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Abstract Guanylate cyclase-activating proteins (GCAPs)
are neuronal Ca”" sensors that play a central role in
shaping the photoreceptor light response and in light
adaptation through the Ca®'-dependent regulation of the
transmembrane retinal guanylate cyclase. GCAPs are
N-terminally myristoylated, and the role of the myristoyl
moiety is not yet fully understood. While protein lipid
chains typically represent membrane anchors, the crystal
structure of GCAP-1 showed that the myristoyl chain of the
protein is completely buried within a hydrophobic pocket
of the protein, which stabilizes the protein structure.
Therefore, we address the question of the localization of
the myristoyl group of GCAP-2 in the absence and in the
presence of lipid membranes as well as DPC detergents (as
a membrane substitute amenable to solution state NMR).
We investigate membrane binding of both myristoylated
and nonmyristoylated GCAP-2 and study the structure
and dynamics of the myristoyl moiety of GCAP-2 in
the presence of POPC membranes. Further, we address
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structural alterations within the myristoylated N-terminus
of GCAP-2 in the presence of membrane mimetics. Our
results suggest that upon membrane binding the myristoyl
group is released from the protein interior and inserts into
the lipid bilayer.
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Abbreviations

GC Guanylate cyclase

GCAP-2 Guanylate cyclase-activating protein-2

NCS Neuronal calcium sensor

HSQC Heteronuclear single quantum coherence

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine

DPC Dodecylphosphocholine

IPTG Isopropyl f-p-1-thiogalactopyranoside

OD Optical density

GMP Guanosine-5'-monophosphate

cGMP Cyclic GMP

GTP Guanosine-5'-triphosphate

EDTA Ethylenediaminetetraacetic acid

HPLC High performance liquid
chromatography

FID Free induction decay

TFA Trifluoroacetic acid

INEPT Insensitive nuclei enhanced by
polarization transfer

DTT Dithiothreitol

MOPS 3-(N-morpholino)propanesulfonic acid

MES 2-(N-morpholino)ethanesulfonic acid

Tris Tris(hydroxymethyl)aminomethane
HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid
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PDB Protein databank

NMR Nuclear magnetic resonance

MWCO Molecular weight cut-off

TCEP Tris(2-carboxyethyl)phosphine

WATERGATE Water suppression by gradient-tailored
excitation

GARP Globally optimized alternating phase
rectangular pulse

WALTZ Wideband alternating-phase low-power
technique for zero-residual-splitting

Cmc Critical micelle concentration

Introduction

Guanylate cyclase-activating proteins (GCAP) are retinal
Ca”" sensors. So far, three members of the family have
been found in vertebrates (GCAP-1 through GCAP-3)
(Dizhoor et al. 1995; Frins et al. 1996; Gorczyca et al.
1994) and five additional genes (GCAP-4 through
GCAP-8) were identified or predicted in zebrafish and
pufferfish (Imanishi et al. 2004). GCAPs play a central role
in shaping the photoreceptor light response and in light
adaptation through the Ca®"-dependent regulation of the
retinal transmembrane guanylate cyclase (GC) (Dizhoor
et al. 1995). They belong to the family of neuronal calcium
sensor (NCS) proteins and therefore to the superfamily of
EF-hand Ca”"-binding proteins (Burgoyne and Weiss
2001). Like most other NCS proteins, GCAPs are N-ter-
minally myristoylated (Demar et al. 1999). Lipid modifi-
cations often serve as membrane anchors (Brunsveld et al.
2009; Casey 1995). Although a single lipid modification
does not seem to be sufficient for stable membrane binding
of a protein (Peitzsch and McLaughlin 1993), it has been
shown for some NCS that they bind to the membrane via
their myristoyl moiety, typically assisted by additional
electrostatic interactions or the insertion of hydrophobic
residues into the bilayer.

The interaction between NCS proteins and the mem-
brane is often tightly regulated. For the NCS prototype
protein recoverin, this regulation mechanism is called the
Ca”*-myristoyl switch (Zozulya and Stryer 1992). It was
shown that in the Ca®"-free state, the myristoyl moiety is
buried inside the hydrophobic core, which renders the
molecule soluble. Upon Ca®" binding, the myristoyl chain
is released from the protein and exposed to the medium,
which directs the molecule to the membrane. Such a
mechanism was also observed for neurocalcin ¢ and
hippocalcin (Kobayashi et al. 1993; Ladant 1995), but not
for NSC-1, which shows a Ca®-indepedent membrane
binding (McFerran et al. 1999).
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For the GCAPs, the role of the myristoyl moiety is not
fully understood. So far, most reports conclude that no
Ca”*-myristoyl switch exists for the GCAPs (Hughes et al.
1998; Hwang and Koch 2002b; O’Callaghan and Burgoyne
2004; Olshevskaya et al. 1997). In addition to the putative
function as membrane anchor, some studies tested the
structural and mechanistic influence of the myristoylation
on GC activation. Comparative studies between myristoy-
lated and nonmyristoylated GCAPs revealed that for
GCAP-2 myristoylation has no influence on the affinity for
the GC-1, but myristoylated GCAP-1 shows a sevenfold
higher affinity for the GC-1 (Hwang and Koch 2002b). The
myristoylated form of GCAP-2 is a more effective acti-
vator of the GC, although myristoylation is not required for
GC activation (Hwang and Koch 2002b; Olshevskaya et al.
1997).

