins that recognize LxxLL
between the&), methyl of L159 and thé,; methyl of L251. motifs. Indeed, DREAM was shown recently to have a
These observations suggest that the methyl groups of L155profound affect in promoting Ca-induced activation of the
and L159 both form intermolecular contacts with L251. vitamin D receptor13). DREAM also interacts with leucine
To further explore as to whether the exposed leucines arezipper proteins such as CRER1) and CREM (4) that
important for dimerization, the dimerization affinity was contain similar leucine recognition motifs known as leucine-
measured for wild-type DREAM and compared to that of charge residue-rich domains (LCD). Future studies are
the mutants L155A and L251A (Figure 6B). The dimerization needed to characterize the atomic-level structural interaction
dissociation constants were estimated by measuring theof DREAM bound to transcriptional regulatory proteins (e.g.,
elution volume from size exclusion chromatography as a vitamin D receptor, CREM, and CREB) that recognize
function of protein concentration. At high protein concentra- LxxLL motifs.
tions used for NMR ¥ 100 M), wild-type DREAM and Our modeled structure of the DREAM dimer predicts a
the two mutants have an elution volumé&/{/, = 1.87) that head-to-tail interaction, which suggests that both N-terminal
corresponds to a molecular mass~e80 kDa (dimer). At a (EF-1 and EF-2) and C-terminal (EF-3 and EF-4) domains
low protein concentration (100 nM), L155A has an elution are required to contact one another to form a high affinity
volume V¢V, = 2.02) that corresponds to a molecular mass dimer. Therefore, the deletion of either domain would be
of ~25 kDa (monomer), whereas the wild-type has an elution expected to dramatically weaken or abolish dimer formation.
volume V¢V, = 1.93) corresponding to a mass-e88 kDa Recently, a fragment of DREAM that comprises only the
(halfway between monomer and dimer). The percent of C-terminal domain (residues 16256) was synthesize&),
dimerization was estimated by subtracting the observedand the structure of the isolated C-domain is nearly identical
elution volume from that of the monomeY(V, = 2.02) to what we see for the C-terminal domain in this study
and normalizing to the elution volume difference between (Figure 4). The C-terminal domain fragment forms a low
the monomer and the dimer (2.02 1.87 = 0.15). The affinity dimer in solution whose dimer dissociation constant
percent dimerization was then plotted as a function of protein is at least 1000-fold weaker than what we measure for wild-
concentration to estimate the dimerization dissociation type DREAM in Figure 6B. Hence, deletion of the N-
constant Kq is the protein concentration at 50% dimeriza- terminal domain dramatically lowers the dimerization affin-
tion). The dimerizatiorKy values for the L155A and L251A  ity, consistent with a head-to-tail dimer interaction between
mutants were estimated to be/¥1 and 500 nM, respectively,  the N-terminal and the C-terminal domains as depicted in
which are ~5-fold weaker than the dimerization affinity Figure 6.
estimated for the wild-type (Figure 6B). Sokbent-Exposed Charged Residues Implicated in DNA
The results in Figure 6A,B both support the possibility Binding. Charged amino acid residues in DREAM are
that exposed leucine residues (L155, L159, and L251) might unevenly distributed throughout the protein surface (Figure
interact with one another at the protein dimer interface. These5). Most striking is the arrangement of K87, K90, K91, R98,
exposed leucine residues are also conserved in KChIP1 an101, R160, and K166, whose side chains form a cluster of
play a structural role at the dimer interface in the dimeric positive charge on the protein surface (highlighted in blue
X-ray crystal structure2b). The exposed leucine residues in Figure 5A) that flanks the exposed hydrophobic groove
(L2155, L159, and L251 in Figure 6A) and dimer contacts (highlighted in yellow in Figure 5A). We propose that this
between invariant residues in the X-ray structure of KChIP1 cluster of exposed Arg and Lys residues might represent a
(see Experimental Procedures) were then used in a dockingpotential DNA-binding site. Indeed, many of the exposed,
calculation to generate a modeled structure of the the basic residues (K87, K90, K91, and K101) in DREAM are
DREAM protein dimer in Figure 6C. Two polypeptide chains not conserved in NCS proteins such as recoverin and
in the dimer were modeled to contact each other in a head-frequenin that lack the ability to bind DNA (Figure 7A). In
to-tail orientation such that the outer face of the C-terminal particular, K90 and K91 in DREAM are both substituted in
helix (L251) fits snuggly into the N-terminal hydrophobic recoverin by an oppositely charged glutamate. The charge
groove (near L155 and L159), forming a hydrophobic dimer reversing double mutant of DREAM (K90E/K91E) was
interface. The exposed leucine residues at the dimer interfaceanalyzed to assess as to whether these residues in DREAM
(L155, L158, L159, and L251) are conserved in the dimeric form electrostatic contacts with duplex DNA targets called
DREAM and KChIP1 but are not conserved in monomeric DREs Q). To rule out any nonspecific electrostatic affects
NCS proteins such as recoverin and frequenin (Figure 1).due to the decreased overall charge, a different charge
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3-fold weaker binding to DRE as compared to that of the
wild-type, whereas mutation of the remote C-terminal
charged residues (R217E/K221E) had almost no effect on
the DNA-binding affinity within experimental error (Figure
7). These results suggest a specific role for both K90 and
K91 in the DNA-binding site.

