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ABSTRACT: We report fluorescence lifetime and rotational anisotropy measure-
ments of the fluorescent dye Alexa647 attached to the guanylate cyclase-activating
protein 2 (GCAP2), an intracellular myristoylated calcium sensor protein
operating in photoreceptor cells. By linking the dye to different protein regions
critical for monitoring calcium-induced conformational changes, we could measure
fluorescence lifetimes and rotational correlation times as a function of
myristoylation, calcium, and position of the attached dye, while GCAP2 was still
able to regulate guanylate cyclase in a Ca**-sensitive manner. We observe distinct
site-specific variations in the fluorescence dynamics when externally changing the
protein conformation. A clear reduction in fluorescence lifetime suggests that in
the calcium-free state a dye marker in amino acid position 131 senses a more
hydrophobic protein environment than in position 111. Saturating GCAP2 with
calcium increases the fluorescence lifetime and hence leads to larger exposure of
position 111 to the solvent and at the same time to a movement of position 131
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Piston-like movement of an a-helical segment in the calcium sensor GCAP2

into a hydrophobic protein cleft. In addition, we find distinct, biexponential anisotropy decays reflecting the reorientational
motion of the fluorophore dipole and the dye/protein complex, respectively. Our experimental data are well described by a
“wobbling-in-a-cone” model and reveal that for dye markers in position 111 of the GCAP2 protein both addition of calcium and
myristoylation results in a pronounced increase in orientational flexibility of the fluorophore. Our results provide evidence that
the up-and-down movement of an a-helix that is situated between position 111 and 131 is a key feature of the dynamics of the
protein—dye complex. Operation of this piston-like movement is triggered by the intracellular messenger calcium.

S ignal transduction in neurosensory cells requires the precise
operation of interacting proteins to achieve physiological
responses on short time intervals. Photoreceptor cells for
example are exquisite light detectors that respond to photons
on a millisecond time scale."* The extraordinary efficiency of
rod and cone photoreceptor cells to detect single photons and
to adjust to ambient light conditions that can change by up to
10 orders of magnitude relies on the well balanced interplay of
two second messengers, cGMP and calcium.!™ Illumination
leads to a decrease of cGMP via a G protein-mediated signaling
cascade within a few hundred milliseconds.'™* The cytoplasmic
concentration of cGMP finally controls the gating of a cyclic
nucleotide-gated (CNG) channel in the photoreceptor cell
plasma membrane.® Decrease of cGMP by light leads to closure
of CNG-gated channels and prevents Ca®* from entering the
cell. In consequence the cytoplasmic Ca®* concentration
([Ca®]) also decreases, because a Na*/Ca®"K'-exchanger is
transporting Ca’** from the cytoplasmic site into the
extracellular medium.® Ca?*-dependent feedback loops respond
to changes in cytoplasmic Ca*" and thereby regulate several
biochemical steps within 100 ms after start of illumination.'*
Key neuronal Ca**-sensor proteins involved in these feedback
loops in vertebrate rod and cone cells are recoverin and
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guanylate cyclase-activating proteins (GCAPs).””'' Recoverin’
inhibits the activity of rhodopsin kinase, when it has two Ca**
bound relieving this inhibition, when [Ca*"] decreases after
illumination. GCAPs control the activity of membrane-bound
sensory guanylate cyclases (ROS-GC 1 and 2) mainly by
increasing the cyclase activity below a free [Ca*"] of 0.5
uM.E""" Mammalian GCAPs and recoverin are posttransla-
tionally acylated (mainly myristoylated) at the N-terminus
leading to a further diversification of their molecular proper-
ties.”” ' In recoverin the myristoyl group is exposed when Ca**
is bound and is buried inside a hydrophobic cavity of the Ca**-
free state.'>" It further controls allosterically the Ca**-induced

14,15 -
"> which can be

conformational transition in recoverin,
monitored by a fluorescent dye Alexa647 attached to
recoverin’s unique cysteine.16 In contrast, GCAPs do not
perform such a Ca?*-myristoyl switch.'”'® Instead the crystal
structure of Ca®*-GCAP1 shows that the myristoyl chain is
buried in a hydrophobic pocket leading to a general

stabilization of the protein structure.”*° Recent *H NMR
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studies on deuterated myristoylated GCAP2, however, showed
that the myristoyl group of GCAP2 is inserted into lipid
membranes both in the presence and absence of Ca**, whereas
nonmyristoylated GCAP2 binds to membranes with almost the
same affinity.”"**

These structural results indicate that the myristoyl group
influences the properties of different GCAP isoforms in
different ways, for example, by controlling the -catalytic
efficiency of the target guanylate cyclase ROS-GC1 differ-
ently.*?

