using GlobalsWE software and the y2 parameter was used as criterion for goodness of fit
(Beechem 1989).
2.8.3 Isothermal Titration Calorimetry (ITC)

Thermodynamic parameters for NS5806 binding to DREAM(A65) and
DREAM(A160) were determined using a VP-ITC titration calorimeter (Microcal Inc.
Northampton, MA). The ITC buffer (20 mM MOPS pH 7.4, 0.25 mM DTT, and 100 mM
NaCl) was prepared using decalcified water filtered through Chelex-100 resin (Bio-Rad).
The protein stock solution was dialyzed against ITC buffer overnight. To minimize artifacts
from mismatched buffers, stock NS5806 solutions were prepared in the final ITC dialysate
buffer. The cell sample and injection syringe were extensively cleaned with decalcified
water and then with ITC buffer. The reaction cell was loaded with 10 uM DREAM(A65)
or DREAM(A160) solution and the concentration of NS5806 in syringe was 473 uM.
Thirty injections (9 pL each) of NS5806 were titrated into protein solution with 2 min
intervals between injections. Parallel experiments were carried out for titration of NS5806
into the dialysate buffer as a control for heats of dilution of ligand. The temperature was
kept at 25 ° C and stirring speed was at 307 rpm. ITC data were analyzed using Origin 7
ITC data analysis software (OriginLab Corp. Northampton, MA). The data obtained for
NS5806 binding to both KChIP3 constructs were analyzed using a two binding site model
(Jelesarov, Bosshard 1999).

2.8.4 Molecular modeling
The NS5806 binding sites on DREAM(A65) surface were identified using AutoDock

4.2 software (http://autodock.scripps.edu/) (Morris et al. 1998). The structure of Ca®

bound DREAM(A75) (PDB: 2jul, conformation # 1) and DREAM(A160) (PDB: 2E6W)

51









Figure 3.14. (Top left) Quenching of the DREAM fluorescence emission by addition of
1,8-ANS (Top right) resulting efficiency plot calculated using the decrease in fluorescence
emission at 328 nm as a function of 1,8-ANS concentration. Protein concentration was kept
at 53 uM and aliquots containing 53 uM protein and 260uM 1,8-ANS were added to the
solution. (Bottom left) Equations used for the analysis of the ANS-W169 distances, where
ri represents the steady state anisotropy of the fluorophore in the absence of rotational
diffusion and ro represents the limiting anisotropy determined from the modulated
anisotropy extrapolated a high frequencies. (Bottom right) Steady state anisotropy
determined and limiting anisotropy determined for the ANS-W169 FRET pair used to
calculate the lower and upper limits for the kappa squared parameter.

3.2.6 Hydrophobic probe displacement studies

To determine if the hydrophobic sites occupied by ANS molecules can serve as
binding sites for small hydrophobic modulators of Ky channels:KChIP complexes, the
emission intensity of 1,8-ANS:DREAM(A65) complex was monitored upon addition of
arachidonic acid. Addition of the fatty acid results in a decrease in the emission intensity
in Ca?*DREAM(A65) and in apoDREAM(A65), although to a smaller extent in the

apoform (Figure 3.15). Also, the emission maximum of 1,8-ANS:DREAM(A65) complex
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undergoes a bathochromic shift from 467 nm to 475 nm suggesting that the arachidonic
acid preferentially displaces 1,8-ANS bound to a hydrophobic site 2. This was confirmed
by the docking studies which show that the fatty acid molecule is positioned between o-
helices 7, 8, and 9 with the carboxy group oriented towards the guanidino group of Arg217
(Figure 3.15c). The titration curves were analyzed using a competitive binding model
(Epps, Raub & Kezdy 1995). Arachidonic acid binds to Ca>*DREAM with a dissociation
constant of 19 + 1 uM, whereas an approximately 10 time smaller affinity was determined
for arachidonic acid association to the apo protein (Ki =160 uM).

6T M /= AO0H
— A

12000‘- b)

10000 |

600 a)

500

400 BOOD -

0 ®  Ca''DREAM(A65)
® apoDREAM(ABS)
200

Flurcescence intensity
Flucrescence change
-
=
=
=

a0 500 550 600 0 20 10 60 80 100 121
Wavelength (nm) [Arachidonic acid] (M)

Figure 3.15: Decrease in the emission intensity of 1,8-ANS bound to Ca>*DREAM upon
addition of arachidonic acid (a). The change in 1,8-ANS fluorescence intensity as a
function of arachidonic acid concentration. The solid line corresponds to the fit of the
experimental data using a single binding site model (solid line) (b). The position of the
docking site for arachidonic acid in the C-terminal domain of DREAM (c).
3.3 Discussion

In consideration of its multifunctional role in neuronal tissue, DREAM represents
a unique model to study the mechanism of calcium signal transduction by neuronal calcium
sensors. Unlike other members of the NCS family, DREAM adopts distinct
oligomerization states depending on the Ca?/Mg?* occupation of the EF-hands and
possibly on DREAM interactions with other intracellular proteins. Fluorescence properties

of hydrophobic probes such as 1,8-ANS and 2,6-ANS offer several advantages in studying

conformational changes in proteins that undergo oligomerization. Besides the traditional
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application of ANS probes to identify putative hydrophobic binding sites on the protein
surface, the long fluorescence lifetime of ANS-protein complexes allows a direct
characterization of the DREAM oligomerization by probing the rotational correlation time
in time-resolved anisotropy studies.

Previous studies reported that DREAM forms a monomer, dimer, and tetramer in
nuclear extracts, and as a dimer and tetramer in cytosolic extract (Carrion et al. 1999). In
vitro, Ca®" association to EF-hands stabilizes the dimeric form of DREAM (Osawa et al.
2001); however, a discrepancy about the oligomeric state of Mg?* bound DREAM remains.
Initially, Carrion et al. proposed that in the absence of Ca?*, DREAM forms a stable
tetramer with a high affinity for DNA (Carrion et al. 1999). On the other hand, using size
exclusion chromatography, Ames et al. have reported that Mg?* stabilizes DREAM in the
monomeric form and that the presence of Mg?* facilitates the specific recognition of the
DRE sequence (Osawa et al. 2005). The long fluorescence life-time of ANS:DREAM
complexes enable us to probe the DREAM oligomerization state in solution as a function
of protein concentration. The time-resolved anisotropy data presented here demonstrate
that Mg?*DREAM forms a stable tetramer at the concentrations range from 8 pM to 230
uM and the Mg?*DREAM tetramer dissociates into dimers or monomers at concentrations
below 8 uM indicating a strong affinity between the individual dimers or monomers of
Mg**DREAM. Indeed, attempts to separate Mg?* bound DREAM tetramer into individual
monomers or dimers using low concentration of denaturant (up to 1M GuHCI), high salt
concentrations (up to 200 mM), or a temperature increase (up to 33°C) were unsuccessful.
The concentration of free Mg?* in the nuclei and cytoplasm of neuronal cells was

determined to be ~ 110 uM and close to 1 mM, respectively (Gotoh et al. 1999).
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Considering the Kq value for Mg?* binding to DREAM of 13 uM (Osawa et al. 2005), in
vivo Mg?* would constitutively bind to DREAM in the cytoplasm as well as in the nuclei
and stabilizes its tetrameric structure.