On the structural side, our own work has shown that the
myristoyl moiety of GCAP-2 (Vogel et al. 2007a) and that
of an N-terminal myristoylated peptide comprising the first
19 amino acids of GCAP-2 (Theisgen et al. 2010) are
membrane inserted in disaturated DMPC host membranes
as well as in more physiological monounsaturated quater-
nary lipid mixtures. In fact, the myristoyl moiety also
showed structure and dynamics very similar to the lipid
chains of the host membrane. This is in very good agree-
ment with many lipid-modified proteins that have been
investigated by “H solid-state NMR such as Ras (Reuther
et al. 2006; Vogel et al. 2007b; Vogel et al. 2009), Src
(Scheidt and Huster 2009), or SP-C (Gonzales-Horta et al.
2008). Therefore, all previous work would strongly suggest
that the lipid chain of GCAP-2 is inserted into the mem-
brane. As there is apparently no Ca® -myristoyl switch
mechanism for either GCAP-1 or GCAP-2 (Hwang and
Koch 2002a; Olshevskaya et al. 1997), one would conse-
quently have to assume that the myristoyl chain is exposed
to the surface of the protein, perhaps facing a somewhat
hydrophobic cluster of amino acids (Hughes et al. 1998).

However, the crystal structure of Ca’*"-bound GCAP-1
showed that the myristoyl chain of the protein is com-
pletely buried within a hydrophobic pocket of the protein
created at the interface between the N- and C-termini
(Stephen et al. 2007). This structural arrangement was
found to provide hydrophobic interactions to further sta-
bilize the structure of GCAP-1, as was hypothesized earlier
(Olshevskaya et al. 1997). All other structural data on
GCAP homologs have been obtained in the absence of the
myristoyl chain (Ames et al. 1999; Stephen et al. 2006).

This quite surprising result may bring a myristoyl chain
switch mechanism—perhaps not necessarily Ca**" regu-
lated—back into the picture because one should not forget
that in vivo GCAPs are typically membrane-associated.
The proximity of the membrane could possibly induce an
extrusion of the myristoyl moiety from the hydrophobic
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core into the hydrophobic membrane interior. Neverthe-
less, Ca**-dependent conformational changes of GCAP-2
have also been discussed in literature (Hughes et al. 1998).

A further increase in complexity comes from the fact
that GCAP-2 binds to the membrane both in the presence
and in the absence of the myristoyl moiety (Olshevskaya
et al. 1997). The difference in binding energy is only on the
order of kgT (Vogel et al. 2007a), and the GCAPs are
membrane-associated both in the Ca®-free and in the
Ca’"-bound states (Olshevskaya et al. 1997).

In this study, we address the question of the localiza-
tion of the myristoyl group of GCAP-2 in the absence and
in the presence of lipid membranes as well as DPC
detergents (as a membrane substitute amenable to solution
state NMR). We investigate membrane binding of both
myristoylated and nonmyristoylated GCAP-2 and study
the structure and dynamics of the myristoyl moiety of
GCAP-2 in the presence of POPC membranes. Further-
more, we study structural changes within the myristoy-
lated N-terminus of GCAP-2 in the presence of membrane
mimetics. Based on these data and the findings from lit-
erature, we finally suggest a model for membrane binding
of GCAP-2.

Materials and methods
Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)
and 1-palmitoyl-ds;-2-oleoyl-sn-glycero-3-phosphocholine
(POPC-d;;) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA), and dodecylphosphocholine-dzg was
purchased from Cambridge Isotope Laboratories (Andover,
MA, USA).

Protein synthesis

GCAP-2 was expressed in Escherichia coli BL21(DE3)
using a pET-1la expression vector coding for bovine
GCAP-2 (Hwang and Koch 2002a). Myristoylation was
achieved by coexpressing the yeast N-myristoyl transfer-
ase I encoded by the plasmid pBB131 and adding
myristic acid to the growth medium (Duronio et al. 1990;
Hwang and Koch 2002b). Isotopically labeled GCAP-2
was produced in a fed-batch process on a slightly modi-
fied version of the defined salt medium described by Korz
et al. (1995). The final composition was 13.3 g/l KH,PO,,
4.3 g/l Na,HPO,, 1.2 g/l MgSO,4-7H,0, 1.7 g/l citrate-
H,0, 8.4 mg/l EDTA, 2.5 mg/l CoCl,-6H,O, 1.5 mg/l
CUC122H20, 3.0 mg/l H3BO3, 2.5 mg/l N32M0042H20,
13.0 mg/l Zn(CH5COO),-2H,0, 100.0 mg/l Fe(Ill)citrate-
H,O with a pH of 6.7. The medium contained '"NH,Cl

(3.24 g/1) as nitrogen source. The same amount was added
to the culture at an ODggo of about 12 and again directly
after induction. As the carbon source, 20 g/l glucose was
present in the initial medium and supplemented as needed
after the initial amount was exhausted. For '3C labeling,
uniformly '*C-labeled glucose was added after the initial
glucose was metabolized. During the whole fermentation,
the temperature (37°C) and the pH (6.7) were kept con-
stant. Myristic acid (either protonated or deuterated) dis-
solved in ethanol was fed continuously for 2 h (start
30 min before induction) or added manually 30 min
before induction and again 1 h after induction. For *H
labeling, 50% of the H,O in the fermentation medium
was replaced by D,O. Expression of GCAP-2 was
induced by adding 1 mM IPTG. The cells were harvested
4 h after induction.