Another crucial property of GCAPs is to undergo conforma-
tional changes that are triggered by Ca®*. For the mammalian
isoforms GCAP1 and GCAP2 these changes have been
investigated by gel shift assays and limited tryptic diges-
tions,** ¢ intrinsic tryptophan fluorescence emission,”**” CD
spectroscogy,24 and by testing the reactivity of endogenous
cysteines.2 7% The activation process is even more complex
taking into account that Ca®" is exchanged for Mg®" in the
Ca*"-binding sites (EF-hands) of GCAP1 and 2.*"** From all
of these studies it is clear that both the presence of the
myristoyl group and the calcium concentration strongly
influence the structure and function of GCAP proteins, but
details of how they influence the local protein conformation
and its dynamics are to a large extent not understood.

A powerful strategy for probing such influences is the site-
specific labeling of a protein with appropriate dye markers,
probing the local protein environment, e.g, via its effect on the
fluorescence dynamics of the dye molecule. A previous study
indicated that the three endogenous cysteine residues in
GCAP?2 are sensitive to Ca’*-induced conformational changes
and therefore might move upon a Ca** trigger.*® It was the aim
of the present study to test this hypothesis by site-specific
labeling with the fluorescence marker Alexa647 and employing
fluorescence lifetime and anisotropy measurements on a
nanosecond time scale. Photophysical properties as fluores-
cence lifetimes and rotational reorientation times clearly
correlated with the myristoylation and Ca**-bound state of
the investigated GCAP2 conjugates. Our observations are well
accounted for by a qualitative “wobbling-in-a-cone” model for
the dynamics of the dye-protein complex giving new insight
into the conformational dynamics of this class of calcium
Sensors.

B RESULTS AND DISCUSSION

In order to probe Ca*-induced conformational changes in
specific regions of the GCAP2 protein, we adopted a site-
specific labeling strategy and exchanged two of the cysteine (C)
residues in GCAP2'° against alanine (A), resulting in three
different mutants, CAA, ACA, and AAC (see Methods). This
exchange does not disturb the general functionality of the
protein. The modified GCAP2 is still able to undergo Ca®'-
induced conformational changes and can activate its target
membrane-bound guanylate cyclase in a Ca’*-dependent
manner.>>* It is important, moreover, that all cysteines are
accessible by the thiol-modifying reagent DTNB,*’ even though
cysteine residues in position 35 and 111 are slightly less reactive
in the presence of Ca®". This offers a viable route to introduce a
fluorescent dye such as Alexa647 linking the maleimide reactive
group of the dye to freely accessible cysteine groups. Here, we
adopted this strategy, labeling all three GCAP2 mutants with
Alexa647 to probe Ca**-induced conformational changes via
the fluorescence dynamics of the dye marker. Initial
fluorescence lifetime measurements of the dye-labeled mutant
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CAA showed no difference in the decaying fluorescence signal
in the presence or absence of Ca?". Thus, we focused our
studies on the mutants ACA and AAC.

Biochemical Properties of GCAP2 Mutants Labeled
with Alexa647. A critical prerequisite for our fluorescence
studies was to ensure that the labeled proteins could still
undergo Ca**-induced conformational changes and maintain
their biological function. To meet this requirement, all mutants
were overexpressed in E. coli and were prepared from E. coli
extracts by chromatographic procedures to apparent homoge-
neity. GCAP2 forms were myristoylated by the activity of a co-
expressed yeast N-myristoyl-transferase. The degree of
myristoylation was 92% and 89% for the ACA and AAC
mutants, respectively, as determined by a reversed phase HPLC
analysis (Table 1). The labeling was successful for all GCAP2

Table 1. Labeling of GCAP2 with Alexa647

sample degree of myristoylation (%) labeled (%) unlabeled (%)
nmyr ACA 92.6 7.4
myr ACA 92 90.9 9.1
nmyr AAC 92.1 7.9
myr AAC 89 64.0 36.0

mutants with stoichiometric ratios of dye per protein of nearly
1:1 for almost all GCAP2 forms (Table 1). A lower degree of
labeling (0.64:1) was only observed for myristoylated AAC,
which is consistent with our previous observation that cysteine
at position 111 has a slightly restricted accessibility for thiol-
modifying reagents.*’

It is known that GCAPs, like other neuronal Ca?*-sensor
proteins, exhibit a change in their electrophoretic mobility
when they are loaded with Ca**, which is seen as a Ca®* shift in
a polyacrylamide gel electrophoresis (PAGE) analysis and
serves as a qualitative indicator of Ca**-induced conformational
changes.®™'"**72 This shift is visible for all labeled GCAP2
mutants (Figure la). These results demonstrate that dye-
labeled cysteine mutants of GCAP2 undergo Ca**-induced
conformational changes. Presence of MgCl, enhances the shift
indicating also that GCAP2 mutants bind Mg“, which is
consistent with the observation that mammalian GCAP1 and
GCAP?2 are Ca**/Mg*"-binding proteins.>"**

