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protein. PDB code of apo-recoverin: liku; PDB code of Ca?*-recoverin:
- PRSP

Figure 1.8. NMR structure of NCS-1 protein (PDB: 2Icp). EF-hands 1, 2, 3, and
4 are shown as firebrick, slate, lime green, and cyan, respectively; Ca?*
ions are shown as magenta spheres; and rest of the protein is shown as
orange. EF-1 and EF-2 constitutes N terminus; EF-3 and EF-4
constitutes C-terminus. In each terminus, paired EF-hands communicate
through a short antiparallel B-sheet. ......................oiiiii.

Figure 1.9. Left: NMR structure of Ca?*-free recoverin (PDB code: 1iku). Right:
NMR structure of Ca?*-bound recoverin (PDB code: 1jsa). In both cases,
EF-hands 1, 2, 3, and 4 are shown as firebrick, slate, lime green, and
cyan, respectively. Rest of the protein is shown as cyan. Ca?* ions are
shown as magenta sphere. Myristoyl group is shown as pink. Myristoyl
group is buried in Ca?*-free recoverin, but Ca?* binding exposes the
MYFSIOYL QrOUP. oo

Figure 1.10. Representation of the amino acid residues of KChIP1 involved in
interaction with N-terminus of Kv4.3 channel (PDB: 2nz0). N terminus
of the protein is shown in firebrick, C-terminus is shown in slate.
Residues involved in first interface is shown in cyan sticks, residues
involved in the second interface is shown in lime green sticks. .........

Figurel.11. Cartoon representation of Ca?*-bound DREAM(78-256) (PDB: 2jul).
EF-hands 1, 2, 3, and 4 are shown in orange, red, green, and magenta,
respectively. Ca?* ions are shown in cyan spheres. Rest of the protein is
shown in blue. For clariy, structure of first 77 residues were not
TESOIVEA. o

Figure 1.12. The central hydrophobic patch of the DREAM that communicate
between N- and C- teriminal domain is shown in stick (PDB: 2jul). EF-
hands 1, 2, 3, and 4 are shown in diffuse firebrick, slate, lime green, and
cyan, respectively. Rest of the protein is shown in orange. Ca?* ions are
shown in magenta Spheres. ...,

Figure 1.13. The C-terminal hydrophobic patch of DREAM is shown in stick
(PDB: 2jul). EF-hands 1, 2, 3, and 4 are shown in diffuse firebrick, slate,
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Figure 3.4. Frequency-domain intensity decay of 20 uM apo (squares),
Ca2*(circle), Pb?* (up triangle), and Ca?*Pb?*(down
triangle)DREAM(A64) in 20 mM Tris (pH 7.4). The phase delay is
shown as solid symbols and modulation ratio as empty symbols. Solid
lines represent data fitting using a (one Gaussian distribution and single
exponential decay) model. ... 67

Figure 3.5. Emission spectra of (A) 1,8-ANS:DREAM(A64) and (B) 1,8-
ANS:DREAM(A160) complexes as a function of Pb?* or Ca?* binding to
the protein. Conditions: 20 uM DREAM(A64) and 20 uM 1,8-ANS;
excited at 350 nm. (C) Titration of 10 uM 1,8-ANS with
Pb>*DREAM(A64). The fit of the experimental data using Equation 2 is
shown as a solid line. Inset: 1,8-ANS structure. ...............cocevvivennnn 70

Figure 3.6. Frequency-domain intensity decay of 40 uM 1,8-ANS binding to 40
uM DREAM(A64) in presence of EDTA (squares), Ca?* (circle), Pb?*
(up triangle), and Ca?*Pb?* (down triangle). The phase delay is shown as
solid symbols and modulation ratio as empty symbols. Solid lines
represent data fitting using three-exponential decay model. ............... 71

Figure 3.7. ITC isotherms for Pb?* displacement of Ca?* from (A) DREAM (A64)
and (B) DREAM (A160). The upper panels of the profile reflect the
thermal power expressed in units of microcalories per second, whereas
the lower panel represents integrated reaction heats (AH) expressed in
units of kilocalories per mole. The solid line represents the best fitting
curve with parameters listed in Table 3.3. ... 74

Figure 3.8A,B. Titration of 0.5 uM PS1HL9 with Pb>*DREAM (A64). Left panel
represents raw anisotropy data. Right panel shows fraction bound that
was calculated using Equation 1. In both cases, solid lines correspond to
fit of the experimental data using Equation 2. ....................oeeel. 78

Figure 3.9A,B. Titration of 0.5 uM Kv4.3 (2-22) “site-1” with
Pb>*DREAM(A64). Right panel shows fraction bound that was
calculated using Equation 1. In both cases, solid lines correspond to fit
of the experimental data using Equation 2. ..................ooeiiiiinin.n. 80

Figure 3.10A,B. Titration of 0.5 pM Kv4.3 (70-90) “site-2” with
Pb>*DREAM(A64). Right panel shows fraction bound that was
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with lithium ions. (d) Root mean square deviation of protein with respect
to time, showing a stable protein-Li*complex. ...............c.coooiine. 127

Figure 5.7. Impact of Li* binding on secondary structure of 20 uM rCaM in 20
mM Tris (A). Consequence of Li* binding on the phenylalanine
emission (B) and tyrosine emission (C) of the same protein in the same
condition. Samples were excited at 250 nm and 277 nm for Figure (B)
and (C), respectively. Concentrations of EDTA, Ca?* and Li* were 2
mM, 2 mM, and 2 mM, respectively. ..., 128

Figure 5.8. Consequences of Li* binding on emission spectra of (A) 1,8-
ANS:DREAM(A64), (B) 1,8-ANS:DREAM(A160complexes.
Conditions: 20 uM DREAM, 20 uM 1,8-ANS; excited at 350 nm.
Concentrations of EDTA, Ca?*, and Li* were same as tryptophan
01557 o 130

Figure 5.9. Frequency-domain intensity decay of 40 uM 1,8-ANS:54 uM
DREAM(A64) complexes in 20 mM Tris and in the presence of 2 mM
EDTA (squares), 2 mM Ca?* (circle), 50 uM Li* (up triangle), and (2
mM Ca?* and 50 uM Li*) Ca?*Li* (down triangle). Phase delay and
modulation ratio are respectively shown as solid and empty symbols.
Solid lines correspond to the fitting of the data using three-exponential
decay Model. ... 131

Figure 5.10. Impact of Li* association with DREAM on DREAM interactions
with interacting partners. 100 uM, 200 uM, and 100 uM DREAM(A64)
were respectively added to FITC-labeled A) 0.5 uM K\4.3-(2-22). B)
0.5 uM Kv4.3-(70-90), and C) 0.5 uM PSTHL9. Samples were excited at
470 nm; emission was recorded through 500 nm long-pass filter.
Concentrations of EDTA, Ca?*, and Li* were same as Trp emission
STUAY. o 134

Figure 6.1. Impact of 1 mM Mn?* addition on Trp emission of metal-free and
Ca?*-bound DREAM(A64) (A,B) and emission of metal free and Ca?*-
bound DREAM(A64):1,8-ANS (C,D). eviviiiiiiiiiee e, 141

