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Abstract

Downstream regulatory element antagonist modulator (DREAM) is an EF-hand Ca2+-binding 

protein that also binds to specific DNA sequence, downstream regulatory elements (DRE), and 

thereby regulates transcription in a calcium-dependent fashion. DREAM binds to DRE in the 

absence of Ca2+, but detaches from DRE under Ca2+ stimulation, allowing gene expression. The 

Ca2+-binding properties of DREAM and the consequences of the binding on protein structure are 

key to understanding the function of DREAM. Here we describe the application of hydrogen 

deuterium exchange mass spectrometry (HDX-MS) and site-directed mutagenesis to investigate 

the Ca2+ binding properties and the subsequent conformational changes of full length DREAM. 

We demonstrate that all EF-hands undergo large conformation changes upon calcium binding even 

though EF-1 hand is not capable of binding to Ca2+. Moreover, EF-2 is a weaker affinity site 

compared to EF-3 and 4 hands. Comparison of HDX profiles between WT DREAM and two EF-1 

mutated constructs illustrate that the conformational changes in EF-1 hand are induced by long-

range structural interactions. HDX analyses also reveal a conformational change in an N-terminal 

leucine-charged residue-rich domain (LCD) remote from Ca2+ binding EF-hands. This LCD 

domain is responsible for the direct interaction between DREAM and cAMP response element-

binding protein (CREB) and regulates the recruitment of coactivator, CREB-binding protein 

(CBP). These long-range interactions strongly suggest how conformational changes transmit the 

Ca2+ signal to CREB-mediated gene transcription.
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Introduction

DREAM (downstream regulatory element antagonist modulator) was initially discovered as 

the first calcium-binding protein that functions as a transcriptional repressor of prodynorphin 

and c-fos genes1. DREAM serves as a transcriptional repressor of prodynorphic and c-fos 
gene expression by binding to the downstream regulatory elements (DRE) in the promoter of 

its target genes1. So far, DREAM is the only known Ca2+-binding protein that binds to 

specific DRE sequences and directly regulates transcription in a calcium-dependent fashion. 

DREAM can only bind to DRE sequences in the Ca2+-free state, whereas Ca2+ binding to 

DREAM induces conformational changes that abolish its ability to bind to DRE1–3.

DREAM, a 256 amino-acid protein, contains four Ca2+-binding motifs (EF-hands) arranged 

in a globular structure. Each EF hand is, as usual, a helix-loop-helix motif containing a short 

loop where calcium binds and links two alpha helices4. DREAM may exist as a small 

oligomer when interacting with the DREs of target genes2, 5, and the interaction is Ca2+-

binding dependent. To understand better how calcium binding regulates the structure and 

function of DREAM, considerable effort has been devoted to gain structural insights into the 

calcium-binding properties and the induced conformational changes.

The structure of the EF-1 loop in DREAM is distorted from a favorable Ca2+-binding 

geometry by the presence of CPXG (Cys 104 and Pro 105), similar to that seen in other 

structure of the neuronal calcium sensor (NCS) proteins2. The presence of Cys 104 at 

position 3, which usually has an oxygen ligand, and the shorter length (Table 1) indicate this 

loop is “non-canonical”6. The CPXG sequence apparently prevents the binding of Ca2+ to 

the first EF-hand. The second, third and fourth, EF-hands are highly conserved with the EF-

hand consensus1. EF-hands 2,3,4 can be viewed as “canonical EF loops”6 (Table 1).

An NMR structure of the N-terminal truncated DREAM with bound Ca2+ is available, and 

structural analyses suggest Ca2+-induced protein dimerization may serve to block sterically 

its ability to bind to DRE and thereby depresses transcription7. To date, there is little 

structural information about full length DREAM (FL-DREAM). The N-terminus (residues 

1–65) of FL-DREAM may not be functionally important as the truncated constructs are still 
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fully active in some biological assays7; however, this region contains a leucine-charged 

domain at position 47, which does govern the interactions between DREAM and CREB and 

thereby regulating the transcription of the downstream genes20, 21.

