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ABSTRACT: Many members of the neuronal calcium sensor (NCS) protein
family have a striking coexistence of two characteristics, that is, N-
myristoylation and the cryptic EF-1 motif. We investigated the rationale
behind this correlation in neuronal calcium sensor-1 (NCS-1) by restoring
Ca’" binding ability of the disabled EF-1 loop by appropriate mutations. The
concurrence of canonical EF-1 and N-myristoylation considerably decreased
the overall Ca** affinity, conformational flexibility, and functional activation of
downstream effecter molecules (i.e, PI4Kf). Of a particular note, Ca**
induced conformational change (which is the first premise for a CaBP to be
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considered as sensor) is considerably reduced in myristoylated proteins in

which Ca**-binding to EF-1 is restored. Moreover, Ca**, which otherwise augments the enzymatic activity of PI4K (modulated
by NCS-1), leads to a further decline in the modulated PI4KJ activity by myristoylated mutants (with canonical EF-1) pointing
toward a loss of Ca®* signaling and specificity at the structural as well as functional levels. This study establishes the presence of
the strong liaison between myristoylation and cryptic EF-1 in NCS-1. Breaking this liaison results in the failure of Ca** specific
signal transduction to downstream effecter molecules despite Ca** binding. Thus, the EF-1 disability is a prerequisite in order to
append myristoylation signaling while preserving structural robustness and Ca’* sensitivity/specificity in NCS-1.

large subset of the neuronal calcium sensor (NCS) family

undergoes a post-translational modification, that is, N-
myristoylation. The myristoyl chain thus attached dictates the
selectivity and specificity of ligand (Ca** and Mg**) binding,
cooperativity, and Ca**-mediated target recognition and
signaling of many members of this large superfamily.' > The
myristoyl moiety is localized in the vicinity of hydrophobic
crevice of EF-1 (EF-hand motifs numbered as EF-1 to EF-4),
and is either solvent accessible, as in neuronal calcium sensor-1
(NCS-1),* or solvent-inaccessible as seen in recoverin,” visinin-
like protein-1 (VILIP-1),° and guanylate cyclase-activating
protein-1 and 2 (GCAP-1 and GCAP-2).”® Some members
display Ca**-induced extrusion of the myristoyl group, which is
called as Ca**-myristoyl switch, demonstrated first in
recoverin.”® While this Ca**-dependent myristoylation switch
has been observed in some homologues (VILIP-1, hippocalcin,
and neurocalcin-5), no such switch has been shown in other
members (as in NCS-1, GCAP-1).%*%1%11 We thus broadly
categorize these proteins as either “switch” or “nonswitch”
members. The domain architecture of these myristoylated NCS
proteins comprises, in general, four EF-hand motifs, each with a
unique ion binding affinity and selectivity.>'*~'* Incidentally, at
least one of the EF-hand motifs in these proteins is cryptic: one
(EF-1) in NCS-1, VILIP1, and GCAP-1 and two (EF-1, EF-4)
in recoverin.'® These cryptic EF-hands lack key amino acid
residues needed for Ca’*-coordination. For example, an Asp
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residue that is usually present at the +x position of a canonical
EF-hand loop is replaced by a Lys (or by an Arg in few
members) in the EF-1 motif of all the members, thus disabling
the motif for binding Ca*".

Despite the structural and functional variability present
among the NCS proteins, there is one remarkable resemblance,
that is, concurrent presence of the myristoyl group and the
cryptic EF-1 motif placed at the N-terminal region (sequence
alignment of the EF-1 region of some selected NCS proteins is
shown in Figure la). Conservation of coexistence of the
myristoyl tail and the cryptic EF-1 motif in these family
members has attracted no attention, except for a few studies
addressing the issue only of cryptic EF-1 motifs in maintaining
the structural integrity and function in GCAP-1, GCAP-2, and
recoverin.'” >° Thus, an answer to the question as to whether
there is any association between the N-terminal myristoylation
and the disability of the EF-1 motif in these sensors is pivotal
toward understanding their structure—function relationship. In
this context, we set out to study NCS-1 (also known as
frequenin), an ancient, multifunctional regulator, and a
nonswitch member of the family, expressed in various genera
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(a) EF1 loop
VILIP-1 LKQWYKGFL | KDCPSGRLNLEE|FQQLYVKFFP 57
VILIP-2 LKQWYKGFL |KDCPSGILNLEE|FOQQLYIKFFP 57
VILIP-3 LOEWYKGFL |KDCPTGHLTVDE|{FKKIYANFFP 57
Hippocalcin LOEWYKGFL |KDCPTGILNVDE|FKKIYANFFP 57
Neurocalcin IQEWYKGFL |RDCPSGHLSMEE|FKKIYGNFFP 57
NCs-1 VQOWYKGFI | KDCPSGOLDAAG|FQKIYKQFFP 57
Recoverin LSAWYQSFL |KECPSGRITRQE|FESTYSKFFP 48
KChIP-1 LQVLYRGFK |NECPSGVVNEET| FKQIYAQFFP 94
KChIP-4 LQILYRGFK |NECPSGVVNEET|FKEIYSQFFP 117
KChIP-3 LQSLYRGFK |NECPTGLVDEDT|FKLIYSQFFP 127
KChIP-2 LOQVLYRGFK |NECPSGIVNEEN|FKQIYSQFFP 132
GCAP-1 CHQWYKKFM | TECPSGOLTLYE|FRQFFGLKNL 48
GCAP-3 THVWYRTFM |[MEYPSGLOQTLHE|{FKTLLGLQGL 49
GCAP-2 LOEWYKKFV |/ECPSGTLEMHE|FKRFFKVTG- 50

(b)