The inclusion bodies were isolated following standard
procedures (Rudolph et al. 1997). The solubilized inclusion
bodies (10-20 mg/ml protein in solubilization buffer: 6 M
guanidinium chloride, 100 mM Tris-HCI pH 8.0, 1 mM
EDTA, 100 mM DTT) were rapidly diluted (about
100-fold) by dropwise addition to stirred ion exchange
chromatography buffer A (20 mM HEPES pH 8.0, 20 mM
NaCl, 1 mM CaCl,). Protein concentration during refold-
ing was between 100 and 150 pg/l. After at least 4 h the
suspension was cleared by centrifugation and filtration, and
subsequently loaded onto a HiTrap Q Sepharose HP anion
exchange column (Amersham Biotech, Little Chalfont,
UK) at a flow of 5 ml/min. The elution was performed by a
linear gradient from buffer A to buffer B (20 mM HEPES
pH 8.0, 1 M NaCl, 1 mM CaCl,) or by step elution with
29% of buffer B. The fractions containing GCAP-2 were
pooled and further purified by C18 reversed-phase HPLC
(Column: VP250/10 NUCLEOSIL 300-5 C18 from
Macherey-Nagel, Diiren, Germany) with a linear gradient
of water to acetonitrile, both containing 0.1% TFA. During
this step, myristoylated GCAP-2 (~80%) was separated
from the nonmyristoylated form (~20%). The eluent was
removed by evaporating it in a Jouan RC 10.22 vacuum
concentrator (Jouan, Saint Mazaire, France). The remain-
ing pellet was then dissolved in solubilization buffer, and
the protein was refolded by dropwise rapid dilution (more
than 100-fold) into the refolding buffer (100 mM Tris pH
8.0-8.5, 500 mM Na,SO,, 1 mM CaCl,, 1-2 mM DTT);
no precipitation was observed. The solution was then
concentrated by cross flow filtration (using a Vivaflow 200
from Sartorius, Gottingen, Germany) or by ultrafiltration
(with regenerated cellulose membranes, MWCO 10 kDa,
from Millipore, Billerica, MA, USA) to 30-50 ml, after-
wards dialyzed against the final measurement buffer and
then concentrated further by centrifugal ultrafiltration
(using Amicon Ultracel-3 K from Millipore) to the
required final concentration.
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Binding measurements

POPC was suspended in measurement buffer (20 mM MES
pH 6.0, 50 mM Na,SO,4, 1 mM CaCl,, 1 mM TCEP) to a
concentration of 10 mM. After 10 freeze-thaw cycles, the
solution was extruded at least 10 times through two poly-
carbonate filters of 100 nm pore size (Millipore) at 37°C
using a LIPEX thermo stated extruder (Biomembranes,
Vancouver, BC, Canada) (Hope et al. 1985), obtaining
100 nm unilamellar vesicles (LUVs). A phosphate assay
(Chen et al. 1956) was performed to determine the final
concentration of POPC (7.4 + 0.4 mM). The protein
sample was prepared as described above; the final assay
protein concentration was 0.65 UM for myristoylated
GCAP-2 and 0.57 pM for nonmyristoylated GCAP-2.

Tryptophan fluorescence spectra were acquired on a
Fluoromax 2 spectrometer (Jobin-Yvon, Edison, NJ, USA),
using 290 nm as excitation wavelength, and emission was
observed between 300 and 470 nm. Aliquots of the lipo-
some dispersion were titrated to the protein solution.
Fluorescence intensities at 348 nm were used for the cal-
culation of membrane-bound fraction of the protein,
according to Ladokhin et al. (2000):

I—1,
fb_IOO_Iov

(1)

where fi, denotes the membrane-bound fraction, [ is the
fluorescence intensity, I, is the fluorescence intensity in the
absence of lipid, and /., is the fluorescence intensity that
corresponds to complete binding. This value (I..) is
unknown and has to be determined from the fit to the
recorded data.

From the binding curve, the Gibbs free energy of the
transfer from the aqueous solution to the membrane can be
determined directly (Ladokhin et al. 2000):

k[L]

I([L]) = Io + (Ic — 10)m7

(2)
where [L] is the lipid concentration, k the mole-fraction (X)
partition coefficient (k = Xpijayer/Xwater)> and [W] the
concentration of water (55.5 M). The respective Kp value
can be determined from the mole-fraction partition
coefficient (Kp = [W]/k) (White and Wimley 1999).
Then, the standard Gibbs free energy (AG®) of membrane
binding can be calculated according to White and Wimley
(1999):

AG’ = —RT Ink. (3)

Sample preparation for *H solid-state NMR

POPC was suspended in buffer (20 mM MES pH 6.0,
50 mM Na,SO,, 0.5 mM TCEP). After freeze-thawing and
extrusion, large unilamellar vesicles (LUVs) with a
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diameter of 100 nm were obtained. The protein solution
was dialyzed against the same buffer (for the sample
containing Ca2+, 5 mM CaCl, was added, and for the
sample containing no Ca®" but Mg®", the buffer was
supplemented with 10 mM MgCl, and 2 mM EGTA),
added to the liposome suspension, and incubated overnight
at 37°C. The molar ratio of protein to lipid was 1:150. The
samples were lyophilized and hydrated with 50 wt% H,O.
For equilibration, the sample was frozen, thawed, stirred,
and gently centrifuged several times.