Figure 6.2. Impact of 1 mM As®" addition on Trp emission of metal-free and
Ca?*-bound DREAM(A64) (A,B) and emission of metal free and Ca?*-
bound DREAM(A64):1,8-ANS (C,D). ..oviniiiiiiiiiieeee, 142
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1. INTRODUCTION
1.1 General principle of calcium signaling
Calcium (Ca?") is a universal intracellular signaling ion that binds to a wide

spectrum of calcium-binding proteins (CaBPs) and regulate numerous cellular functions,
including muscle contraction, fertilization, gene transcription, exocytosis, energy
metabolism, neurotransmitter secretion, activity of ion channels, and signal transduction
(Gifford, Walsh et al. 2007, Berridge, Lipp et al. 2000, Carafoli, Santella et al. 2001).
Dysregulation of calcium signaling could result in cancer, manic depression, hypertension,
heart disease, and Alzheimer’s disease (Gifford, Walsh et al. 2007, Berridge, Bootman et
al. 2003). In the resting cells, intracellular Ca?* concentration is about 100 nM, while
concertation of extracellular Ca?* is about 2 mM (Vogel 1994, Clapham 2007). Such an
enormous difference between intracellular Ca?* and extracellular Ca?* (10,000 fold)
generates a chemiosmosis force that facilitates the influx of Ca?* into the cell. The ATP-
dependent pump maintains intracellular Ca?* concentration by pumping excess Ca?* out of
the cells or into internal stores such as mitochondria, endoplasmic and sarcoplasmic
reticulum (Gifford, Walsh et al. 2007, Clapham 2007). Intracellular calcium binds to a wide
array of CaBPs that regulate a wide range of cellular processes. Consequently, the Ca?*
signal is translated into diverse biochemical responses by triggering different intracellular
pathways (Carafoli, Santella et al. 2001, Berridge, Bootman et al. 2003, Clapham 2007).

The regulation of a wide range of cellular processes by a single Ca* ion emphasizes
the versatility of this ion in cellular function (Berridge, Lipp et al. 2000). The question
remains how Ca?" regulates so many cellular processes? The versatility of calcium

signaling could be explained by its wide range of spatial and temporal signals, speed and



amplitude (Berridge, Lipp et al. 2000). The versatility is achieved through the use of an
extensive Ca®* signaling toolkit. The calcium-signaling toolkit comprises voltage-operated
channels, receptor-operated channels, calcium pumps and exchangers, calcium buffer
proteins, Ca?* effector proteins, receptor proteins, transducer proteins, transcriptional
factors, endoplasmic reticulum (ER), sarcoplasmic reticulum (SR), Golgi apparatus,
mitochondria, to name a few (Berridge, Lipp et al. 2000, Berridge, Bootman et al. 2003).
Each cell type utilizes distinctive components from the Ca?*-signaling toolkit and generates
Ca?" signals with widely different spatial and temporal properties (Berridge, Bootman et
al. 2003). Thanks to the flexibility of Ca?* as a ligand. Although Ca?* has similar physical
properties as Mg?*, Ca?* binding sites have significantly higher affinity for Ca?* than Mg?*,
as the coordination chemistry of Ca?* allows it to bind to the binding site of irregular

geometry whereas the strict requirement of Mg?* for octahedral geometry is hard to satisfy

Stimulus

l

Generation of Ca2*
mobilizing signal \

1

|

Ca®* sensitive
processes

Resting Ca’*
100 nM

OFF
mechanisms

Figure 1.1. Components of Ca®" signaling network. Maintenance of intracellular
Ca”" concentration is determined by the balance between ON/OFF reaction. Adapted
from (Berridge, Lipp et al. 2000).



within the structure of proteins (Brini, Cali et al. 2014). A common calcium signaling
network comprises four functional units, where at any moment, the level of intracellular
Ca®" is determined by the balance between ON/OFF reaction as shown in Figure 1.1
(Berridge, Lipp et al. 2000). Calcium signaling is initiated by stimuli such as membrane
depolarization, extracellular signaling molecules, intracellular messengers, stretch, and
noxious stimuli, which generates Ca?* mobilizing signals (Berridge, Bootman et al. 2003).
Calcium mobilizing signals activate the ON mechanism and extracellular Ca?* enter the
cytoplasm through different channels, including voltage-operated ion channels (VOCs),
store-operated Ca?* channels (SOCs), receptor-operated ion channels (ROCs), and
secondary messenger operated Ca?* channels (SMOCs) (Gifford, Walsh et al. 2007,
Berridge, Bootman et al. 2003). Additionally, internal storages such as the endoplasmic
reticulum (ER) and sarcoplasmic reticulum (SR) can also release Ca?* into the cytoplasm.
The release of Ca?" from internal stores is controlled by different channels, including
ryanodine receptors (RYR) and inositol triphosphate receptors (InsP3R). Calcium itself is
the activator of these channels. Activation of those channels by Ca?* is dependent on
whether stimuli bind to cell surface receptors. For instance, inositol triphosphate (InsPs)
diffuses into the cells to bind inositol triphosphate receptors (InsP3R) and release Ca?* from
ER (Gifford, Walsh et al. 2007, Berridge, Lipp et al. 2000). The Ca?" that enters the
cytoplasm during the ON mechanism does not remain unbound. Instead, it interacts with
different CaBPs. Most of cytoplasmic Ca?* rapidly binds to calcium buffer proteins,
whereas a small proportion of it binds to numerous Ca®* sensor proteins, including
calmodulin (CaM), recoverin, troponin, and neuronal Ca?* sensor proteins (NCS) in the

brain (Gifford, Walsh et al. 2007, Berridge, Bootman et al. 2003). These calcium sensors



transduce chemical signals of an increased Ca* concentration into biochemical responses
by triggering diverse signaling pathways (Gifford, Walsh et al. 2007). At last, once Ca?*
has completed its signaling functions, it is rapidly removed from the cytoplasm with
different exchangers and pumps via OFF mechanism. Na*/Ca?" exchangers and plasma
membrane Ca?*-ATPase (PMCA) pumps extrude Ca?* outside of the cells. Other ion
channels, including sarco-endoplasmic calcium ATPases (SERCAs), H*/Ca?* exchangers,
and Ca?* uniporters return Ca?* into the internal stores, such ER, SR, and mitochondria
(Gifford, Walsh et al. 2007, Berridge, Lipp et al. 2000).
1.2 Neuronal calcium signaling

Calcium plays an important and diversified role in neuronal physiology. For
instance, Ca* impacts both long-term depression (LTD) and long-term potentiation forms
of synaptic plasticity by controlling the release of neurotransmitter from the presynaptic
terminal (Bolshakov, Siegelbaum 1994, Christie, Magee et al. 1996, Grover, Teyler 1990,
Impey, Mark et al. 1996). As a universal secondary messenger, Ca?* has been demonstrated
to regulate the process of learning and the formation and consolidation of memory,
synaptogenesis, membrane excitability, and dendrite development (Brini, Cali et al. 2014,
Sudhof 2004, Redmond, Ghosh 2005, Michaelsen, Lohmann 2010, Tanaka, Nakada et al.
2008). The intracellular concentration of neuronal cell is in the range 100-500 nM, whereas
extracellular concentration is 1 mM (Kawamoto, Vivar et al. 2012). Like other cells,
neuronal cells use different components from the Ca?* signaling toolkit to generate
neuronal Ca?* signals with a wide range of temporal and spatial properties. Neuronal life
is dependent on the correct functioning of the above processes. Since Ca?* plays a

prominent role in the neuronal function, subtle alteration in Ca®* homeostasis leads to