EF1 EF2 EF3 EF4

N-Myr o—dliD—dAD— A —an»
/ \

KDCPS QLDAAG NCS-1 WT (K36;G47)
DDCPS QLDAAE NCS-1 KG (K-D;G-E)
DDNAS QLDAAE NCS-1 KCPG (K-D;C-N;P-A;G-E)

Figure 1. Sequence alignment and strategic point mutations in the EF-
1 motif for constructing NCS-1 with restored Ca®* binding to EF-1
motif. (a) Multiple sequence alignment of part of the sequence of
NCS proteins showing conserved crypticity of EF-1 in all members of
the family. (b) KG mutant: NCS-1 with two mutations as a minimal
requirement for a loop to bind Ca**. KCPG mutant: NCS-1 with four
mutations, loop with optimal conformation for Ca®*-binding. Gly at
the sixth position of a Ca**-binding loop is highlighted in the box.
Unfavorable residues are marked in red, while mutated favored
residues in the EF-1 for Ca** binding are green. EF-1 motif is marked
in red.

and tissues.””' NCS-1 offers obvious advantages of being
among the most studied NCS protein, which is also suitable to
carry out in vitro activity modulation assay due to a defined
constitutive enzyme interacting partner. Despite there being no
apparent Ca’*-myristoyl switch in NCS-1, myristoylation
influences Ca®*-binding affinity and its pathways.””** Dereg-
ulation of its expression has been implicated in various
neurodegenerative disorders, for example, schizophrenia,
bipolar disorder,**** immature heart function and hyper-
trophy,”® and X-linked mental retardation.””*® More impor-
tantly, being the primordial or founder member of the NCS
superfamily, NCS-1 is suitable for understanding not only the
involvement of Ca**-myristoyl chain in protein function but
also the evolutionary trend among neuronal calcium sensors.
To figure out the existence of a link between myristoylation
and cryptic EF-1 in NCS-1, we replaced strategically placed,
nonfavorable residues with favorable Ca®* coordinating residues
at +x and —z positions in the Ca**-binding loop region of
cryptic EF-1, restoring its Ca’*-binding ability. We demonstrate
that the myristoyl group imposes severe restraint on the
conformational transitions emerging from Ca**-binding when
EF-1 is rendered canonical. In other words, despite binding
Ca’, the myristoylated NCS-1 with a noncryptic EF-1 motif no
longer senses a Ca’" signal. This work implies that while
myristoylation was an adaptive trait for creating specificities of
NCS-1, the first EF-hand had to be disabled because of an
evolutionary pressure for retaining Ca’" sensitivity.

B MATERIALS AND METHODS

Site-Directed Mutagenesis. Required mutations were
created in the human NCS-1 gene using Quick-Change

1112

mutagenesis kit (Stratagene) and confirmed by gene sequenc-
ing. The mutated genes were subcloned into the pET2la
vector.

Protein Preparation. Myristoylated and nonmyristoylated
NCS-1 proteins were prepared by overexpressing the human
cDNA cloned into the pET21a vector as described earlier, with
minor modifications.””**** Proteins were purified by hydro-
phobic interaction chromatography on a phenyl-Sepharose
column. Briefly, the proteins were bound to the column in
binding buffer (S0 mM Tris, pH 8.5, 100 mM KCl, 1 mM
CaCl,, 1 mM MgCl,) and eluted with elution buffer (50 mM
Tris, pH 8.5, 3 mM EGTA, 1 mM MgCl,). Gel filtration was
employed as a final step of purification. Purified protein
fractions were concentrated and rendered Ca®** free by
exchange with Chelex-purified buffer in an Amicon ultra-
filtration concentrator.

The degree of myristoylation was quantified on a reverse-
phase HPLC where relative elution of the myristoylated protein
is delayed approximately by 1 min as compared to its
nonmyristoylated form.>" For comparing molecular mass,
Analytical size exclusion chromatography setup with a
calibrated Superdex 75 column (GE Healthcare) attached to
a BioLogic FPLC system (Bio-Rad) was used to compare
individual molecular masses of the proteins.

Isothermal Titration Calorimetry (ITC) and Differential
Scanning Calorimetry (DSC). Ion-binding affinities were
evaluated by ITC experiments at 30 °C on a Microcal VP-ITC
instrument. Protein and ligand samples were prepared in
Chelex-purified 50 mM Tris, pH 7.5, 100 mM KCl, and 1 mM
DTT buffer. All experiments were performed using appropriate
concentrations of ligands (generally 3 mM CaCl, or 10 mM
MgCl,). The ITC data thus obtained were baseline corrected
and analyzed using the software ORIGIN, supplied with the
instrument. The amount of heat released per addition of the
titrant was fitted to different models to find out the number of
binding sites and the thermodynamic parameters of the protein.
For each titration, we performed data fitting with all the models
available in the Origin program provided with the instrument.
The best fitting model (y* value as well as individual parameters
and errors) was considered for obtaining thermodynamic
parameters.

DSC data were collected on a VP-DSC microcalorimeter
(Microcal Inc.) in the temperature range of 10—100 °C at a
rate of 60 °C/h. Appropriate buffer was used to establish the
baseline before introducing the protein solution prepared in the
same buffer. The protein samples were scanned twice to check
the reversibility of the unfolding process. The DSC data were
analyzed using the Microcal Origin 7.0 software supplied by the
vendor using two-state thermal unfolding model.

Spectral Measurements. Circular dichroism (CD) spectra
were recorded on a Jasco J-815 spectropolarimeter, using the
appropriate path length cuvettes for near- and far-UV CD.
Fluorescence emission spectra were recorded in the correct
spectrum mode on an F-4500 Hitachi spectrofluorometer with
an excitation wavelength of 295 nm. The excitation and
emission band passes were set at 5 nm and spectra of the
proteins were recorded in S0 mM Tris (pH 8.5), 100 mM KC],
and 1 mM DTT. Protein hydrophobicity was assessed by ANS
fluorescence.