’H solid-state NMR spectroscopy

All ?H experiments were carried out on a Bruker Avance
750 NMR spectrometer (Bruker, Rheinstetten, Germany)
operating at a resonance frequency of 115.1 MHz for *H.
The H NMR spectra were acquired at 30°C using a phase-
cycled quadrupolar echo pulse sequence (*H 90° pulse
length: 2.1-2.3 ps, inter-pulse delay: 60 ps, relaxation
delay: 0.7-0.8 s) (Davis et al. 1976). ’H NMR spectra were
dePaked, and smoothed chain order parameters were cal-
culated (Lafleur et al. 1989). The Pake doublets were
assigned to the carbons consecutively according to their
increasing quadrupolar splitting. A more detailed descrip-
tion of the procedure can be found in the literature (Huster
et al. 1998; Vogel et al. 2007a).

Solution NMR spectroscopy

All 'H NMR spectra were recorded on a Bruker
DRX600 MHz spectrometer using a 5-mm triple-inverse
broadband probehead with z-gradients. A standard single
pulse excitation pulse sequence using a WATERGATE W5
sequence with gradient support for water suppression
(Liu et al. 1998) was used, applying a GARP decoupling
scheme for '’N decoupling during acquisition.

All "H-">N HSQC spectra were recorded at 40°C using
the standard pulse program consisting of a double INEPT
transfer, with sensitivity improvement, decoupling during
acquisition and trim pulses (Kay et al. 1992; Palmer et al.
1991; Schleucher et al. 1994). In the titration experiments,
80 transients with 176 data points in the indirect dimension
(acquisition time of 32 ms) with a relaxation delay of 1 s
were recorded. Several DPC stock solutions were prepared
in the same buffer the protein was dissolved in (20 mM
MES, 50 mM Na,SO,4, 5 mM CaCl,, 10 mM DTT, pH 6.0
with 10% D,0), and titration was carried out by succes-
sively adding aliquots of the appropriate stock solution and
subsequent mixing. Thirteen titration points with a final
DPC concentration of 69.6 mM were measured.

The "H-">N HSQC spectra measured for comparison of
the myristoylated and nonmyristoylated form in the pres-
ence and absence of 20 mM DPC were recorded with
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slightly better resolution and signal to noise (152 scans and
256 data points in the indirect dimension, yielding an
acquisition time of 47 ms). The buffer conditions were the
same as in the titration experiments, except that only 2 mM
CaCl, and 2 mM DTT were used.

Triple resonance spectra and partial assignment

All NMR spectra were recorded at 35°C, with a final protein
concentration of ~430 pM in measurement buffer (20 mM
MES pH 6.0, 50 mM Na,SO,, 20 mM DPC, 5 mM CaCl,,
10 mM DTT) containing 5% D,O. Spectra were processed
using NMRpipe (Delaglio et al. 1995). For the backbone
resonance assignments, trHNCA, trHNCACB, and
trHN(CO)CACB spectra of a '>N/'3C/*H-labeled sample
were acquired with a Bruker Avance III 800 spectrometer
equipped with a cryoprobe. Deuterium decoupling during
13C chemical shift evolution was achieved by WALTZ-16.

Results
Liposome binding data

Although the crystal structure of GCAP-1 (Stephen et al.
2007) showed the myristoyl group buried inside the protein,
it is reported that the molecule is membrane-associated, and
previous data on GCAP-2 have shown that the lipid chain is
inserted into DMPC bilayers (Vogel et al. 2007a). In order to
gain more insight about a possible membrane insertion of the
myristoyl chain of GCAP-2, we carried out binding mea-
surements of myristoylated and nonmyristoylated GCAP-2
to POPC membranes, monitored by Trp fluorescence
intensity alterations shown in Fig. 1.

0.98 - .
0.96 - ° i
0.94 - —
0.92 - i

0.90 o —

Normalized Fluorescence Intensity

0.88

0.86 . . . , :
0 25 50 75

[Accessible Lipid] / pM

Fig. 1 Fluorescence intensity changes for myristoylated (filled
square) and nonmyristoylated GCAP-2 (open circle) induced by
titration of 100 nm POPC liposomes. The solid lines represent the
prediction of the binding model according to Egs. 1-3

Indeed, quite different binding data were measured. The
Kp for the myristoylated GCAP-2 was 4.1 £ 0.6 uM,
while nonmyristoylated GCAP-2 showed much weaker
binding (Kp = 14.5 £+ 2.5 pM). However, this difference
only resulted in a AAG® of —3.2 kJ/mol (AG® = —40.2 kJ/
mol for the myristoylated GCAP-2 and AG® = —37.0 kJ/
mol for the nonmyristoylated protein, respectively), while a
difference on the order of —25 to —30 kJ/mol was
expected (see “Discussion”).