Figure 6.3. Impact of | mM Hg?" addition on Trp emission of metal-free and Ca*"-bound
DREAM(A64) (A,B) and emission of metal free and Ca®"-bound DREAM(A64):1,8-ANS
(C.D).
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6.3. Summary

Encouraged by the fact that toxic metals Cd*" and Pb*" bind to DREAM, we
investigated whether toxic metals Mn?*, As>*, and Hg*" bind to DREAM. Additionally, we
investigated whether alkaline earth metals Ba** and Sr** bind to DREAM. On the basis of
the fact that addition of As>*, Hg>*, Mn**, Ba®>*, or Sr*" did not change the emission intensity
of DREAM(A64) or DREAM(A64):1,8-ANS complexes, we conclude that either As®*,
Hg?*, Mn**, Ba**, or Sr** does not bind to DREAM or addition of As’*, Hg>*, Mn**, Ba*",

or Sr** does not trigger structural rearrangements of DREAM.
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7. ROLE OF LYS RESIDUE AT POSITION 87 OF DREAM IN ALLOSTERIC
REGULATION OF DREAM INTERACTIONS WITH INTERACTING
PARTNERS.

7.1 Background and significance

Downstream regulatory element antagonist modular (DREAM), alternative
known as KChlIP3/calsenilin, is a 29kDa NCS protein which is expressed in the brain
and heart and regulate a wide spectrum of biological processes (An, Bowlby et al.
2000, Buxbaum, Choi et al. 1998, Carrion, Link et al. 1999). DREAM is the only
Ca?* binding protein that can directly interact with DNA sequence (DRE) of genes
(prodynorphin and c-fos genes) and represses transcription of these genes (Carrion,
Link et al. 1999). In the absence of Ca?*, DREAM interacts with DRE of human
prodynorphin and c-fos genes and inhibit transcription of these genes, but Ca®*
association induces conformation change in the protein that prevents binding of
DRE and consequently reactivates the transcription (Carrion, Link et al. 1999,
Cheng, Pitcher et al. 2002). Prodynorphin and c-fos genes have been linked to pain
modulation, cell homeostasis, and apoptosis. Repression of the transcription of DRE
by DREAM highlights its role in the regulation of the above processes (Costigan,
Woolf 2002, Fontan-Lozano, Romero-Granados et al. 2009).

In the cytoplasm, DREAM interacts with carboxy-terminal fragment (CTF) of
presenilin-1 (PS1) and presenilin-2 and stimulates the activity of y- secretase complex in
a Ca?*-dependent manner, which facilitates production of amyloid-beta plaques of
Alzheimer’s disease (Buxbaum, Choi et al. 1998, Jo, Jang et al. 2005). DREAM also

associates with the T1 domain of voltage-gated potassium channels and plays a
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crucial role in the regulation of fast Ito and Isa current in the heart and brain,
respectively. The above interaction also promotes the translocation of the channel to
the membrane and modulates the gating properties of the channel (An, Bowlby et
al. 2000). It has been shown recently that DREAM protein might be involved in the
mechanism of nicotine treatment-prevented learning and memory impairment in
REM sleep-deprived rats by modulating its expression level in the hippocampus
(Abd Rashid, Hapidin et al. 2017).

DREAM protein contains 256 amino acid residues. 3-D structure of the full-
length DREAM is not known yet because its poor solubility prevented structural
determination of the first 77 residues by NMR-studies (Lusin, Vanarotti et al. 2008). After
the deletion of the first 64 residues, the solution structure of Ca>’ DREAM (residue 65-256)
was resolved (Lusin, Vanarotti et al. 2008). That’s why in our study we used DREAM
protein that possesses residues 65-256. DREAM protein contains four EF-hands. Each EF-
hand has a distinct metal binding property. EF-1 doesn’t bind any metal because it has
sterically hindered proline residues in the EF-hand loop. EF-2 binds Mg?* preferentially as
it has aspartate residue in the 12" position of the EF-hand loop. EF-3 and EF-4 bind Ca®*
selectively because glutamate residue is present in the 12" position of the EF-hand loop
(Osawa, Dace et al. 2005, Osawa, Tong et al. 2001). Recently, we have shown that EF-
hands of DREAM are also capable of binding heavy metals Pb?* and Cd?*(Azam,
Miksovska 2018, Azam, St Luis et al. 2019)

Our previous studies demonstrated that DREAM undergoes tertiary structural
rearrangement upon Ca%*, Tb**| Pb**, or Cd** binding. We also have shown hydrophobic

cavities of DREAM that binds hydrophobic molecule 1,8-ANS becomes more accessible
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to 1,8-ANS in the presence of Ca**, Tb**, Pb**, or Cd*" association, compared with metal-
free form (Azam, Miksovska 2018, Azam, St Luis et al. 2019, Gonzalez, Ramos et al. 2016,
Gonzalez, Miksovska 2014). Additionally, we demonstrated that helix-9 of presenilin-1 is
involved in DREAM-presenilin-1 interaction and site-1 (residues 2-22) and site-2
(residues 70-90) peptides of T-1 domain of Kv4.3 channel are involved in DREAM- Kv4.3
channel interaction (Pioletti, Findeisen et al. 2006, Gonzalez, Pham et al. 2014, Pham,
Miksovska 2016, Wang, Yan et al. 2007a). We have used accelerated molecular dynamics

to get insight about the mechanism of allosteric regulation of DREAM

Lys 87 and Gllu 165 distance (A)

T T T T T
0 1000 2000 3000 4000

frames

Figure 7.1. Left: aMD structure of Ca?’DREAM. EF-hands are shown in different
colors: EF-hand 1, yellow; EF-hand 2, blue; EF-hand 3, green; EF-hand 4, red; rest
part of the protein is shown in cyan; two Ca®" are shown as green spheres; Trp169,
Glul65, and Lys87 are show as sticks. Right: Distance between Lys87 and Glul65
side chains determined from 100 ns accelerated molecular simulation of
DREAM(A64).

interactions with intracellular partners. Unlike the NMR structure of DREAM, aMD data

indicate the presence of a salt bridge between Lys87 and Asp 165 that couples the loop

between helix-1 and helix-2 in the N- terminal domain with the EF-3 in the C- terminal

domain (Figure 7.1). We hypothesize that the salt bridge involved in the propagation of
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Table 7.1: Fluorescence decay parameters of DREAM(K87A) in the presence and absence of metals.