NMR Spectroscopy. NMR spectra were recorded on a
BRUKER Avance 800 MHz NMR spectrometer equipped with
a cryogenically cooled probe with a pulsed field gradient unit
and an actively shielded triple resonance z-gradient probe at
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Figure 2. Ca®
myristoylated KG mutant. (a—f) ITC thermograms of Ca*'

binding to different forms of NCS-1 exerts variable effect on the global thermodynamic parameters with a distinct profile of
titration to myristoylated and nonmyristoylated (abbreviated as Myr and NM,

respectively) wt NCS-1, KG and KCPG mutants. (g) Profiles of global free energy, enthalpy, and entropy changes of myristoylated and

nonmyristoylated wt, KG mutants upon Ca** binding.

298 K. While proton chemical shifts were calibrated with
respect to 2,2- dimethyl—Z—silapentane—5—sulfonate (DSS) at 25
°C (o p}p the N chemical shifts were calibrated
indirectly. The Mg™" titration experiments were carried out
by adding small aliquots from a stock solution to 550 uL of 0.8
mM uniformly "*N-labeled protein dissolved in Chelex-treated
50 mM Tris, 100 mM KCl, 1 mM DTT, pH 7.4 buffer taken in
a mixed solvent of 90% H,O and 10% “H,O. After saturation of
sample with Mg**, Ca®" titration was carried out. At each
titration point, sensitivity-enhanced 2D [“*N,"H]-HSQC was
recorded with the 'H carrier placed at H,O resonance (4.7
ppm) and with the "*N carrier at 119 ppm. The experimental
time for each of the HSQC spectrum was 40 min with 160 X
2048 complex points along the t; and t, dimensions,
respectively. Quadrature detection in the indirect dimension
was achieved using States-TPPI method. The data were
processed using TOPSPIN 2.1 software and analyzed using
CARA.

Phosphatidylinositol 4-Kinase g (PI4Kg) Activity
Assay. Modulation of lipid kinase activity of target enzyme
by different forms of NCS-1 proteins was assayed as the
incorporation of radioactive “**P” phosphate group from [}/32-
P]ATP as described previously with minor modifications.*® The
reaction mixture (100 L) contained 50 mM Tris (pH 7.5), 20
mM MgCl,, 1 mM phosphatidylinositol (PI), 0.4% Triton X-
100, 100 uM [y32-P]ATP, 0.5 mg/mL BSA and either 100 uM
EGTA (for Ca**-free assessments) or 3 mM Ca’* (saturating
concentration). Each reaction mixture contained 80 ug of
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PI4Kf enzyme and varying concentrations of NCS-1 and its
different mutants. After mixing all the components, the reaction
was started by the addition of [y32-P]ATP. The reaction was
terminated after 15 min by adding 3 mL of CHCI;/CH;O0H/
37% HCI (200:100:0.75 (v/v/v). y32-P phosphorylated lipid
was separated from [y32-P]JATP by mixing 0.6 mL of 0.6%
HCIL. Finally, 1.5 mL of mixture of CHCl;/CH;OH/0.6 M HCI
in ratio of 3:48:47 (v/v/v) was added to the lower phase
followed by mixing and phase separation. Lower phase was
transferred to scintillation vials for radioactivity counting in a
liquid scintillation counter. After evaporation, the degree of
enzymatic activity was measured as a function of radioactivity
measured. Experiments were repeated for a minimum of five
times for reproducibility with different batches of protein
preparation.

Membrane Binding Studies. For the preparation of large
unilamellar vesicles (LUVs) of palmitoyl-oleoylphosphatidyl-
serine (POPS) lipid, the vacuum-dried, organic solvent free
lipid film was soaked in 50 mM Tris, 100 mM KCl, pH 7.5
buffer and incubated at 4 °C for 4—5 h. After brief vortexing,
the turbid solution was passed 45 times through a 100 nm
polycarbonate membrane with the help of an extruder to make
vesicles. Uniformity of vesicle size was checked by dynamic
light scattering (DLS) instrument. Total lipid was also extracted
from mouse brain by diluting the membrane fraction to organic
solvent solution (for 2 mL of aqueous membranous solution,
we added 3 mL of 0.5 M KH,PO4, 15 mL CHCl;, S mL
CH,0H) and vacuum-dried, and vesicles were prepared as
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Table 1. Ca**-Binding Affinity and Other Thermodynamic Functions for Mutants Deduced from ITC®

NCS-1 mutants (vs Ca>") model K, (M) Ky AH (kcal/mol) AS (cal/mol)
wt NM two-set of sites K,: 8.67 X 10° + 2.25 X 10° 1.1 uM AH1: —7.303 + 0.19 AS1: 3.08
Ky 1.01 X 10° + 531 x 107 9.9 nM AH2: —5.627 + 0.022 AS2: 18.1
(106 nM)
wt Myr one-set of sites K, ; 8.53 X 10° + 4.26 X 10° 117 nM AH: —13.4 + 0.032 AS: —12.5
KG NM one-set of sites K,: 132 x 107 + 7.90 X 10° 76 nM AH: —11.86 + 0.026 AS: —6.55
KG Myr four sequential binding sites K, 7.90 x 10* + 1.8 x 10° 12.6 uM AH1: —70.26 + 4.09 AS1: =209
Kg: 139 X 106 + 3.7 x 10 719 oM AH2: 87.19 + 5.72 AS2:298
K,;: 4.09 X 10° + 9.3 x 10* 244 nM AH3: —S52x + 2.02 AS3: —141
K,y 764 + 26 1.3 mM AH4: 12.8 + 2.88 AS4: 55.4
(7.34 uM)
KCPG NM four sequential binding sites K,: 1.05 X 10° + 7.8 x 10* 952 nM AHI1: 13.99 + 0.66 AS1: 19.63
Ky 8.50 X 10 + 5.8 X 10° 117 nM AH2: —9.74 + 112 AS2: —9.616
Kg: 1.08 X 107 + 69 x 10° 92 nM AH3: —4.00 + 0.66 AS3: —9.75
Ky 227 X 10° + 1.2 x 10* 4.4 uM AH4: —0.15 + 0.06 AS4: =742
(463 nM)
KCPG Myr two-sets of binding site K,: 3.97 x 10° + 3.16 x 10° 251 nM AH1: —15.7 + 0.039 AS1: —6.51
Ky 3.14 X 10° + 2.64 x 10* 3 uM AH2: —8.17 + 0.529 AS2: —591
(896 nM)