GCAP2 is a regulator of membrane bound ROS-GCs in
mammalian photoreceptor cells.'”'7***** In order to test
whether labeled GCAP2 mutants were able to stimulate ROS-
GC activities at low free [Ca®*] (<10 nM), we measured the
GC activities at high (33 M) and low (3 nM) [Ca®']. All
mutants activated native ROS-GCs in photoreceptor rod outer
segment membrane preparations. The x-fold activation was
64—74% of the control values obtained with the wildtype (data
not shown), in agreement with our previously published data
that the mutation did not disturb the structural and functional
properties of GCAP2.>>*® Introduction of the dye Alexa647
into the site of the remaining cysteine did not disturb the
stimulatory activity of GCAP2 in general, but the attachment of
the dye lowered the extent of GCAP2-dependent ROS-GC
activity at low free [Ca®*]. The remaining stimulatory activity
was for each mutant as follows (percentage of x-fold activation
in comparison to the nonlabeled form): nonmyristoylated ACA
(90%), myristoylated ACA (76%), nonmyristoylated AAC
(75%), and myristoylated AAC (82%) (Figure 1b). Finally, the
Ca’"-sensitive activation profile of ROS-GC activity remained
essentially the same for the labeled and the nonlabeled protein,
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Figure 1. Biochemical characterization of GCAP2 mutants. (a) Ca®*-dependent electrophoretic mobility shift of Alexa647-labeled GCAP2 mutants.
One microgram of each purified GCAP2 form was analyzed by sodium dodecyl sulfate PAGE (12% acrylamide) in the absence (adding 2 mM
EGTA, denoted by “—”) or presence of Ca®* (adding 2 mM CaCl,, denoted by “+”). MgCl, was added at a concentration of 1 mM to increase the
shift. Nonmyristoylated (nmyr) and myristoylated (myr) forms were compared. (b) Activation properties of GCAP2 mutants. Guanylate cyclase
activity of bovine rod outer segment membranes was determined in the presence of nonlabeled and labeled GCAP2 mutants at low (3 nM) and high
(33 uM) free Ca*', and the x-fold activation was determined for each. Values of x-fold activation obtained for the nonlabeled mutants were set to
100%, and the percentage of remaining activity of the labeled forms is shown in the figure (two independent sets of measurements). (c) Titration of
Ca’*-sensitive activation of ROS-GC by nonmyristoylated GCAP2 mutants as indicated in the legend. The following ICy, were determined (three
data sets): 67 + 16 nM (Alexa647-labeled AAC), 71 + 4 nM (nonlabeled AAC), 70 + 8 nM (Alexa647-labeled ACA), and 36 + 5 nM (nonlabeled
ACA). (d) Titration of Ca**-sensitive activation of ROS-GC by myristoylated GCAP2 mutants as indicated in the legend. ICy, values were 56 + 6
nM (Alexa647-labeled AAC), 15 + 5 nM (nonlabeled AAC), 31 + 1 nM (Alexa647-labeled ACA), and 46 + 6 nM (nonlabeled ACA). IC, values of
wildtype GCAP2 forms were in the same range below 100 nM free Ca®* (data not shown).

when we tested the nonmyristoylated and the myristoylated scale of a few nanoseconds and is well represented by a
GCAP2 forms (Figure 1c and d). Halfmaximal activation of biexponential decay model (n = 2 in eq S), as verified by the
ROS-GC (ICs, values) was observed between 30 and 80 nM residuals plotted in Figure 2a. Similar agreement between
free [Ca™], the myristoylated unlabeled AAC mutant was even experimental data and biexponential decay model is reached for
slightly more sensitive to Ca™. In general, the Ca*-sensitive all other fluorescence measurements. An overview of both

activation profiles were in perfect agreement with our previous
determinations of wildtype GCAP2 and the nonlabeled
mutants ACA and AAC?® and further confirmed that GCAP2
is responding to lower [Ca®*] than GCAP1.>>*'

In summary, the introduction of the dye Alexa647 via
coupling to an intrinsic cysteine left essential features of
GCAP2 intact, providing useful tools for further fluorescence
studies.

Fluorescence Lifetime Measurements. A series of
fluorescence lifetime and rotational anisotropy measurements - ) > )
have been taken on Alexa647-labeled ACA and AAC GCAP2 distinctly different decay kinetics of the labeled mutants at high
mutants, both in myristoylated and nonmyristoylated form as and low [Ca®]. The arrows in Figure 2b indicate how the

fluorescence lifetime components (7, 7,) obtained from all
investigated samples is given in Figure 2b. The fluorescence
decay times of Alexa647 attached to the ACA mutant are in the
range of 0.3—0.9 ns for 7, and range from 1.2 to 1.6 ns for 7;.
For the AAC mutants, we observe 7, values of 0.8—1.3 ns and
7, values of 1.9-2.2 ns. Clearly, the labeled AAC and ACA
mutants can easily be distinguished by their two fluorescence
decay time components.