Hydrogen/deuterium exchange mass spectrometry (HDX-MS) has emerged as a powerful 

means to characterize protein structure and dynamics. HDX-MS reports on the hydrogen 

bonding and solvent accessibility of the protein backbone amide hydrogens8, 9 and is 

sensitive to protein structural changes caused by different perturbations (e.g., DNA 

binding10, protein-protein interactions11, changes in pH12, and aggregation13). In this work, 

we used HDX-MS to probe the impact of Ca2+ binding on the protein structure and 

dynamics of an intact DREAM. These investigations represent, to our knowledge, the first 

detailed structural analyses of a full-length DREAM. Our HDX analyses demonstrate that 

Ca2+ binds at EF-hand 2, 3, and 4 accompanied by a remote conformation change in the first 

EF-hand. More importantly, a leucine-charged domain (AA 46–52), remote of the EF hands, 

shows significant protection with the addition of calcium. This region is critical for the 

interaction with cAMP response element-binding protein (CREB), thereby mediating 

transactivation at CRE site as a proposed allosteric change.

Experimental Procedures

Materials

All chemicals, proteases and solvents were purchased from Sigma Aldrich (St. Louis, MO) 

unless otherwise stated. Deuterium oxide was purchased from Cambridge Isotope 

Laboratories Inc. (Andover, MA). The POROS 20 AL beads used to pack immobilized 

porcine pepsin columns were purchased from Applied Biosystems (Grand Island, NY).

Synthesis of Wild-Type, E111Q/D112N and E103A/D110A DREAM

DREAM wild type protein was expressed as an N-terminal glutathione S-transferase (GST) 

fusion protein containing an intervening PreScission protease cleavage site, in pGEX-6P-1 

vector/Escherichia coli BL21 host (GE Healthcare, Pittsburgh, PA) (as described 

previously)1–3.

The fusion protein was proteolytically cleaved leaving the full length DREAM with five 

residues (GPLGS) as an N-terminal addition to the DREAM sequence. DREAM mutants 

were synthesized utilizing the full-length human DREAM-KChIP3 cDNA templates in 

pGEX-6P-1 as a GST fusion for mutant E111Q/D112N DREAM, or in pET28a(+) with a 

6XHis tag for mutant E103A/D110A DREAM using the QuikChange Lightning Multi-Site 

Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) according to the manufacturer’s 

instructions5, 14, 15. Appropriate primers with mutations were synthesized. Single-stranded 

mutant DNA was amplified in XL10-Gold ultra-competent Escherichia coli cells. The 

mutant protein, E111Q/D112N DREAM was expressed in E. coli Rosetta2 (DE3) cells 

(EMD-Millipore, Billerica, MA) grown in the presence of 2X YT medium containing 

ampicillin (100 μg/mL) and chloramphenicol (50 μg/mL). The E103A/D110A DREAM 

protein was expressed in E. coli Rosetta2 (DE3) cells grown in the presence 2X YT medium 

containing kanamycin (40 μg/mL) and chloramphenicol (50 μg/mL). E. coli cells expressing 
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the appropriate protein, following induction with isopropyl β-D-thiogalactopyranoside 

(IPTG), were lysed in a Bead Beater apparatus (Biospec Products, Bartlesville, OK), and 

fusion proteins were purified on Glutathione Sepharose (GE Healthcare) (E111Q/D112N 

DREAM) or Ni Sepharose 6 FF (GE Healthcare) (E103A/D110A DREAM) affinity columns 

according to manufacturer recommendations. Mutant DREAM proteins were cleaved at the 

PreScission protease site yielding E111Q/D112N DREAM with five additional residues 

(GPLGS) at the N-terminus, and the E103A/D110A DREAM with two additional residues 

(GP) at the N-terminus.

Hydrogen Deuterium Exchange Mass Spectrometry

The HDX reactions for the wild type FL-DREAM were performed at three conditions: apo 

(2 mM EGTA), holo (low Ca2+, 100 μM), and holo (high Ca2+, 5 mM), respectively. Apo 

and holo (low Ca2+) DREAM samples were prepared by equilibrating the wild-type 

DREAM (50 μM) protein in the presence of 2 mM EGTA (apo protein) or 2 mM CaCl2 

(holo protein) for at least 2 h at 4 ºC. The HDX was initiated by diluting 1 μL of protein (50 