Using fluorescence and computational studies, two ANS binding sites of
comparable affinity were identified in the DREAM C-terminal domain; namely, in the
vicinity of EF-hand 4 (site 2) and between EF-hand 3 and EF-hand 4 (site 1). The C-
terminal domain carries both Ca®* binding EF-hands in DREAM and other KChIPs and
this domain was reported to be essential for the KChIP1 binding to phosphatidylserine as
well as for protein association to the membrane (Liao, Chen & Chang 2009). In addition,
the crystal structure of Kv4.3 channel in complex with KChIP-1 reveals that the site 1 of
the T1 domain of the Kv4.3 channel interacts with several hydrophobic residues in the C-
terminal domain of KChIP-1 including Tyr144, 11150, lle154 and Tyr155 (Pioletti et al.
2006) and the replacement of Tyrl44 by Glu prevents KChIP1 association to Ky4.3
channels (Wang et al. 2007). Tyrosine 144 in KChIP1 is analogous to Tyr174 in DREAM,
an amino acid which we found to be in direct contact with 1,8-ANS bound at the
hydrophobic site. This observation confirms the role of the hydrophobic site 2 (Figure 3.11)
in interactions with the N-terminus of Ky4 channels. Interestingly, the 1,8-ANS
displacement study shows that arachidonic acid binds to the hydrophobic site 2 between
helix 7, 8 and 10 in the C-terminal domain in presence of Ca?". Previously it was shown
that arachidonic acid modulates inactivation kinetics of Ky4 channels in complex with
KChIPs (Boland, Drzewiecki 2008). Both the N-terminus of the T1 domain and
arachidonic acid bind at the hydrophobic crevice at the C-terminus of DREAM. We

hypothesize that the association of arachidonic acid to the hydrophobic C-terminus of
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KChIPs triggers reorientation of the contacts between the T1 domain and the KChIP
leading to modulation of the inactivation kinetics.
wgd wgd
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Figure 3.16. A cartoon model depicting DREAM interactions with Mg?* and Ca?* ions and
arachidonic acid. Association of the Mg?* ions to apoDREAM tetramer does not lead to
substantial changes in DREAM structure (step 1). Subsequent binding of Ca®* to EF-hand
3 and EF-hand 4 promotes tetramer dissociation and concomitant exposure of the
hydrophobic cavity located in the C-terminal domain by repositioning of the C-terminal a-
helix (step 2) allowing binding of the arachidonic acid to the C-terminus hydrophobic
cavity (step 3).

To understand the mechanism of the Ca?* triggered increased occupancy of the site
2 by hydrophobic molecules, we have overlaid the structure of Ca?*DREAM with the
structure of recoverin in its apoform (Tanaka et al. 1995). The C-terminal helix of recoverin
partially restricts the solvent exposure of site 2 whereas this site is more solvent accessible
in the Ca?" bound form of DREAM. We propose that a similar displacement of the C-
terminal helix occurs in DREAM and thus concomitant reorganization of the C-terminal
hydrophobic cavity contributes to the increase in 1,8-ANS and arachidonic acid binding to

Ca?*DREAM. Since the hydrophobic cavity in the DREAM C-terminal domain serves as

a binding sites for the N-terminus of the T1 domain, we propose that Ca?* induced exposure
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of the hydrophobic cavity modulates interactions within the T1 domain:DREAM complex
and such structural rearrangement represent an initial step in Ca?* dependent regulation of
current amplitudes and kinetics properties of Kv4- DREAM complexes (Zhou et al.
2004b). Also, the Ca?* triggered increase in the exposure of the DREAM C-terminal
hydrophobic cavity may control the affinity of DREAM for other small hydrophobic
molecules such as NS5806 or CL-888 (Bowlby et al. 2005).
3.4 Summary

Members of the NCS family including DREAM share a cluster of highly conserved
hydrophobic residues that form solvent exposed hydrophobic patches at the N-terminal
domain and at the interface between the N- and C-terminal domains. The solvent exposure
of hydrophobic patches regulated by Ca?* association to the active EF-hands may represent
a key factor for NCS interactions with target proteins. Based on the fluorescence lifetime
data, two 1,8-ANS binding sites were identified in the apo and Ca?* bound form of
DREAM with site 2 being more accessible in Ca?*DREAM and Ca?*Mg**DREAM
compared to apo and Mg*>*DREAM. Unlike other NCS members, Ca?* association to
DREAM and possibly other KChIP proteins regulates solvent exposure of hydrophobic
patches located on the C-terminal domain. Such limited exposure of the hydrophobic
patches may represent a molecular mechanism used to fine tunes specificity for

intracellular target proteins as well as small modulators of KChIP-K4 function.
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4, REGULATION OF DREAM ACTIVITY BY THE NOVEL ITO CURRENT
ACTIVATOR NS5806
4.1 Background and significance

Potassium is the most abundant ion in vertebrate cells, and its concentration is highly
regulated by the coordinated activation and inactivation of Na'/K* pumps and other K*
transporters, including voltage sensitive K* channels. In excitable tissue such as brain and heart
tissue, the higher intracellular concentration of K™ is used to restore the resting membrane potential
after depolarization; this makes the regulation of K* ions of utmost relevance to cell survival.
Consequently, voltage-gated K™ channels are the most diverse and widespread cation-conducting
membrane proteins, and have been found to be involved in numerous biological processes such as
apoptosis (Szabo, Zoratti & Gulbins 2010), neuron signaling (Song et al. 1998), cell volume
(Lang et al. 2007), and cardiac action potential (Niwa, Nerbonne 2010). In neurons and
cardiomyocytes the Ky4 subfamily of voltage gated K* channels regulate the fast-inactivating
components of the Isa and Ito currents, respectively (Liss et al. 2001). These channels form
octameric transmembrane complexes with accessory subunits such as potassium channel
interacting proteins (KChIPs) (An et al. 2000), dipeptidyl-peptidases (DPPs) (Nadal et al. 2003),
and Ky proteins (Martens, Kwak & Tamkun 1999) . Interaction of KChIP2 with Kv4 channels
in the heart results in an increase in current density, acceleration of recovery from inactivation, and
slower inactivation kinetics (An et al. 2000). Similar effects on the biophysical properties of neural
fast inactivating K* currents have been observed for KChIP1 (Bourdeau et al. 2011) and KChIP3
(Witzel, Fischer & Bahring 2012). Even though the molecular structures of the Kv4 T1 domain
in presence and absence of the regulatory KChIP1 is known, the mechanism by which these

