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ABSTRACT: The retinal guanylylcyclases ROS-GC 1 and 2 are
regulated via the intracellular site by guanylylcyclase-activating
proteins (GCAPs). The mechanisms of how GCAPs activate
their target proteins remain elusive as exclusively structures of
nonactivating calcium-bound GCAP-1 and -2 are available. In
this work, we apply a combination of chemical cross-linking with
amine-reactive cross-linkers and photoaffinity labeling followed
by a mass spectrometric analysis of the created cross-linked prod-
ucts to study the interaction between N-terminally myristoylated
GCAP-2 and a peptide derived from the catalytic domain of full-length ROS-GC 1. In our studies, only a few cross-linked prod-
ucts were obtained for calcium-bound GCAP-2, pointing to a well-defined structure of the GCAP-2−GC peptide complex. A
much larger number of cross-links were detected in the absence of calcium, indicating a high flexibility of calcium-free GCAP-2 in
the complex with the GC peptide. On the basis of the distance constraints imposed by the cross-links, we were able to create a
structural model of the calcium-loaded complex between myristoylated GCAP-2 and the GC peptide.

Two isoforms of retinal guanylylcyclase (ROS-GC 1 and 2,
also known as GC-E and -F or retGC-1 and -2), localized in

photoreceptor cells are responsible for the synthesis of cGMP,
the second messenger in phototransduction.1−4 ROS-GC 1 and
2 are regulated via the intracellular site by calcium-binding
proteins, which are termed guanylylcyclase-activating proteins
(GCAPs). A number of additional membrane-bound guanylyl-
cyclases are regulated by extracellular ligands, such as the
natriuretic peptide.5,6 GCAPs belong to the neuronal calcium
sensor (NCS) family within the superfamily of calmodulin-like
four EF-hand calcium-binding proteins. A common feature of
all NCS proteins is the dysfunctional EF-hand 1 caused by a
conserved proline residue in its core loop, making it impossible
for this EF-hand to bind calcium.7,8 The three remaining EF-hands
of GCAP-2 are able to bind calcium; at low calcium concentra-
tions, they can also be occupied by Mg2+.9,10 Like many calcium
sensor proteins, GCAPs are N-terminally myristoylated.11 The
exact function of the myristoylation is not fully understood and is
controversially discussed.12−14 Three GCAP isoforms (GCAP-
1−3) were identified in mammalian photoreceptor cells and acti-
vate both isoforms of retinal guanylylcyclase, ROS-GC 1 and 2, at
free calcium concentrations below 200 nM.15−19 Furthermore,
GCAP-2 inhibits guanylylcyclase activity at the high calcium
levels present in dark-adapted photoreceptor cells.15,20 The
GCAP-mediated calcium-dependent regulation of ROS-GC
1 and 2 plays a central role in shaping the photoreceptor light
response and in light adaptation.21−25

The mechanisms of how GCAPs activate their target protein
remain elusive as only structures of nonactivating calcium-bound
GCAP-113 and -226 are available; no high-resolution structures
of ROS-GC 1 and 2 have been published. In fact, ROS-GC 1 and 2
are catalytically active as homodimers, which rely on a correct
orientation of the active site formed by both subunits.27,28 As a
consequence, GCAP dimerization followed by dimerization of
ROS-GC is conceivable, as has been proposed for GCAP-2, but
not for GCAP-1.29 Because of the abundance of different
domains and regulating proteins, several regulatory binding sites
have been postulated for ROS-GC. Further investigations indi-
cate the presence of three different regulatory binding sites for
GCAP-1 in the juxtamembrane domain,30 the kinase homology
domain,31 and the catalytic domain32 of ROS-GC. GCAP-2 is
supposed to bind more tightly to the GCAP-1 binding site in the
catalytic domain of ROS-GC than GCAP-1 itself.32 Another
GCAP-2 binding site was identified in the catalytic domain next
to the C-terminal extension, which is not a GCAP-1 binding
site, allowing a functional mapping of ROS-GC 1. Apparently,
GCAP-2 transmits the calcium signal rather from the C-terminal
side, while GCAP-1 exerts its function more from the distant
N-terminal side.33
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Genetic disorders in GCAP genes or parts of the regulatory
regions in ROS-GC genes result in different malfunctions. Espe-
cially a variant of GCAP-1, Y99C, leads to a reduced calcium sensiti-
vity and a progression of autosomal dominant cone dystrophy.34,35