In addition, the results summarized in Figure 2b reveal

well as in the presence and absence of free Ca®, i.e., before or decay times 7, and 7, of a specific GCAP2 mutant are modified
after adding the Ca’*-chelator EGTA. Representative fluo- upon (i) decreasing the calcium concentration (+EGTA) and
rescence decay curves of the myristoylated AAC mutant with (ii) having the myristoyl group present (+myr) or not. In the
EGTA (blue line) and without EGTA (red line) are shown in case of ACA, an addition of EGTA to the buffer, i.e., a removal
Figure 2a, together with the instrument response function of Ca** leads to an increase in both lifetime components
(green line). The fluorescence signal decays on a typical time irrespective of myristoylation. In this mutant, also the
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Figure 2. Fluorescence lifetime measurements of labeled GCAP2 mutants. (a) Representative time-resolved fluorescence decay of myristoylated
AAC in the presence (red) and absence (blue) of calcium. Fits to a biexponential decay model with lifetime components 7, and 7, obtained by
reconvolution with the instrument response function (green) are shown as white and black lines, respectively. The corresponding residuals are
shown in the lower panels. (b) Summary of the fluorescence lifetime components extracted for all investigated samples. Results of 6 independent
measurements are given for each sample. The arrows are guides to the eye indicating the change in lifetimes upon myristoylation or addition of
EGTA, respectively. In this plot, AAC and ACA mutants are clearly distinguishable as two well-separated groups. Myristoylation results in an increase
of 7, irrespective of the type of mutant. (c) Relative fluorescence quantum yields of GCAP2 mutants, normalized to the yield of free Alexa647 in
water. AAC mutants consistently show quantum yields larger than those of the corresponding ACA samples. Our results indicate an increase in
quantum yield upon myristoylation, whereas the addition of EGTA decreases this yield.

attachment of the myristoyl group leads to an increase in both
decay components, irrespective of EGTA addition.

In the nonmyristoylated AAC sample, a reduction in [Ca®']
by EGTA addition causes a decrease of the longer and an
increase of the shorter decay time. In muyristoylated AAC,
however, removal of Ca*" results in a decrease of both
components. The effect of myristoylation on AAC is that both
decay time components increase, which is more pronounced at
high [Ca®'].

Relative fluorescence quantum yields, obtained using eq 6
and normalized to that of free Alexa647 dye in a water buffer,
are depicted in Figure 2c. In general, the quantum yields show
similar trends as the fluorescence decay times, even though the
ACA and AAC mutants cannot be distinguished as clearly as
from the lifetime measurements. For both mutants, an addition
of EGTA leads to a decrease of the quantum yield, an effect
that is more pronounced in ACA. Myristoylation, on the other
hand, leads to an increase of the quantum yield. Quantum yield
measurements on free Alexa647 dye in ethanol showed an
increase by a factor of 2.2 compared to those in the more polar
water buffer.

Fluorescence Anisotropy Measurements. Representa-
tive results of our fluorescence anisotropy measurements r(t)
are depicted in Figure 3a, showing the anisotropy decay of
nonmyristoylated AAC in the presence and absence of Ca®*.
Two distinctly different decay times are discerned, a fast
rotational correlation time ¢, of several hundred ps and a very
slow correlation time ¢, of more than 10 ns. For all
investigated samples, the r(t) curves are well represented by a

1009

biexponential decay model (eq 8 with n = 2). The correlation
times determined from all of our anisotropy measurements are
summarized in Figure 3b.

It is evident that the rotational diffusion dynamics of the
AAC and ACA mutants are distinctly different. For AAC, the
fast component ¢, lies in the range of 0.3—0.45 ns, whereas the
slow component ¢, varies between 20 and 100 ns. The effects
of a variation in calcium concentration and of myristoylation on
the rotational diffusion dynamics are clear. The removal of
calcium increases both the ¢, and ¢, components, whereas
myristoylation decreases both components significantly.

In the case of the ACA mutant, however, the component ¢,
is so slow (>100 ns) that it can no longer be extracted with
certainty due to the much faster overall fluorescence decay in
these samples. Here, we can just state that the slow rotational
correlation of the ACA mutant amounts to more than 100 ns.
The fast correlation time ¢, lies in the range from 0.5 to 0.6 ns
and increases significantly upon addition of Ca*", whereas the
myristoylation effect is weak.