Sample T 7 13 f1 f2 f3 o1 o2 o3 <t X

S (ns) (ns) (ns) (%) (%) (%) (%) (%) (%) (ns)

Apo 0.32 2.7 % 7.2+ 8.9+ 524+ 38.1+ 532 36.9 10.1 4.2 1.9
0.03 0.1 0.3 0.1 0.3 0.2

Mg?* 0.30 = 2.6 = 7.2+ 8.4+ 513+ 40.1+ 534 36.4 10.2 4.2 2.1
0.02 0.1 0.4 0.1 0.1 0.3

ca’* 0.28 = 24 * 7.1+ 105+ 496+ 388+ 56.3 34.5 9.1 3.9 1.7
0.03 0.1 0.2 0.1 0.2 0.2

Ca®*M 0.29 + 24 + 7.1+ 107+ 498+ 391+ 56.1 34.8 8.9 3.9 1.8

g2 0.03 0.1 0.1 0.1 0.3 0.2

Recovered from Vinci analysis software using a sum of three discrete exponential decays. Phase and modulation errors
were set at < 0.2° and <0.004, respectively. 1, T2, and 13 are lifetimes of the three discrete exponential decays; f1, f.and f3
represent exponential decay fractions; o1, a2, and oz are pre-exponential factors.
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Table 7.2: Fluorescence decay parameters of DREAM(K87A):1,8-ANS complexes.

fo

f1

fo

DREAM(K87A):1,8-ANS 11 T2 oo o1 o2 X
(ns)  (ns) (%) (%) (%) (%) (%) (%)

apo 40+ 164+ 89+ 334+ 581 726 193 8.1 1.2
0.1 0.2 0.1 0.8 +0.7

Mg?* 39+ 162+ 90+ 331+ 585+ 728 189 8.3 1.3
0.1 0.2 0.1 0.8 0.7

Ca?* 41+ 169+ 47+ 218+ 740+ 633 203 164 1.1
0.1 0.2 0.1 0.6 0.6

Ca?*Mg?* 41+ 169+ 47+ 211+ 749+ 631 201 168 1.1
0.1 0.2 0.1 0.6 0.6

Recovered from Vinci analysis software using a sum of three discrete exponential decays with 1,8-
ANS lifetime fixed to 0.28 ns. Phase and modulation errors were set at <0.2° and <0.004, respectively.
To, T1, and T2 are lifetimes of the three discrete exponential decays; fo, fiand f. represent exponential
decay fractions; oo, a1, and o are pre-exponential factors.
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7.2.2 Consequence of Lys87 to Ala mutation on DREAM interactions with intracellular
partners.

Previous studies have shown that KChIP1, a protein with high sequence
homology with DREAM, interacts with the T-1 domain of Kv.4 channel through two
contact interfaces and this interaction has been demonstrated to result in increased surface
expression, alteration of gating properties, and subunit assembly facilitation of Kv4
channels (Bourdeau, Laplante et al. 2011, Pioletti, Findeisen et al. 2006, Wang, Yan et al.

2007b, Bahring, Dannenberg et al. 2001, Scannevin, Wang et al. 2004). Site 1(residues 1-
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Figure 7.6. Anisotropy change associated with Kv4.3 site
1 (residues 2-22) (A), Kv4.3 site 2 (residues 70-90) (B)
and presenilin 1 helix 9 (PS1HL9) (C) binding to
DREAM(K87A) in the presence and absence of Ca**.

20) of T1 domain of Kv4 channel interacts with N- and C- terminal hydrophobic cavity of
KChIP1. Site-2 (residue 70-78) of T1 domain of Kv4 channel interacts with KChIP1

through both stacking and salt bridge interaction (Pioletti, Findeisen et al. 2006, Wang, Yan
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et al. 2007a). Our previous result demonstrated that DREAM interacts with site 1 (residues
2-22) and site 2 (residues 70-90) of the T-1 domain of Kv channel. To investigate whether
Lys to Ala mutation at position 87 alters DREAM aftinity for site 1 and site 2 of T-1 domain
of Kv channel, we titrated DREAM(K87A) into FITC-tagged 0.5 uM site-1 and site-2
peptide (Azam, Miksovska 2018, Azam, St Luis et al. 2019, Gonzalez, Pham et al. 2014)
(Figure 7.6A,B). Anisotropy value did not change upon the addition of saturation
concentration of metal-free and Ca?*-bound form of DREAM(K87A) to site 1 and site 2
peptides. As a control experiment, we added the corresponding metal-free and Ca**-bound
form of WTDREAM(A64) to site 1 and site 2 peptides. In this case, anisotropy value
increased significantly, especially in the presence of Ca®*, which is in agreement with our
previous study. Altogether, the above results suggest that disrupting interdomain
communication between N- and C- terminal of DREAM by mutating Lys87 to Ala inhibits
DREAM interactions with site 1 and site 2 of T1 domain of Kv channel. This result is
consistent with the notion of 1,8-ANS lifetime data where DREAM shows a weaker affinity
for hydrophobic molecule 1,8-ANS. We postulate that disrupting interdomain
communication disrupts the hydrophobic cavities that are involved in the binding of site 1
and site 2.

Previous studies have shown that DREAM interacts with the carboxy-
terminal fragment of presenilin-1 and stimulates the activity of y-secretase complex which
in turn facilities production of AB42, a peptide associated with Alzheimer’s disease (Jo,
Jang et al. 2005). Previous results of our group have shown that DREAM interacts with
presenilin-1 of helix-9 (PS1HL9) in a calcium-dependent manner; DREAM interacts with

PSTHLY through cation—n interaction, salt bridge, and hydrophobic interaction. More
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specifically, D450 and D458 of PSTHL9 form a salt bridge with R207 of DREAM; R200
of DREAM forms a cation—r interaction with F465 of PS1HL9; and F462 and F465 of
PSTHLY forms hydrophobic interaction with F252 of DREAM (Pham, Miksovska 2016).
To investigate whether Lys to Ala mutation at position 87 influences the interaction
between DREAM and PS1HL9, we titrated DREAM(K87A), in metal-free form and in the
presence of Ca>*, into 0.5 pM PS1HL9. Interestingly, our results show that the anisotropy
value of PSTHLY does not increase at all upon the addition of saturation concentration of
DREAM(K87A), both in apo and Ca®"-bound form. On the other hand, under identical
conditions, the anisotropy value of PSTHL9 increases significantly upon the addition of
corresponding WTDREAM(A64), indicating mutation of Lys to Ala at position 87 inhibits
DREAM interactions with PSTHL9. We hypothesize that disrupting interdomain
communication allosterically inhibits hydrophobic interaction between DREAM and
PSTHLO as supported by 1,8-ANS lifetime data where DREAM shows a weaker affinity
for hydrophobic molecule 1,8-ANS.
7.3 Summary

In this study, we have demonstrated that disrupting interdomain communication
between N- and C- terminal of DREAM by mutating Lys87 to Ala leads to solvent
exposure of Trp169 and DREAM-bound 1,8-ANS molecule as supported by emission data;
less accessibility of hydrophobic cavity of DREAM for 1,8-ANS association as evident
from lifetime data; and inhibition of DREAM interactions with site 1 and site 2 peptide of

T-1 domain of Kv channel and helix 9 of presenilin-1 based on anisotropy measurements.
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8. IMPACT OF EF-3 OR EF-4 INACTIVATION OF DREAM ON ITS SECONDARY
AND TERTIARY STRUCTURES AND INTERACTION WITH T-1 DOMAIN OF
KV CHANNEL.
8.1 Background and significance
Downstream regulatory element antagonist modulator (DREAM) is

a 29kDa protein that is expressed in the hippocampus of the brain (Carrion, Link et
al. 1999). Interestingly, this protein has three different names. It was discovered by
three independent research groups and each group named it differently. On the basis
of the fact that this protein interacts with presenilin and regulates the activity of y-
secretase complex, one research group named it calsenilin (Buxbaum, Choi et al.
1998). Later, another group named it as downstream regulatory element antagonist
modulator (DREAM) as this protein interacts with downstream regulatory element
(DRE) and directly modulate transcription of downstream genes (Carrion, Link et
al. 1999). Finally, this protein was renamed as KChlIPs as it has high sequence
similarity with KChIP-1 and KChIP-2 (An, Bowlby et al. 2000). DREAM is a
member of EF-hand superfamily; it also belongs to the neuronal calcium sensor
family. DREAM is a multifunctional protein that regulates numerous biological
processes, including gene apoptosis, pain sensation, and memory and learning
processes (An, Bowlby et al. 2000, Buxbaum, Choi et al. 1998, Carrion, Link et al.
1999).