There are also other known mutations in GCAP-2 genes, such
as a codon exchange from GGA to AGA resulting in a G157R
mutation, which is associated with retinitis pigmentosa.36 For the
design of novel drugs, a detailed molecular knowledge of the
formation of the complex between GCAP-2 and ROS-GC 1 is
crucial. Therefore, we performed cross-linking experiments be-
tween N-terminally myristoylated GCAP-2 and peptides con-
taining the predicted GCAP-2 binding side comprising amino
acids 965−98133 in the catalytic domain of full-length ROS-GC 1.
Chemical cross-linking relies on the introduction of a covalent

bond between functional groups of specific amino acids between
different interaction partners by a chemical reagent for the elucida-
tion of interfaces in protein complexes.37−45 After the cross-linking
reaction, the proteins of interest are usually enzymatically digested,
and the resulting peptide mixtures are analyzed by high-resolution
mass spectrometry (MS).40 We have recently shown for N-terminal
(LN) domains of laminins that even a few distance constraints
imposed by chemical cross-links and disulfide bonds, i.e., “natural”
cross-links, are sufficient for deriving a valid structural model46 that
closely resembles the structure obtained by X-ray crystallog-
raphy.47 So far, the largest protein complex analyzed in depth by
chemical cross-linking andMS is the 15-subunit 670 kDa complex
of RNA polymerase II (Pol II) with transcription initiation factor
TFIIF.48 Despite its straightforwardness, the greatest challenge of
the cross-linking approach is posed by the high level of complexity
of the created peptide mixtures requiring high-resolutionMS tech-
niques for analysis of the cross-linked products.
In a previous study, we have demonstrated49 that a combina-

tion of chemical cross-linking with amine-reactive cross-linkers
and photoaffinity labeling yields complementary results and is
thus advantageous for deriving detailed models of protein com-
plexes. In this work, we apply both complementary cross-linking
strategies to study the interaction between N-terminally myris-
toylated GCAP-2 and a ROS-GC 1 peptide derived from the
catalytic domain of full-length ROS-GC in the presence and
absence of calcium.

■ EXPERIMENTAL PROCEDURES
Materials. Recombinant N-terminally myristoylated bovine

GCAP-2 was produced according to an existing protocol.14 A
peptide comprising amino acids 965−981 of full-length ROS-
GC 1 was synthesized by Dr. Rothemund (IZKF Leipzig). In the
following, we will refer to this peptide simply as GC peptide.
Both photoleucine-labeled GC peptides shown in Scheme 1 were
custom synthesized (ThermoFisher Scientific, Ulm, Germany).
BS2G [bis(sulfosuccinimidyl)glutarate] was obtained from
ThermoFisher Scientific (Rockford, IL). HEPES [4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid], ammonium bicarbon-
ate, DMSO (dimethyl sulfoxide), CaCl2, and EGTA (ethylene
glycol tetraacetic acid) were purchased from Sigma-Aldrich
(Steinheim, Germany). Laemmli sample buffer was purchased
from Bio-Rad (Munich, Germany). Trypsin (bovine) was pur-
chased from Roche (Mannheim, Germany); trypsin (porcine)
was obtained from Promega (Madison, WI), and endoproteinase
GluC was purchased from Roche. Nano-HPLC solvents were
purchased from VWR (Darmstadt, Germany). Milli-Q water was
produced by a TKA Pacific apparatus with an X-CAD dispenser
from Thermo Electron LED GmbH (part of ThermoFisher
Scientific, Niederelbert, Germany).

Cross-Linking Reactions. For cross-linking reactions with
the amine-reactive N-hydroxysuccinimide (NHS) ester cross-
linker BS2G, a stock solution (19 μM) of bovine GCAP-2 was
diluted to give a final protein concentration of 10 μM in 20 mM
HEPES (pH 7.5). The mixture was incubated at room tem-
perature for 10 min after the addition of CaCl2 (final concentra-
tion of 1 mM; calcium-loaded GCAP-2) or EGTA (pH 7.5)
(final concentration of 10 mM; calcium-free GCAP-2). An
aqueous stock solution of GC peptide (221 μM) was added to
each sample (final concentration of 31 μM), and the mixtures
were incubated at room temperature for 30 min. The cross-
linking reactions were initiated by adding a freshly prepared
solution of nondeuterated (D0) and 4-fold deuterated (D4) BS