Basic side chains (K90, K91, R98, and K101) are all
located on the same solvent-exposed face of the entering
helix of EF-1 (helixo, in Figures 1 and 4B). Hence, the
basic entering helix of EF-10) in DREAM is somewhat
5 20 50 100 analogous to the basic helix in the familiar basic helix

loop—helix (bHLH) DNA-binding motif, in which exposed
residues on the basic helix forms sequence-specific contacts
with DNA (66). In particular, the exposed basic helix in

1.2 MyoD contains positively charged side chains (Arg111 and
1 Arg121) that form hydrogen-bonding contacts with heteroa-
1.0+ O R217E/K221E toms of specific nucleotide bases in the major groove of DNA

0 8-‘ ¥ K90E/K91E targets. We propose that exposed side-chain groups in
' DREAM (K90, K91, Q94, R98, and K101) along the basic

0‘6-‘ helix (az) may form hydrogen-bonding contacts with het-
eroatoms from the GTCA sequende§) in the major groove

Fractional Saturation

0-4'_ ; of DRE, analogous to sequence-specific contacts formed by
0.24 ? & various bHLH DNA-binding proteinsg(7). Future structural
] % 5 % studies on CH-free/M¢**-bound DREAM are needed to test
0.0 T these predictions and to further elucidate the atomic-level
2‘ structural interactions with DREAM bound to DNA.
-0. 1 R '.i'o = 1 60 S "i'(.JIOO Implications for C&"-Dependent TranscriptioddDREAM
; is a calcium sensing protein in the brain that binds to specific
DRE Concentration (M) DNA sequences (DRE) and thereby regulates transcription

FicURe 7: Electrophoretic mobility shift assay of DREAM/DRE  in a calcium-dependent fashion. DREAM was originally
interaction. In the upper panel, 5 nM Cy5-labeled DRE oligonucle- discovered to suppress transcription of the prodynorphin gene
otide was incubated with blank buffer (lane 1),2Cdree wild- by binding to DRE at low basal Calevels ). Southwestern

type DREAM (lane 2), C&-free K9OE/K91E (lane 3), Ca-bound . 2
wild-type (lane 4), C&'-free K217E/R221E (lane 5), €afree analysis has suggested that?’Géee DREAM forms a

recoverin (lane 6), and Gabound recoverin (lane 7). In the lower ~ tetramer that binds to DRE). C&* binding by DREAM

panel, Cy5-labeled DRE oligonucleotide was incubated with@ induces protein conformational changes, leading to dimer
uM Ce?*-free DREAM, and fractional DRE binding is plotted vs  formation (Figure 6C) that promotes its dissociation from
protein concentration. DRE and causes upregulated transcription of prodynorphin.