auxiliary proteins mediate channel gating remains unknown. Patch clamp studies using
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heterologous expressed Kv4 channels highlight the relevance of the T1 domain in gating and
mediating ancillary subunit interaction. Two regions on the Kv4 T1 domain (amino acids 7-11
“site 1” and 71-90 “site 2””) have been identified as being necessary for KChIP1 current regulation
(Scannevin et al. 2004).
KChlIP3 also known as DREAM or calsenilin is expressed in the brain/testis and heart and
has been shown to interact with presenilin (Buxbaum et al. 1998), DNA (Carrion et al. 1999)
and Kv4.3 (An et al. 2000). KChIP3DREAM contains four calcium binding domains “EF-
hands”, of which EF-3/4 binds Ca?* with high affinity, EF-2 binds Mg?* preferentially, and EF-1
is inactive (Craig et al. 2002). Similarly to other KChIPs this protein contains a relatively polar
surface while the opposite side is predominantly hydrophobic with a large nonpolar cavity (Lusin
et al. 2008). The formation of the Kv4-KChIP complex has been shown to be necessary for proper
regulation of the fast component of the Io currents in the heart (Niwa, Nerbonne 2010) and Isa
in the brain (Bourdeau et al. 2011). Demodulation of Ito currents is a characteristic trait in
hypertrophied and failing hearts (K&4b et al. 1998) as well as in Brugada syndrome (Calloe et
al. 2009). Normal functioning heart tissue displays an increasing Ito current density gradient from
endocardium to epicardium, which has been shown to correlate with a transmural KChlIPs density
(Zicha et al. 2004). Studies using canine models of failing hearts have shown that heart failure
results in a decrease of phase 1 repolarization due to a decrease in Ito current as well as a
remodeling of the gating kinetics of this current (Cordeiro et al. 2012). Although numerous drugs
have been shown to down regulate the amplitude or modify the gating kinetics of Io current, drugs
that directly upregulate the Ito current amplitude have not been reported.
Recently, Calloe et al. have introduced a new compound named NS5806 (Calloe et al. 2009)

which was shown to modulate the Ito current kinetics and reverse the 1o current decrease induced
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by heart failure in canine models (Calloe et al. 2010). Interestingly, this Ito activator has also
been shown to decrease Isa currents in cultured hippocampal neurons where its effects on gating
kinetics are comparable to those observed in heart tissue (Witzel, Fischer & Bahring 2012).
Moreover, the induced potassium current modulation by NS5806 has been shown to depend on
the presence of Kv4 auxiliary KChIP protein (Witzel, Fischer & Béhring 2012, Lundby et al.
2010).

In this study we investigate the mechanism of NS5806 Ito/lsa current regulation by
determining the interaction between NS5806 and KChIP3 (herein referred as DREAM), and how
this interaction modulates the DREAM-Kv4.3 association. We show that the Ito activator
NS5806 binds to the Kv4 auxiliary protein DREAM at the C-terminus near the calcium binding
sites, EF-hand 3 and EF-hand 4, with an affinity comparable to the previously determined EC50
for current potentiation. We also characterize the association constants between DREAM and
peptide fragments of the T1 domain of Kv4.3 to show that calcium binding induces an increase in
the affinity between DREAM the T1 domain of Kv4.3. In the presence of NS5806, the interaction
between DREAM and the hydrophobic N-terminus of Kv4.3 is enhanced and the calcium
dependency of this interaction is abolished. Furthermore, anisotropy data suggest that the complex
between DREAM and the T1 domain adopts an altered quaternary structure in the presence of
NS5806. Kinetic data indicates that NS5806 decreases the rate of dissociation between DREAM
and site 1 of Kv4.3, which results in an overall increasing in affinity. These results support the idea
that NS5806 binds at the interface between the hydrophobic N-terminus of Kv4.3 and the
hydrophobic cavity at the C-terminus of DREAM and stabilizes the protein complex. These results

are further supported by docking, molecular dynamic simulations and site directed mutagenesis.
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Overall, the studies shown here provide a roadmap for the elucidation of the precise mechanism by

which Kv4 current kinetics are regulated by KChIPs and NS5806.
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Figure 4.1. (a) Fluorescence emission of 15 uM apoDREAM(A65) and 15 pM Ca?
DREAM(A65) in the absence and presence of 30 pM NS5806, Aexc = 295 nm. (b) Titration of
DREAM(A65) with NS5806 by monitoring the change in tryptophan fluorescence in the apo and
calcium bound form. The recovered dissociation constants were determined using Egn. 2.8.1 (solid
lines) and are listed in Table 4.1. (c) Average tryptophan fluorescence lifetime of 15 uM
DREAM(A65) and 15 uM DREAM(A160) in the Ca®* bound state as a function of NS5806. Solid
lines represent the best non-linear fit using a single site Hill equation.
4.2 Results
4.2.1 NS5806 binds at the C-terminus of DREAM

The Kv4 mediated current amplitude increase and slowing of inactivation induced by
NS5806 have been reported to be enhanced or dependent on the presence of the auxiliary KChIP
proteins (Witzel, Fischer & Bahring 2012, Lundby et al. 2010). In this study we probe whether this
dependency is due to direct interaction between NS5806 and the neuronal calcium sensor
DREAM(A65). The interaction of NS5806 with DREAM(A65) was initially characterized by
monitoring the steady-state tryptophan fluorescence emission of DREAM(A65) upon addition of
NS5806. The single tryptophan residue (Trp169) found in the DREAM(A65) protein is located at
the interface between EF-hand 3 and EF-hand 2 and thus its emission may probe NS5806

association to either N- or C-terminal domains. Upon addition of two -fold excess of NS5806, a

significant decrease in tryptophan emission intensity was observed (Figure 4.1a). The quenching
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effect was present in the apo-state as well as in the calcium bound state of DREAM(A65). The
absorption spectrum of NS5806 in 20 mM MOPS buffer shows an absorption peak at 340 nm with

an extinction coefficient of 105 M-~cm. This absorption band overlaps with the Trp169 emission
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spectrum suggesting that resonance energy transfer (RET) between Trpl69 and NS5806 is
responsible for the observed Trp emission quenching.

