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Abstract
Guanylyl cyclase activating protein 1 (GCAP1), a member of the neuronal calcium sensor (NCS)
subclass of the calmodulin superfamily, confers Ca2+-dependent activation of retinal guanylyl
cylcase (RetGC) during phototransduction in vision. Here we analyze the energetics of Ca2+ and
Mg2+ binding to the individual EF-hands, characterize metal-induced conformational changes, and
evaluate structural effects of myristoylation as studied by isothermal titration calorimetry (ITC),
differential scanning calorimetry (DSC) and NMR. GCAP1 binds cooperatively to Ca2+ at EF3 and
EF4 (ΔHEF3 = −3.5 kcal/mol and ΔHEF4 = −0.9 kcal/mol) with nanomolar affinity (KEF3 = 80 nM
and KEF4 = 200 nM), and a third Ca2+ binds entropically at EF2 (ΔHEF2 = +3.1 kcal/mol and KEF2
= 0.9 μM). GCAP1 binds functionally to Mg2+ at EF2 (ΔHEF2 = +4.3 kcal/mol and KEF2 = 0.7 mM)
required for RetGC activation. Ca2+ and/or Mg2+ binding to GCAP1 dramatically alter DSC and
NMR spectra, indicating metal-induced protein conformational changes in EF2, EF3 and EF4.
Myristoylation of GCAP1 does not significantly alter its metal binding energetics or NMR spectra,
suggesting that myristoylation does not influence the structure of the metal-binding EF-hands.
Myristoylation also has almost no effect on protein folding stability measured by DSC. NMR
resonances of myristate attached to GCAP1 are exchange broadened, upfield shifted and insensitive
to Ca2+, consistent with the myristoyl group being sequestered inside the protein as seen in the crystal
structure. We conclude that the protein environment near the myristate is not influenced by Mg2+ or
Ca2+ binding, but instead is constitutively dynamic and may play a role in promoting GCAP1
interactions with the cyclase.
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Guanylyl cyclase activating proteins (GCAPs) belong to the neuronal calcium sensor (NCS)
branch of the calmodulin superfamily (1-3) and regulate Ca2+-sensitive activity of retinal
guanylyl cyclase (RetGC) in rod and cone cells (4,5). Phototransduction in retinal rods and
cones is modulated by intracellular Ca2+ sensed by GCAPs (6,7) and defects in Ca2+ signaling
by GCAPs are linked to retinal diseases (8). Light excitation of photoreceptor cells triggers a
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phototransduction cascade, leading to the closure of cGMP-gated channels, which
hyperpolarizes the plasma membrane and generates a neural signal (9). The recovery of the
dark state requires activation of RetGC to restore the cytosolic cGMP level. The activity of
RetGC is Ca2+-sensitive (10) and is mediated by GCAPs (4,5,7). Channel closure during
phototransduction blocks the entry of Ca2+ and lowers the cytosolic Ca2+ concentration from
∼250 nM in the dark down to ∼25 nM in the light (11). This drop in Ca2+ causes the formation
of Ca2+-free/Mg2+-bound GCAPs that activate RetGC (12), whereas Ca2+-bound GCAPs
inhibit RetGC at high Ca2+ levels generated in the dark (7).

The GCAPs (GCAP1 (5), GCAP2 (13), GCAP3 (14) and GCAP4−8 (15)) are all ∼200-residue
proteins containing a covalently attached N-terminal myristoyl group and four EF-hand motifs
(Fig. 1). Mg2+ binds to three EF-hands (EF2, EF3 and EF4) when cytosolic Ca2+ levels are
low and Mg2+-bound GCAP1 activates RetGC (12,16). Ca2+ also binds functionally to these
three EF-hands (12,17) when Ca2+ levels are high in the dark. The first EF-hand (EF1) is unable
to bind Ca2+ or Mg2+ due to conserved subsitutions in the binding loop (Cys29 and Pro30 in
GCAP1). The x-ray crystal structure of Ca2+-bound GCAP1 (18) and NMR structure of
GCAP2 (19) clearly showed that Ca2+ is bound at EF2, EF3 and EF4. In addition, the N-
terminal myristoyl group in GCAP1 is buried inside the Ca2+-bound protein flanked by
hydrophobic residues at the N- and C-termini (see italicized residues in Fig. 1). The structure
of the physiologically active form of GCAPs (Mg2+-bound/Ca2+-free state) is currently
unknown.

What are the Ca2+- and Mg2+-dependent conformational changes in GCAPs that promote
activation of RetGC? Recoverin is the only NCS protein whose structure is known in both the
Ca2+-free and Ca2+-bound states (Fig. 1) (20,21). Ca2+-free recoverin contains a highly
sequested myristoyl group buried inside the protein that interacts intimately with residues from
EF1, EF2 and EF3 (22,23). Ca2+ binding at EF2 and EF3 leads to large overall conformational
changes in recoverin that promotes the extrusion of the fatty acyl group outward, enabling it
to interact with membrane targets (20,24). Since the target for GCAPs (RetGC) is a membrane
protein, we wondered if GCAPs might undergo a similar Ca2+-induced conformational change
and if Ca2+ and/or Mg2+ binding to GCAPs alter the protein environment around the myristoyl
group. Here, we perform ITC, DSC and NMR studies on GCAP1 to analyze the
thermodynamics of Ca2+ and Mg2+ binding to the individual EF-hands, characterize metal-
induced protein conformational changes, and evaluate the Ca2+- and Mg2+-dependent
structural environment around the myristoyl group.

EXPERIMENTAL PROCEDURES
GCAP1 Protein Expression and Purification

Plasmids (pET11d) encoding wild-type GCAP1 and its mutants for disabling both Ca2+ and
Mg2+ binding (D68G/E75Q (EF2−), D100N/D102G (EF3−), D144N/D148G (EF4−), and
D100N/D102G/D144N/D148G (EF34−)) were prepared as described previously (12). All
plasmids contain the D6S mutation for the recognition of yeast N-myristoyl-transferase (NMT)
needed for expressing recombinant myristoylated GCAP1 in E. coli. Plasmid vector (pET11d)
harboring GCAP1 or its mutants were co-transformed into BL21(DE3) cells with or without
pBB131 vector encoding NMT. The bacterial cells were typically pre-cultured until optical
density at 600 nm (A600) reached 1.0 in 20 ml Luria-Bertani (LB) medium at 37 °C with
antibiotics (100 μg/ml ampicillin or along with 50 μg/ml kanamycin). They were then
inoculated into 1 L LB medium with the antibiotics and grown until A600 = 1.3. GCAP1 and
NMT proteins were co-expressed upon adding isopropyl-β-D-1-thiogalactopyranoside (IPTG)
into the cell culture to a final concentration of 0.5 mM at 25 °C or at 37 °C for 4 ∼ 16 hours.
GCAP1 was expressed in either the soluble fraction or as inclusion bodies by adjusting the
induction temperature: Soluble GCAP1 expression occurs at 25 °C, whereas GCAP1
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expression in inclusion bodies occured at 37 °C. For the expression of myristoylated proteins,
5 mg/L (final concentration) myristic acid (from 5mg/ml ethanol stock) was added to the culture
20 minutes prior to the induction. The purification of myristoylated GCAP1 and mutants (EF2
−, EF3−, EF4− and EF34−) expressed in inclusion bodies has been described previously (12).