2G
(1:1) in DMSO to give a final cross-linker concentration of 1mM
(100-fold molar excess over GCAP-2 concentration). As a con-
trol sample, the same amount of DMSO was added to the
peptide/protein mixture. Reaction mixtures were incubated at
room temperature, and aliquots were taken after 30 and 60 min.
The cross-linking reactions were quenched by adding ammonium
bicarbonate (final concentration of 20mM) and used immediately
or stored at −20 °C before SDS−PAGE and MALDI-TOF-MS
analysis.
For photo-cross-linking reactions of GCAP-2 with photo-

Leu-modified GC peptides (Scheme 1), a stock solution of
bovine GCAP-2 (19 μM) was diluted to give a final protein
concentration of 10 μM in 20 mM HEPES (pH 7.5). GCAP-2
was incubated at room temperature for 10 min after adding
CaCl2 (final concentration of 1 mM; calcium-loaded GCAP-2)
or EGTA (pH 7.5) (final concentration of 10 mM; calcium-free
GCAP-2). An aqueous stock solution of GC photopeptide 1
(175 μM) or GC photopeptide 2 (115 μM) was added to each
sample to give a final peptide concentration of 10 μM. The mix-
tures were incubated in the dark at room temperature for 30 min.
The photo-cross-linking reactions between GCAP-2 and GC
photopeptides were performed by irradiation with UV-A light
(365 nm) on ice. Aliquots were taken at irradiation energies of
4000 and 8000 mJ/cm2. One aliquot without irradiation served
as control sample. Samples were used immediately or stored at
−20 °C before SDS−PAGE and MALDI-TOF-MS analysis.

SDS−PAGE and Enzymatic Proteolysis. After separation
of the cross-linking reaction mixtures by one-dimensional gel
electrophoresis (SDS−PAGE, 20 μL of the reaction mixture per
lane; 15% resolving gel; Coomassie Blue Silver staining50). BS2G-
cross-linked samples were additionally treated in the following
manner: 25 μL of the solution was desalted using Amicon filtration
units (Millipore Corp., Billerica, MA) (cutoff of 10 kDa, 0.5 mL)
before the cross-linking reaction mixtures were separared on
gradient gels (4 to 20%, ThermoFisher Scientific; Coomassie
Blue Silver staining50). Bands of interest were excised; the proteins
contained in the bands were reduced with DTT (dithiothreitol)
and carbamidomethylatedwith IAA (iodoacetamide). In-gel diges-
tionwas performed by simultaneous digestionwith trypsin (cleaving
on the C-terminal side of Arg and Lys) and endoproteinase GluC
(cleaving on the C-terminal side of Glu and Asp) according to
existing protocols.51,52 Depending on the size of the gel bands
and staining intensities, different amounts of the enzyme solu-
tion (in 25 mM NH4HCO3) were added [∼1:15 to 1:20 (w/w)
enzyme:protein ratio], and samples were incubated at 30 °C
overnight. Proteolytic peptides were extracted, and extracts of
three bands resulting from identical reaction mixtures were com-
bined. Samples were used immediately or stored at −20 °C
before nano-HPLC/nano-ESI-LTQ-Orbitrap MS analysis.
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MALDI-TOF Mass Spectrometry. Ten microliters of each
cross-linking reaction mixture was desalted with C4 ZipTips
(Millipore Corp.). The samples were spotted onto a steel target
using the thin-layer method: 0.3 μL of a saturated solution of
sinapinic acid in ethanol was spotted to form a thin layer. One
microliter of a desalted sample solution was premixed with 1 μL
of a saturated solution of sinapinic acid in a 33% (v/v) ACN/
0.1% (v/v) TFAmixture in water. One microliter of this solution
was spotted onto the prepared thin layer. MALDI-TOF-MSmea-
surements were conducted on an Ultraflex III MALDI-TOF/
TOF mass spectrometer (Bruker Daltonik, Bremen, Germany).
Spectra were recorded in the m/z range of 5000−100000 in the
linear and positive ionization modes; 2000 spectra were added to
one mass spectrum. Acquisition and analysis of data were
performed with FlexControl (version 3.3) and FlexAnalysis
(version 3.3).
Off-Line Nano-ESI Mass Spectrometry. Fifteen micro-

liters of each cross-linking reaction mixture was desalted with C4
ZipTips (Millipore Corp.). Off-line nano-ESI-MSmeasurements

for detecting intact cross-linked products between GCAP-2 and
GC peptides were conducted on an LTQ-Orbitrap XL mass
spectrometer (ThermoFisher Scientific, Bremen, Germany) with
a nano-ESI source (Proxeon, Odense, Denmark). For off-line nano-
ESI-MS measurements, borosilicate emitters (ES380, Proxeon/
ThermoFisher Scientific) were filled with 5 μL of sample solution.
Mass spectra were recorded in the orbitrap over variablem/z ranges
at a resolution of 100000 at m/z 400. Acquisition and analysis of
data were performed with Xcalibur version 2.0.7 (ThermoFisher
Scientific). Mass spectra were deconvoluted ([M +H]+) with the
Xtract software in the Qual Browser.