Our structure of DREAM suggests a possible DNA-binding
reversing double mutant (R217E/K221E) was also analyzedsite on the protein surface (Figure 5A). Many exposed Arg
whose residues are located on the protein surface far awayand Lys residues of DREAM (K87, K90, K91, R98, K101,
from K90 and K91 (Figure 5A). Electrophoretic mobility R160, and K166) are clustered together on the surface,
shift assays (EMSA) were performed as shown Figure 7 to forming a positively charged patch that might interact
monitor C&"-dependent DRE binding by wild-type, KOOE/ electrostatically with negatively charged DNA. This patch
K91E, and R217E/K221E (positive control). Tdree/Mg**- of positive surface charge appears somewhat occluded in the
bound forms of wild-type, K90E/K91E, and R217E/K221E model of C&"-bound DREAM dimer (Figure 6) and might
each bind with fluorescently labeled DRE and form a shifted explain as to why Cd-bound DREAM is prevented from
band (see arrow in upper panel of Figure 7, lanes 2, 3, andbinding to DNA targets 10). We propose that the €&

5). The presence of saturating®abolishes DNA bhinding induced dimerization of DREAM might sterically block the
to DREAM in each case, and the shifted band disappearsDNA-binding site, which would prevent repressor binding
(lane 4 in Figure 7). For comparison, recoverin does not bind to DRE and thereby activate transcription of prodynorphin
to DRE in either the presence or the absence &f (igure and c-fos genes at high nuclear?Cdevels during pain

7, lanes 6- and 7). The decreased intensity of the shifted control.

band for the K9QOE/K91E mutant as compared to that of the DREAM also activates transcription by interacting with
wild-type (Figure 7) suggested a lower binding affinity for nuclear hormone receptor3) and related leucine zipper
this mutant. The affinity of DNA binding to the wild-type transcription factor proteind(, 14). In particular, DREAM
and each mutant was estimated by recording the intensityregulates calcium-dependent and hormone-activated tran-
of the EMSA gel shift band at different protein concentrations scription by the vitamin D receptor (VDR) by increasing
(lower panel of Figure 7). The fractional binding was VDR activity more than 10-fold at high Calevels (3).
estimated from the shifted band intensity plotted as a function The L155A mutation in DREAM abolishes the stimulatory
of protein concentration. The DNA dissociation constant was affect of DREAM on VDR. Our modeled structure of the
then determined as the protein concentration at half satura-Ce?*-bound DREAM dimer suggests that L155 may be
tion. The K9OE/K91E double mutant exhibited at least a important for mediating intermolecular contacts at the protein
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calcium-binding protein that interacts with the presenilins and
regulates the levels of a presenilin fragmet. Med. 4 1177
1181.

.An, W. F., Bowlby, M. R., Betty, M., Cao, J., Ling, H. P.,

Mendoza, G., Hinson, J. W., Mattsson, K. |., Strassle, B. W.,
Trimmer, J. S., and Rhodes, K. J. (2000) Modulation of A-type
potassium channels by a family of calcium sensd¥sture
(London, U.K.) 403553-556.

. Vogt, B. A. (2002) Knocking out the DREAM to study paiN,

Engl. J. Med. 347362—-364.
Costigan, M., and Woolf, C. J. (2002) No DREAM, no pain.
Closing the spinal gateGell 108 297—300.

5. Buxbaum, J. D. (2004) A role for calsenilin and related proteins

Sepharose beads. | designates input fraction, S designates super-

natant, and P designates the pull-down fraction bound to the pellet.