DREAM has been associated with Alzheimer’s disease. It interacts with presenilin-1
(PS1) and presenilin-2 and stimulates the activity of y- secretase complex in a calcium-

dependent manner and facilitates the generation of amyloid beta plaques in
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Alzheimer’s disease (Buxbaum, Choi et al. 1998, Jo, Jang et al. 2005). DREAM also
associate with the T1 domain of potassium channels and play a predominant role in
the modulation of fast Ito and Isa current in the heart and brain, respectively.
DREAM binding to the T1 domain of potassium channels also promotes
translocation of the channel to the membrane and alters the gating properties of the
channel (An, Bowlby et al. 2000). Ca?*-bound DREAM interacts with CaM and
DREAM:CaM complex formation inhibits DREAM interaction DRE sites and
facilitates activation of calcineurin (Gonzalez, Arango et al. 2015, Ramachandran,
Craig et al. 2012).

DREAM protein comprises 256 amino acid residues. It also contains four EF-
hands. The four EF-hands of DREAM differ in terms of metal binding property. EF-hand
1 doesn't bind any metal as the presence of sterically hindered amino acid residue proline
in the EF-hand loop (CPXG sequence) destroys metal-binding geometry. EF-2 binds Mg?*
selectively because of the presence of Asp at the 12" position of the EF-hand loop instead
of the usual glutamate. It has been demonstrated that Mg?* binding to EF-2 stabilizes the
tertiary structure of DREAM which facilities DNA binding. EF-hand 3 and EF-hand 4
bind Ca®* preferentially with Kqof 1-10 uM as glutamate is present at the 12" position
of the EF-hand loop (Gifford, Walsh et al. 2007, Lusin, Vanarotti et al. 2008, Osawa,
Dace et al. 2005, Osawa, Tong et al. 2001). Our recent studies have shown that heavy
metals Pb?* and Cd?* and lanthanide Th®* bind to EF-hand of DREAM with affinity higher
than that of Ca?* (Azam, Miksovska 2018, Azam, St Luis et al. 2019, Gonzalez, Ramos et
al. 2016) In the absence of any metal, DREAM exists as a tetramer, but Ca?* binding

triggers conformation changes in the protein that dissociates the tetramer into two dimers
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if the concentration of protein is below 150 M. When the concentration of protein is above
200 uM, DREAM is tetramer in both metal-free forms and Ca?* bound form (Osawa, Tong
et al. 2001).

It is well established that Ca>" binding causes secondary and tertiary structural
rearrangements of the protein and subsequently modulates DREAM interaction with
binding partners (Osawa, Dace et al. 2005, Osawa, Tong et al. 2001, Pham, Dhulipala et
al. 2015). Our previous studies have also demonstrated that DREAM interacts with
hydrophobic molecule 1,8-ANS through hydrophobic cavities of its surface and
hydrophobic cavities that bind 1,8-ANS becomes more accessible to 1,8-ANS in the
presence of Ca*" as evidenced by the fact that emission intensity of DREAM:1,8-ANS is
higher in presence of Ca®" compared with corresponding metal-free form (Gonzalez,
Miksovska 2014). But the underlying mechanism of Ca*'-triggered structural
rearrangements of DREAM and modulation of interactions with binding partners is not
resolved yet. In this study, we mutated glutamate residue at 12™ position of EF-3
(DREAM(E186Q)) or EF-4 (DREAM(E234Q)) to glutamine for making these EF-hands
incapable of binding Ca®" and investigated whether mutations impact Ca**-triggered
secondary and tertiary structural rearrangements of the protein and whether mutations
impact Ca?*-induced modulation of DREAM interaction with hydrophobic molecule 1,8-

ANS and T-1 domain of Kv channel.
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8.2 Results and discussion
8.2.1 Consequence of EF-3 or EF-4 inactivation of DREAM on Its Secondary and Tertiary
Structure

The previous study demonstrated that Ca®* binding triggers tertiary structural
rearrangements of DREAM and emission intensity decreases upon Ca?* binding to
DREAM(A64) and C-terminal of the DREAM, DREAM(A160)(Gonzalez, Ramos et al.
2016, Pham, Dhulipala et al. 2015). It is also well established from the previous study that

Ca?* binds to EF-3 and EF-4 at the C-terminal of the protein. As a control experiment, we
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Figure 8.1. Steady-state Trp emission spectra of 20 uM DREAM(A64),
DREAM(A160), DREAM(E186Q), and DREAM(E234Q)) in the absence

and presence of 1 mM Ca?"; excited at 295 nm.
measured emission spectra of DREAM(A64) and DREAM(A160) both in the presence and

absence of Ca®* (Figure 8.1A,B). Emission intensity decrease upon Ca?* binding to both
DREAM(A64) and DREAM(A160), which is in agreement with previous studies. Then we

measured emission spectra of the DREAM(E186Q), a DREAM construct that is not
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expected to bind Ca?* and other metals at EF-3 due to glutamate to glutamine mutation at
position 186, and DREAM(E234Q), a DREAM construct that is not anticipated to bind
Ca?" at EF-4 due to glutamate to glutamine mutation at position 234 (Figure 8.1C,D). The
emission intensity decreases upon Ca?* binding to DREAM(E186Q), a DREAM construct
with EF-3 inactive, but EF-4 active, suggesting Ca?* binding to EF-4 could trigger
structural rearrangement that causes the decrease in emission intensity. Interestingly,
emission spectrum of DREAM(E234Q), DREAM construct with EF-4 inactive, but EF-3
inactive, is the same in the presence and absence of Ca?*, indicating binding of Ca?* at EF-
4 might not cause Ca®*-triggered tertiary structural rearrangement. The emission study is
supported by Trp lifetime study (Figure 8.2A,B and Table 8.1). The lifetime of Trp 169 is
sensitive to structural rearrangement. The average lifetime of Trp169 in DREAM(A64)
decreases from 3.8 ns to 3.1 ns upon Ca?* binding. Like DREAM(A64), the average lifetime
of Trp169 in DREAM(E186Q) decreases from 4.2 ns to 3.6 ns upon Ca?* addition, but the
average lifetime of Trp169 in DREAM(E234Q) remains same (4.3 ns) upon Ca?* addition,

which bolster finding of Trp emission study. To get insight about Ca?* triggered secondary
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structural rearrangement we measured far-UV CD spectra of all four DREAM constructs
(Figure 8.3A-D). We calculated percentage of a-helix using online program K2D3 and
results show that Ca?* binding causes ~ 6 increase in a-helical content in DREAM(A64)
and DREAM(E186Q) and ~ 10% increase in a-helical content of DREAM(A160) but a-
helical content of DREAM(E234Q) remains same upon Ca?* addition. Above far-UV CD

data is in agreement with the notion of Trp emission and Trp lifetime data.
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Figure 8.3. Far-UV CD spectra of DREAM(A64) (A), DREAM(A160)
(B), DREAM(E186Q) (C), and DREAM(E234Q) (D) in the absence
and presence of ImM Ca*".
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Table 8.1: Fluorescence decay parameters of DREAM constructs in the presence and absence of metals.