Discussion. Our results firmly indicate that site-specific
labeling of the neuronal calcium sensor GCAP2 offers an
interesting route toward probing conformational protein
dynamics as a function of Ca**-binding and myristoylation.
Labeling of GCAP2 mutants with the dye Alexa647 seems well
suited for this purpose because essential features of GCAP2
function such as Ca**-induced conformational changes and
regulation of guanylate cyclase activities were almost unaltered
after labeling. In this study, we used fluorescence lifetime and
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Figure 3. Fluorescence anisotropy measurements. (a) Fluorescence anisotropy decay of myristoylated AAC in the presence (red) and absence of
calcium (blue) together with fits to a biexponential decay model with rotational correlation times @, and @, (black and white lines). The
corresponding residuals are shown in the lower panels. (b) Summary of the fluorescence lifetime components extracted for all investigated samples.
Again, the GCAP2 mutants can be separated into two distinct groups, with AAC showing rotational correlation times shorter than those for ACA.
(c) Semicone angles 6., derived from the “wobbling-in-a-cone” model for all investigated samples. Marked differences in 6, for AAC and ACA
mutants and variations in 6, upon myristoylation and/or addition of calcium indicate the sensitivity of the rotational motion of the marker dye to

changes in the protein conformation.

anisotropy measurements to investigate the changes in protein
conformation in response to its microenvironment in solution.

For the interpretation of our results it is important that a
previous systematic study of the fluorescence properties of
Alexa647 in water and ethanol showed an increase in
fluorescence lifetime in a more hydrophobic environment.**
On the basis of these results we can draw some general
conclusions from our measurements. Since the fluorescence
decay of AAC is slower than that of the ACA mutant under all
tested conditions, Alexa647 in position 131 senses a more
hydrophobic environment than the dye in position 111. The
presence of Ca** further increases the fluorescence lifetime,
indicating that the dye is moving into a more hydrophobic
environment, probably into a cleft inside of GCAP2. The
opposite is observed for the ACA mutant, in which removal of
Ca’ increases the lifetime. Thus, the dye in position 111 is
more strongly exposed to the polar solvent when the EF-hands
in GCAP2 are occupied by Ca*".

Covalent attachment of the myristoyl group also causes an
increase in decay time constants. This can be interpreted in two
ways: first, the myristoyl group may stabilize a conformation in
GCAP2 that facilitates a movement of residue 131 into a
hydrophobic cleft. Second, the hydrophobicity of the myristoyl
group may be sensed by the dye, because the dye is positioned
in the vicinity of the myristoyl chain. A similar influence of the
myristoyl group was also seen with the ACA mutant.

Solid-state “H NMR studies have shown that the myristoyl
group of GCAP2 can insert into a lipid membrane that is
present in the vicinity of the protein. Otherwise, the fatty acyl
chain is expected to be buried into a hydrophobic protein
pocket.*"** The contribution of the myristoyl group to the free
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energy of binding to lipids was determined to be only around
—0.5 kJ/mol, indicating that the main driving force to interact
with membranes must come from other, mostly hydrophobic
amino acid side chains in GCAP2.>' A further study on this
topic concluded that the myristoyl group is in equilibrium
between a membrane-inserted and an exposed state.>* Thus,
the myristoyl group in GCAP2 should be more flexible than in
GCAP1, where it is buried in a hydrophobic cleft and does not
move by changing [Ca*].

The quantum yields reported in Figure 2¢ provide further
support for our assumption that the dye interacts with either
the polar solvent or the hydrophobic protein environment by
modification of the protein—dye conjugate or the position of
the dye in the protein. On the basis of our fluorescence lifetime
and quantum yield measurements, we propose the phenom-
enological model depicted in Figure 4. Our data suggest that
the myristoyl group is not completely exposed to the buffer
solution but is instead situated on the surface of GCAP2 such
that the solvent hydrophobicity can be sensed by the dye in
positions 111 and 131 (see arrows connected with +myr in
Figure 2b). When Ca’" binds to the EF-hands, position 111
becomes more exposed to the polar solvent, whereas position
131 is moving into a more hydrophobic environment. In Figure
4b putative hydrophobic amino acids are highlighted that might
be sensed by the dye. This movement is more pronounced
when AAC is myristoylated. Nonmyristoylated AAC exhibits
only a minor increase of the time constant 7; when Ca’* is
bound and a decrease in 7,. Due to the position of the
monitoring dye at cysteine 111 and 131, we propose a
movement of the connecting a-helix*® (Figure 4a). This piston-
like movement is probably part of a concerted rearrangement of
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Figure 4. Structural model of Ca>*-bound GCAP2 based on the NMR
structure (PDB code: 1JBA). (a) Complete model of GCAP2 with the
a-helix connecting cysteines 111 and 131 shown in yellow; cysteine
residues are depicted in space-filled spheres. Movement of the a-helix
when Ca’ dissociates is indicated by the red arrow. The three
functional EF-hands are coordinating each a Ca** ion (pink). The
green arrow is pointing to the flexible loop region extending from
cysteine 131. (b) Partial structure of GCAP2 as seen from a different
angle to better visualize putative hydrophobic amino acid side chains
in the vicinity of the covalently attached dye (position indicated by the
blue arrow). Figures were created with pymol.

other regions in GCAP2 on Ca*-binding or dissociation. For
example, the flexible loop region that extends from the cysteine
residue at position 131 is exposed in Ca**-bound GCAP2 and
more constrained in Ca**-free GCAP2.>” This exposure as
illustrated in Figure 4a could be the consequence of the upward
movement of the connecting a-helix, which ultimately might be
involved in controlling guanylate cyclase activity. Consistent
with this assumption is that a critical region for controlling
guanylate cyclase activity is located between phenylalanine at
position 78 and aspartate at position 113 encompassing
cysteine at position 111.°° Although interaction of GCAP2
with guanylate cyclase occurs at the nonfunctional EF-hand 1,
we propose that the conformational change that transfers
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GCAP2 into the activating modus is mediated by the helix
movement involving cysteine 111.