“The global K, was calculated from K, as inverse of the nth root of K;; X K, X ... X K,.. In the case of the data fittings in multiple binding site models,
the global Kj is provided (in parentheses) below the microscopic constants (Ky).

described above for POPS lipid. The protein (2 #M) binding
with LUVs was monitored by fluorescence emission. In the case
of membrane from mouse brain, the saturating concentration
was fixed as one and membrane fraction relative to saturating
concentration was plotted against F/Fy; where F, and F are the
fluorescence intensity at initial (without membrane) and
membrane-bound protein, respectively.

B RESULTS AND DISCUSSION

Conversion of Cryptic EF-1 Motif to Canonical Motif
by Restoring Ca®*-Binding Ability. A synthetic peptide (of
36 amino acids) corresponding to the EF-1 of NCS-1 with two
replacements at +x (K36D) and —z (G47E) positions was
shown earlier to bind Ca®, suggesting that this cryptic EF-1
motif can indeed be made to bind Ca®>* by these two
mutations.”* We adopted this strategy to convert the cryptic
EF-1 of NCS-1 and made the site amenable for Ca**-binding.
NCS-1 with such twin mutations is hereafter referred as KG
mutant. To assess redox-dependency, we additionally mutated
C38 and P39 to N and A, respectively. NCS-1 with such
quadruple mutations, K36D, C38N, P39A, and G47E at
positions 1, 3, 4, and 12 of the Ca“-binding loop, is hereafter
referred to KCPG mutant (Figure 1). Proteins with maximum
(~100%) myristoylation, as characterized by reverse-phase
HPLC, were used in all experiments.

Ca?*-Binding Affinities and Associated Thermody-
namic Parameters of NCS-1 Mutants with Restored Ca®*
Binding Ability. In addressing the need for the disability of
the EF-1 to Ca®" binding, we determined the differences in the
Ca’" binding affinities and associated thermodynamic param-
eters of the wild-type NCS-1 and its two mutants, KG and
KCPG (Figure 2a—f). As characterized by the ITC data, both
the mutants of NCS-1, KG and KCPG, bind four Ca®> in an
exothermic manner. The ITC data for myristoylated KG
mutant could be fitted to only a sequential four-site model, with
the four macroscopic binding constants as follows: Ky = 12.6
uM, Ky, = 719 nM, Ky; = 244 nM, and Ky, = 1.3 mM) (see
Table 1). Out of the four binding sites, two of them have higher
Ca’*-binding affinity (in nM range) while the other two exhibit
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relatively lower affinity (one in mM). The overall (averaged)
affinity (calculated as inverse of the fourth root of K,; X K, X
K, X K,4) of myristoylated KG mutant was thus found reduced
substantially as compared to that of wt myristoylated NCS-1,
which was found to be 117 nM (Figure 2b, Table 1). On the
other hand, the nonmyristoylated KG mutant was found to
bind Ca®>* with an affinity (76 nM) comparable to wt
myristoylated NCS-1 (117 nM). Thus, the observed reduction
in Ca®" affinity to myristoylated KG mutant is evidently due to
the coupling of myristoylation with the canonical EF-1.

Ca®" binding isotherm of myristoylated KCPG mutant (a
redox insensitive form of NCS-1, as Cys at the position 38 was
mutated to Asn) was sigmoidal and could be best fitted to two-
set of binding site model with Ca/protein ratio of 4 molar
equiv (Figure 2d). The higher affinity set has apparent Ky =
~250 nM (macroscopic binding constant K, = 3.97 X 10° M,
AH, = —15.7 kcal/mol) and the lower affinity set has an
apparent K; = 3 uM (macroscopic binding constant K, = 3.14
x 10° M7, AH, = —8.17 kcal/mol). Overall dissociation
constant (Kp) for myristoylated KCPG was found to be 896
nM. Thus, the observed reduction in Ca**-binding affinity even
in the case of myristoylated KCPG mutant as compared to that
of wt myristoylated NCS-1 is again attributed to the coupling of
myristoylation with the canonical EF-1.

The major conclusion from the ITC data is that the
reduction in Ca**-binding affinity of NCS-1 is caused only if
canonical EF-1 is present along with the N-myristoylation. The
difference in Ca®* binding and changes thereupon for KG
mutant is also witnessed by more relevant and comprehensive
thermodynamic parameters, in the form of observed changes in
global entropy and enthalpy. The ITC thermodynamic
signature graph of Ca*" binding to myristoylated KG mutant
(and nonmyristoylated wt form) indicates the involvement of
hydrophobic and van der Waals interactions owing to favorable
enthalpy change (AH) and entropy factor (TAS) (Figure 2g).
In contrast, nonmyristoylated KG mutant (and wt myristoy-
lated form) exhibit higher extent of Ca** induced conforma-
tional changes (unfavorable entropy change), which is a
characteristic of NCS proteins (Figure 2). Since myristoylated
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Figure 3. Conformation of myristoylated and nonmyristoylated KG and KCPG mutants in the apo- and holo-forms: Near-UV CD spectra of (a) apo
forms of nonmyristoylated wt and KCPG mutants compared with their Ca**-bound forms. (b) apo forms of myristoylated wt and KCPG mutants
and corresponding Ca**-bound forms. (c) apo and Ca**-bound forms of nonmyristoylated wt and KG mutant. (d) apo forms of myristoylated wt and
KG mutant with their Ca>*-bound form. Far-UV CD spectra of: (e) apo nonmyristoylated (solid lines) and myristoylated (dotted lines) proteins. (f)
Ca®" saturated nonmyristoylated (solid lines) and myristoylated (dotted lines) proteins.