Samples T T T3 f1 f f3 a1 a2 03 <t x°
(ns) (ns) (ns) (%) (%) (%) (%) (%) (%) (ns)
ApoDREAM 0.24 25+ 7.1+ 173+ 454+ 373+ 751 19.2 59 3.8 15
(A64) 0.03 0.1 0.3 0.8 3.0 0.3
Ca’’DREAM 0.16 + 19+ 6.3+ 220+ 375+ 405+ 845 12.1 3.3 3.1 0.9
(A64) 002 01 01 09 20 20
apoDREAM( 0.56 = 25+ 6.4 + 75=+ 444+ 491+ 34.2 46.1 19.6 4.2 1.6
E186Q) 0.06 0.2 0.3 1.0 3.0 4.0
Ca**DREAM 0.48 + 2.4 + 6.2 + 109+ 494+ 394+ 453 41.9 12.8 3.6 1.4
(E186Q) 004 01 03 101 30 40
apoDREAM( 0.27 2.6+ 6.9 + 8.6+ 466+ 447+ 56.2 32.2 115 4.3 15
E234Q) 0.03 0.2 0.3 0.5 3.0 3.0
Ca**DREAM 0.27 + 2.6+ 6.9 + 85+ 484+ 429+ 565 32.6 10.8 4.3 1.9
(E234Q) 003 01 03 84 30 30

Recovered from Vinci analysis software using a sum of three discrete exponential decays. Phase and modulation errors were
set at < 0.2° and <0.004, respectively. t1, T2, and 13 are lifetimes of the three discrete exponential decays; f1, f.and fs represent
exponential decay fractions; ou, o2, and as are pre-exponential factors.
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8.2.2 Effects of EF-3 or EF-4 inactivation of DREAM on Its interaction with hydrophobic
molecule 1,8-ANS.

Hydrophobic molecule 1,8-ANS has been widely used for probing
hydrophobicity of protein surface as 1,8-ANS is almost non-fluorescence in solution but
fluorescence intensity increases by many-folds upon association with hydrophobic patches
of protein surface (Cardamone, Puri 1992). Our previous study has demonstrated that

DREAM is capable of binding 1,8-ANS in metal-free form but Ca®* association to
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Figure 8.4. Fluorescence emission of DREAM(A64):1,8-ANS (A),
DREAM(A160):1,8-ANS (B), DREAM(E186):1,8-ANS (©), and
DREAM(E234):1,8-ANS complexes in metal-free form and in the presence of 1 mM
Ca*". Condition: 20 pM DREAM constructs, 20 uM 1,8-ANS, excited at 350 nm.
DREAM increases its affinity for 1,8-ANS. In this case, we investigated whether
inactivation of either EF-3 or EF-4 impacts 1,8-ANS (Gonzalez, Miksovska 2014). As a
control, we measured emission intensity of DREAM(A64):1,8-ANS and
DREAM(A160):1,8-ANS complexes (Figure 8.4A,B) both in the presence Ca?* and in

metal-free form and the result is consistent with previous studies; that is, the emission
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intensity of 1,8-ANS increases significantly upon binding to these protein constructs in
metal-free form and the emission intensity of both DREAM(A64):1,8-ANS and
DREAM(A160):1,8-ANS complexes are higher in the presence of Ca?* compared with
corresponding metal-free form. Like above complexes, the emission intensity of
DREAM(E186Q):1,8-ANS and DREAM(E234Q):1,8-ANS complexes (Figure 8.4C,D)
increase significantly upon Ca®* association compared with corresponding metal-free form,
suggesting binding of one Ca?* in either EF-3 or EF-4 is good enough for increasing the
accessibility for 1,8-ANS binding site.

To support the above emission studies, we also measured the lifetime of the above
complexes in metal-free form and in the presence of Ca®* (Figure 8.5A,B, Table 8.2).
Previously we showed that 1,8-ANS binds to two distinct binding sites on the DREAM

surface (Gonzalez, Miksovska 2014). Modulation-phase data for all complexes were best

7
}
gf
;

Modulation ratio

B apo phase delay
# Ca3* phase delay
0 apomodulation ratio [ 0.6
¢ Ca*" modulation ratio

B apophase delay
# Ca3* phase delay
0 apomodulationratio
< Ca* modulation ratio|

T
(=]

S
n

Phase delay (degrees)
3
° o
N ModulatiSn ratic’

Phase de|a“y (degrees)
o

N
(-]
L
T
(=]

(=]

o
(=]
o
=]

2 4 8 16 32 64 128 256 2 4 8 16 32 64 128 256
Frequency (MHZ Frequency (MHZ)

Figure 8.5. Frequency-domain intensity decay of DREAM(E186Q):1,8-ANS
(A) and DREAM(E234Q):1,8-ANS (B) in apo (square) and Ca*"-bound form
(circle). Solid symbols represent phase delay; empty symbols represent
modulation ratio. Solid lines represent fitting of the data using a sum of three
exponential decays model.
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fitted by a three exponential decay model with 1,8-ANS lifetime fixed to 0.28 ns. Faster
lifetime 71 could be attributed to 1,8-ANS binding to the partially solvent-exposed binding
site on DREAM, whereas longer lifetime 1> can be assigned to 1,8-ANS binding to non-
polar solvent restricted binding site on DREAM. Inactivating EF-3 or EF-4 did not
significantly alter individual lifetimes, but o; and o, values are smaller in
DREAM(E186Q):1,8-ANS and DREAM(E234Q):1,8-ANS complexes both in the
presence of Ca?* and in metal-free form compared with corresponding DREAM(A64):1,8-
ANS (Table 8.2), suggesting that inactivating either EF-3 or EF-4 decreases DREAM
affinity for 1,8-ANS. Interestingly, the value of o did not change significantly upon Ca?*
binding to DREAM(E186Q):1,8-ANS and DREAM(E234Q):1,8-ANS complexes, but the
value of o increased by 2-folds upon Ca?* binding to metal-free DREAM(A64):1,8-ANS
(Table 8.2). It is possible that binding of one Ca?* to DREAM(E186Q):1,8-ANS and
DREAM(E234Q):1,8-ANS complexes may not fully expose the hydrophobic cavities that

bind 1,8-ANS.
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Table 8.2: Fluorescence decay parameters of DREAM:1,8-ANS complexes.