Additional evidence for such a putative model stems from
our fluorescence anisotropy measurements, giving insi%ht into
the rotational dynamics of the dye/protein complex.*® All of
our measurements reveal biexponential decays with distinctly
different fast (¢;) and slow (¢),) rotational correlation times in
the range of a fraction of a ns and several tens of ns,
respectively. With our experimental accuracy, the decay traces
show no sign of a higher order multiexponential decay. It thus
seems tempting to assign the fast and slow components to the
rotational motion of the dye molecule bound to the protein and
to the overall motion of the dye/protein complex, respectively,
even though such a simplified interpretation should certainly be
considered with some care.** The fact that (t) remains locked
to more than 1/3 of its initial value, r, = r(0), indicates that the
ensemble-averaged correlation between the emission dipole
moment vector at time t and the initial orientation of the
absorption dipole moment vector is not completely lost and
hence that the protein restricts the rotational motion to a
certain confined geometry. Indeed, all our experimental results
can be quantitatively described within a phenomenological
“wobbling-in-a-cone” model,*""** in which the presence of the
protein hinders the reorientational motion of the dye dipole
and restricts it to a cone with finite semicone angle 0,,,. Within
this model, the rotational anisotropy r(t) is given as

(L, 1
r(t) = rp(l — Axo) e (¢D+¢G)t T oo /g o

Here, A, is a parameter describing the finite correlation
between emission and initial absorption dipole remaining after
the dye dipoles are statistically distributed. r, denotes the initial
value of the anisotropy, ¢, the reorientational correlation time
of the dye molecule, and ¢ that of the dye/protein complex.
The motional restriction parameter A, is correlated to the
semicone angle 6., by

2
As [%(1 + cos 0,5 ) cos emax]

@)

By comparing the anisotropy decay coefficients of eq 1 with
those of eq 8 the semicone angle for each investigated sample
can be determined to be

1
2

-1/2
-1 Ay 1
Omax = cos 2ll— +1 + 3

Ay
(3)

The motional restriction parameters and semicone angles
deduced from our experiments are summarized in Table 2.

As seen from the graphical representation in Figure 3c, the
semicone angles of the two mutants are distinctly different and
amount to about 30° for AAC and to about 50° for ACA. This
is indeed consistent with the schematic picture presented in
Figure 4. The dye molecule attached to the cysteine in position
111 (ACA) is more strongly exposed to the solvent and hence
its rotational motion is less restricted than that of the dye in the
AAC mutant, giving rise to a significantly larger value of 0,
(Figure 3c).

The piston model in Figure 4 suggests that an increase in
Ca®" should move the dye molecule in the AAC mutant more
deeply into a hydrophobic cleft in the inside of the GCAP2
protein, further confining its rotational motion. This is indeed
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Table 2. Calculated Values for the Degree of Motional
Restriction (4,,) and Semicone Angle 0,,,, of Alexa647
Attached to GCAP2 Mutants”

A (Ormax)

ACA AAC
myr 0.31 (48.1°) 0.73 (25.6°)
+EGTA 0.28 (50.0°) 0.70 (27.2°)
nmyr 0.22 (53.8°) 0.62 (31.7°)
+EGTA 0.28 (49.2°) 0.61 (32.3°)

“The calculations are based on the “wobbling-in-a-cone” model eq 1
and describe the flexibility of the dye at the surface of the protein.

in qualitative agreement with the observed slight reduction in
0. and ¢p. In ACA, the opposite effects should be seen.
Whereas ¢p increases, 6, shows a slight decrease for
myristoylated ACA rather than an increase, indicating that
certainly not all our observations can be explained by such a
simplified mechanistic model. In both mutants, myristoylation
results in a decrease of the maximum semicone angle, indicating
a reduction in rotational flexibility of the attached dye
molecules.