μM) 20-fold with D2O buffer (50 mM Tris, 150 mM KCl, 1 mM DTT, pH 7.3) or H2O 

buffer for samples measured for no deuterium control. It should be noted that the active 

concentration of EGTA and Ca2+ are both 100 μM during the time course of the HDX 

labeling. When the protein was incubated at a high calcium concentration (5 mM), the 

protein was considered to be saturated with Ca2+, and the HDX reaction was employed by 

diluting 20-fold with the same D2O buffer but containing 5 mM CaCl2 to maintain Ca2+-

saturation of DREAM after dilution. HDX for EF-1 hand mutants was only studied at a 

calcium concentration at 100 μM. At different exchange time intervals, (10, 30, 60, 360, 900, 

3600, and 14400 s), the labeling reaction was quenched by adjusting the pH to 2.5 with 30 

μL of ice-cold quench buffer (3 M urea, 1% trifluoroacetic acid, H2O).

For intact HDX analysis, the protein mixture was immediately injected into onto a 

ZORBAX Eclipse XDB C8 column (2.1 mm × 15 mm, Agilent, Santa Clara, CA). Injected 

samples were desalted online for 3 min with 5% acetonitrile, 95% water, 0.1% formic acid, 

and eluted in 2 min using a gradient to 95% acetonitrile, 5% water, and 0.1% formic acid. 

The eluate was sent into a MaXis 4G Q-Tof mass spectrometer (Bruker) and mass spectra 

were deconvoluted using MagTran16. The mass of undeuterated protein was subtracted from 

the mass of the protein at each exchange-in time point and plotted. Each exchange point was 

analyzed with triplicates. No adjustment was made for deuterium back exchange during 

analysis because all interpretation required consideration of relative changes in HDX. 

Therefore, all results are reported as the relative deuterium level17.

For peptide-level HDX analysis, following the quench and mixing, the protein mixture was 

immediately injected into a custom-built HDX device and passed through a column 

containing immobilized pepsin (2 mm × 20 mm) beads at a flow rate of 200 μL/min in 0.1% 

formic acid. The resulting peptic peptides were captured on a ZORBAX Eclipse XDB C8 

column (2.1 mm × 15 mm, Agilent, Santa Clara, CA) for desalting (3 min). The flow 

through the C8 column was then switched in-line to a Hypersil Gold C18 column (2.1 mm × 

50 mm, Thermo Fisher, Waltham, MA), and a linear gradient (4% to 40% acetonitrile, 0.1 % 

formic acid, 200 μL/min flow rate, over 5 min) was used to separate the peptides and direct 
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them in to a LTQ-FT mass spectrometer (Thermo Fisher, Waltham, MA) equipped with an 

electrospray ionization source. MS detection used the following instrument parameters: 

spray voltage 5 kV, capillary temperature 275 °C, capillary voltage 38 V, and tube lens 185 

V. Data were collected at a mass resolving power of 100,000 at m/z 400. Each experiment 

was carried out in duplicate. The valves, columns, and tubing for desalting, protein digestion 

and HPLC separation were submerged in an ice-water bath to minimize back-exchange.

Peptide Identification and HDX Data Analysis

Peptide identification was accomplished through a combination of accurate mass analysis 

and LC-MSMS using Mascot (Matrix Science, London, UK), and the output peptide sets 

were manually checked and verified, as previously described12. Raw HDX spectra and 

peptide sets were submitted to HDX Workbench for calculation and data visualization in a 

fully automated fashion18. No EX-1 signature regarding to the exchange mechanism was 

observed. Deuterium uptake at each time point was calculated by subtracting the centroid of 

the isotopic distribution of the undeuterated peptide from that of the deuterated peptide, and 

the relative deuterium uptake was plotted versus the labeling time to afford HDX kinetic 

curves. For comparison between complex and control samples, differences in deuterium 

uptake level following all incubation time points were calculated and mapped onto the 

protein 3D structure for data visualization. All HDX data were normalized to 100% 

deuterium content, and no correction was made for back exchange because relative trends 

provided the needed information.