DREAM:1,8-ANS 71 T f; f oo o1 o2 x>
(ns) (ns) (%) (%) (%) (%) (%)

apoDREAM(A64) 41+0.1 169+ 15.4 + 83.0 + 626 155 219 09
0.2 0.5 1.0

Ca**DREAM(A64) 43+02 180z 9.7+06 889+ 404 169 427 09
0.2 0.5

apoDREAM(E186Q) 35+01 172+ 123+ 83.3 + 689 130 181 15
0.1 0.4 0.4

Ca**DREAM(E186Q) 3.7+01 170+ 10.1 + 88.6 + 60.7 135 258 1.2
0.1 0.8 0.5

apoDREAM(E234Q) 36+01 16.1+ 16.4 + 75.3 + 761 118 121 18
0.1 0.5 0.5

Ca**DREAM(E234Q) 39+01 16.7+ 13.2 + 82.7 + 67.7 131 192 17
0.1 0.6 0.6

Recovered from Vinci analysis software using a sum of three discrete exponential decays with 1,8-ANS lifetime
fixed to 0.28 ns. Phase and modulation errors were set at < 0.2° and <0.004, respectively. o, t1, and t2 are
lifetimes of the three discrete exponential decays; fo, fiand f2 represent exponential decay fractions; aw, o1, and o2
are pre-exponential factors.
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8.2.3 Impact of EF-3 or EF-4 Inactivation of DREAM on Its Interaction with T-1 Domain
of Kv Channel.

Previous studies have demonstrated that KChIP1, a protein with high sequence
similarity with DREAM, interacts with the T-1 domain of Kv.4 channel through two contact
interfaces and this interaction has been shown to cause modulation of gating properties,
enhancement of surface expression, and facilitation of subunit assemblies of Kv4 channels
(Bourdeau, Laplante et al. 2011, Pioletti, Findeisen et al. 2006, Wang, Yan et al. 2007b,
Bahring, Dannenberg et al. 2001, Scannevin, Wang et al. 2004). Residues 1-20 (site-1) of
the T1 domain of Kv4 channel interacts with N- and C- terminal hydrophobic patches of
KChIP1. Residue 70-78 (site-2) of the T1 domain of Kv4 channel interacts with KChIP1
through both stacking and salt bridge interaction (Pioletti, Findeisen et al. 2006, Wang, Yan
et al. 2007a). Our previous result showed that DREAM interacts with site 1 (residues 2-22)
and site 2 (residues 70-90) of T-1 domain of the Kv channel (Azam, Miksovska 2018,
Azam, St Luis et al. 2019, Gonzalez, Pham et al. 2014). To investigate whether EF-3 or
EF-4 inactivation of DREAM modulates DREAM affinity for site 1 and site 2 of the T-1
domain of Kv channel, we titrated DREAM(E186Q) and DREAM(E234Q) into FITC-
tagged 0.5 uM site-1 and site-2 peptide (Figure 8.6A,B). Anisotropy value did not increase
upon the addition of saturation concentration DREAM(E186) or DREAM(E234Q) to site
1 peptide both in the presence and absence of Ca**. As a control experiment, we added
corresponding wild-type DREAM(A64) to site peptides both in the presence and absence
of Ca*". In this case, anisotropy value increased significantly, especially in the presence of

Ca?", which is similar to our previous study. Site 1 binds to N- and C- terminal hydrophobic
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Figure 8.6. Anisotropy change associated with Kv4.3 site-1 (residues 2-22) (A)
and Kv4.3 site- 2 (residues 70-90) (B) association with DREAM(E186Q) and
DREAM(E234Q) in the presence and absence of Ca*".

patches on DREAM surface. We postulate that inactivating either EF-3 or EF-4 disturbs
big hydrophobic patches in the C-terminal of DREAM and subsequently prevents
interaction between DREAM and site-1. DREAM(E186Q) and DREAM(E234Q) addition
to site-2 show an increase in anisotropy, which is similar to wild-type DREAM(A64)
addition site-2, suggesting inactivating either EF-3 or EF-4 may not modulate DREAM
interaction with site-2 of T-1 domain of Kv4 channels. The site-2 binding site is located at
the N-terminus of DREAM. Inactivating EF-3 or EF-4 at the C-terminus of DREAM may
likely not have impact on site-2 binding at the N-terminus.
8.3 Summary

In this study, we have shown that Ca?* binding to EF-4 triggers secondary and
tertiary structural rearrangements of DREAM based on CD-data, Trp emission, and Trp
lifetime data. Inactivation either EF-3 or EF-4 decreases DREAM affinity for hydrophobic
molecule 1,8-ANS based on 1,8-ANS lifetime data. Lastly, inactivating EF-3 prevents

DREAM interaction with site-1 of the T-1 domain of K* channel.
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9. CONCLUSIONS

Exposure to toxic metals such as Cd?* and Pb?* has been associated with
learning difficulties, 1Q drop, and cognitive deficiencies in children and different
types of cancers and neurodegenerative diseases, but the molecular mechanism
through which these metals induces toxicity remains unexplored. DREAM is
expressed in the hippocampus, the part of the brain regulates memory consolidation
and learning. Cd?* and Pb?* have been shown to strongly impact the hippocampus
region. These metals also have been shown to bind to EF-hand of calmodulin (CaM)
and troponin C (TnC) with a higher affinity that physiological ligand Ca?*. Binding
of these toxic metals modulates CaM interactions with downstream partners, which
is considered one of the possible mechanisms of Pb?*-induced neurotoxicity.
Considering the facts that Pb?* and Cd?* impact hippocampus region and bind to EF-
hand protein and DREAM is an EF-hand protein and expressed in the hippocampus,
we investigated whether Cd?* and Pb?* bind to DREAM. In chapter 3, we
demonstrated the binding of Pb?* to DREAM protein for the first time. We showed
that Pb?* binds to EF-hand on DREAM with a higher affinity than Ca?* and capable
of displacing Ca?*. Using fluorescence titration, we determined the dissociation
constant for Pb?* binding to DREAM to be 20 + 2 nM. Pb?* association induces the
secondary and tertiary structural rearrangement of this protein that is analogous to
Ca?* association as evidenced from Trp emission and circular dichroism data. Pb?*
binding exposes the hydrophobic patches of the DREAM and subsequently
facilitates the binding of hydrophobic molecule 1,8-ANS. From the fluorescence

titration, we determined that 1,8-ANS associates to DREAM with a 2-fold higher
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affinity in the presence of Pb?* compared with the metal-free form. Isothermal
titration calorimetry experiments provided thermodynamics insight of the Pb?* association
to DREAM. ITC data reveal two Pb?* ions bind to DREAM protein with dissociation
constants 26 nM and 86 nM, respectively and binding of Pb?* to DREAM is entropy-
driven as evidenced by positive enthalpy and positive entropy change. Most
interestingly, we demonstrated that the Pb?* association alters DREAM interaction
with intracellular partners based on anisotropic titration of DREAM protein with
peptide-based model systems. More specifically, we determined that DREAM
interacts with Kv4.3(2-22) and Kv4.3(70-90) peptides of T-1 domain of Kv channel with
about 7-fold and 50-fold higher affinity, respectively, in the presence of Pb%*, compared
with the corresponding apo-form. Considering the implication of Kv channels in
hippocampus-dependent memory and learning processes, Kv channel:KChIP complexes
may rerpesent molecular target contributing to Pb?" induced memory and learning
deficiencies. Also, DREAM interacts with helix 9 of presenilin-1 (PS1HL9) with about 70
times higher affinity than correspoding metal-free form. Several studies demonstrated that
an early life exposure to Pb?" promotes developmental reprogramming of APP gene
expression, leading to an augmented expression of amyloid precursor protein during
adulthood. The interaction between Pb’>"-bound DREAM and PS1HL9 observed here
suggest that elevated concentrations of Pb?* may directly impact the proteolytic processing
of the B-amyloid precursor protein. Considering high sequence identity of the C-terminal
domain of neuronal calcium sensors and significant amount of Pb*" in the brain (0.52—4

ppm) due to occupational and environmental exposure to the Pb**, especially in the
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hippocampus, other members of NCS family are likely to bind Pb** with higher affinity
than that for Ca?* and be involved in Pb**-induced neurotoxicity.