The overall time scale of the slow rotational correlation time
¢ of the dye/protein complex of few tens of ns agrees well
with estimates based on the Stokes—Einstein—Debye equation
for the correlation time:

_ 4T[V§tn
3kgT

C

(4)

Here kyT is the Boltzmann factor, rg the Stokes’ radius, and #
the viscosity of the solvent. For a Stokes’ radius of rg, = 22 A for
monomers and rg, = 34 A for dimers, based on measurements
performed on GCAP1,%® and the viscosity of water (7 = 1
mNs/m? at 293.15 K) the rotational diffusion time is expected
to be about 11 and 41 ns, respectively. All measured slow
anisotropy decay components are of similar magnitude,
supporting the assignment of ¢ to the rotational motion of
the dye/protein complex. It is known that GCAP2, while
existing in monomeric form in the presence of Ca’*, undergoes
reversible dimerization upon removal of Ca** (addition of
EGTA).””* One may hence expect a certain increase in ¢g
upon decrease in [Ca®*]. The experimental results reported in
Figure 3, however, indicate much more pronounced variations
in ¢ than expected based on Ca’*-induced changes in the
monomer/dimer equilibrium. One may ask whether and
possibly to what extent homofluorescence resonance transfer
(FRET),* ie,, energy transfer between fluorophores in GCAP2
dimers, affects the anisotropy signals? Homo-FRET is known
to result in bi- or multiexponential anisotropy decays similar to
those in eq 1 with a fast decay reflecting the energy transfer
time and slow decay governed by the rotational motion of the
dimer complex. The fast decay is therefore mainly governed by
the relative orientation of and the distance between the
fluorophores. Our experimental data show comparatively large
variations of more than 50% in ¢y, upon myristoylation and/or
Ca?" addition, even though the relative orientation and distance
between chromophores is likely to be only weakly affected. This
makes it unlikely that homo-FRET has a significant influence
on the measured anisotropy curves, even though minor
contributions cannot be ruled out at the present stage. We
also note that Ca®'-free GCAP2 is present in a mixture of
almost equal amounts of monomers and dimers.>” If homo-
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FRET was important, this would lead to substantially different
rotational anisotropy signals from monomers and dimers and
hence to rather complicated multiexponential decays,** which
are not observed experimentally. We take this as an additional
indication, that homo-FRET is of minor importance for the
anisotropy decay. Finally, since the cysteine mutation is unlikely
to strongly affect the overall protein configuration and since the
electrophoretic mobility of the mutants is similar to that of
wildtype GCAP2 (Figure la), we presume that some of the
variations in ¢g might be influenced by the finite accuracy of
our anisotropy measurements, limited by the short fluorescence
lifetime of the dye marker. These effects certainly deserve
further study.

Summary and Conclusions. In summary, we have
reported a time-resolved fluorescence study of different site-
specifically labeled cysteine mutants of GCAP2. Our results
show that labeling of such mutants with the fluorescent dye
Alexa647 provides an interesting and flexible strategy for
probing local conformational changes of the protein via their
influence on the fluorescence dynamics of the dye marker.
Specifically, we report distinct variations in fluorescence decay
and rotational anisotropy dynamics when externally changing
the Ca”" concentration, upon myristoylation and upon variation
of the position of the local dye marker. Our results suggest a
mechanistic model for the Ca**-regulated protein motion in
which saturation of GCAP2 with Ca®" leads to a concerted
movement of cysteines at position 111 and 131. The outgoin
a-helix of EF-hand 3 is located between these two cysteines,
and we propose a piston-like up and down movement of this
helix induced by Ca* binding or dissociation. An extension of
our approach toward the site specific labeling of two cysteines
with different dye markers may give insight into the vectorially
correlated dye dynamics. Such experiments are currently
underway in our laboratory.

B METHODS

Expression and Purification of GCAP2, WT and Cysteine
Mutants. Construction and expression of wildtype bovine GCAP2
and its cysteine mutants have been described in detail before.’>?
Briefly, pET-11a vectors harboring the cDNA of GCAP2 mutants (two
cysteines exchanged for alanine and one cysteine left resulting in
mutants assigned as C35AA, ACI111A and AACI31; for simplicity
numbers are omitted in the text) were used for transformation of E.
coli BL21-Codon Plus cells.>**** For the expression of myristoylated
variants, E. coli cells were cotransformed with the plasmid pBB-131,
harboring the gene for N-myristoyl-transferase from yeast S. cerevisiae.
Expression of proteins was induced by the addition of isopropyl-f-p-
thiogalactoside at final concentration of 1 mM. After 4 h of incubation
at 37 °C bacteria were harvested by centrifugation (10 min at 5000g, 4
°C). Purification of GCAP2 variants from the cell pellet was achieved
as described previously by a combination of anion exchange
chromatography, ammonium sulfate precipitation, and size exclusion
chromatography.®® The protocol was modified for the myristoylated
mutant AAC, since the protein was not completely pure after the size
exclusion step and was therefore purified by an additional anion
exchange step on a MonoQ_5/50 column (GE healthcare). This time,
however, the chromatography was conducted in the absence of CaCl,
(addition of 2 mM EGTA to the chromatography buffers as in ref 30).
Purity of protein samples and Ca**-dependent electrophoretic
mobilities were analyzed by sodium dodecyl sulfate PAGE as
before.""?® Protein concentration was determined by a Coomassie
Blue assay and concentration of purified GCAP2 samples was
determined by UV-absorbance spectroscopy™ at 280 nm using an
extinction coefficient of 35210 M™' cm™'. The degree of
myristoylation of GCAP2 variants was determined by reversed phase
HPLC on a silica gel C18-column (VYDAC) as described before.'®
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Fluorescence Labeling with Alexa647. Lyophilized GCAP2
mutants were dissolved in 10 mM Hepes-KOH pH 7.0 at a final
concentration of 30—40 yM. Alexa647-maleimide (Molecular Probes)
was added in 5-fold molar excess in a final volume of 0.4 mL. The
reaction was allowed to proceed in a light-protected vial for 2—3 h and
was terminated by addition of 2 mM dithiothreitol. Excess dye was
removed by passing the reaction mixture over a NAPS column (GE
Healthcare), equilibrated in 125 mM NaCl, 25 mM Tris-HCI pH 7.4
(fluorescence buffer). If unreacted dye was still present after this
treatment, it was removed by dialysis against the same buffer. The
amount of bound dye was determined by recording the absorbance
spectra of labeled GCAP2 mutants (0.4—0.5 pM) with a UV—vis
spectrophotometer (SPECORD 205, Analytik Jena) in fluorescence
buffer. The absorbance maximum at 650 nm was used to calculate the
amount of attached dye employing a molar extinction coefficient of
265,000 M™' cm™". The Coomassie Blue assay was employed for
determination of the GCAP2 mutant concentration.