Figure 4.2. (a) Quenching of the tryptophan fluorescence of DREAM(A65) and DREAM(A160))
in the apo-state as a function of NS5806, analyzed using a modified Stern-Volmer equation (inset).
The linear fit recovered a slope of 45 + 2 uM and intercept of 1.0 + 0.2 for DREAM(A65) and
slope of 80 =4 uM and intercept of 1.8 + 0.2 for DREAM(A160). The inverse of the intercept for
DREAM(A160) indicates that only 56 % of the tryptophan residues are quenched at saturating
amounts of NS5806. After correction for the fraction quenched, both constructs result in identical
dissociation constant values of ~40 uM in the apoform. (b) The tryptophan fluorescence of 5 UM
Zn**Kv4.3(1-152)-GST decrease due to binding of NS5806, inset shows the structural formula of

NS5806. (c) Fluorescence intensity change as a function of NS5806 concentration, solid line
represents best fit using eq. 1 with recovered Kq=11 £2 uM.

To determine the DREAM(A65) affinity for NS5806, the Trp emission intensity was plotted as a
function of NS5806 concentration of DREAM(A65) (Figure 4.1b), the dissociation constants were
recovered using Eq. 2.8.1 and are listed on Table 4.1. The stoichiometry of the model was set to
one since analysis of the tryptophan fluorescence by the continuous variation method yielded a
stoichiometry of one to one (data not shown). The recovered dissociation constants implies that in

the Ca?* bound form, DREAM(A65) binds NS5806 with a dissociation constant of 4.4 + 0.3 pM.

Separate experiment using the truncated C-terminus domain, DREAM(A160), shows roughly a
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two-fold affinity increase to K¢ =2.7 + 0.3 uM (data not shown). Upon Ca?* removal, the affinity
of DREAM(A65) for NS5806 decreases, Kq =302 pM, similarly the affinity of DREAM(A160)
is reduced to Kg = 26 + 4 uM. Since both constructs show similar affinities for NS5806 in the
calcium bound form and apo-state we propose that the C-terminus of DREAM is the binding site
for NS5806.

It is interesting to note that the decrease in fluorescence of apoDREAM(A65) upon
addition of NS5806 is about twice as large as that observed for apo DREAM(A160) (data not
shown), we hypothesize that this could be due to a structurally different conformation of the isolated
C-terminus in the apo-state. To investigate if this is the case, the quenching data was analyzed using
a modified Stern-Volmer equation which accounts for the presence of tryptophan residues which
may not be quenched by NS5806 (Figure 4.2a). The results show that both DREAM(A65) and
DREAM(A160) in the apo-form bind to NS5806 with the same affinity, and that the observed
differences in the extent of quenching are due to the fact that in the apo-state, DREAM(A160)
populates a second conformation (~40 %) which is not quenched by NS5806. This additional
population may be present due to a lower stability of the truncated C-terminus domain.

To probe if RET is responsible for the observed fluorescence quenching we measured the
tryptophan fluorescence lifetime of both DREAM constructs in the calcium bound form. The
average lifetime of Trp169 decreases from 3.3 ns to approximately 1.3 ns in Ca*>* DREAM(A65)
and from 4.3 ns to 3.2 ns in Ca** DREAM(A160) as the concentration of NS5806 is increased
(shown in Figure. 4.1c). The fluorescence lifetime decrease indicates that the quenching
mechanism happens during the excited state of tryptophan, and correlates well with a dynamic

quenching process such as RET.
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Table 4.1 Overlap integrals and Forster distances between DREAM and NS5806

J (7“) Ro @ K2 min K max r ®) r©
(Mem® (A) A A
1nm4)

apoDREAM(A65) 2.44 x10* 11 0.039 0.09 276 59 -

Ca** DREAM(A65)  2.36 x10'? 11 0.037 0.076 287 7-12 8-15
apoDREAM(A160)  8.38x10'! 12 0190 0.063 296 7-13 -

Ca’’DREAM(A160)  1.57x10'? 12 0.125 0.055 300 7-13 11-20
(@) Quantum yield of Trp169 determined relative to L-Tryptophan. Experimental
distance “r” determined using the energy transfer efficiency at saturating NS5806
concentration (150 uM) using the tryptophan fluorescence intensity.

Furthermore, it is possible to use the fluorescence emission spectra of both DREAM
constructs, the tryptophan fluorescence quantum yield, and the absorbance spectra of NS5806
while assuming a random NS5806-Trp169 orientation to obtain the overlap function and calculate
the Forster distance between the NS5806-Trp169 pair for DREAM(A65) and DREAM(A160).
The Forster distances were calculated to be 12 A and 14 A for the apo-form DREAM(A65) and
DREAM(A160), respectively, while a Forster distance of 12 A was recovered for the Ca?* bound
form of DREAM(A65) and 13 A for Ca?* DREAM(A160), (Table 4.1). Due to the location of
Trp169 within the protein matrix, a random orientation value for 1 is not appropriate. However,
an upper (Zmax) and lower (min) limit for the orientation factor can be obtained from measurement
of the frequency modulated anisotropy of Trp169 for both DREAM construct (data not shown).
These values were used to calculate the upper and lower limits for NS5806-Trp169 distances as
shown in Table 4.1. The recovered NS5806-Trp169 distances using fluorescence emission and
fluorescence lifetime of Trp169 range from 5 A to 13 A .and 8 A to 20 A, respectively. The larger
values for the lifetime measurements support the presence of an additional static quenching process

induced by binding of NS5806 which results in smaller distances being resolved in the steady state
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quenching measurements. Additional contribution due to quenching of residual tyrosine
fluorescence cannot be ruled out. Overall, these results show that NS5806 binds at the C-terminus
of DREAM near EF-hands 3 and 4 and quenches the single tryptophan residue through resonance
energy transfer. NS5806 also showed binding and quenching of tryptophan residues on a
GST-Kv4.3(1-152) fusion protein; however, the dissociation constant for binding to this
construct was 11 £2 uM (Figure 4.2b and 4.2c). The low solubility of the full T1 domain
prevented us from further characterization of this interaction and from unequivocally
showing that NS5806 binds at the T1 domain. Nonetheless, based on the more favorable
binding of NS5806 with DREAM, it is likely that the site on DREAM is populated before
binding at the T1 domain.
4.2.2 NS5806 binding on DREAM displaces 1,8-ANS bound at the hydrophobic cavity
near EF-hand 4

Previously, we have identified two binding sites for the solvent sensitive
fluorophore 1,8-ANS at the hydrophobic cavities located on the C-terminus of
DREAM(A65) as well as on DREAM(A160) (Chapter 3). In order to determine the nature
of interactions between NS5806 and DREAM, displacement studies were carried out in the
presence of the hydrophobic fluorophore 1,8-ANS. Upon binding of 1,8-ANS to calcium
bound DREAM(A65) an intense fluorescence emission at 475 nm is observed. The
emission intensity of bound 1,8-ANS decreased sharply as the concentration of NS5806 is
increased, indicating that NS5806 displaces 1,8-ANS from the hydrophobic cavity. The
decrease in 1,8-ANS emission intensity is accompanied with a redshift of the emission
maxima from 475 nm to 484 nm (Figure 4.3a). Using the decrease in fluorescence intensity

and the previously determined affinities of 1,8-ANS for DREAM(A65) the affinities for
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NS5806 binding to DREAM(A65) were determined (Eq. 2.7.6) to be K¢=23 £7 uM in

the apo-form and Kq = 2.5 +0.3 uM in the Ca?* bound form (Figure 4.3b), which are in good
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agreement with the quenching data.