Nano-HPLC/Nano-ESI-LTQ-Orbitrap Mass Spectrome-
try. Separation of enzymatic digestion mixtures was conducted
on anano-HPLCsystem(Ultimate,DionexCorp., Idstein,Germany)
equipped with a Famos autosampler and a Switchos device (Dionex).
First, peptides were loaded onto the precolumn (Acclaim PepMap,
100 μm× 20mm, 5 μm, 100 Å) andwashedwith 0.1% (v/v) TFA in
water for 15min at aflow rate of 20μL/min. Afterward, peptideswere
eluted from the precolumn and separated on a C18 reversed

Scheme 1. Amino Acid Sequence of Bovine GCAP-2 and Locations of GC Peptide in ROS-GC 1a

aWorkflow for identifying sites of interaction between GCAP-2 and GC peptide by chemical cross-linking with BS2G and photoaffinity labeling using
photo-Leu-modified GC peptides. ROS-GC 1 domains are denoted as EXT: extramembrane domain, TM: transmembrane domain, JMD:
juxtamembrane domain, KHD: kinase homology domain, DD: dimerization domain, CCD: catalytic cyclase domain, CTE: C-terminal domain.
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phase separation column (Acclaim PepMap, 75 μm × 250 mm,
3 μm, 100 Å, Dionex) using three different gradients: gradients
1 and 2 ranging from a 95% water/5% ACN/0.1% FA mixture to
a 60% water/40% ACN/0.09% FA mixture over 90 and 45 min,
respectively (an 80% ACN/20% water/0.08% FA mixture was
used after finishing the gradient to elute highly hydrophobic pep-
tides), and gradient 3 ranging from a 95% water/5% ACN/0.1%
FA mixture to a 76% water/24% ACN/0.1% FA mixture over
120 min to a 60% water/40% ACN/0.09% FAmixture. Afterward,
a mixture of 10% water, 80% ACN, 10% TFE (trifluoroethanol),
and 0.08% FA was used to additionally elute highly hydrophobic
peptides.
The nano-HPLC system was coupled to a nano-ESI source

(Proxeon) of an LTQ-Orbitrap XLmass spectrometer (Thermo-
Fisher Scientific, Bremen, Germany). MS data were acquired
continuously during the gradient between 78 and 195 min, ex-
cluding the washing step. Each full MS scan was acquired in the
orbitrap (m/z 350−2000, resolution of 60000). The five most
intense signals of each full MS scan were automatically selected
for collision-induced dissociation (CID) in the linear ion trap
(LTQ) (isolation window of 2 Th, normalized collision energy of
35), and fragment ions were analyzed in the LTQ. Dynamic
exclusion (window of −1/+2 Th, duration of 120 s) was used to
detect and fragment less abundant signals. Acquisition of data
was controlled via Xcalibur version 2.0.7 (ThermoFisher) in
combination with DCMS link version 2.0 (Dionex).
Identification of Cross-Linked Products. Analysis and

identification of cross-linked products were performed with
GPMAW (General Protein Mass Analysis for Windows, versions
8.1−9.0, Lighthouse Data, Odense, Denmark) and the in-house
software StavroX.53 With GPMAW, acquired mass lists were
matched with theoretical cross-linked products. Fragment ion
mass spectra of potential cross-linked products were manually
assigned. StavroX was used for automatic comparison of MS and
MS/MS data from Mascot generic files (mgf). Potential cross-
links were manually evaluated. For comparison of masses from
cross-linking experiments with BS2G, a maximal mass deviation
of 6 ppm between theoretical and experimental precursor ion
mass and a signal-to-noise ratio (S/N) of ≥2 were accepted, while
for photoaffinity labeling experiments with GC photopeptides, a
maximal mass deviation of 5 ppm was allowed. Lys, Ser, Tyr, Thr,
and N-termini were considered as potential cross-linking sites for
theNHS ester BS2G.54 For analyzing cross-linked products withGC
photopeptides, Ala, Asp, Glu, Gly, Ile, Leu, Lys, Met, Phe, Ser, Thr,
Tyr, and Val were considered as potential reaction sites of diazirines.
As the carbene intermediate is highly reactive, diazirines will react
with a large number of amino acids. When analyzing cross-linked
products, we took into account that also neighboring amino acids
might have reacted. Additionally, carbamidomethylation of Cys
and oxidation of Met were taken into account as potential
modifications as well as up to a total of eight missed cleavage sites
(analysis with GPMAW) or three missed cleavage sites for each
amino acid Lys, Arg, Glu, Asp (analysis with StavroX).
Circular Dichroism (CD) Measurements. Solutions