The purification of recombinant unmyristoylated GCAP1 (expressed in soluble lysate) was as
follows. Cells were harvested by centrifugation and the cell pellet was resuspended and
sonicated in the lysis buffer containing 20 mM Tris-HCl (pH 7.5), 0.1 M KCl, 2 mM EGTA,
1 mM DTT, 10% glycerol and 0.1 mM PMSF. Cell lysate was centrifuged down at 100,000 g
by ultra centrifugation. The supernatant was mixed with CaCl2 to a final concentration of 3
mM and then applied onto butyl-Sepharose column (HiPrep 16/10 Butyl FF, Amersham) which
was pre-equilibrated with buffer A containing 20 mM Tris (pH 7.5), 0.3 M KCl, 2 mM
CaCl2, 1 mM MgCl2 and 1 mM DTT. The elution of the protein was done by removing Ca2+

ions by adding the buffer B containing 20 mM Tris (pH 7.5), 0.1 M KCl, 2 mM EGTA and 1
mM DTT. The fractions containing target proteins were pooled and diluted 3-fold with
ddH2O lowering ionic strength for anion exchange column application. For myristoylated
GCAP1, a similar purification procedure was followed except that the lysis buffer contained
0.5 M ammonium sulfate instead of 0.1 M KCl. This modification was necessary to cause more
efficient binding and elution of myristoylated GCAP1 using Butyl-Sepharose chromatography.
GCAP1 protein samples were then further purified by DEAE anion exchange chromatography
(HiTrap 5ml DEAE FF, Amersham) pre-equilibrated with 20 mM Tris (pH 7.5) buffer
containing 1 mM EGTA and 1 mM DTT. GCAP1 was eluted using a linear NaCl gradient (0
to 0.5 M over 20 column volumes). Lastly, proteins were purified by a size exclusion
chromatography (HiLoad 26/60 Superdex 200, Amersham) pre-equilibrated with 20 mM Tris
(pH 7.5) buffer containing 1 mM EGTA and 1 mM DTT.. The final purity (>95%) of the
GCAP1 sample was verified by SDS-PAGE and mass spectrometry.

Metal-free GCAP1 was prepared as described previously (16). Briefly, the final purified
GCAP1 samples in the presence of 5 mM EGTA were concentrated 10-fold (Amicon-10, 10
kDa cut-off), diluted 10-fold with de-calcified buffer (prepared as described previously (25,
26)) and then concentrated again. This procedure was repeated four times to completely
exchange GCAP1 into de-calcified and EGTA-free buffer used in the metal-binding studies.
The free Ca2+ concentration in the apo-GCAP1 sample was verified to be less than 10 nM
using fluo-3 flourescent indicator dye analysis (27) and atomic absorption measurements. The
lack of Ca2+ in apo GCAP1 was also verified by monitoring the absence of downfield-shifted
amide proton NMR resonances of Gly 69, Gly 105 and Gly 149 that report on Ca2+ binding to
EF2, EF3 and EF4, respectively. The apo-GCAP1 samples were also verified by NMR to not
contain any lingering EGTA.

Isothermal titration calorimetry (ITC)
All ITC experiments were performed using a VP-ITC calorimeter (MicroCal) and the data were
processed with the Origin 7 software package from MicroCal as described previously (28).
GCAP1 samples (myristoylated, unmyristoylated, wildtype and mutants) for ITC studies were
prepared in 20 mM Tris buffer (pH 7.5), 100 mM NaCl and 1 mM β-mercaptoethanol. The
protein concentration was either 25 μM or 50 μM determined by measuring optical density at
280 nm. A series of 5 μL aliquots of 2 mM CaCl2 were injected into the protein sample (1.6
mL) in the presence and absence of 2 mM Mg2+ ions and corresponding heat signals were
monitored calorimetrically. For the Mg2+ titration, 10 μL aliquots of 40 mM MgCl2 were
titrated into the protein sample. All titrations were typically performed at 30 °C. Additional
titrations were also performed at 23, 25 and 27 °C for measuring ΔCp (29,30). The baseline
from a buffer blank titration was subtracted from the raw data. A sequential binding sites model
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was used to fit ITC data using a non-linear least squares minimization method (31) and calculate
the dissociation constant (Kd) and enthalpy change (ΔH) for each site.

Fluorescence
Tryptophan fluorescence emission spectra of myrGCAP1 were observed with a Varian Cary
Eclipse spectrometer. Protein samples were prepared in 20 mM Tris-HCl (pH 7.5) buffer
containing 5 mM DTT in a 1 cm path-length cell with increasing amounts of guanidine HCl
(0 − 6 M) in the presence and absence of 5 mM Ca2+ or Mg2+ ions. Protein concentration was
10 μM. The emission spectra were recorded in range of 300 − 500 nm with the excitation
wavelength at 295 nm at room temperature. The protein samples were incubated at room
temperature for 30 min before each measurement.

NMR spectroscopy
For 1H-15N-HSQC experiments, samples of myristoylated and unmyristoylated GCAP1 were
prepared in 5 mM Tris-d11-HCl (pH7.4) buffer containing 10 % D2O, 1 mM Dithiothreitol-
d10 (DTT) and either 5 mM CaCl2 or 5 mM MgCl2. For 1H-13C HMQC experiments, NMR
sample were prepared in the similar condition as above except the sample was prepared in 100
% D2O. The reading of the pH meter was not corrected for the deuterium isotope effect. The
sample concentration was typically around 0.3 mM.

All NMR spectra were acquired using a Bruker Advance 600 MHz spectrometer equipped with
a triple resonance cryo-probe and z gradient. Typically, spectra were obtained at 300 K, 310
K and 320 K with 8 ∼ 32 scans per increment. For 15N-labeled myristoylated GCAP1 (apo-,
Mg2+-bound or Ca2+-bound form), two dimensional 1H-15N-HSQC spectra with total number
of 256 increments were acquired. For samples of GCAP1 with 13C-labeled myristic group
covalently attached to N-terminus, 2D 1H-13C-HMQC spectra were recorded with 1024×256
points. Three dimensional (13C/F1)-edited 13C/F3-filtered HMQC-NOESY spectra (120 ms
mixing time) were obtained with 1024×64×180 points (23,32).