Figure 4.3. (a) Fluorescence emission of 1,8-ANS:DREAM(A65) complexes as a function
of increasing concentrations of NS5806, inset shows the shift in emission spectra maximum
as a function of NS5806. (b) Replacement curves for the 1,8-ANS- DREAM(A65) complex
in the apo and calcium bound states as a function of NS5806 concentration. The
dissociation constants recovered using Eq. 2.8.2 are K¢ = 23+ 7 uM and Kq = 2.5+ 0.3
uM for apo and calcium bound forms, respectively. Conditions: 95 uM 1,8-ANS, 10 uM
Ca?>" DREAM(A65) in 20mM MOPS, pH 7.4, and 100mM NaCl. (c) Change in
fluorescence lifetime pre-exponential parameters a1 and a2 as a function of NS5806
concentration. Pre-exponential parameters were recovered using a triple discrete
exponential decay model from analysis of emission decay data of 10 uM 1,8-ANS bound
to 10 uM DREAM(A65) in the apoform and Ca?* bound state. The lifetime of unbound
ANS was set as a fixed value at 0.28 ns (measured separately), while the second and third
decay lifetimes were set as linked variables with lifetimes of 5.7 £ 0.4 ns and 15.4 £ 0.9 ns
in the apoform (y?>=2.7)and 6.3 + 0.5 ns and 16.7 = 0.5 ns in the calcium bound state
(°=1.7).

Previously, we have identified that 1,8-ANS binds to at least two different hydrophobic
sites on DREAM, each bound 1,8-ANS being characterized by distinct lifetimes. Therefore
it is possible to employ the fluorescence lifetime of 1,8-ANS in the presence of
DREAM(A65) and the associated pre-exponential factors to pinpoint the NS5806 binding
site. The 1,8-ANS:Ca?*DREAM(A65) complex exhibits a fluorescence decay that is best

modeled by the sum of three exponential decays. We associated the fastest lifetime (to =
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0.28 ns) as corresponding to unbound 1,8-ANS. The two additional decay lifetimes
correspond to 1,8-ANS binding to a partially polar cavity on the protein surface with
lifetime 1 ~ 6 ns and 1,8-ANS bound to a predominantly hydrophobic site/cavity on the
KChIP3 surface with a lifetime of t> ~ 16 ns. Addition of NS5806 to the 1,8-ANS: Ca?*
DREAM(A65) complex did not alter the 1,8-ANS lifetimes. However, a systematic
decrease in the pre-exponential factor for the long lifetime (a2) and an increase of the pre-
exponential parameter for 1,8-ANS in solution (o0) Were observed. The pre-exponential
factor for 1,8-ANS bound at the site with 6 ns lifetimes (1) remained fairly constant
(Figure 4.3c). These results indicate that NS5806 binds to the hydrophobic site/cavity on

DREAM, which results in a displacement of 1,8-ANS bound at that site.

Table 4.2. Thermodynamic parameters for NS5806 binding to
CaZ*KChIP3 constructs determined using ITC

Kq AH -TAS

(uM) (kcal/mol) | (kcal/mol)
DREAM(A65) 08+04 | -44+08 | -39
DREAM(A160) 25+10 | -6.9+0.7 | -1.3

4.2.3 NS5806 binding to DREAM is enthalpically driven

The thermodynamic properties associated with the formation of NS5806- DREAM
complexes were probed using isothermal calorimetry. Isotherms for the titration of NS5806
into Ca?* DREAM(A65) and Ca?* DREAM(A160) in presence of 5 mM Mg?* are shown
in Figure 4.4. The isotherms were analyzed using a two-site binding model (solid line).
The binding of NS5806 to DREAM was characterized with two dissociation constants with
the specific binding site associated with a Kq of 0.8 uM and a non-specific binding site

which showed a very weak affinity with Kq ~ 150 pM (data not shown). This weak binding

106



site was not observed in the Trp169 quenching and 1,8 ANS displacement studies, probably
due to an inefficient quenching or different binding site than that of 1,8-ANS. ITC

thermodynamic parameters for NS5806 specifically binding to DREAM constructs are

Time (min) Time (min)
0 10 20 30 40 50 60 70 800 10 20 30 40 50 60 70 80

OU'W” ” mm [TTYTTTTITT, mnﬂﬂﬂmﬂm’rm

054

pcalisec

kcal/mole of injectant

0;23455?89101101234%6'5]:'
[NS5806)/[DREAM(A65)] [NS5806)/[DREAM(A160)]

summarized in Table 4.2.
Figure 4.4. ITC binding isotherms  for  NS5806  association to
Mg?*Ca?*DREAM(A65)(left) and to Mg?*Ca?*DREAM(A160) (right). The upper panels
of each profile reflects the thermal power expressed in units of pcal-s™. The lower panel
shows integrated reaction heats (AH) normalized for bound NS5806 and expressed in units
of kcal-mol™. The solid lines represent fitting curves using the two-set of sites model.
Conditions: 10 pM Mg?*Ca?*DREAM in 20 mM MOPS, pH 7.4, and 100 mM NaCl,
1mM CaCl; and 5 mM MgCl».

The association of NS5806 to DREAM(A65) and DREAM(A160) exhibited an
exothermic binding with AH = -4.4 kcal mol* and AH = -6.9 kcal mol™, respectively.
Association of NS5806 to DREAM(A65) showed different enthalpic and entropic

contributions than DREAM(A160), which may indicate that the structural rearrangements

induced by NS5806 are not localized solely on the C-terminus domain. An exothermic
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interaction indicates that the overall interaction may involve a structural reorganization of

the protein-drug complex upon association with the NS5806.