(146 μM) of GC peptide in H2O and 60% (v/v) TFE were pre-
pared to give final TFE concentrations of 0−60% (v/v). If
desired, a 1 M stock solution (pH 7.5) of K2HPO4/KH2PO4 was
added to give a final concentration of 25 μM. Far UV-CD spectra
of the solutions were recorded in a 0.5 mm fused silica cuvette on
a J-810 spectropolarimeter (Jasco, Groß-Umstadt, Germany) at
4 °C from 260 to 180 nm with scan rates of 20 nm/min, data
pitches of 0.1 nm, response times of 4 s, and bandwidths of 1 nm.
Depending on the signal intensity, 10−20 single spectra were

averaged. The raw spectra were normalized depending on the
peptide bond concentration ([Θ]MRW). No smoothing proce-
dure was applied.

Molecular Modeling. The GC peptide was manually placed
into the GCAP-2 NMR structure (PDB entry 1JBA). PSIPRED
(http://bioinf.cs.ucl.ac.uk/psipred) was used to predict the se-
condary structure of the GC peptide. A 20 ns all-atom molecular
dynamics (MD) simulation with explicit water was conducted
using NAMD55 (CVS-2011-11-16) with the CHARMM2756 all-
atom force field. The protein−peptide complex was neutralized
and solvated in 0.15 M CaCl2 using the TIP3P water model.
Calcium ions trapped in an EF-hand motif were preserved.
Periodic boundary conditions were set up as a square box with a
side length of 78 Å. Long-range electrostatic interactions were
calculated using the smooth particle mesh Ewald57 summation
technique with a grid spacing of 1 Å for the fast Fourier trans-
formation. Real space electrostatics were truncated at 16 Å with
switching of nonbonded interactions starting at 15 Å. Bonds
involving hydrogens were treated with the SHAKE58 algorithm
allowing the simulation to run with a time step of 2 fs. The system
was minimized for 10000 steps and equilibrated using a canonical
ensemble (NVT) at 303 K for 1 ns. The pressure and tempera-
ture were kept constant (1 bar and 303 K, respectively; isothermal−
isobaricNPT ensemble) for the production run using the Nose−
Hoover−Langevin pressure piston control.59,60 During the first
10 ns of the production run, distance constraints were applied to
selected amino acids. The lower boundary was set to 0 Å with a
lower wall of 1 Å for all cross-links. The upper boundary was set
to 19 Å with an upper limit of 18 Å for the amine-reactive cross-
links. For the photoreactive cross-links, an upper boundary of 10 Å
with an upper limit of 9 Å was assumed. Themaximal biasing force
was increased in a stepwise manner (20, 50, 80, 100, and 200 kcal/
mol) in 1 ns intervals and run for 6 ns at the highest setting.

■ RESULTS
Analytical Strategy of Chemical Cross-Linking. Cross-

linking reactions between GCAP-2 and a GC peptide containing
the predicted GCAP-2 binding side comprising amino acids
965−98133 in the catalytic domain of ROS-GC 1 (Scheme 1)
were conducted as described in Experimental Procedures. The
amine-reactive, homobifunctional cross-linker BS2G and photo-
reactive derivatives of the GC peptide, into which the diazirine-
containing photoleucine had been incorporated at specific
positions, were used for cross-linking experiments. BS2G, as a
homobifunctional cross-linker, carries two identical amine-
reactive sites (Scheme 1). It reacts with ε-amino groups of lysine
side chains and the N-terminus of a protein or a peptide to form
an amide bond, while N-hydroxysulfosuccinimide and water are
released. Reactions with hydroxyl groups of Ser, Thr, or Tyr side
chains lead to the formation of ester bonds.54,61 Cross-linked
species are identified by their typical isotope pattern (4 amumass
difference) in the mass spectra, because of the use of non-
deuterated and 4-fold deuterated BS2G, and mass increases of
96.021 (BS2G-D0) and 100.052 Da (BS