Differential scanning calorimetry
A VP-DSC calorimeter from MicroCal was used for all DSC measurements and the data were
processed with the Origin 7 software package from MicroCal as described previously (28).
Scanning was done in the temperature range of 10 − 120 °C at a scan rate of 60 °C/h. A buffer
baseline was subtracted from each scan. Myristoylated and unmyristoylated GCAP1 with
concentrations of 50 ΔM were prepared in 20 mM Tris buffer (pH 7.5) containing 100 mM
NaCl and 1 mM β-mercaptoethanol with/without 2 mM CaCl2 or MgCl2. Samples were
degassed before each scan.

RESULTS
Thermodynamics of Ca2+-binding to GCAP1

Isothermal titration calorimetry (ITC) was used in this study to analyze the energetics of
Ca2+ and Mg2+ binding to the individual EF-hands of GCAP1 (Fig. 1). Previous equilibrium
binding studies revealed that GCAP1 binds Ca2+ at EF2, EF3 and EF4 in the nanomolar range
(16), but precise values of dissociation constants for the individual EF-hands were difficult to
resolve because their binding appeared somewhat overlapped. ITC can resolve dissociation
constants (Kd) of multiple sites on the basis of differences in their binding enthalpy (ΔH).
Hence, two or more sites with similar dissociation constants can be resolved if their binding
enthalpies are sufficiently different or vice-versa.

The Ca2+ binding properties of both myristoylated and unmyristoylated GCAP1 were
monitored by ITC (Fig. 2). N-terminal myristoylation of GCAP1 had a very small influence
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on Ca2+ binding (see circles in Figs. 2A-B) unlike that of recoverin (26,33), and all subsequent
analyses below were performed on myristoylated GCAP1. Titration of CaCl2 into
myristoylated GCAP1 resulted in a binding isotherm that is multiphasic and best fit by a 3-site
sequential binding model (solid lines in Figs. 2A-B and Table 1), consistent with Ca2+ binding
at EF2, EF3 and EF4 as suggested by previous fluorescence equilibrium binding studies (12,
16). The ITC Ca2+-binding isotherm of apo-GCAP1 (absence of Mg2+, see Fig. 2A) exhibited
exothermic binding of two Ca2+ (ΔH1 = −3.5 kcal/mol and ΔH2 = −0.9 kcal/mol) in the
nanomolar range followed by endothermic binding of one Ca2+ (ΔH = +3.1 kcal/mol) with
much lower affinity (Kd = 0.9 μM). The high resolution ITC data clearly indicated three binding
sites having distinct values of ΔH and Kd. To assign each ITC binding phase as binding by a
particular EF-hand, we have constructed various mutants that disable functional Ca2+ binding
to the individual EF-hands (Fig. 1): D68G/E75Q (EF2−), D100N/D102G (EF3−), D144N/
D148G (EF4−), and D100N/D102G/D144N/D148G (EF34−). In each mutant, a negatively
charged Glu or Asp at the beginning and end of the EF-hand loop has been substituted with a
neutral residue (Gln or Asn). Also the second negatively charged residue in the loop (Asp) was
replaced by Gly. These substitutions dramatically lower the Ca2+ and/or Mg2+ binding affinity
of the respective EF-hand outside of the physiological range as previously described in detail
(16,34).

The ITC isotherms for wildtype GCAP1 and each of the EF-hand mutants were fit to a
sequential binding model (solid lines in Fig. 2) and optimal Ca2+-binding parameters (ΔH and
Kd) are shown in Table 1. All ITC Ca2+ binding measurements were performed both in the
presence (Fig. 2B) or absence (Fig. 2A) of physiological Mg2+ levels (2 mM Mg2+) at 30 °C.
We show that Mg2+ has relatively small effects on Ca2+ binding, indicating that GCAP1 binds
selectively to Ca2+ with at least 500-fold preference over Mg2+ (Table 1). The ITC Ca2+-
binding isotherm of the EF2− mutant (Fig. 2C) exhibited exothermic binding of 2 Ca2+ ions
but lacked the endothermic phase seen in wildtype, indicating that EF2 must be the low affinity
endothermic site. Correspondingly, the ITC isotherm of EF34− (Fig. 2E) exhibited only
endothermic binding (ΔH = +2.1 kcal/mol), further confirming that EF2 is the endothermic
site. The ITC Ca2+-binding isotherm of EF4− (Fig. 2D) exhibited an exothermic phase (ΔH =
−3.4 kcal/mol) assigned as Ca2+ binding at EF3 followed by a lower affinity, endothermic
phase (Kd = 69 μM and ΔH = +0.8 kcal/mol) assigned above to EF2. By the process of
elimination, the lower affinity exothermic site in the wildtype isotherm (ΔH = −0.9 kcal/mol
and Kd = 200 nM), therefore, must be assigned to EF4.

Our ITC Ca2+-binding analysis summarized in Table 1 reveals that EF2 is an endothermic site
(KEF2 = 0.9 μM and ΔHEF2 = +3.1 kcal/mol); EF3 and EF4 exhibit exothermic binding in the
nanomolar range (KEF3 = 80 nM and ΔHEF3 = −3.5 kcal/mol; KEF4 = 200 nM and ΔHEF4 =
−0.9 kcal/mol). The Ca2+-binding dissociation constants of EF3 and EF4 are in the
physiological range of free Ca2+ concentration measured in rod outer segments (11) and are
similar to binding constants measured previously by direct equilibrium Ca2+ binding assays
(12,16). The relatively low apparent Ca2+-binding affinity of EF2 measured by ITC (KEF2 =
0.9 μM) is ∼10-fold weaker than the intrinsic binding affinity determined by fluorescent
Ca2+ binding assays (16). The discrepancy is explained in part by a protein conformational
change in GCAP1 that is thermodynamically coupled to Ca2+ binding at EF2. The intrinsic
Ca2+ binding at EF2 measured by the fluorescence binding assay (Ka = 107 M−1) coupled to
an unfavorable conformational change (Keq ∼ 10−1) probed by ITC yields an overall
equilibrium constant of Ktot = Ka*Keq ∼ 106 M−1, consistent with the overall Kd measured by
ITC. Hence, the overall low apparent binding affinity of EF2 suggests that Ca2+ binding at this
site drives an unfavorable protein conformational change. Consistent with this conformational
change are large Ca2+-induced NMR chemical shift changes for residues in EF2 (see below)
and the relatively steep temperature dependence of ΔHEF2 (ΔCp = −139 cal mol−1 K−1),
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suggesting a change in the solvent accessible hydrophobic surface area caused by Ca2+ binding
at EF2 (29,30).