“H solid-state NMR spectroscopy of myristoylated
GCAP-2

In order to measure whether or not the myristoyl chain of
GCAP-2 was inserted into the bilayer when the molecule
was bound to the membrane, we carried out ’H solid-state
NMR experiments on the deuterated myristoyl chain of
GCAP-2 and compared them with the “H NMR spectra for
the host membrane. Typical NMR spectra are shown in
Fig. 2.

As a reference, we measured the ’H NMR spectrum of
pure POPC-d3; membranes (Fig. 2a), which showed the
characteristic superposition of Pake doublets measured for
deuterated lipid or protein chains (Seelig and Seelig 1980).
The maximum quadrupolar splitting was on the order of
~30 kHz and thus typical for lipid chains forming a liquid
crystalline membrane. When GCAP-2 was bound to the
POPC membrane, only marginal changes in the quadrupolar
splittings were observed (Fig. 2b). However, the line width
of the ?H NMR spectrum of POPC in the presence of GCAP-2
was somewhat broader indicating the influence of protein
binding causing slightly slower lipid motions. Even broader
NMR signals were measured for the deuterated myristoyl
moiety of GCAP-2-d,; both in the absence (Fig. 2c) and in
the presence of 5 mM Ca®" (Fig. 2d), which suggests slower
motions of this protein-associated lipid chain compared to
the phospholipids. This would agree with literature data on
the Ras protein (Huster et al. 2003; Reuther et al. 2006;
Vogel et al. 2005). For comparison, we also measured the
NMR spectrum of GCAP-2-d,; in the absence of any
membranes and hydrated to 50 wt% buffer as the other
samples (Fig. 2e). This spectrum features an isotropic line
with perhaps some broader background signals suggesting
high mobility of the majority of the myristoyl protein chain.

As the spectrum of deuterated GCAP-2 in the absence of
membrane deviated so significantly from that measured in
the presence of membranes, the results already indicate that
the myristoyl moiety of membrane-associated GCAP-2 was
truly inserted into the bilayer. The ?H NMR spectrum of
deuterated GCAP-2 in the absence of Ca®" (Fig. 2¢) also
showed a small isotropic peak indicating that a small
fraction of the chain is in fast exchange between a free or
protein-bound and a membrane-embedded state.
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Fig. 2 The 115.1 MHz *H
NMR powder spectra of
POPC-d;, (a) and POPC-d5; in
the presence of GCAP-2 (b).
Further, the 2H NMR spectra of
myristoyl-deuterated GCAP-2

>

C E

bound to POPC liposomes in the

absence (c) andin the presenceof 4 20 0 20
5 mM Ca’*" (d) are shown. The
protein to lipid molar ratio was
1:150. e H NMR spectrum of
myristoyl-deuterated GCAP-2
in the absence of membranes.
All spectra were recorded at a
temperature of 30°C and a buffer
content of 50 wt%
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Next, for a more quantitative analysis, we converted the
“H NMR spectra into smoothed chain order parameter plots
(Lafleur et al. 1989) shown in Fig. 3. The presence of
GCAP-2 in the membrane did not lead to any significant
alterations of the lipid packing in the host membrane. Also,
the order parameters of GCAP-2 in the presence and in the
absence of Ca*" were quite similar. Comparing the order
parameter plots of the protein lipid chains with those of the
host membrane, one finds that the protein chain order
parameters at the beginning of the chains were slightly
increased. Towards the end of the chain the order param-
eters of the POPC-d;; membrane decreased more slowly
than the order parameters of the myristoyl moiety.

We further analyzed the ’H NMR data using the mean-
torque model for the acyl chain segment distributions

0.25 T T T T T T T T T T T T T T T

0.20

0.15

0.10

Order Parameter

0.05

0.00 T T T T T v T v T T T T T T T
8 10 12 14 16
Segment Position

Fig. 3 Smoothed chain order parameters calculated from the *H
NMR spectra shown in Fig. 2. Data refer to pure POPC-ds;
membranes (filled circle), POPC-d;; membranes in the presence of
GCAP-2 (filled diamond), and of myristoyl chain deuterated GCAP-2
in POPC liposomes in the absence (filled square) and in the presence
of 5mM Ca** (filled triangle). All data were recorded at a
temperature of 30°C; the protein to lipid molar ratio was 1:150
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(Petrache et al. 2000; Vogel et al. 2005). This allowed us to
compare the chain extent of the membrane-inserted myri-
stoyl moiety of GCAP-2 (L§, = 10.2 A, both in the absence
and in the presence of Ca’") with the length of the
POPC-d;; host membrane (L =114 A). Apparently,
there is a small chain length mismatch of 1.2 A, which is
strikingly similar to what has been found in literature for
membrane-inserted Ras in POPC membranes (Vogel et al.
2009). This chain length difference contrasts the previously
observed perfect length match seen for GCAP-2 in DMPC
(Vogel et al. 2007a), which is, for the current example,
most likely just a consequence of the difference between
myristoyl and palmitoyl chains. Usually, the lipid chains
tend to match the z-coordinate of the terminal methyl
group in the middle of the bilayer in order to avoid chain
interdigitation (Venable et al. 1993). This would mean that
Gly 2, to which the myristoyl chain is attached, is slightly
inserted into the membrane interface.