4.2.4 NS5806 increases the affinity between Kv4.3 Site 1 and DREAM and abolishes its

calcium dependency
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Figure 4.5. Titration curve for (a) Site 1 (Kv4.3(2-21)) binding to apoDREAM(A65) (open
symbols) and apoDREAM(A160) (solid symbols) in the absence (circles) and presence of
200 pM NS5806 (up triangle). Conditions: 0.5 pM Kv4.3(2-22) and 200 uM NS5806 in 20
mM MOPS, pH 7.4, and 100 mM NacCl. (b) Titration curves of Ca?* (open symbols) or
NS5806 (solid symbols) binding to the DREAM-site 1 complex in the presence of NS5806
or Ca?*. Solid lines represent fits to a Hill equation, with dissociation constants for NS5806
binding to Ca?’ DREAM-site 1 of Kg= 51 + 2 uM and to apoDREAM-site 1 Kg=21 + 1
M. The recovered Ca?* dissociation constants do not reflect the actual apparent calcium
affinities since EDTA was present in the samples. Conditions: 1 uM Kv4.3(2-22) and 20
uM DREAM(A65) in 20mM MOPS, pH 7.4, 100mM NaCl with ImM Ca?* or 100 pM
EDTA. (c) Time profile of the change in fluorescence intensity of 100 nM Kv4.3(2-22)
peptide upon binding to 5 uM Ca?* DREAM(A65) in the absence and presence of 200 uM
NS5806. Solid line represents the NLLS fit using a double exponential decay model,
recovered parameters listed on Table 4.

Previous structural and electrophysiological studies have identified the T1-domain
at the N-terminus of Kv4 mediates binding of KChIPs (An et al. 2000, Bahring et al. 2001).
The association of KChIP1 was also shown to involve two binding sites on the Kv4.2 T1
domain, site 1 comprising mainly nonpolar residues 2-22 and the more polar site 2 on the
T1 domain surface consisting of residues 70-90 (Callsen et al. 2005). Due to the poor

solubility of the T1 domain of Kv4.3 (residues 1-152), we decided to investigate the
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interactions by employing the fluorescently labeled peptides FITC-Ahx-Kv4.3(2-22) and
Dansyl-Ahx-Kv4.3(70-90). A representative titration curve for DREAM(A65) binding to
site 1 is shown in Figure 4.5a, with the recovered parameters listed on Table 4.3.

Binding of site 1 to Ca?* DREAM(A65) was marked by an increase in anisotropy
from r = 0.072 to r = 0.238 and a strong calcium dependency with a dissociation constant
for Kv4.3 site 1 in the apoform of Kq =70 + 3 uM and Kq =2.7 £ 0.1 uM in the calcium
bound form. A stronger calcium dependency was observed for binding of site 2 to
DREAM(A65), with a dissociation constant of ~ 500 uM in the apo-state and Kq=10+ 1
UM upon calcium binding. Similarly, binding of Site 1 to the DREAM(A160) construct,
which lacks the N-terminus domain, showed an increase in anisotropy to r = 0.230 in the
presence of calcium as well as a strong calcium dependency with Kgq ~450 uM in the apo-
form to Kq =24 + 1 uM in the calcium bound form. On the other hand, binding of site 2 to
calcium bound DREAM(A160) was weak (Kg ~390 uM), indicating that binding of this
peptide is specific
to the N-terminus domain as proposed previously (Pioletti et al. 2006, Wang et al. 2007).

Furthermore, upon addition of 150 uM of NS5806, the binding affinity of
DREAM(A65) and DREAM(A160) for site 1 becomes calcium independent and the Kg
values decrease to 1.9 + 0.2 uM (r = 0.289) and 5.3 + 0.3 uM (r = 0.249), respectively
(Table 4.3). The NS5806 induced affinity increase is dose dependent and was observed in
the apo and Ca?* bound forms (Figure 4.5b). Interestingly, in the presence of Ca?* and site
1 peptide, the affinity for NS5806 decreased significantly likely due to a restricted access
to the hydrophobic cavity (Figure 4.5 and legend). On the other hand, addition of Ca?* to

the apo DREAM(A65)-NS5806-site 1 complex did not result in any change in anisotropy.
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In the apoform, the affinity between site 2 and DREAM(A65) was not observed to be
modulated by NS5806. These results support the idea that the interactions between
DREAM(A65)- and the Kv4.3 T1 domain are regulated by calcium and that in the presence
of NS5806, DREAM(A65) undergoes structural rearrangements that favor the association

of the hydrophobic N-terminus of Kv4.3.

Table 4.3 Dissociation constant for Kv4.3(2-22) “site 1”and Kv4.3(70-90)
“site 2” binding to DREAM constructs

NS5806 Site 1 Site 2
Ka (uM)* Kg (uM)° Ka
(LM)°
- + 150 uM
NS5806  NS5806

DREAM(A65) a0 30+2  70+3 19+01  ~500
Ca®* 44+03 27+01 19+0.2 10+1

DREAM(A160) apo 26+4  ~450 56+02  nd.
Ca** 2.7+ 0.3 24+1 53+£0.3 ~390

DREAM(Y174A) apo 17+0.8 90+ 16 25+3 n.d.

Ca? 83+£0.8 69+04 31%02 n.d.
DREAM( F218A) apo 28+3  90+31 130+28 n.d.

Ca?* 13+13 21+£02 78£03 n.d.
(a) Determined by the integrated intensity decrease of Trp169 and fitted using
equation 1. (b) Determined using steady state anisotropy change and corrected
for change in fluorescence intensity using equation 3 (c) determined by the
integrated intensity increase of dansyl labeled peptide upon binding.

4.2.5 NS5806 modulates Kv4.3 site 1 binding to KChIP3 by decreasing the rate of
dissociation

To better understand the mode of action of NS5806 we investigated its effect on
the kinetics of binding between DREAM(A65) and site 1 of Kv4.3. Association of the

fluorescently labeled peptide analogous to site 1 of Kv4.3 with DREAM(A65) in the apo-
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form or calcium bound form resulted in an approximately 18 % increase in total
fluorescence intensity. The fluorescence intensity increase can be attributed to a decrease
in solvent accessibility of the fluorophore upon binding. The change in fluorescence
intensity was used to probe the binding kinetics of Kv4.3 site 1 to DREAM(A65) and
DREAM(A160), a representative trace is shown on Figure 4.5c. The kinetic traces were
best analyzed using a double exponential decay, and the recovered parameters are listed in
Table 4.4. The association rate for the fast and slow phase of site 1 binding to KChIP3(65-
256) were similar in the apo and calcium bound state, with kon™'= 17 + 5 mMs™ and
Kon®'%= 2.5 + 0.3 mMs? in the apo-state and kon™'= 28 + 8 mMs? and kon®" = 2.6 +
0.7 mMs? in the calcium bound form. However, the pre-exponential factors associated
with the slow (a2) phase showed an increase upon binding of calcium from 0.02 in the
apostate to 0.13 in the calcium bound state. The parameters most influenced by binding of
calcium were the dissociations rates of both phases, decreasing from ko™ = 1170 + 30
x1073 st and Ko™ = 2.9 + 0.7 x10°° s in the apoform to Ko™ = 77 + 20 x10 s* and
Kot = 0.2 + 0.06 x103 s in the calcium bound form. Upon addition of 150 pM of
NS5806, the observed association rate for the fast and slow phase decreased approximately
twofold; consequently, the association rate decreased but remained independent of calcium
, kon™'= 12 + 2 mM s and kon®® = 1.1 + 0.8 mM s in the apo-state and kon™!= 9 +
0.8 mMs and kon®™% = 1.1 + 0.3 mM*s™ in the calcium bound form. The pre-exponential
factor associated with the slow phase increased were the dissociations rates of both phases,
decreasing from Ko = 1170 + 30 x103 s and ko' = 2.9 + 0.7 x103 s* in the apoform