Ca2+-induced conformational changes in EF2 are further supported by its Mg2+-dependent
Ca2+ binding properties. Physiological Mg2+ levels (∼1 mM in rod outer segments (35)) are
required for GCAP1 to activate RetGC at low Ca2+, implying that Ca2+-free GCAP1 must bind
Mg2+ (see below) (16). The presence of physiological Mg2+ levels caused a ∼1.8-fold increase
in KEF2 and two-fold decrease in ΔHEF2 with smaller effects on binding to EF3 and EF4 (Table
1). This suggests that Mg2+ competes with Ca2+ for binding at EF2 even at high Ca2+

concentrations (∼1 μM in dark-adaped rods), but Mg2+ does not effectively compete for
binding at EF3 and EF4 under these conditions. We conclude that both Mg2+ and Ca2+-induced
conformational changes in EF2 are consistent with recent studies showing that binding of
GCAP1 to RetGC requires Mg2+ binding to EF2 under conditions that mimick light adaptation
of rods (12,17).

We do not see any evidence of Ca2+ binding at EF1. The primary structure of EF1 contains
unfavorable substitutions (e.g. Cys29 and Pro30 in Fig. 1) known to abolish physiological
Ca2+ binding at this site in other NCS proteins (3,36,37). Accordingly, our ITC Ca2+ binding
measurements on GCAP1 do not detect any heat signal from Ca2+ binding at EF1, suggesting
that either EF1 does not bind Ca2+ under physiological conditions or the enthalpy of binding
is zero.

Mg2+ Binding to GCAP1
The presence of physiological levels of Mg2+ (2 mM Mg2+) is required for activation of RetGC
by GCAP1 at low Ca2+ levels (16), suggesting that Mg2+ binds to Ca2+-free GCAP1. Indeed,
we showed the Ca2+-binding affinity of EF2 is Mg2+-dependent (Table 1). These Mg2+-
dependent effects prompted us to quantitate the direct Mg2+ binding to GCAP1 using ITC.
Titration of MgCl2 into apo GCAP1 resulted in a biphasic binding isotherm best fit by a
sequential 2-site model (solid lines in Fig. 3A). The binding isotherm shows endothermic
Mg2+ binding with high micromolar affinity (ΔH = +4.3 kcal/mol and Kd = 700 μM) followed
by weaker binding in the millimolar range (ΔHlow = +0.9 kcal/mol and Klow = 2 mM). Mg2+

binding experiments were also performed on the EF-hand mutants to assign each Mg2+ binding
phase.

The ITC isotherms for wildtype and the EF-hand mutants were fit to a sequential binding model
(solid lines in Fig. 3) and optimal Mg2+-binding parameters (ΔH and Kd) are shown in Table
2. The ITC Mg2+-binding isotherm of EF34− (Fig. 3D) exhibits a single endothermic phase
representing binding of Mg2+ with high micromolar affinity, suggesting that EF2 must be the
highest affinity endothermic site (ΔHEF2 = +4.3 kcal/mol and KEF2 = 0.7 mM).
Correspondingly, the isotherm of EF2− (Fig. 3B) exhibits millimolar binding of 1 or more
Mg2+, but lacks the micromolar phase seen in the wildtype isotherm, confirming that EF2 is
the highest affinity site. The lower affinity endothermic phase in the wildtype isotherm likely
represents Mg2+ binding to EF3 and/or EF4. However, individual values of ΔH and Kd for
Mg2+ binding at EF3 and EF4 could not be accurately resolved due to their low affinity and
non-stoichiometric binding (Kd >> protein concentration).

Our ITC Mg2+-binding analysis reveals that EF2 is an endothermic site with sub-millimolar
affinity (KEF2 = 0.7 mM and ΔHEF2 = +4.3 kcal/mol); EF3 and/or EF4 bind Mg2+ in the
millimolar range. Mg2+ competes somewhat with Ca2+ for binding at EF2, explaining its
Mg2+-dependent Ca2+ binding affinity and enthalpy (Table 1). By contrast, EF3 and EF4 each
bind Ca2+ with at least 10000-fold higher affinity than Mg2+, explaining why these sites are
more selective for Ca2+ and less sensitive to Mg2+. Mg2+ binding at EF2 may be functionally
important and explain why the activation of RetGC by Ca2+-free GCAP1 requires physiological
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levels of Mg2+. Indeed recent experiments have shown that apo GCAP1 does not regulate
RetGC, and Mg2+ binding at EF2 is required for light-dependent activation of the cyclase
(17).

Folding Stability vs. Ca2+, Mg2+ and Myristoylation
Differential scanning calorimetry (DSC) experiments were performed on GCAP1 to
quantitatively assess the effect of Ca2+, Mg2+ and myristoylation on protein folding stability.
Representative DSC scans of GCAP1 are shown in Fig. 4. The peak maximum of
unmyristoylated metal-free (apo) GCAP1 (transitition temperature, Tm = 47 °C) is lower than
the peak maximum of Mg2+-bound (Tm = 55 °C) and Ca2+-bound (Tm = 104 °C)
unmyristoylated GCAP1, indicating that both Mg2+ and particularly Ca2+ increase the folding
stability quite substantially. N-terminal myristoylation of GCAP1 has a much smaller effect
on the folding stability. The DSC peak maxima of myristoylated GCAP1 in the apo (transitition
temperature, Tm = 52 °C), Mg2+-bound (Tm = 58 °C) and Ca2+-bound (Tm = 103 °C) forms
are slightly higher than the corresponding melting temperatures of unmyristoylated GCAP1,
indicating that myristoylated and unmyristoylated forms of GCAP1 have similar folding
stabilities (Fig. 4). The transition peaks in all the thermograms did not fully reappear upon re-
scanning each of the samples, suggesting irreversible unfolding due to aggregation and/or
denaturation. In addition, the DSC thermograms of apo, Mg2+-bound, and Ca2+-bound GCAP1
were all quite broad with steeply sloped post-transitional baselines, making it impossible to
accurately fit these thermograms by any quantitative models. The cause of the sloping and
highly curved baselines is not fully understood, but may be explained in part by visible protein
aggregation that occurred during unfolding at the very high melting temperatures.

In summary, the DSC analysis on GCAP1 reveals that Mg2+ and Ca2+ binding both increase
the protein folding stability. N-terminal myristoylation of GCAP1 also stabilizes the protein
fold slightly as expected based on the sequestered myristoyl group observed in the x-ray crystal
structure (18). However, the increased folding stability conferred by myristoylation of GCAP1
is much smaller than that observed by myristoylated recoverin (Supplemental Fig. 1). We
suggest that the vast majority of the folding stability in GCAP1 is derived by structural
interactions among the EF-hands, which would explain the strong dependence of Tm on
Mg2+ and Ca2+ binding. Therefore, the myristoyl group interaction with the N- and C-terminal
helices observed in the crystal structure appears to contribute very little to the overall protein
stability. By contrast, the myristoyl group in Ca2+-free recoverin interacts intimately with
hydrophobic residues in EF1, EF2 and EF3 (22), which explains how Ca2+-binding is coupled
to extrusion of the myristoyl group and why myristoylation of recoverin has a much more
dramatic effect on the overall protein folding stability.