Results

Global HDX analyses

The HDX analysis of intact proteins can provide a relatively quick readout on the overall 

changes in solvent protection and hydrogen bonding that are induced by perturbations to a 

protein. Thus, we measured the HDX kinetics of intact DREAM in the absence and presence 

of Ca2+ to examine the global impact of Ca2+ binding to DREAM (Figure 1). To study the 

effects of Ca2+ binding on the intact DREAM quantitatively, we fit the kinetic curve with 

five rate constant bins (100, 10, 1, 0.1, and 0.01 min−1) and the results were shown in Figure 

1B. The full length DREAM contains 256 amino acid residues with 246 exchangeable 

backbone amide hydrogens (excluding 9 prolines and the N-terminal one). For the apo-

DREAM, after 10 s of exchange, more than 120 backbone amide sites exchanged with 

deuterium, which is almost half of the total exchangeable amide hydrogens. The deuterium 

incorporation into protein leveled off rapidly after 20 min of exchange (Figure 1A). After 

curve fitting, 114 backbone amide sites were determined to have a fast exchange rate at 100 

min−1, which is in the range of the intrinsic exchange rate constant for unstructured residues. 

The properties of fast exchange for apo-DREAM suggest that large portion of the molecule 

is random-coiled and highly flexible in solution. In the presence of Ca2+, the exchange was 

greatly reduced; only ~ 80 backbone amide sites exchanged with deuterium after 10 sec 

(Figure 1A). These changes induced by calcium binding clearly involve the shift of faster 

exchange residues (e.g., with rate constants in the range of 100 or 10 min−1) to lower 

exchange ones (e.g., with rate constants of 0.1 or 0.01 min−1). Moreover, calcium binding to 

DREAM results in 20 residues becoming non-exchangeable, reflected by the deuterium 
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uptake reaching a maximum of approximately 160 amides for Ca2+-bound DREAM 

compared to 180 amides for apo-DREAM (Figure 1A).

Peptide-level HDX analysis of Apo WT DREAM

Because the rates of amide hydrogen exchange with solvent deuterium are determined by the 

local fluctuations in protein structure, HDX rates can be good readouts for protein 

conformational dynamics 19. There is no published high resolution structure of apo DREAM 

available, and thus little is known about its conformation. To provide a coarse-grained 

structure and a measure of its dynamics, we first measured the HDX for the apo DREAM, 

especially for those functionally important EF-hands and the N-terminal region whose 

function is not highly settled. To form the basis of later comparisons with Ca2+ bound 

DREAM, we followed the HDX of apo-DREAM over the time course of 10 s to 4 h. The 

HDX kinetic curves for 105 DREAM peptic peptides covering ~95 % of the full length 

protein sequence are provided in Supplemental Figure S1. The average percentage of 

deuterium uptake of individual peptic peptides derived from apo-DREAM at each time point 

was mapped onto the NMR structure of Ca2+ and Mg2+ bound mouse DREAM (PDB:2JUL 

with metal ions removed to avoid confusion), as shown in Figure 2. The HDX data reveal 

that most of the N-terminal region (residues 7–79) is very flexible. Over 70% of amide 

hydrogens exchanged with deuterium within 10 s, and the extent of exchange becomes 

nearly constant for the remainder of the experiment. Interestingly, a peptide from the N-

terminal region (residues 46–52), although flexible, maintained some protection, as 

exhibited by a slow uptake of deuterium with time. It is noteworthy that this region is 

defined as a leucine-charged residue rich domain (LCD) and is involved in protein-protein 

interactions between DREAM and other important transcription factors20–22.

In the C-terminal Ca2+ binding region containing four EF-hand motifs, all the EF-hand loops 

(EF-1, residues 97–108; EF-2, residues 139–151; EF-3, residues 172–187; EF-4, residues 

219–230) exhibit rapid HDX, showing a large uptake of deuterium even at the earliest 

exchange time, indicating high flexibility in structure. This property is likely reporting on 

the required plasticity of the EF hands needed to undergo large, rapid, and local structural 

changes to accommodate Ca2+ insertion and binding23. The peptides derived from the EF-

hands helices covering 109–121 (α3), 130–135 (α4), 152–158 (α5), 160–173 (α6), and 

188–198 (α7) incorporate deuterium nearly linearly during the time course of the 

experiment, indicating that these amide hydrogens are comparably protected, and the regions 

covered by the amides are clearly structured.

Overall, the structure of apo-DREAM is very flexible as revealed by maximum deuterium 

uptake of approximately half the protein within 10 s and over 90% exchange amide 

hydrogen reaches maximum deuterium uptake within 15 min at 4 °C. Taken together, our 

HDX data confirm apo-DREAM maintains a flexible and largely unstructured N-terminal 

and flank regions between the EF-hands, but the EF-hand helices are well structured.