NCS-1 is physiologically functional form, the analogous profile
(i.e., of nonmyristoylated KG mutant) seems to be closer to its
functional form than myristoylated KG mutant where the loss
of the liaison results in a thermodynamic profile dissimilar to
that of wt myristoylated NCS-1. It demonstrates that the
mechanism of Ca®* binding to myristoylated KG mutant is
different from that of its nonmyristoylated KG mutant or wt
myristoylated NCS-1. This, in turn, implies that the pairing of
canonical EF-1 with myristoylation has significant effects on
Ca’*-binding properties of NCS-1.

Upon restoring Ca®-binding to EF-1, all four EF-hand
motifs of NCS-1 bind Ca** and the interaction of myristoyl
group, which is located in the vicinity of EF-1, is affected as it
attenuates Ca*'-binding affinity (KC;*/KaPO) drastically when
compared to its wild-type protein. Myristoylation was shown
earlier to induce cooperativity and flexibility to NCS-1
indicating that myristoyl group performs as an allosteric
activator of Ca®" binding.zz’ ® As is evident from Table 1, the
global affinity of the myristoylated mutants is lower than of
nonmyristoylated mutant (or wt proteins) (Figure 2, Table 1).
Hence, a negative cooperativity is caused by the myristoylation
in KG and KCPG mutants. Thus, contrary to wt, the myristoyl
group in KG and KCPG mutants becomes an allosteric
inhibitor of Ca* binding, causing a reduction in average/global
Ca’" affinity. In calmodulin, Ca® binding is reported to be
driven by enthalpy—entropy compensation with the high
affinity C-terminal domain interexchanging the energies with
the low affinity N-terminal counterpart, providing the molecule
with an open conformation exposing its hydrophobic core.*®
The EF-1 motif in both KG and KCPG mutants is apparently a
weaker Ca®* affinity site. Hence, Ca** may reorganize the
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mutants in a similar way, in order to exchange energies between
the strong and the weaker sites, which in turn could alter the
rigidity/flexibility of the molecule.

Cryptic EF-1 Stipulates Ca** Responsive Conforma-
tional Plasticity to Myristoylated NCS-1. NCS-1 undergoes
Ca’-induced conformational change from a closed to open
state®” enabling it to be recognized by its downstream targets.
We addressed the question as to whether restoring the Ca*'-
binding ability to cryptic EF-1 would affect Ca**-driven
signaling processes of KG and KCPG mutants using near-,
and far-UV CD, and NMR spectroscopy, described in the
following paragraphs.

(i). Crypticity of EF-1 Loop and Tertiary Structure of the
apo Form. The tertiary CD spectral signatures of apo form of
myristoylated KG mutant arising from Trp (280—300 nm), Tyr
(275—282 nm), and Phe (255—-270 nm) regions are
significantly less pronounced as compared to the wt counter-
part (Figure 3). 'L, band at 290 nm, an indicator of the degree
of immobilization of Trp, is approximately 2-fold less intense in
myristoylated KG mutant than in its nonmyristoylated form,
suggesting that the muyristoyl group is responsible for the
altered microenvironment of Trp and Tyr, while a positive Trp
peak (at ~294 nm) correlates to a possibility of a role of
myristoyl group in restricting the mobility of aromatic residues
(Figure 3a—d). Supporting this data, myristoylated KG mutant
possesses much higher anisotropy in apo form (0.198) than apo
nonmyristoylated KG mutant (0.169) or myristoylated wt
(0.179) NCS-1. Ca** binding increases anisotropy in all cases
except myristoylated KG mutant (0.1899), further supports the
above observations.
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Figure 4. 2D ["*N,"H]-HSQC spectra. Myristoylated KCPG mutant: (a) in apo form and (b) in holo form (blue) overlapped with apo form (red).
Nonmyristoylated KCPG mutant: (c) in apo form and (d) in Ca?*-bound form is shown for comparison.

Myristoylation of KG mutant reduces the near-UV CD signal
(tertiary fold) by approximately 2-fold (in comparison to
nonmyristoylated KG mutant or wt myristoylated protein),
thereby imposes conformational restraints. Both myristoylated
and nonmyristoylated KCPG mutants are comparatively less
structured in apo forms as seen in far-UV CD spectra (Figure
3e, ).

(ii)). Myristoylation Affects Ca®* Sensitivity When EF-1 Is
Activated. As shown in near-UV CD spectra, apo forms of wt
myristoylated and nonmyristoylated NCS-1 are in partially
unfolded (premolten globule or closed) conformation and
attain well-folded (or open) conformation upon binding Ca**
(Figure 3a-d).”’

In contrast, we obtained unanticipated results with both the
myristoylated forms of KG and KCPG mutants. Apo forms of
both of these mutants have poor tertiary structural signatures in
their near-UV CD spectra (Figure 3b, d). Further, Ca® titration
to wt (myristoylated and nonmyristoylated) and nonmyristoy-
lated KG and KCPG mutants illustrates comparable signals in
near-UV CD spectra, the observed changes in ellipticity of
myristoylated KG mutants upon addition of Ca®* are less
pronounced (Figure 3d). It is interesting to note here that
though nonmyristoylated KG mutant shares the key spectral
features with wt NCS-1, myristoylated KG mutant shows
distinct spectral features. These data together suggest that
myristoylation imposes severe restrictions on Ca*-dependent
conformational changes when Ca* binding ability to EF-1 is
restored.