to Ko™t = 77 + 20 X102 s and ko*'° = 0.2 + 0.06 x107 s in the calcium bound form.
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Table 4.4. Kinetic parameter recovered for Kv4.3(2-21) “site 1” binding to DREAM constructs in the

presence of NS5806

T1 a1 T2 a2 konfaSt konSIOW kofffaSt koffSIOW
DREAM(A65) (s) (s) (MMt  (mMist)  (shx10®  (st) x107
apo 12+3 098 81+5 002 175 25+£0.3 1170£30 29%0.7
Ca? 7+2 087 76+2 013 28+8 26+0.7 77+20 0.20+0.06
apo + NS5806 16+2 092 181+13 0.08 12+2 1.1+£08 24+3 0.03+£0.01
Ca?*+ NS5806 22+2 067 191+6 0.33 9x0.8 1.1+£03 17+2 0.02+0.01
DREAM(A160)
apo 18+3 0.85 156+43 0.15 11+£2 1.3+04 5050+90 6.5%1.2
Ca? 31+2 0.64 270+18 036 6509 0.74+0.05 150+10 0.11+0.01
apo + NS5806 21+2 0.78 516+33 022 95%x04 0.39+0.03 53+5 0.02+0.01
Ca?*+ NS5806 36+4 067 480+43 033 56x06 042+0.04 29+3 0.01+0.01
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Upon addition of 150 uM of NS5806, the observed association rate for the fast and
slow phase decreased approximately twofold; consequently, the association rate decreased
but remained independent of calcium , kon™'= 12 + 2 mM*s* and kon®¥ = 1.1 + 0.8 mM"
s in the apo-state and kon™'= 9 + 0.8 mMs? and kon®" = 1.1 + 0.3 mMs™ in the
calcium bound form. The pre-exponential factor associated with the slow phase increased
from 0.08 in the apo-form to 0.33 in the calcium bound form. The calculated dissociation
rates decreased upon addition of NS5806 and became partially calcium independent with
Ko™ = 24 + 3 x10° sfand ko™ = 0.03 £+ 0.01 x10° s* in the apo-form and kos™! = 17
+ 2 x1073 s'fand kor®'° = 0.02 + 0.01 x1073 5% in the presence of calcium.

The change in fluorescence intensity associated with binding of Kv4.3 site 1 to
DREAM(A160) were also best modeled with a double exponential function, Table 4.4.
Similarly DREAM(A65), the association rate constants for the fast phase were mainly
unaffected by binding of calcium. An increase in the pre-exponential factor associated with
the slow phase (a2) upon binding of calcium to DREAM(A160) was also observed. The
calculated dissociation rates were affected by calcium binding to a larger extent than in the
case of DREAM(A65), with the fast phase decreasing from ko= 5050 + 90 x10° s to
Koff™'= 150 + 10 x10° s and the slow phase decreasing from kos*®= 6.5 + 1.2 x10° s1
to ko®'= 0.11 + 0.01 x10° s,

Addition of NS5806 resulted in a decrease in the association rate of the slow phase
to Kon®% = 0.39 + 0.03 mMs? in the apo-form and kon®® = 0.42 + 0.04 mMs? in the
calcium bound form; as well as, a decrease in the dissociation rate of the fast and slow
phases to Ko™ = 53 + 5 x10° sTand ko' = 0.021 + 0.002 x107 s* in the apoform and

Kottt = 29 + 3 x107® s™land ko' = 0.012 + 0.001 x107 s* upon calcium binding. Unlike
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DREAM(A65), the pre-exponential parameters for the slow phase were unaffected by
addition of NS5806 to apo or Ca?* bound DREAM(A160). Together, these results indicate
that the observed increase in affinity between Kv4.3 site 1 and DREAM(A65) or
DREAM(A160) due to NS5806 binding can be attributed to a decrease in the dissociation

rate of the site 1 peptide.
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Figure 4.6. (a) Docking site for NS5806 on DREAM(A65) and (b) DREAM(A160). Solid
line indicates the distance between tryptophan 169 and the dibromophenyl ring of NS5806.
The initial NMR structures of DREAM(A65) (pdb: 2JUL) and DREAM(A160)
(pdb:2E6W) were used as docking macromolecules, EF-1 shown in green, EF-2 in orange,
EF-3 in blue, EF-4 in red and NS5806 shown as licorice model. (c) Mutation of Tyr174 or
Phe218 to alanine completely abolishes the affinity enhancement observed in the absence
of calcium upon binding of NS5806. Conditions as described in figure 4.5a.
4.2.6 NS5806 binds at the hydrophobic cavity near EF-hand 4

To identify the NS5806 binding site, docking simulations using AutoDock 4.2
algorithm were employed. Identical docking sites for NS5806 were identified on both
constructs of DREAM (Figure 4.6). The most prominent NS5806-DREAM(A65)
interactions are hydrophobic, between the nonpolar brominated phenyl ring on NS5806
and Phe218, Tyrl74 and 1le194 on DREAM, whereas the more electrophilic fluorinated

phenyl ring faces the solvent. We have previously used a similar approach to identify the

docking site of 1,8-ANS to DREAM(A65) and DREAM(A160), and found that the same
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hydrophobic cavity at the C-terminus was the most favorable binding site (Chapter 3). The
fact that docking simulations identify the same docking site for 1,8-ANS and NS5806
correlates well with the 1,8-ANS displacement studies shown above. The direct role of
Phe218 and Tyr174 in binding of NS5806 was confirmed by independent mutation of these
residues to alanine. We observed that mutation of either residues results in a 2 to 3-fold
decrease in the affinity of NS5806 in the calcium bound state, whereas the affinity in the
apostate for the Tyr174 mutant increases about 2 fold to 17 + 0.8 uM (Table 4.3). The
binding affinity in the presence of calcium of the Kv4.3 site 1 peptide decreased 3-fold for
the Tyr174 mutant while remaining unchanged for the Phe218 mutant. In the presence of
NS5806, DREAM(Y174A) showed an increased affinity for the site 1 peptide in the apo
and calcium bound forms, but still weaker than DREAM(A65). On the other hand,
DREAM(F218A) in the presence of NS5806 showed lower affinity for the site 1 peptide
in both apo and calcium states. Overall, these results support the docking simulation and
the idea that these hydrophobic residues play an important role in NS5806 binding and its
observed effect on Kv4.3 site binding.