Structural differences between myristoylated
and nonmyristoylated GCAP-2

As discussed above, the classical example for a Ca®'-
regulated switch mechanism is the NCS recoverin (Ames
et al. 1997), which features the myristoyl chain inserted
into the protein in the Ca®"-free state but exposed to the
aqueous environment in the Ca’*-bound state. So far, no
such mechanism has been reported for any member of the
GCAP family (Hughes et al. 1998; Hwang and Koch
2002b; Olshevskaya et al. 1997).

The data available for recoverin suggest that significant
structural alterations occur when the myristoyl moiety
switches from the inside to the outside of the protein. Such
structural changes can be very well observed in solution
NMR spectra; in particular the amide proton region
provides a characteristic fingerprint of the protein structure.



Eur Biophys J (2011) 40:565-576

571

A 100
L ]
105 - od <
g . = °
& 110 4 : {.-..--: -
115 A .
= 4 -_"n-
E e - e
120
] ] .‘
5 | T
Z 125 4 - -"..J;
1 °® & °
130 4
135 = & i R | T LI ! L R A

— . .
90 85 80 75 70 65 6.0
'H Chemical Shift / ppm

11.0 105 100 95

100

105 1
110
115-
120

125

5N Chemical Shift / ppm

130

135

—r r frrr-+~trrr-rtr-r1rrf5r°>7T1°
11.0 105 100 95 90 85 80 75 70 65 6.0
'H Chemical Shift / ppm

Fig. 4 Simulated 'H-""N HSQC spectra for a myristoylated recover-
in in the presence (black; Ames et al. 1997) and in the absence of
Ca®" (red; Tanaka et al. 1995). b The points in the plot correspond to
the chemical shifts of nonmyristoylated (black; Weiergraber et al.
2003) and myristoylated recoverin (red; Ames et al. 2002) both in the
presence of Ca>*. The chemical shifts were calculated from the
protein structures using Sparta (Shen and Bax 2007)

To illustrate this, we have simulated the 'H-15N HSQC
spectra for recoverin from the PDB entries using Sparta
(Shen and Bax 2007). This simulation was necessary as
NMR data are not available for all relevant proteins.
However, using Sparta, NMR spectra could be predicted
from the crystal structure.

The resulting theoretical NMR spectra are shown in
Fig. 4. Figure 4a shows the calculated spectra for myri-
stoylated recoverin in the absence (i.e., the chain buried
state) and in the presence of Ca®" (i.e., the chain exposed
state), where significant chemical shift changes reflect the
structural alterations associated with the myristoyl switch.
In Fig. 4b, we compare the NMR spectra of both myri-
stoylated and nonmyristoylated recoverin in the presence
of Ca®", where the myristoyl moiety of recoverin is located
inside the protein. Again, rather drastic chemical shift

alterations are expected that reflect the structural differ-
ences between the two proteins. It should be noted that this
comparison does not reflect all chemical shift changes
observed in the experiment. In particular, the Ca**-bound
EF-hands are not well predicted by Sparta. Nevertheless, as
not all experimental NMR spectra are available from the
literature, we think that this comparison may be instructive.

Although recoverin and GCAP-2 are rather different
proteins, we applied a sequence homology analysis. This
analysis showed 29.2% identity and 47.3% similarity. In
order to test if chemical shift differences of a similar
magnitude could be observed between the spectra of
myristoylated and nonmyristoylated GCAP-2, we acquired
"H-'>N HSQC spectra of myristoylated and nonmyristoy-
lated GCAP-2, which are shown in Fig. 5. The signals are
well dispersed as is typical for largely a-helical proteins.
The NMR spectrum of the nonmyristoylated form is
comparable, but not fully identical (we used slightly dif-
ferent buffer conditions), to the data published before
(Ames et al. 1999).

Overall, the NMR spectra look fairly similar for myri-
stoylated and nonmyristoylated GCAP-2, respectively. So
far, we have not been able to obtain a complete assignment,
but most amino acids of the N-terminus can be assigned.
There are only moderate chemical shift differences in the
N-terminus suggesting only small structural alterations
induced by the presence of the myristoyl moiety. The
signal of Gly 2 can only be detected in the myristoylated
form of GCAP-2 since fast exchange prevents the detection
of this signal in the nonmyristoylated protein.

Structural influence of DPC on myristoylated
and nonmyristoylated GCAP-2

Next, we asked the question if more structural changes
would be visible in the presence of lipid membranes. How-
ever, when liposomes are present, the solution NMR spectra
of membrane-associated proteins usually deteriorate, caused
by increased line widths up to a complete loss of resonances
(Barre and Eliezer 2006). Therefore, we used the membrane-
mimicking detergent DPC in order to investigate structural
changes associated with a putative switch mechanism for the
myristic acid moiety of GCAP-2. The 'H-"N HSQC spectra
of myristoylated and nonmyristoylated GCAP-2 in the
presence of 20 mM DPC are shown in Fig. 6.