Mg2+ and Ca2+ Alter the Tertiary Structure of GCAP1
NMR spectroscopy was used to probe protein conformational changes in GCAP1 induced by
Mg2+ and/or Ca2+ binding (Fig. 5). The peaks in the 1H-15N HSQC NMR spectra of GCAP1
represent main chain and side-chain amide groups and provide a residue-specific fingerprint
of the overall protein conformation. HSQC spectra of myristoylated (red) and unmyristoylated
(black) forms of GCAP1 look very similar, indicating once again that myristoylation has very
little effect on the overall main chain structure of GCAP1. The structural similarity between
myristoylated and unmyristoylated GCAP1 is also supported by tryptophan fluorescence
emission spectra that have nearly the same emission wavelength maxima (Supplemental Fig.
2). This is in stark contrast to the spectral properties of Ca2+-free myristoylated recoverin, in
which myristoylation has a profound influence on both NMR and fluorescence spectra (32,
33). The myristoyl group of recoverin interacts intimately with the various EF-hands and
induces large overall structural changes in the protein (20). By contrast, the myristoyl group
of GCAP1 appears to have very little effect on the overall protein structure.
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The two-dimensional 1H-15N HSQC spectrum of apo GCAP1 (both myristoylated and
unmyristoylated) exhibited poorly resolved and overlapping peaks with narrow chemical shift
dispersion in the amide proton dimension (Fig. 5A). The number of observed peaks was far
less than the expected number of amide groups and the intensities of many peaks were quite
weak due to broadening caused by dimerization or conformational heterogeneity. The poor
chemical shift dispersion suggests that apo GCAP1 may form an unstructured molten-globule
state similar to that described for the apo states of many other Ca2+-binding proteins such as
GCAP-2 (19), Frq1 (38), CIB (39), calexcitin (40), protein S (41), and DREAM (25). However,
circular dichroism analysis (data not shown) suggests that apo GCAP1 adopts a high degree
of helical content, consistent with the formation of the four EF-hands, and that the helical
content does not change much upon binding Mg2+ and/or Ca2+. Together, our structural studies
suggest that apo GCAP1 forms native secondary structure but lacks stable tertiary structure.

The HSQC spectrum of GCAP1 changed upon the addition of saturating Mg2+ (Fig. 5B).
Mg2+ caused a greater number of peaks to appear and the NMR intensities were in general
more uniform than those of apo GCAP1. Mg2+-binding to GCAP1 increased the NMR
chemical shift dispersion and increased the number of observable long-range NOEs,
demonstrating that Mg2+-bound GCAP1 adopts stable tertiary structure. Unfortunately, the
number of observable HSQC peaks for Mg2+-bound GCAP1 was still only ∼50% of the
expected number of amide groups, making it impossible to obtain enough sequence specific
assignments necessary to solve the structure by NMR. Also, the average peak width in the
spectrum appears much broader than expected for a monomeric protein, consistent with protein
dimerization in the NMR samples as determined by size-exclusion chromatography studies
(SEC). Pulsed-field gradient diffusion NMR studies (42) determined a hydrodynamic radius
of 4.0 nm (corresponding to a spherical molecular mass of ∼60 kDa) for Mg2+-bound GCAP1,
consistent with mostly dimer or higher order species present under conditions for NMR (500-
μM protein concentration). However, this GCAP1 dimerization appears only at protein
concentrations above 100 μM (as judged by SEC analysis) and therefore GCAP1 is monomeric
at physiological concentrations in the rod cell (10−50 μM).

The HSQC spectrum of GCAP1 changed even further upon the addition of saturating Ca2+

(Fig. 5C). Spectral changes induced by the addition of saturating Ca2+ to the Mg2+-bound
protein sample indicated that Ca2+ induced conformational changes are distinct and separate
from the Mg2+-induced changes (Figs. 5B-C). Three downfield-shifted peaks near 10.5 ppm
are characteristic of conserved glycine residues at the 6-position of Ca2+ occupied EF-hands
(Gly69, Gly105 and Gly149), consistent with Ca2+ bound at EF2, EF3 and EF4. Additional
unique peaks of Ca2+-bound GCAP1 (observed between 9 and 10 ppm) represent amino acid
residues in EF3 and EF4 altered structurally by Ca2+-binding. The HSQC spectrum of Ca2+-
saturated GCAP1 exhibited somewhat broadened peaks (like that of Mg2+-bound protein) with
variable NMR intensities, consistent with protein dimerization as measured by SEC. Pulsed-
field gradient diffusion NMR studies determined a hydrodynamic radius of 3.8 nm,
corresponding to a Ca2+-bound protein dimer under NMR conditions.

The NMR peaks of Ca2+-bound GCAP1 sharpened quite substantially upon adding
octylglucoside detergent and raising the sample temperature to 47 °C (Fig. 5D). Under these
conditions the protein became monomeric, which greatly improved the overall NMR
sensitivity. Also, the chemical shifts remained unperturbed by the detergent, consistent with a
monomeric and properly folded protein. Initially, this improvement in spectral quality
suggested that it might be feasible to determine the full three-dimensional structure by NMR.
However upon closer inspection, we were only able to identify ∼80% of the main chain amide
resonances in HSQC spectra and less than 50% of the resonances could be reliably assigned
in triple resonance experiments. The resonances with strongest NMR intensities could be
assigned mostly to residues in EF3 and EF4. However, many other resonances (associated with
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EF1 and EF2) had much weaker NMR intensities in triple resonance experiments and could
not be accurately assigned. Furthermore, the first 16 residues from the N-terminus and a stretch
of ∼20 residues following EF4 at the C-terminus have very weak NMR intensities due to
exchange broadening as evidenced by their sharp temperature and magnetic field dependence.
These N- and C-terminal residues (italicized in Fig. 1) are exchange broadened more so for
myristoylated GCAP1 compared to that of the unmyristoylated protein. Interestingly, many of
these same residues are found in helices that interact with the myristoyl group in the x-ray
structure. The exchange broadening for the N- and C-terminal residues suggests that these
residues undergo dynamical motions on the chemical shift time-scale to facilitate their
interactions with the myristoyl group, and such dynamical behavior might be functionally
important for recognition of RetGC.