In chapter 4, we demonstrated Cd?* binding to DREAM. We show Cd?* binding
triggers secondary and tertiary structural rearrangement of the DREAM based on
Trp emission and CD spectra. From the emission and CD spectra of DREAM protein
in which either EF-3 or EF-4 is inactivated, we found that Cd?* binding at EF-4
could trigger structural rearrangement of DREAM. We determined that Cd?* binds
to DREAM with a dissociation constant 89 = 10 nM, which is about 5-times weaker
than Pb?* binding to DREAM. Interestingly, although Cd?* ion has similar ionic radii
and charge/radius ratio values as Ca?*, the association of Cd?* to EF-3 and EF-4
triggers a conformational transition that is somewhat restricted compared to that
determined for the binding of the physiological ligand, Ca?*. This is substantiated
by 1,8-ANS emission data as well as lower affinity constants for binding of peptides
that mimic physiological effector proteins presenilin and T1 domain of Kv channels.
Isothermal titration calorimetry data unveiled that Cd?* association with DREAM is
accompanied with a positive change in entropy and enthalpy, suggesting the reaction is
entropy-driven. Considering high sequence similarity of DREAM with other NCS proteins,
Cd?* could bind to other NCS proteins and these interactions could provide insight into the
molecular basis of neurotoxicity.

In chapter 5, we determined Li* binding to DREAM. Although Li*-based compounds
have been used as a first line therapy for the treatment of severe mental disorders for more
than six decades and have a wide range of applications in psychopharmacology, the

molecular mechanism of Li* action remains largely unknown. Inhibitions of inositol
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monophosphatase (IMPase) and glycogen synthase kinase-3 beta (GSK-3f) were proposed
as molecular mechanisms of Li* action with Li* inhibiting IIMPase by displacing the native
cofactor Mg?*. Recent in vivo and in cellular studies demonstrated that chronic Li*
administration provides a protective effect against neurodegenerative diseases including
Alzheimer, Parkinson and Huntington disease. However, the exact mechanism through
which Li* exerts its therapeutic action remains an active area of research. We report that
neuroprotective agent Li* binds to DREAM with an equilibrium dissociation constant of
34 £4 uM and impacts DREAM structural and dynamic properties in a similar manner as
observed for its physiological ligand, Ca?*. The results of fluorescence spectroscopy and
molecular dynamics are consistent with Li* binding at the chelating loop of the EF-hands.
In the Li* bound form, DREAM association to peptides mimicking DREAM binding sites
in voltage-gated potassium channel is enhanced compared to the apoprotein, whereas
DREAM affinity for presenilin binding site, helix-9, is impeded. The reduced affinity of
Li*DREAM for helix-9 compared with Ca?* DREAM is in line with in vivo results showing
that Li* administration decreases levels of soluble A4z in transgenic mouse model of
Alzheimer’s disease. These results suggest that DREAM and possibly other members of
neuronal calcium sensor family belong to Li* intracellular targets and interactions between
Li* and NCS provide a molecular basis for Li* neuroprotective action.

In chapter 6, we investigated whether toxic metals As>*, Hg?*, and Mn** and other
alkaline metals such as Ba?" and Sr** bind to DREAM. Based on tryptophan emission and
1,8-emission study we conclude that either As>", Hg?*, Mn?*, Ba?*, or Sr** does not bind
to DREAM or binding of As®", Hg?*, Mn?**, Ba®", or Sr*" does not trigger structural

rearrangements.

175



In chapter 7, we investigated impact of Lys87 to Ala mutation on DREAM secondary
and tertiary structures and interaction with intracellular partners. Accelerated molecular
dynamics data indicate the presence of a salt bridge between Lys87 and Asp 165 that
couples the loop between helix-1 and helix-2 in the N- terminal domain with the EF-3 in
the C- terminal domain We postulated that the salt bridge involved in the propagation of
calcium-triggered structural changes between the C- terminal and N- terminal domain. To
determine the contribution of Lys87 to the interdomain communication, we mutated Lys87
to Ala in order to break the salt bridge and investigated the impact of the mutation on
DREAM secondary and tertiary structures and DREAM interactions with interacting
partners. Our data reveal that the emission maximum of Trp169 in DREAM(KS87A) is 5
nm red-shifted compared with corresponding wild-type protein, suggesting Trp169 is more
solvent exposed in DREAM(KS87A). The increase in solvent accessibility can be explained
by the fact that the absence of salt bridge destabilizes the protein structure. Also disrupting
the interdomain coummunication by mutating Lys87 to Ala prevents DREAM interaction
with PSTHL9 and site-1 and site-2 peptides of the T-1 domain of Kv channel. This result
is consistent with the notion of 1,8-ANS lifetime data where DREAM shows a weaker
affinity for hydrophobic molecule 1,8-ANS.

In chapter 8, we mutated glutamate residue at 12" position of EF-3 (DREAM(E186Q))
or EF-4 (DREAM(E234Q)) to glutamine for destroying Ca®" binding properties of these
EF-hands and investigated impact of mutations on Ca?'-triggered secondary and tertiary
structural rearrangements of the protein and Ca®'-induced modulation of DREAM
interaction with T-1 domain of Kv channel. On the basis of CD, Trp emission, and 1,8-

ANS emission data, we conclude that Ca®* binding in EF-4 causes secondary and tertiary
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structural rearrangement of the proteins. We also demonstrated that EF-3 or EF-4
inactivation inhibits DREAM interaction with Kv4.3(2-22) peptides of T-1 domain of Kv
channel, but EF-3 or EF-4 inactivation doesn’t impact DREAM interaction with Kv4.3(70—
90) peptides of T-1 domain of Kv channel. Kv4.3(2-22) binds to N- and C- terminal
hydrophobic patches on DREAM surface; inactivating either EF-3 or EF-4 might disturb
big hydrophobic patches in the C-terminal of DREAM and subsequently prevents
interaction between DREAM and Kv4.3(2-22). Kv4.3(70-90) binding site is located at the
N-terminus of DREAM. Inactivating EF-3 or EF-4 at the C-terminus of DREAM may

likely not have impact on Kv4.3(70-90) binding at the N-terminus.
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