Differential HDX analyses of WT DREAM/Ca2+ complex

The transcriptional activity of the repressor DREAM is mediated by the levels of nuclear 

calcium1. In a typical two-EF-hand domain, Ca2+-induced conformation changes usually 
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involve the relative orientation of the helices flanking the Ca2+-binding loops, thus causing a 

transition from a “closed” to an “open” domain conformation24. To understand Ca2+-binding 

induced conformational changes of DREAM, we performed comprehensive differential 

HDX analysis of the full-length DREAM in the absence and presence of Ca2+. Because we 

measured the HDX kinetics of peptic peptides derived from the holo-DREAM in an 

identical manner as for apo-DREAM, any changes in rates for individual peptides should 

reliably localize the Ca2+-induced perturbations to the protein conformational dynamics 

(Kinetic plots comparing the HDX rates for all peptides between two states are displayed in 

Supplemental Figure S1). Upon Ca2+ binding, DREAM undergoes large conformational 

changes. As shown in Figure 3A, nearly the entire C-terminal Ca2+ binding regions exhibits 

dramatic protection from exchange following Ca2+ binding.

From the NMR structure (PDB: 2JUL)7 and also from an early ITC study25, we know that 

EF-2, EF-3 and EF-4 are Ca2+ binding sites. Consistent with these studies, the peptides 

covering these three entire EF hand regions showed massive protection from exchange 

(Figure 3A and B, Supplemental Figure S1). We can imagine that chelating Ca2+ by the 

side-chain oxygen atoms of EF2 (D139, D141, N143, D150), EF3 (D175, N177, D179, and 

E185), and EF4 (D223, N225, D227, E233) within the calcium-binding loop repositions the 

two helices within the EF-hands. In addition, the α-helices forming each EF-hands other 

than the calcium-binding loops also show pronounced protection from exchange (Figure 3A, 

Supplemental Figure S1), suggesting that the helices in apo-DREAM are less stable and the 

interactions between helices are more pronounced in holo-DREAM, consistent with the 

much less extensively hydrophobic packing of EF-hand helices for Calmodulin in the 

absence of Ca2+ observed by NMR24.

Surprisingly, our HDX data illustrate that EF-1 also exhibited strong protection upon Ca2+ 

binding indicating large conformational changes in this EF-hand (Figure 3B). It should be 

recalled that EF-1 contains the CPXG sequence thought to prevent the interaction with Ca2+ 

by sterically disrupting the calcium binding loop’s structure, as was demonstrated for other 

NCS proteins 26, 27. In addition, the NMR structure showed that the EF-1 loop in the N-

terminal truncated DREAM is distorted from a favorable Ca2+-binding geometry by the 

presence of Pro105 at the fourth position that places a kink in the middle of the loop7. More 

intriguingly, the deuterium incorporation to an N-terminal fragments of (residues 46–52) of 

Ca2+-bound DREAM was markedly slowed by Ca2+ binding, but this region is remote from 

the EF hands (Figure 3C).

We also performed the differential HDX study at higher Ca2+ concentration, 5 mM. The 

protection from deuterium incorporation into EF-1 and 2 hands is robustly enhanced. As a 

comparison, there is detectable elevated protection for only EF-4 hand, but not for EF-3 

(Figure 3B). These results suggest that Ca2+ binds to the EF-2 hand with lower affinity and 

to EF-3 with highest affinity. A previous ITC study of a series of single-site mutant 

constructs, which that disable functional Ca2+ binding to the individual EF-hands, shows 

that EF-2 hand has lower affinity site, and EF-3 and 4 are relatively higher affinity sites. 

That report also suggests that Ca2+ binds to EF-3 hand first, subsequently to EF-4 hand, and 

lastly to EF-hand 2. Accordingly, our HDX results show unsaturated Ca2+ binding to EF-2, 
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almost saturated binding to EF-4, and saturated binding to EF-3 at 100 uM Ca2+ (Figure 

3B).

Interestingly, EF-1 hand, along with EF-2 hand, present enhanced protection at higher Ca2+ 

concentration, although EF-1 may not bind Ca2+. This suggests that the full length DREAM 

may exhibit long range structural interactions between the EF-hands, facilitating cooperative 

structural changes.