Myristoyl Group Structural Environment vs. Ca2+ and Mg2+

The recent x-ray crystal structure of GCAP1 indicates that the myristoyl group is buried inside
the Ca2+-bound protein (18). This is in contrast to a solvent exposed myristoyl group observed
for GCAP2 (43), yeast frequenin (38), FCaBP (44), and recoverin (20). We performed NMR
experiments on samples of apo, Mg2+-bound and Ca2+-bound forms of GCAP1 with a
covalently attached 13C-labeled myristoyl group to probe its structural environment inside the
protein and to look for any effects of Mg2+ or Ca2+-binding. Previously, two-dimensional
(1H-13C HMQC) and three-dimensional (13C-filtered NOESY-HMQC) NMR experiments on
samples of recoverin that contained a 13C-labeled myristoyl group were used to selectively
probe Ca2+-induced changes to the chemical environment around the amino-terminal myristoyl
group (23,32). These studies revealed that the covalently-attached fatty acyl chain in recoverin
is sequestered in a hydrophobic pocket in the Ca2+-free protein (22) and that binding of Ca2+

leads to conformational changes that extrude the myristoyl group into solvent.

Similar NMR experiments were performed on samples of GCAP1 that contained a covalently
attached 13C-labeled myristoyl group (Fig. 6). Because the HMQC experiment selectively
probes protons that are covalently attached to 13C, only the methylene and methyl resonances
of the fatty acyl chain are expected to appear in these spectra. Extraneous peaks near 1.0, 1.4,
1.8 and 2.2 ppm (1H dimension) are due to background signals from the protein. The NMR
spectrum of the myristoyl group of GCAP1 looks nearly identical for apo, Mg2+-bound and
Ca2+-bound GCAP1 (Figs. 6A-C), indicating that the structural environment around the
myristoyl group does NOT depend on Ca2+, in stark contrast to the large Ca2+-induced spectral
changes for the myristoyl group in recoverin (20).

The NMR chemical shifts of the myristoyl resonances of GCAP1 are consistent with the
attached myristoyl group being sequestered inside a protein environment like was seen in the
crystal structure (Table 3). Assignments of NMR resonances of the myristoyl group attached
to GCAP1 were derived from assignments of free myristic acid in solution determined
previously (32). The proton chemical shifts of the C14 methyl (0.62−0.73 ppm) and C4-C12
methylene resonances (0.9−1.1 ppm) in GCAP1 are all somewhat upfield shifted compared to
the corresponding chemical shifts of free myristic acid in solution (32). These upfield chemical
shifts in GCAP1 may be explained in part by aromatic groups (F39, F43, F63 and Y76) close
the the myristoyl group in the crystal structure that might impose an aromatic ring-current
effect on the nearby myristoyl group. Indeed, the myristoyl group methyl and methylene proton
chemical shifts in GCAP1 became downfield shifted like those of myristate in solution upon
unfolding GCAP1 by adding 8 M urea (Fig. 6D and Table 3).

The spectral widths of the myristoyl NMR resonances in GCAP1 are strikingly broad (50−80
Hz) compared to the widths of the natural abundance protein peaks as well as the widths of
myristoyl resonances in recoverin (32) and related proteins (38,44). The very broad NMR
resonances of the myristoyl group in GCAP1 suggest that the attached myristoyl group may
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be located in a dynamic and/or heterogeneous protein environment. For free myristic acid in
solution, a single proton resonance of the C14 methyl group is quite sharp because free rotation
of the methyl group about the C13-C14 single bond causes the three methyl protons to
experience a time-averaged, uniform environment. By contrast, the C14 methyl resonance (1H
dimension) in GCAP1 is quite broad and is partially split into two resolved components at 0.73
and 0.62 ppm with approximately equal intensity (Fig. 6). This splitting (66 Hz) suggests that
the C14 methyl group may occupy at least two different structural environments. These two
chemical shift environments represent distinct conformational states of the protein (e.g.
activator vs. inhibitor forms), but the relative intensities of the two components did not change
much upon Ca2+ binding. The two methyl resonances might also represent the myristoyl group
in folded and misfolded protein forms or in two subunits of an asymmetric dimer. However,
the spectral heterogeneity persisted in the presence of 25 mM octylglucoside detergent (which
causes GCAP1 to be monomeric), arguing against any artifacts caused by dimerization.

The apparent spectral heterogeneity and broadening implies that the myristoyl group must be
in at least two different protein environments that are exchanging on the chemical shift time
scale. The doublet methyl resonanace (66 Hz splitting) collapsed into a single broad peak (80
Hz linewidth) when the temperature was raised from 32 to 45 °C, consistent with an exchange
rate on the millisecond time scale. The exchange behaviour of the myristoyl resonances could
also relate and help explain why the 1H-15N HSQC peaks of the N- and C-terminal residues
in GCAP1 (italicized in Fig. 1) are exchanged broadened as described above (Fig. 5). We
propose that the N- and C-terminal residues, known to interact with the myristoyl group in the
crystal structure (italicized in Fig. 1), can undergo conformational fluctuations on the chemical
shift timescale and therefore give rise to the spectral heterogeneity observed around the
myristoyl C14 methyl group.

To further probe the protein structural environment around the myristoyl group of GCAP1,
three-dimensional (13C/F1)-edited and (13C/F3)-filtered NOESY experiments (32) were
performed on unlabeled GCAP1 protein containing a 13C-labeled myristate. These spectra
selectively probed atoms of residues in the protein that lie within 5 Å of the labeled CH3-group
of the myristoyl chain. Nuclear Overhauser effect (NOE) dipolar interactions between the
myristate methyl group and the protein could not be detected (data not shown), because the
exchange broadening of the methyl resonances described above severely attenuates any NOE
signals. However, the myristate methylene resonances at C3 and C4 did exhibit detectable
NOEs to aromatic protons from the protein (Supplemental Fig. 3), providing further evidence
that the myristoyl group is indeed surrounded by a hydrophobic and aromatic protein
environment like what is observed in the crystal structure. The addition of Ca2+ had no effect
on the filtered NOESY spectrum, further confirming that the myristate remains sequestered in
a protein environment in both Ca2+-bound and Ca2+-free GCAP1. This Ca2+-independent
sequestration of the myristate in GCAP1 is quite different from what is seen in recoverin that
exhibits a sequestered myristoyl environment only in the Ca2+-free protein (20,24).