Compared to the NMR spectra in the absence of DPC,
the signal dispersion was somewhat lower. In the presence
of DPC, the spectra of the myristoylated and the nonmyr-
istoylated GCAP-2 were again very similar. Only a few
differences could be seen, mostly for peaks that belonged
to N-terminal amino acids. Pronounced chemical shift
changes can be observed for Gln 4, Phe 5, Ser 6, Gly 14,
Ala 15, Gly 17, and Ala 18.
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To quantify the influence of DPC on the GCAP-2
structure, we performed titration experiments. In these
experiments, the DPC concentration was increased step-
wise from 0 to ~70 mM in 13 titration steps. For each
titration point, a 'H-">’N HSQC spectrum was recorded, and
the weighted chemical shift difference Ad was calculated
according to Seo et al. (2010):

AS = \/ (Aé('H))2+(A5('5N) /5)2. ()

As seen from Fig. 6, the presence of DPC causes several
peaks to shift. For the N-terminal amino acids we were able

@ Springer

"H Chemical Shift / ppm

to assign, the peaks and the corresponding weighted
chemical shift differences are shown in Fig. 7. The data
points show a rather steep increase and a quick flattening
out to reach the plateau value. Such titration results are
typically in agreement with a Kp value far below 1 mM,
which would also be the order of magnitude obtained in the
fluorescence experiments for POPC. Such a Kp value
would be below the critical micelle concentration (CMC)
of DPC in water (1.5 mM), however, the CMC of DPC in
the presence of GCAP-2 has not been determined.

We also compared the chemical shift difference between
nonmyristoylated and myristoylated GCAP-2 in the
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Fig. 7 Weighted chemical shift differences, Ad, for selected N-terminal
amino acids, based on successively recorded "H-'N HSQC spectra for
the DPC titration to the myristoylated GCAP-2

absence and presence of DPC. This comparison shows that
DPC has a more pronounced influence on the myristoylated
form of GCAP-2, suggesting that more pronounced con-
formational changes occur for this form of the protein.

Discussion

In the present study, we address the apparent discrepancy
between two previous experimental findings. First, using
solid-state NMR spectroscopy, the lipid modification of
GCAP-2 was found to be membrane inserted both for an
N-terminal GCAP-2 peptide (Theisgen et al. 2010) and the
full length GCAP-2 protein (Vogel et al. 2007a). Second, in
contrast, the crystal structure of GCAP-1 showed this lipid
chain to be completely buried in a hydrophobic pocket of
the protein interior (Stephen et al. 2007), which was pro-
posed to provide a “structure-stabilizing function” (Haynes
and Burgoyne 2008).

A first approach to understanding these controversial
results is to compare the binding energies of myristoylated
and nonmyristoylated GCAP-2 as membrane insertion of
the myristoyl chain should release a significant amount of
free energy. A number of studies addressed the insertion of
lipid-modified proteins and peptides into membranes as
reviewed before (Brunsveld et al. 2009; McLaughlin and
Aderem 1995; Murray et al. 1997; Silvius 2002). Basically,
the interaction of lipidated proteins is governed by ther-
modynamics yielding a favorable AG® of —3.45 kJ/mol per
membrane-inserted methylene group plus an entropy pen-
alty on the order of TAS = 15-20 kJ/mol (Tanford 1980).
Therefore, simple binding measurements may provide
insights into the question of whether or not the GCAP
myristoyl chain is involved in membrane binding.

Our binding measurements showed that both myristoy-
lated and nonmyristoylated GCAP-2 binds to membranes

with rather high affinity. However, the difference in the
binding energies between those two proteins is only
AAG® = —3.2 kJ/mol. This insignificant difference clearly
is too small to be explained by membrane insertion of the
protein-bound myristoyl chain. According to data for the
partitioning of fatty acids into n-heptane, for myristic acid,
a value on the order of —25 to —30 kJ/mol is expected
(Tanford 1980). This should be the order of magnitude for
the AAG® between membrane binding of nonmyristoylated
and myristolyated GCAP-2, which was not observed. This
discrepancy could indeed mean that the myristoyl chain of
GCAP-2 is not involved in membrane binding of the
molecule and could actually remain buried inside the
hydrophobic interior of the molecule upon binding.

In contrast, the measured ’H solid-state NMR spectra of
the myristoyl chain of GCAP-2 clearly show that the
myristoyl moiety is incorporated into the membrane when
GCAP-2 is bound to POPC liposomes. This is observed
both in the presence and in the absence of Ca*". Membrane
insertion of the myristoyl chain was also seen for GCAP-2
binding to DMPC and a more physiological membrane mix
before (Vogel et al. 2007a). These results clearly mean that
the myristoyl chain of GCAP-2 is permanently inserted
into the membrane upon binding.