Comparison of HDX of Ca2+-bound WT DREAM and EF-1 mutants

The large conformational changes in EF-1 hand, as revealed by HDX, strongly suggest that 

EF-1 may also bind to Ca2+ in the context of the full-length protein. A μESI-mass 

spectrometry direct analysis of DREAM, however, suggests that four Ca2+ ions bind to full-

length DREAM5. At first, it seemed that our HDX data are consistent with the μESI-mass 

spectrometry analysis of DREAM. To determine whether the first EF-hand binds to calcium, 

we made two mutant constructs (E111Q/D112N and E103A/D110A) by selectively 

substituting some critical Ca2+-binding residues within EF-1 loop with the intention, to 

“abolish” as completely as possible its Ca2+ binding. We then conducted the same 

differential HDX experiments for these two mutant constructs in the absence and presence of 

Ca2+. The HDX of EF-1 hand, as revealed by its peptic peptides in E111Q/D112N and 

E103A/D110A, should show minimal differences in the presence or absence of Ca2+ if there 

is no calcium binding in the mutant structures since this EF-hand loop cannot now be 

occupied. We found similar HDX protection in EF-hand 2, 3, and 4 for both DREAM 

mutants compared to the wild-type protein (Figure 4), indicating that the amino-acid 

substitutions in EF-1 did not affect Ca2+ binding to EF-hands 2, 3, and 4. Interestingly, both 

mutant constructs exhibit similar HDX protection in EF-1 as shown by the wild-type, 

suggesting that the conformation changes in EF-1 occurring for both the WT and mutants 

corresponds to a long-range or remote conformational change induced by Ca2+ binding to 

EF-hands 2, 3, and 4. The binding of four Ca2+ ions to the full length DREAM by the μESI-

mass spectrometry is likely an artifact in gas phase.

Discussion

HDX-MS monitors the structural changes in solution with high spatial resolution between 

different states; such information is not readily available by other approaches involving solid 

state structures. Having such information is extremely important especially if structural 

changes are associated with protein function. Our HDX data have revealed allosteric 

interactions and remote conformational changes as a consequence of Ca2+ binding to EF 2, 

3, and 4.

It is well documented that the EF-1 hand in DREAM, similar to other neuron calcium 

sensors (NCS), is distorted from a favorable Ca2+ binding topology and consequently it is 

not capable of binding to calcium 7. HDX of DREAM shows EF-1 hand, like EF hands 2, 3, 

and 4, significant protection. These conformational changes still occur in the Ca2+-binding 

deficient EF-1 hand mutant constructs, suggesting the conformational changes are induced 

by cooperative Ca2+-binding to other EF-hands. EF-hand motifs in proteins24 show that the 

two constituent helices are usually approximately antiparallel in the Ca2+-free state. Ca2+ 
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binding induces an opening of two EF-hand helix fingers, resulting in almost perpendicular 

inter-helical angles. In fact, the interhelical angle for the EF-1 hand is 92 º, comparable to 

those of other Ca2+-bound EF-hands7. Therefore, despite the absence of Ca2+ binding at 

EF1-hand in DREAM, this hand undergoes similar conformational changes as other EF-

hands upon Ca2+-binding, likely resulting from the extensive hydrophobic interaction of the 

residues from the first and last helices (helix B and helix E) of EF-hand pairs in the N-

terminal domain28.

Besides the protection of the non-bonding EF-1 hand, there is also unexpected protection in 

response to Ca2+ binding in the N-terminal region (residues 46–52), suggesting an allosteric 

conformational change. Furthermore, the HDX data suggest that Ca2+ binding occurs firstly 

to EF-3 and 4, and subsequently to EF-2. Thus, the Ca2+ binding conformational changes 

are transmitted from the C- to the N-terminus, thereby changing the conformation of the 

leucine-charged residue-rich domain found in the sequence CLVKWIL. The N-terminal 

region (residues 1–65) of DREAM is structurally unstable, so the structural changes revealed 

by HDX are not highly distinct 7. There is some evidence that the N-terminal extension does 

not have a functional role, but it contains a leucine-charged domain at position 47, which 

does govern the interactions between DREAM and CREB20, 21. CREB is a cellular 

transcription factor, and it binds to certain DNA sequences called cyclic-AMP response 

elements (CRE), thereby regulating the transcription of the downstream genes. In the 

absence of Ca2+, DREAM may bind via its leucine-charged residue-rich domain and the 

kinase-inducible domain of CREB. The interaction with DREAM blocks binding of CREB 

to CREB-binding protein and affects CRE-dependent transactivation. Furthermore, the 

interaction between DREAM and CREB is Ca2+-dependent whereby Ca2+ binding abolishes 