DISCUSSION
In this study, we determined the energetics of Mg2+ and Ca2+ binding to GCAP1 as well as
structural effects of myristoylation. Ca2+ binds enthalpically to both EF3 and EF4 in the
nanomolar range with more than 1000-fold selectivity over Mg2+. EF2 binds entropically to
both Ca2+ and Mg2+ and undergoes metal-induced conformational changes related to cyclase
regulation (17). Myristoylation has almost no influence on the Ca2+/Mg2+ binding properties
of GCAP1. Furthermore, the Ca2+-induced structural changes in the EF-hands do not influence
the structural environment that surrounds the sequestered myristoyl group. Unlike recoverin,
the myristoyl group attached to GCAP1 remains buried inside the protein regardless of Ca2+

level and GCAP1 does NOT possess a functional Ca2+-myristoyl switch.
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The Ca2+ dissociation constants (KEF2, KEF3 and KEF4) of wildtype GCAP1 are somewhat
different from those of the mutants (Table 1), implying that the three Ca2+-binding sites must
interact and possess some cooperativity. Indeed, the EF3− mutation in GCAP1 abolishes
Ca2+ binding to EF4 (16), suggesting both ordered and cooperative Ca2+ binding at EF3 and
EF4. In essence, Ca2+ must bind at EF3 first to facilitate subsequent binding at EF4. Such
ordered Ca2+ binding is consistent with our measurement that EF3 has the highest binding
affinity (KEF3 = 80 nM), whereas EF4 has intermediate affinity (KEF4 = 200 nM) and EF2 has
lowest affinity (KEF2 = 0.9 μM). Cooperative Ca2+ binding between EF3 and EF4 is also
consistent with their intimate structural contacts observed in the x-ray crystal structure (18),
and concerted Ca2+-induced NMR spectral changes observed for Gly105 (EF3) and Gly149
(EF4) in Supplemental Fig. 4. This cooperativity seems at odds with the overall Ca2+-binding
isotherm of GCAP1 having a Hill slope of 1.0 (16). The Hill coefficient in this case, however,
is not always a reliable measure of cooperativity, particularly if the individual sites have
different intrinsic affinities (45). The free energy of interaction between the two sites
(ΔGinteract) is a more stringent definition of cooperativity and this interaction energy can be
inferred by comparing how the dissociation constant of EF3 (KEF3 = exp(−ΔG°/RT)) changes
when EF4 is disabled (EF4−). For GCAP1, KEF3 increases subtantially by disabling EF4 (Table
1), which means that ΔGinteract > 0 and the two sites have positive cooperativity. We propose
that this positive cooperativity of Ca2+ binding between EF3 and EF4 could help explain how
GCAP1 confers such a steep Ca2+-dependent activation of RetGC with a Hill coefficient = 2
(46). The cooperative cyclase activation may also arise in part by Ca2+-induced dimerization
of RetGC (47).

The results of this study provide structural insights into the regulatory mechanism of RetGC.
The activation of RetGC by Ca2+-free GCAP1 requires physiological Mg2+ levels (16). Our
NMR structural analysis shows that the completely metal-free (apo) GCAP1 lacks organized
tertiary structure, explaining why the apo state is physiologically inactive (Fig. 5A). Mg2+

binding induces structural changes in the EF-hands and stabilizes protein tertiary structure as
evidenced by DSC (Fig. 4) and NMR (Fig. 5). Mg2+ binds most tightly to GCAP1 at EF2 (Table
2), which we suggest might constitute an important interaction site for cyclase activation.
Indeed, recent biochemical and cell biology studies have shown that EF2 is required for the
cyclase interaction (12,17) and promotes docking of Mg2+-bound GCAP1 on RetGC (17). In
addition, Mg2+ binding at EF3 appears to facilitate the docking of GCAP1 with RetGC, because
cyclase binding to GCAP1 is weakened by a mutation that blocks Mg2+ binding at EF3 (12).
Finally, Ca2+ binding at EF4 is necessary and sufficient for GCAP1 to inhibit RetGC when
Ca2+ rises in the dark (12,16). It seems likely that Ca2+ binding at EF4 may promote the docking
of Ca2+ bound GCAP1 onto the cyclase (48,49).

The replacement of bound Ca2+ by Mg2+ in GCAP1 is functionally important for switching
GCAP1 from a Ca2+-bound inhibitor to a Mg2+-bound activator conformational state during
light activation. The relatively low apparent Ca2+ binding affinity of EF2 measured by ITC is
explained by its thermodynamic coupling to an unfavorable protein conformational change
probed structurally by NMR (Fig. 5). The intrinsic Ca2+ binding to EF2 measured by a direct
Ca2+ binding assay (Ka = 107 M−1) coupled to an unfavorable conformational change (Keq ∼
10−1) yields an overall binding constant of Ktot = Ka*Keq ∼ 106 M−1, consistent with the overall
KEF2 measured by ITC. Thus, the intrinsic Ca2+-binding constants inferred from the ITC
analysis are consistent with those measured by direct equilibrium binding assays (16) and
consistent with the functional behavior of GCAP1 in physiological analyses (16,17). The
relative binding affinities of Mg2+ (KEF2 = 0.7 mM) and Ca2+ (KEF2 = 0.9 μM) at EF2 suggest
that a fraction of GCAP1 will be occupied with Mg2+ even in dark adapted rods (250 nM
Ca2+ and 1 mM Mg2+ (35)) and virtually all of the EF2 sites are occupied by Mg2+ upon
illumination, when the Ca2+ concentration decreases below 100 nM (50). For EF3 and EF4,
the relatively weak Mg2+ binding (Kd = 2 mM) and strong Ca2+ binding (KEF3 = 80 nM and
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KEF4 = 200 nM) means that both of these sites are fully occupied by Ca2+ in the dark. Mg2+

can bind to these sites only under bright light illumination, when the free Ca2+ concentration
in rod outer segment falls drastically to ∼25 nM (50). Mg2+ binding at EF3 is required for
RetGC activation (12,16,17), whereas Mg2+ binding at EF4 is not essential (12,16), suggesting
that EF4 does not bind functionally to Mg2+.

Ca2+ binding to GCAP1 leads to protein conformational changes that cause inhibition of RetGC
activity at high Ca2+ levels in the rod cell, which is necessary to maintain a steady cGMP level
in the dark that otherwise may lead to retinal disease (8,51). Our ITC and NMR studies suggest
that GCAP1 binds cooperatively to Ca2+ at EF3 and EF4 that promotes a Ca2+-induced
conformational change (Fig. 5). Indeed, a number of residues in EF3 and EF4 (e.g. Gly105 and
Gly149) exhibit Ca2+-induced NMR spectral changes that occur in a concerted fashion (Suppl
Fig. 4). Also, Ca2+ binding at EF3 and EF4 both display large negative ΔCp values (−379 cal
mol−1 K−1 and −101 cal mol−1 K−1) suggesting that Ca2+ binding at both sites promotes an
overall burial of hydrophobic residues (29). This seems somewhat at odds with Ca2+-dependent
changes of intrinsic Trp fluorescence from GCAP1, especially for Trp21 in EF1 and Trp94 in
EF3 (46,52). Trp21 and Trp94 shift into polar environments in both the Mg2+-bound and
Ca2+-bound GCAP1 relative to its apo-conformation, whereas Trp94 shifts back into a more
hydrophobic environment when Ca2+ replaces Mg2+ at EF3 (16). Our ITC analysis detects an
overall Ca2+-induced decrease in exposed hydrophobic surface area, because ITC detects
signals from all residues of the protein (and not just Trp). Therefore, Ca2+ binding at EF3 and
EF4 causes conformational changes leading to a net burial of hydrophobic residues in GCAP1
that presumably compensates for the exposure of Trp21 and Trp94.