One suggestion to reconcile the observation that the
myristoyl chain of GCAP-1 was buried inside the protein in
the crystal with the result that it inserts into the membrane
when present is that the myristoyl chain of GCAP is
released from the protein interior upon membrane
approach. This means that in the absence of membranes,
the soluble GCAP protein would feature the myristoyl
chain buried inside the hydrophobic pocket as seen for
GCAP-1 in the crystal structure. Such a conformation
would be thermodynamically favorable as a water-exposed
fatty acid would represent an energetically unfavorable
structure. Upon GCAP approaching the membrane, which
would be driven by the insertion of hydrophobic residues
into the membrane or perhaps by electrostatic interactions,
the myristoyl chain would then have to be released from
the protein interior in order to insert into the membrane.
Such a chain extrusion process would require some con-
formational changes of the protein as previously observed
for recoverin (Ames et al. 1997).

In order to see if similar conformational changes would
occur for GCAP-2, we carried out solution NMR experi-
ments. First, we compared nonmyristoylated and myri-
stoylated GCAP-2 in the absence of detergents. The
observed differences in the 'H-'"N HSQC spectra indicated
that the presence of the myristoyl chain has some influence
on protein structure. However we could not observe any
relevant shifts of the peaks relating to the N-terminal amino
acids we were able to assign. This would suggest that
the N-terminus of GCAP-2 has a similar fold in the
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myristoylated and the nonmyristoylated form of the pro-
tein. A number of chemical shift changes of unassigned
resonances were noticeable, probably caused by the
myristic acid influencing the chemical shifts of nearby
amino acids. When the crystal structure of GCAP-1 was
solved, the authors found the myristic acid in a hydro-
phobic pocket. Although we have not directly investigated
the localization of the myristoyl chain in the protein, our
data do not disagree that this could also be the case for
GCAP-2 in aqueous solution. Burying the myristic acid
inside a hydrophobic pocket should indeed be energetically
favorable for the protein in aqueous solution without
membranes/micelles in range or in the environment of a
protein crystal. Exposing the hydrophobic myristoyl chain
to the water would be thermodynamically unfavorable;
furthermore an exposed myristic acid would potentially
disturb crystal packing. However, the >H NMR spectrum of
deuterated myristoylated GCAP-2 did show a highly
mobile myristoyl chain at 50 wt% hydration. This would
suggest that this chain is rather free to move under these
circumstances.

This picture changes, however, when membranes or
detergent micelles are present. Our NMR data strongly
suggest that the myristoyl chain is inserted into the
hydrophobic interior of membranes or micelles when
present. In agreement with this, the comparison of the
"H-">N HSQC spectra of myristoylated and nonmyristoy-
lated GCAP-2 in the presence of 20 mM DPC showed
mainly differences in the N-terminal region, which we
were able to assign. We interpret these differences to occur
upon insertion of the myristoyl chain into the micelles. The
majority of the remaining signals, however, are not altered,
suggesting that the structural changes necessary for this
conformational change are moderate.

It should be mentioned that our discussion is based on
the crystal structure of GCAP-1, our results, however,
pertain to GCAP-2. While both proteins are very homolo-
gous, subtle differences between the structures of their
activating domains have been proposed (Olshevskaya et al.
1997). However, there is also an argument that suggests
that the myristoyl moiety of GCAP-2 could be buried
inside the protein in the absence of membranes: although
the presence of the myristoyl group makes no significant
difference in the membrane binding energy of the GCAPs,
the insertion of the muyristoyl chain into the membrane
should have released about —25 to —30 kJ/mol free
energy. Since such an energy was not measured, one would
assume that the AG® of the unbound protein with the
myristoyl chain inside would have a similar value as the
membrane-bound protein with the chain inserted into the
membrane, not counting the free energy gain of protein
binding by local electrostatic interactions and insertion of
hydrophobic residues. In other words, we propose that the
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hydrophobic environment of the membrane interior is
similar to the hydrophobic environment of the protein
interior so there is only a small free energy change asso-
ciated with membrane insertion. Therefore, upon mem-
brane binding, GCAP-2 would have to release the
myristoyl chain from its binding pocket in an energetically
unfavorable process, but this energy penalty is compen-
sated by the free energy gain of membrane insertion of the
chain. This would explain why myristoylated and non-
myristoylated GCAP-2 show very similar binding energies
to phospholipid membranes.

In conclusion, we provide experimental data that support
a model according to which soluble GCAP-2 protein fea-
tures the myristoyl moiety sequestered inside a hydrophobic
binding site of the protein, as shown in the crystal structure
for GCAP-1. Upon membrane binding of the protein, this
chain is inserted into the bilayer. The free energy gain of
insertion is taken up by the less optimal protein confor-
mation at the membrane surface that results from releasing
the myristoyl chain to the membrane. This means that the
thermodynamic energy difference between the state in
which the myristoyl chain is buried inside a hydrophobic
pocket and the state in which it is inserted into the mem-
brane is negligibly small. But when the protein binds to the
membrane (via another membrane binding side), the local
concentration of lipids favors the insertion of the myristoyl
moiety into the membrane (Penk et al. 2011).

One interesting aspect to investigate in the future would
be the question of whether this exposure and membrane
insertion of the myristoyl chain, with the subsequently
occurring change in the protein structure, is necessary for
the activation of the GC. This is suggested by studies from
literature (Hwang and Koch 2002b; Olshevskaya et al.
1997), which revealed that the myristoyl moiety of
GCAP-2 does not contribute to the membrane binding but
leads to an increase in maximum GC activation.
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