DREAM’s interaction with CREB. In addition, the transcription activity of CREB depends 

on its ability to recruit coactivator CBP29, 30. CBP binds to the kinase-inducible domain of 

CREB at the site for DREAM binding. As a result, the Ca2+-dependent DREAM-CREB 

interaction modulates the ability of CREB to recruit CREB-binding protein and regulate the 

transactivation by the CREB-binding protein of CREB-dependent transcription. The Ca2+-

dependent DREAM-CREB interaction may require conformational changes that are 

communicated allosterically to the leucine-charged residue-rich domain of DREAM, and our 

HDX MS data provide evidence of this allosteric communication. It seems that the Ca2+ 

signal is transmitted to position 47 of the leucine-charged residue-rich domain of DREAM 

via the conformational changes from C-terminus to N-terminus. The conformational changes 

in LCD-47 upon Ca2+ binding could shield the critical residues involved in the interaction 

with CREB and make the interaction unfavorable.

Conclusion

Binding of Ca2+ to EF-hands in Ca2+-binding proteins triggers conformational changes that 

underlie their Ca2+ dependent biological effects. Our HDX data provide considerable insight 

in the Ca2+ binding properties and the associated conformational changes, especially the 

long-range allosteric effects on the LCD in the N-terminal domain. This site was previously 

reported responsible for the interactions with CREM and CREB. Although our HDX data do 

not prove howCa2+ binding modulates DREAM binding to DNA, future studies can now 

characterize the structural interaction of DREAM bound to DRE genes at the molecular 
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level and map out the DNA binding region. Combined with the Ca2+ binding properties 

observed here, these studies should shed light on Ca2+ effects on gene expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HDX analyses of intact DREAM. (A) The intact DREAM HDX was analyzed at seven 

different time points in triplicate. The solid (■) and open squares (□) represent the 

deuterium uptake levels at exchange time for apo-DREAM and holo-DREAM, respectively. 

The intact HDX data were fit (solid line for apo-DREAM and dashed line for holo-DREAM) 

with first order exponential model with five fixed rate-constant bins (k = 100, 10, 1, 0.1, and 

0.01 min−1) using Prism. (B) The kinetic modeling “binned” the number of amides with 

respect to five fixed rate constants.
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Figure 2. 
HDX dynamics of apo-DREAM is mapped onto the 3D structures of holo DREAM (PDB:

2JUL with metal ions removed to avoid confusion) with color for each exchange time at 10 

s, 30 s, 1 min, 2 min, 15 min, 1 h and 4 h of exposure in D2O buffer. The color code 

indicates the percentage of deuterium update, as explained at the bottom of the figure. 

Peptides representing regions colored as white were not detected.
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Figure 3. 
(A) Average percentage differences in deuterium uptake between apo and holo states of wild 

type DREAM mapped onto the NMR structure (2JUL) of holo DREAM. The residue 

numbers for four EF-hand are: EF-1, residues 90–119; EF-2, residues 128–157; EF-3, 

residues 163–192; and EF-4, residues 211–240 (the sequences are in Table 1). (B) 

Deuterium uptake plots of selected peptides derived from the representative region of each 

EF-hand of DREAM at different Ca2+ concentrations. Solid lines represent the deuterium 

incorporation of the peptides from DREAM in the absence of Ca2+; the dashed lines 

represent the deuterium incorporation of the peptides from DREAM incubated in 100 uM 
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Ca2+; the dotted line represent the deuterium incorporation of the peptide from DREAM 

incubated in 5 mM Ca2+. (C) Deuterium uptake plots of the peptide (CLVKWIL) from the 

N-terminal region containing the LCD.
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Figure 4. 
Comparison of Ca2+ binding induced conformational changes in EF-hands for (A) wild-type 

DREAM, (B) EF-1 mutant E111Q/D112N, and (C) E103A/D110A. The relative percentage 

of deuterium incorporation was shown for representative peptides from each EF-hand. Solid 

lines represent the deuterium incorporation of the peptides from DREAM in the absence of 

Ca2+; the dashed lines represent the deuterium incorporation of the peptides from DREAM 

incubated in the presence of Ca2+.
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