Sample buffer was 10 mM Tris-HCI, pH 8.5, 10 nM vitamin D, 1
mM dithiothreitol, 5 mM MgC}, and+5 mM CaCh.

dimer interface (Figure 6D). L155 is also part of an LxxLL
sequence motif in EF-2 that is structurally similar to the
protein—protein interaction motifs recognized by VDR and
other nonsteriod nuclear recepto®2), We propose that
Cé&"-bound DREAM may bind directly to VDR perhaps
similar to the interaction observed previously betweefi"Ca
free DREAM and related leucine zipper proteins, CREB) (
and CREM (4). Pull-down assays in Figure 8 now provide
evidence in support of a direct €ainduced binding
interaction between DREAM and VDR. €abound DREAM
clearly binds to hormone-activated VDR (but not to the
hormone-free receptor). By contrast,’Gdree/Mg?™-bound
DREAM does not bind to hormone-activated VDR. Prelimi-
nary light scattering analysis also confirms thatGhound
DREAM forms a multimeric complex with VDR (data not
shown). We suggest that the TeDREAM/VDR complex
may be physiologically important for controlling transcription
as a function of both Ga and vitamin D. Since the C&
DREAM/VDR complex activates transcription more potently
than either VDR alone or VDR/RXR1Q), this differential
activity provides a basis for combinatorial transcriptional
control that could integrate both &aand hormone signals
during signal transduction. The structural interaction between
DREAM and VDR might also provide a molecular basis for
the complex interplay between cellular calcium and vitamin
D that plays an important role in rickets syndrome and related

in multiple aspects of neuronal functioBiochem. Biophys. Res.
Commun. 3221104-1144.

6. Zaidi, N. F., Thomson, E. E., Choi, E. K., Buxbaum, J. D., and

11.
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14.

Wasco, W. (2004) Intracellular calcium modulates the nuclear
translocation of calsenilin]. Neurochem. §%693-601.
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kinase A-dependent derepression of the human prodynorphin gene
via differential binding to an intragenic silencer elemeviol.
Cell. Biol. 18 6921-6929.

. Ledo, F., Link, W. A., Carrion, A. M., Echeverria, V., Mellstrom,

B., and Naranjo, J. R. (2000) The DREAM-DRE interaction: Key
nucleotides and dominant negative mutam@mchim. Biophys.
Acta 1498 162-168.

. Carrion, A. M., Link, W. A,, Ledo, F., Mellstrom, B., and Naranjo,

J. R. (1999) DREAM is a Ca-regulated transcriptional repressor,
Nature (London, U.K.) 39830—84.

. Osawa, M., Tong, K. I., Lilliehook, C., Wasco, W., Buxbaum, J.

D., Cheng, H. Y., Penninger, J. M., Ikura, M., and Ames, J. B.
(2001) Calcium-regulated DNA binding and oligomerization of
the neuronal calcium-sensing protein, calsenilin/DREAM/KChIP3,
J. Biol. Chem. 27641005-41013.

Ledo, F., Kremer, L., Mellstrom, B., and Naranjo, J. R. (2002)
Ca*-dependent block of CREB-CBP transcription by repressor
DREAM, EMBO J. 21 4583-4592.

Zaidi, N. F., Kuplast, K. G., Washicosky, K. J., Kajiwara, Y.,
Buxbaum, J. D., and Wasco, W. (2006) Calsenilin interacts with
transcriptional co-repressor C-terminal binding proteing),
Neurochem. 981290-1301.

Scsucova, S., Palacios, D., Savignac, M., Mellstrom, B., Naranjo,
J. R., and Ananda, A. (2005) The repressor DREAM acts as a
transcriptional activator on Vitamin D and retinoic acid response
elementsNucleic Acids Res. 32269-2279.

Ledo, F., Carrion, A. M., Link, W. A., Mellstrom, B., and Naranjo,
J. R. (2000) DREAM-alphaCREM interaction via leucine-charged
domains derepresses downstream regulatory element-dependent
transcription,Mol. Cell. Biol. 2Q 9120-9126.

15. Rivas, M., Mellstrom, B., Naranjo, J. R., and Santisteban, P. (2004)

genetic diseases caused by defects in calcium homeostasis ! ) )
16. Cheng, H. Y., Pitcher, G. M., Laviolette, S. R., Whishaw, I. Q.,

and skeletal metabolisn®®). Future studies are needed to
characterize the atomic-level structural interaction of DREAM
bound to VDR and related transcription factor targets.
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