What is the structural and functional role of the N-terminal myristoyl group of GCAP1?
Myristoylation of GCAP1 is thought to be important for the regulation of RetGC (53,54), and
the recent crystal structure of GCAP1 shows the myristate to be buried inside the protein
hydrophobic core (18). In this study, our NMR analyses confirmed that the myristoyl group in
GCAP1 is indeed sequestered inside a protein environment in the native conformation of the
protein in solution. Upfield chemical shifts and NOE patterns of the myristoyl resonances (Fig.
6, Table 3) are consistent with ring-currents imposed by aromatic residues (F39, F43, F63 and
Y76) shown to be near the myristate in the crystal structure. Ca2+- and/or Mg2+-binding to
GCAP1 has very little influence on the chemical shifts and NOE patterns of the myristoyl group
(Fig. 6), suggesting that the myristoyl group remains in a similar environment in both the
Mg2+-bound activator and Ca2+-bound inhibitor forms of GCAP1. Surprisingly, however,
myristoylation of GCAP1 has only a small effect on the overall protein folding stability (Fig.
4) and structure of the EF-hands (Fig. 5). Thus, it seems that myristoylation interacts most
strongly with residues outside the EF-hand regions; namely, the N- and C-terminal helices that
contact the myristate in the crystal structure (italicized in Fig. 1). Interestingly, the NMR
resonances of these N- and C-terminal residues and those of myristate are all spectrally quite
broad (linewidth, Δν = 50−80 Hz) due to exchange processes on the millisecond time scale
(τex ∝ 1/Δν), suggesting a highly dynamic environment around the myristate. These
millisecond exchange processes (activation energy ∼30 kJ/mol) occur at physiological
temperatures but are essentially frozen out under conditions for x-ray crystallography (77 K),
explaining why this dynamical behavior apparently was not observed in the crystal structure.
We propose that conformational fluctuations at the myristoyl binding site might regulate the
cyclase by enabling specific recognition of RetGC or by facilitating secondary interactions
required for RetGC activation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Amino acid sequence alignment of GCAP1 with various NCS proteins. Secondary structural
are elements indicated schematically. The four EF-hands (EF1, EF2, EF3 and EF4) are
underlined. Mutated residues in the EF-hand loops are indicated in bold. N- and C-terminal
residues that interact with myristate are shown in italics.
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Figure 2.
ITC Ca2+ titration of apo GCAP1WT (A), Mg2+-bound GCAP1WT (B), apo EF2−(C), apo EF4
− (D) and apo EF34− (E). The upper panels show representative scans of ITC data from the
Ca2+ titrations. The lower panels show plots of the corresponding integrated binding isotherms
fit to a sequential binding model with 3-sites (wildtype), 2-sites (EF2− and EF4−), or 1-site
(EF34−) as described in Methods (solid lines). Optimal fitting parameters are displayed in
Table 1. Ca2+ binding isotherms of unmyristoylated GCAP1 are overlayed as circles in A and
B.
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Figure 3.
ITC Mg2+ titration of myristoylated GCAP1WT (A), EF2− (B) and EF34− (C). The upper
panels show representative scans of ITC data from the Mg2+ titrations. The lower panels show
integrated binding isotherms fit to 2-site (WT) or 1-site (EF2− and EF34−) model as described
in Methods (solid lines). Optimal fitting parameters are displayed in Table 2.
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Figure 4.
DSC scans showing thermal denaturation of GCAP1. Data were obtained for unmyristoylated
GCAP1 (A) and myristoylated GCAP1 (B). Thermograms of apo, Mg2+-bound and Ca2+-
bound GCAP1 are indicated by solid, dashed and dotted lines, respectively.
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Figure 5.
NMR spectra of myristoylated and unmyristoylated GCAP1. Two-dimensional (1H-15N
HSQC) NMR spectra of 15N-labeled unmyristoylated (black) and myristoylated GCAP1 (red)
in the apo (A), Mg2+-bound (B), Ca2+-bound (C), and detergent solubilized, Ca2+-bound (D)
states. Spectra in A-C were obtained at 37 °C and the spectrum in D was obtained in the presence
of 25 mM octylglucoside at 47 °C.
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Figure 6.
Two-dimensional 1H-13C-HMQC NMR spectra of 13C-labeled myristoyl group attatched to
unlabeled GCAP1 in the (A) Ca2+-bound state, (B) Mg2+-bound state, (C) apo state (1 mM
EGTA), and (D) apo state in the presence of 8 M urea. The 13C2 resonance of myristate is
folded and aliased shown in the upper left corner of the spectra. Extraneous peaks
represent 13C natural abundance signals from the protein as determined by recording 1H-13C
HMQC spectra on GCAP1 samples with an unlabeled myristoyl group.
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Table 2
Thermodynamic Parameters of Mg2+ Binding to GCAP1 and Mutants at 30 °C.

KEF2 Klow ΔHEF2 ΔHlow

Wildtype 0.7 ±0.2 2 ±0.8 +4.3 ±0.1 +0.9 ±0.5

EF2− - 2 ±0.8 - +2.9 ±0.2

EF4− 0.7 ±0.2 2 ±0.8 +0.5 ±0.3 +3.9 ±0.3

EF34− 0.7 ±0.2 - +4.2 ±0.1 -

Dissociation constants (KEF2 and Klow - low-affinity phase) are expressed in millimolar. The enthalphy differences (ΔHEF2 and ΔHlow) are in units
of kcal/mol.

Biochemistry. Author manuscript; available in PMC 2010 February 10.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lim et al. Page 26

Table 3
1H and 13C (in parentheses) chemical shift assignments of myristoyl resonances.

Position Mg2+-GCAP1a Ca2+-GCAP1b denatured GCAP1c

C2 2.34 (38.5) 2.34(38.4) 2.35(38.2)

C3 1.5 (27.8) 1.5 (27.5) 1.55 (27.0)

C4 - C11 0.9−1.1 (31−33) 0.9−1.1 (31−33) 1.2−1.3 (32−33)

C12 0.88 (34.0) 0.92 (33.8) 1.27 (33.5)

C13 0.95 (24.4) 0.98 (24.2) 1.0 (25)

C14 0.62, 0.73 (16.5) 0.62, 0.73 (16.8) 0.92 (13)

The NMR sample conditions were 0.3 mM GCAP1 in 5 mM Tris at pH 7.4 containing either 5 mM Mg2+ a, 5 mM Ca2+ b, or 8 M ureac.
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