Near-UV CD spectral results that myristoylated KG and
KCPG mutants do not undergo equivalent conformational
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changes upon binding Ca®>" were further confirmed by 2D
['"N,"H] HSQC spectra, which shows a narrow dispersion of
backbone 'HN resonances (7.5—8.7 ppm) and accounts for
only around 24 peaks out of the expected 173 nonproline peaks
(Figure 4), suggesting a poorly folded structure, similar to that
of the apo form of wt proteins. Upon binding Ca**, the number
of observed peaks increased to only around 60 with an
increased 'HN chemical shift dispersion (6.6—8.7 ppm) for
both the myristoylated mutants, implying that these mutants
did not attain a folded conformation (Figure 4). We may add
here that the observed cross-peaks in 2D ['*N,'H]-HSQC of
the apo and holo mutants were relatively broad with
nonuniform line-widths as compared to the cross peaks
observed for the apo wt NCS-1.

Similar results were obtained for the nonmyristoylated KG
(Figure S1, Supporting Information) and KCPG (Figure 4)
mutants, where apo form displays around 40 broad cross-peaks
with poor spectral dispersion along the 'H" dimension (6.4—
8.7 ppm) in the 2D ["*N,'H]-HSQC spectra (Figure 4c).
However, in the presence of Ca’*, nonmyristoylated KG and
KCPG mutants showed all the expected peaks in the 2D [N,
"H]-HSQC, equal to the number of nonproline residues, with
large 'HN chemical shift dispersion (6.3—10.8 ppm) (Figure 4d;
for 2D [N,'H]-HSQC spectrum of nonmyristoylated KG
mutant, please refer to Figure S1), similar to that seen for the
wt nonmyristoylated NCS-1, and supporting the observed
results of near-UV CD spectra.'>**

Myristoylation-Driven Thermal Stability and Non-
cryptic EF-1. As discussed above, both myristoylated mutants
bind Ca** with lower affinity, and undergo modest conforma-

DOI: 10.1021/bi501134g
Biochemistry 2015, 54, 1111-1122


http://dx.doi.org/10.1021/bi501134g

Biochemistry

100 (@) (b)
80 -
O
°= 60 -
c M non-myr
g 40 - M myr
-
20 -
0 -

Wt KG KCPG

(c) (d)

> 2
]
-4
E
> -6
;2.. -8 WENm . Wt Myr KG NM f KG Myr
a2 ——Ca @20 ¢ —Ca" @20°C —Ca” @20°C —Ca" @20°C
ﬁ -10 —ca"@so’c —Ca® @80°C ——Ca” @80°C —Ca® @80°C
AP @20 © Ao @20 °C AP0 @20°C e A0 @ 20 °C
-12 —Apo @80 °C —Apo @ 80 °C ——Apo @80°C [| —Apo @ 80°C
260 280 300 320 260 280 300 320 260 280 300 320 260 280 300 320
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. Connection of myristoylation and disabled EF-1 on thermal stability monitored by DSC. (a) A comparison of T,, of apo wt and mutants.
(b) Thermal unfolding transitions of wt and KG and KCPG mutants of nonmyristoylated and myristoylated proteins in apo-form (overlapped). (c—
f) Near-UV CD spectra of wt and KG mutant (myristoylated and nonmyristoylated) at different temperatures.

Time (min) Time (min) T|me(m|n)
0 50 100 150 0 50 100 150 150
g 0.0 I ! 00 ””m”” ”Hlmmmm 0.0* WWWWW
S -0.8- {-0.6 ’ 4-0.6 -
3 I
«E-1.6- ] -1.24 1.1.21
s
g .2.41 Mg2* non-myr KG | =1.8 ‘ Mg myr KG- -1.8 | Mgz‘ myr KCPG
£ 0.0,
0.0+ =
s 0.0 /-———f
o
S 1.2 1.2 11.21
2 1.2
8 2.4/ (@) 241 (b)] -2.41 (c)
0 2 4 6 8 10 0 3 6 9 12 0 3 6 9 12 15

Molar Ratio

Molar Ratio

Molar Ratio

Figure 6. Both KG and KCPG mutants bind Mg”*. ITC analysis of Mg** binding to (a) nonmyristoylated KG mutant, (b) myristoylated KG mutant,
and (c) myristoylated KCPG mutant. Upper panel in thermogram represents the observed heats for each injection of MgCl, after correcting for heat
of dilution, whereas the lower panel depicts the binding enthalpies versus Mg**/protein molar ratio.

tional changes upon Ca®" binding. Based on these results, we
suggest that myristoylation-driven Ca® sensitivity is reduced
when Ca®* binding ability to EF-1 is restored. This liaison
between myristoyl group and cryptic EF-1 is also obvious from
myristoylation-dependent enhancement of thermal stability
(Figure S). The thermal transition temperatures (T,,) of the
apo form of wt nonmyristoylated and myristoylated NCS-1 are
59 and 93 °C, respectively, suggesting that muyristoylation
enhances thermal stability substantially (from $9 to 93 °C)
(Figure Sa). Upon Ca’* binding, T,, of wt nonmyristoylated
NCS-1 increases to 83 °C with the precipitation of the protein
at higher temperatures, and thus, the thermal unfolding was
irreversible. On the other hand, Ca**-bound wt myristoylated
NCS-1 was found to be extremely stable (with an apparent T,
>100 °C) and most importantly, the thermal unfolding was
reversible following a two-state thermal unfolding transition
without any precipitation (data not presented). In the case of
the KG mutant with substitution of Asp and Glu at +x and —z
positions, the apparent T,, was found to be 89 and 88 °C for
myristoylated and nonmyristoylated mutants, respectively, in
their Ca®*-free form (Figure 5). It is interesting to mention that
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apo-calmodulin is thermally much less stable (T, about 40
°C)** than nonmyristoylated mutants despite being similar in
possessing four canonical EF-hand motifs and no myristoyla-
tion.