Guanylate Cyclase Assay. Reconstitution of purified and labeled
GCAP2 mutants with membrane-bound photoreceptor guanylate
cyclases was performed exactly as described earlier.”® For this purpose
membranes were prepared from bovine rod outer segment
preparations as regorted, which served as a source for membrane
bound ROS-GCs.**** The cyclase activities in the presence of
wildtype and mutant GCAP2 were determined at 33 M and 3 nM
free [Ca®"] resulting in a minimum GC activity (GC,,,) at high 33 uM
Ca®* and a maximum (GC,,,) at 3 nM Ca?*. The x-fold activation is
expressed as x = (GC,,, — GCpn)/GC,y,. Values obtained with
wildtype GCAP2 were set to 100% and compared with the activities in
the presence of GCAP2 mutants. In order to test for the influence of
dye attachment the labeled GCAP2 forms were compared with the
corresponding nonlabeled forms. Furthermore, we determined the GC
activities at intermediate free [Ca®"] as previously described,***%*?
which allows a more precise comparison with the nonlabeled wildtype.

Fluorescence Lifetime Measurements. Fluorescence lifetime
measurements have been performed by time-correlated single photon
counting (TCSPC), using a pulsed diode laser (PicoQuant, PDL-800)
operating at a repetition rate of 6 MHz and providing S0-ps pulses,
centered at 656 nm and with an average power of a few yW. Vertically
(0°) polarized laser pulses were weakly focused into a microcuvette
using a f = 260 mm lens.

The emitted fluorescence light from the sample has been collected
and focused onto an avalanche photodiode (ID Quantique 100) using
a glass objective (Nikon, NA = 0.7). Lifetime measurements were
performed under magic angle (54.7°) conditions to avoid any
influence of fluorescence anisotropies. The collected decay curves
were fitted to an exponential model by reconvolution:

t—t'

t n
I(t) = f RE() Y Aje” T dt
o i=1

©)

The parameter A; denotes the amplitude of decay component i with
decay time 7, and IRF(t) represents the instrument response function,
which has been measured by use of scattered excitation light. The full
width at half-maximum (fwhm) of the IRF was about 92 ps.

The fluorescence quantum yield QY was calculated on the basis of
the integrated number of counts per lifetime measurement and the
transmittance T of the sample compared to a reference quantum yield

QYg:
)QYR ©

J1(t) at
Qr=t——
[Ir(t) dt
The quantum yield of Oxazine 1 in ethanol (QYy = 0.11)* was used
as reference. Excitation intensity and integration time have been kept
constant for corresponding measurements of sample and reference,
respectively.
Fluorescence Anisotropy. Fluorescence anisotropy measure-
ments were performed by recording the fluorescence emission for
two different detection polarizations, perpendicular (I,) and parallel

1- Ty
1-T
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(Iy) to the vertically polarized excitation light. The fluorescence
anisotropy r(t) is then deduced as

© I(t) = G-I (t)
T = —-—-—m——mm———

I”(t) +2G-I) () (7)
The factor G was introduced to correct for the polarization anisotropy
of our experimental setup. A factor of G = 1.05 was determined from
calibration measurements on Oxazine 1. All anisotropy decay curves
were fitted to the following model to determine the rotational
correlation times of different samples.

n _t
re(t) = 2 Aje &

i=1

(8)

Here, A; denotes the amplitude of the anisotropy decay component i
and ¢; its correlation time.
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