Furthermore, given that the binding site of NS5806 is located in the vicinity of the
EF-hand 3 and 4 we tested whether drug association alters the DREAM interactions with
Ca?". Titration curves for Ca? binding to DREAM(A65)-FIAsH and NS5806-
DREAM(A65)-FIAsH are shown in Figure 4.7, the resulting titration curves were best
analyzed using a model that assumes two protein populations in the apo-state, each with at
least two calcium binding sites (Eq. 2.7.8). The recovered parameters show a dual
population of DREAM(A65)-FIAsSH in the apo-state with the larger population (f = 0.82)

having macroscopic binding constant Kq = 170 + 20 nM (Hill coefficient na= 1.5) and the
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minor population having a Kg = 10 £ 2 uM (Hill coefficient ng =1.1). The apparent
dissociation constants are comparable to the calcium binding constants reported in previous
studies, ranging from 0.1 uM to 10 uM (Craig et al. 2002),(Osawa et al. 2005), indicating
that addition of the amino acid sequence CCPGCC at the C-terminus and labeling with the
biarsenical fluorophore FIAsH did not alter the calcium affinity. Titration of calcium into
DREAM(A65)-FIAsH in the presence of 150 uM of NS5806 resulted in titrations curves
which were also best fitted with a double Hill equation. The macroscopic binding constant
recovered for the high affinity sites was Kq = 120 = 20 nM (Hill coefficient na= 1.1) with
f = 0.66, and a dissociation constant for low affinity sites of Kq = 21 £ 4 uM (Hill
coefficient ng=1.4), indicating that the overall calcium affinity of DREAM(A65) is

marginally affected by binding of NS5806.
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Figure 4.7. Titration curve for calcium binding to 1uM DREAM(A65) labeled with the
biarsenical fluorophore FIAsH-EDT in the absence (squares) and in the presence (circles)
of NS5806. The solid line represents the NLLS fitting using equation 4. Conditions: 1uM
DREAM(A65), 200 uM NS5806 in 20 mM MOPS, pH 7.4, and 100 mM NacCl.

4.3 Discussion

The precise mechanisms underlying the gating regulation of Kv4 mediated K*

currents are yet to be completely understood; however, it is widely accepted that these
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channels do not undergo open state inactivation involving the N-terminus (Gebauer et al.
2004, Bihring, Covarrubias 2011). It has also been shown that association of KChIPs at the
N-terminus of Kv4 channels impairs open-state inactivation (Beck et al. 2002).
Electrophysiological studies support the idea that both the N- and C-terminus of Kv4
channels interact in order to regulate the inactivation kinetics (Jerng, Covarrubias 1997,
Jerng, Shahidullah & Covarrubias 1999), opening the possibility that such interactions are
modulated by binding of KChIPs at the N-terminus (Bahring et al. 2001),(Gebauer et al.
2004). It is also proposed that the N-terminus functions as a membrane transport control,
which in the absence of KChIPs, anchors Kv4 channels near the perinuclear region of the
cell (Foeger, Marionneau & Nerbonne 2010, Cui, Liang & Wang 2008). Association of
KChIPs at the T1 domain of Kv4 results in translocation to the membrane and a
concomitant increase in total K* current. In addition, the presence of KChIPs is necessary
for recovery of K* current with similar biophysical properties as those found in vivo.
Recent reports by Calloe and coworkers on the Ito activating properties of a novel
diphenyl urea compound (NS5806) whose activity depends on the presence of KChIPs has
highlighted the role of these auxiliary proteins in regulation of Ito currents (Calloe et al.
2009). This drug was shown to reverse the effect of induced heart failure in canine models
(Calloe et al. 2009, Cordeiro et al. 2012). On the other hand, Witzel and coworkers
hypothesized that the observed current inhibition in hippocampal neuronal cells was likely
due to a higher concentration of NS5806 being used (20 uM) compared to the concentration
used in canine cardiomyocytes (Witzel, Fischer & Bihring 2012). Indeed, at NS5806
concentrations above 100 uM a reversal of activation was observed in HEK293 cells. This

highlights the possibility of multiple binding sites of NS5806 on the Kv4-auxiliary subunit
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complex. Nonetheless, NS5806 still resulted in a slowing of inactivation and accelerated
recovery from inactivation in both cardiac and neuronal cells at concentrations below 20
uM .

Given the dependency K" current modulation by NS5806 on the presence of
KChlIPs, in this report we investigated whether KChIPs could be a target binding partner
for NS5806. Titration experiments show that both the apo and calcium bound forms of
DREAM(A65) were quenched by NS5806 with an affinity fivefold lower in the apoform.
The hydrophobic nature of NS5806 supports the idea that the binding site on DREAM is
located in a solvent restricted hydrophobic cavity, and that calcium binding to DREAM
increases accessibility of the drug to this cavity. Moreover, the similar dissociation
constants recovered for both DREAM constructs indicate that in the calcium bound and
calcium free state of the protein, the binding site of NS5806 is located at the C-terminus.
Interestingly the dissociation constants recovered for NS5806 binding to Ca®
DREAM(A65) is very similar to the EC50 value observed for current potentiation in CHO-
K1 cells expressing Kv4.3/KChIP2 (EC50 = 5.3 uM) (Lundby et al. 2010) as well as in
HEK293 cells expressing Kv4.2/KChIP3 (EC50 = 6.9 uM) (Witzel, Fischer & Bahring 2012).
Similarly, the affinity of NS5806 for the Ca2+ free form of DREAM (Kd ~ 25 uM) is
identical to the EC50 determined for NS5806 induced accelerated recovery from
inactivation (EC50 =26 25 uM) (Lundby et al. 2010). Displacement studies of the extrinsic
fluorophore 1,8-ANS bound to DREAM(A65) confirm that NS5806 binds at a hydrophobic
cavity. The emission spectrum of 1,8-ANS bound to DREAM shows a maxima at 475nm.
Addition of NS5806 to 1,8-ANS:DREAM complexes resulted in a fluorescence intensity

decrease in the presence or absence of calcium as shown in Figure 4.3b. Interestingly, upon
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