In the Ca*" bound form, the thermal unfolding of all KG
mutants follows via an on-pathway folding intermediate with
apparent T, of ~80 °C and unfolds at ~100 °C with
precipitation (data not presented). On the other hand, further
substitution of Cys-Pro residues do not alter the apparent T, to
a greater extent with respect to KG mutant, either in its Ca**-
free or in Ca**-bound forms, implying no influence of redox
system on thermal stability (Figure S5). These findings are
supported by thermal unfolding studies monitored by near-UV
(Figure Sc-f) and far-UV CD (data not presented). Thus,
myristoylation-driven thermal stability of wt NCS-1 is found to
be absent in both mutants.

Transformation of Ca?*-Specific (Regulatory) Site to
Structural as a Consequence of Noncryptic EF-1. Both
the KG and KCPG mutants bind Mg*" with the stoichiometry
of ~1:4 as seen by ITC (Figure 6). This observation suggests a
possibility that all the EF-hands (including EF-4 which is a
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KCPG mutant.

Ca*-specific site in wt NCS-1) may bind Mg*". To ascertain
the Ca**/Mg*" discrimination of binding sites in mutants, we
employed NMR spectrometry for obtaining spectral signatures
of the backbone amide protons ("HN) of the conserved Gly
residue located at the sixth position of the Ca*"-binding loops
(Figure 1b), which exhibits a characteristic downfield shift upon
Ca® or Mg** binding to the protein in the least crowded region
of 2D ["*N,'H]-HSQC spectra. In the case of both KG and
KCPG mutants, one would expect four (*N,'H) cross peaks
arising from the conserved Gly residue at the sixth position of
each of the Ca®*-binding loops present in the protein'> (Figure
1). As shown in panels (a) and (b) of Figure 7, we noticed that
broad overlapping peaks arising from Gly residues upon Ca**/
Mg**-binding could be resolved by employing 60 ms T,-delay,
as these residues were found to possess different transverse
relaxation rates (R,) (Figure 7a, b). Observation of the four
cross peaks in this region of HSQC confirms the presence of
four Ca**/Mg**-binding sites. Thus, all the binding sites are
found to be structural in nonmyristoylated KG (Figure 7a, b)
and KCPG (Figure 7c, d) mutants, as they bind both Ca®* and
Mg** as also seen by ITC (Figure 6) and none are a Ca-
specific (or regulatory) site. This is in contrast to wt
myristoylated NCS-1, where in EF-2 and EF-3 bind both
Ca’* and Mg** forming structural sites, while EF-4 is a Ca®'-
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specific or regulatory site.'> As discussed above, upon binding
Ca®, myristoylated KG mutant undergoes modest conforma-
tional changes are rather inappropriate. Due to this, the
downfield shifted peaks in 2D ["*N,'H]-HSQC could not be
resolved even in the Ca**-bound form of myristoylated KG
mutant.

Reduced Modulation of Downstream Target PI4Kg
Activity by Mutants: Antagonistic Acts by Ca**. Following
the observation of the loss of Ca** specificity and sensitivity by
mutations in the EF-1 loop of NCS-1, we addressed the
functional consequences of these manipulations. We used the
established radiometric enzymatic assay involving the modu-
lation of PI4Kp activity, which is one of the key regulators of
intracellular lipid signaling.>® PI4K/3, which is known to form an
intracellular complex with NCS-1 and calneurons, is recruited
to the Golgi membrane, concomitantly phosphorylating PI to
generate phosphatidylinositol 4-phosphate,®” ™" which after
another phosphorylation directs the production of InsP3 by
phospholipase C. To find out the signaling consequences, we
analyzed the ability of the mutants of NCS-1 (with restored
Ca’* binding ability to EF-1) in modulating the lipid kinase
activity. Though KG mutant in its nonmyristoylated form could
augment the enzymatic activity to a greater extent (~3-fold
enhancement) than wt nonmyristoylated NCS-1, myristoylated
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KG mutant stands out against the enhanced positive
modulatory efficacy of its nonmyristoylated counterpart (KG
mutant) and achieved “net positive modulation” is least among
all (<2-fold of the basal activity). As a control, wt myristoylated
NCS-1 increases the PI4Kf activity to a much-elevated level
(~4-fold increase in the basal enzymatic activity), while wt
nonmyristoylated form enhances the enzymatic activity by ~2-
fold, similar to that reported earlier™ (Figure 8a).

The striking result is the adverse effect of Ca** on enzyme
activation by NCS-1. Wt (both myristoylated and non-
myristoylated NCS-1) and nonmyristoylated KG mutant
display enhanced modulation (positive) of enzymatic activity
by Ca®* as shown earlier in various studies. Conversely, Ca**
acts as a negative modulator of the catalytic cooperativity
between myristoylated KG mutant and PI4KJ, that is, after the
addition of Ca’*, modulated enzymatic activity is further
reduced (Figure 8a). These observations collectively suggest
that the activation of PI4Kf is dependent on the concurrence
of two key features (i.e, myristoylation and cryptic EF-1);
breaking this not only leads to the reduced modulation capacity
but also inverses the Ca**-induced effects in the overall
enhancement of enzymatic activity of the downstream target.

Redistribution of Surface Hydrophobicity by Func-
tional EF-1: A Determinant of PI4K#-NCS-1 Interaction.
As surface hydrophobicity of any given protein is one of the key
determinants of many protein—protein interactions including
PI4Kp3-NCS-1 interaction,™** we examined whether KG and
KCPG mutations cause any disparity in surface hydrophobicity
of NCS-1 (which may lead to inappropriate interaction with
PI4Kf rendering unregulated, nonoptimal modulation of the
enzyme activity as observed in PI4Kf assay) using 8-
anilinonaphthalene 1-sulfonate (ANS). Myristoylated proteins
(both wt and mutants) have substantially higher ANS
fluorescence than that of nonmyristoylated counterpart (Figure
8b). This increased emission intensity, for instance, can be
assumed as an attribute of myristoyl group, but at the same
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time, fluorescence intensity of ANS complexed with non-
myristoylated KG mutant being comparable to ANS with wt
myristoylated NCS-1, signifies the more exposed hydrophobic
patches after mutations. Interestingly, the relative emission
intensity of ANS-myristoylated KG mutant was 25% higher
(than ANS-wt myristoylated NCS-1). Considering the fact that
Ca®" leads to reduced fluorescence of ANS complexed with wt
protein, Ca’* did not influence surface hydrophobicity of
myristoylated KG mutant up to the level that is seen in wt
myristoylated protein (Figure 8b). NCS-1 being a membrane
associated protein in cells, we examined the membrane
association propensity of NCS-1 and its reactivated EF-1 KG
mutants. We observed that Ca®* bound myristoylated KG
mutant has higher affinity for lipid than its apo form as also for
myristoylated wt NCS-1** (Figure 8c—e). On the other hand,
binding of nonmyristoylated proteins is comparatively much
less, as also reported earlier” (Figure 8c, d). Binding was also
assessed with the lipid isolated from mouse brain. We observed
that, in contrast to slightly less binding of KG mutant (than wt)
to POPS vesicles, myristoylated KG mutant binds slightly
better to the natural lipid (Figure 8e). Thus, the changes
observed in the case of POPS membrane are not considerable
and membrane binding propensity of KG mutant is grossly
similar to that of wt NCS-1. Hence, the changes observed so far
are not due to any aberrant structural change caused by
mutation in the protein.

Upon comparing the results of PI4Kf activation with ANS
fluorescence, we observe a trend where a reduction in
hydrophobicity of the protein correlates with an increase in
the enzyme activation, and vice versa. This observation
persuades us to propose that the interaction of PI4Kf with
NCS-1 might be influenced by surface hydrophobicity of NCS-
1. Ca** induced conformational changes lead to the alteration
in surface hydrophobicity to facilitate the interaction, while the
archetypal EF-1 demises this Ca’* regulated hydrophobicity
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switch, resulting in a nonoptimal interaction between the
enzyme and its modulator.

B CONCLUSIONS

Cryptic EF-1 Is Required for Myristoylation-Depend-
ent Ca%*-Signaling in NCS-1. We initiated this work with a
key question: why does NCS-1 have N-myristoylation along
with a cryptic EF-1 motif? Based on our results described
above, we conclude that myristoylated KG and KCPG mutants
(EF-1 with restored Ca®* binding ability) do not undergo the
optimal conformational rearrangement upon Ca**-binding and,
therefore, do not “sense” Ca?* hindering downstream signaling.
Thus, our data demonstrate that myristoylation regulates the
Ca**-induced conformational transition, only if EF-1 is cryptic.
In other words, if Ca®* binding ability to EF-1 is restored, the
myristoylated NCS-1 ceases to act as Ca** sensor, due to an
inadequate (or may be inappropriate) conformational transition
by Ca*'.

NCS members are considered the evolutionary descendents
of primordial calmodulin. While myristoylation was a need for
their adaptive evolution, the first EF-hand motif in canonical
form would inhibit protein function, as there would be no Ca*
sensitivity in terms of appropriate conformational transitions
required for a sensor. For overcoming this, it became
imperative to specifically disable the first EF-hand motif,
attained by a simple strategy of replacing generally favored
residues (Lys to Asp at +x position, and Gly to Glu at —z-
position) acquired by some myristoylated proteins to remain
Ca’* sensor while adding one more feature, ie., N-
myristoylation, for specific interaction with downstream targets.
Lys (of the EF loop), when replaced by Asp, changes the
surface electrostatics of the protein, and thus gives a more
believable explanation for causing the loss of function by
myristoyl group. Several reports on the role of Lys in myristoyl-
electrostatic switch and its positional specificity in membrane
proteins topology lend credence to our hypothesis.**~** Thus,
the conserved Lys36 is critical, as while providing positive
charge it disables the loop, whose role needs to be examined in
other NCS members as this residue might hold a place of a key
controller which does not maintain just the structural integrity
of a sensor protein.

In summary, we put forward an essential aspect of some of
the members of NCS family, that is, a nexus between
myristoylation and cryptic EF-1, which was not addressed
before, despite its conservation in this widespread superfamily
represented by several sequences reported in the database from
various organisms. With NCS-1 being a nonswitch protein,
influence of such conversion of EF-1 on myristoylation-driven
Ca’ sensing need to be extended to Ca’’-myristoyl switch
proteins (possibility of a key control on Ca**-myristoyl switch)
for studying their myristoylation adaptation for fine-tuning and
refined functioning at the cost of the first noncryptic EF-hand
motif. Additionally, it would be interesting to explore the effect
of such mutations in other members of the family, such as
neurocalcin (protein with Ca“-myristoyl switch) and KChIP2/
3, which do not have N-myristoylation but still have a cryptic
EF-1 motif.

B ASSOCIATED CONTENT

© Supporting Information
Figure S1 showing 2D["N,'H]-HSQC spectra of nonmyr-
istoylated KG and KCPG mutants in the Ca** (a and b) and
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Mg*" (c and d) bound form. This material is available free of
charge via the Internet at http://pubs.acs.org.
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