2G-D4) in the combined
peptide masses. Peptides that are modified by a partially hydrolyzed
cross-linker exhibit mass increases of 114.032 (BS2G-D0) and
118.063 Da (BS2G-D4), respectively.
The GC peptide derived from the postulated GCAP-2 binding

region33 was modified at two positions (Val-5 and Leu-13) with
the photoreactive amino acid photo-Leu (Scheme 1). Photo-Leu
is an artificial amino acid carrying a photoreactive diazirine group.62

Upon activation by UV-A light, diazirines lose nitrogen and thus
form a multireactive carbene, which reacts nonspecifically with
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various amino acid side chains. Photo-cross-linked species are
readily identified by the loss of nitrogen, resulting in a mass dif-
ference of 28.006 Da.
In previous studies, we have shown that cross-linking experi-

ments with amine-reactive NHS esters and photo-amino acids
yield complementary results in structural analyses of proteins.49

NHS esters bridge distances depending on the length of the
spacer chain and, as such, detect more flexible interaction regions
within the proteins, while photoreactive amino acids identify
spatially close or even directly interacting surfaces in the interac-
tion partners.
Analysis of Intact GCAP-2−GC Peptide Complexes.

After the cross-linking reactions, SDS−PAGE (Figure S1, Supporting
Information), off-line nano-ESI-Orbitrap MS (Figure 1), and
MALDI-TOF-MS (Figure S2, Supporting Information) were
performed to verify whether a covalent complex had been created
between GCAP-2 and the respective GC peptide. SDS−PAGE
showed bands of a 1:1 complex between GCAP-2 and GC pep-
tides after the cross-linking reaction with BS2G in the presence
and absence of calcium. In photoaffinity labeling experiments
using photo-Leu peptides, it was hardly possible to identify clear
signals for 1:1 complexes in the presence of calcium because of
the existence of the different calcium-loaded states of GCAP-2.
In the absence of calcium, a weak band of the 1:1 complex was
visible (Figure S1, Supporting Information). To confirm the
formation of GCAP-2−GC peptide complexes, off-line nano-ESI
and MALDI-TOF-MS measurements were performed giving a
much clearer picture of the stoichiometries of the GCAP-2−GC
peptide complexes, the degree of cross-linker modification, and
the cross-linking efficiency.
High-resolution off-line nano-ESI-LTQ-Orbitrap-MS meas-

urements of intact GCAP-2−GC peptide complexes unambig-
uously demonstrated the presence of cross-linked complexes
both for the amine-reactive cross-linker BS2G (Figure 1A) and
for GC photopeptides (Figure 1B,C). As the orbitrap technique
yields data with both high mass accuacy and excellent mass
resolution, we were able to unambiguously determine the num-
ber of cross-linker modifications in the GCAP-2−GC peptide
complexes.
In the MALDI-TOF mass spectra, highly intense signals of

singly and doubly charged BS2G-modified GCAP-2 were ob-
served in addition to a smaller signal corresponding to a 1:1 com-
plex between GCAP-2 and GC peptide (Figure S2, Supporting
Information). The mass of GCAP-2 slightly increased at reaction
times between 30 and 60 min, probably because of a stronger
modification with partially hydrolyzed and intramolecularly
bound BS2G cross-linker, while the mass of the GCAP-2−GC
peptide (1:1) complex was essentially identical (data not shown).
MALDI-TOF-MS measurements of the photo-cross-linking
mixtures with each of the two photo-Leu-modified GC peptides
showed a strong signal of intact GCAP-2 with a small signal in the
mass region of the GCAP-2−GC peptide (1:1) complex. Mass
spectra of nonirradiated and irradiated (irradiation energies of
4000 and 8000 mJ/cm2) samples were nearly identical (data not
shown), indicating that the photoreaction was already induced by
ambient light.
Identification of Contact Sites between GCAP-2 and

GC Peptides by Amine-Reactive Cross-Linking. So far, no
structural information is available for the complex between
GCAP-2 and ROS-GC. The GC peptide used for this work had
been postulated as a potential GCAP-2 binding site.33 To verify
this binding site and, moreover, to gain insight into the mecha-
nisms underlying the interaction between GCAP-2 and ROS-GC,

we performed cross-linking experiments, first with the
homobifunctional amine-reactive cross-linker BS2G that pos-
sesses a spacer length of ∼7.8 Å.
After the cross-linking reaction, the cross-linking reaction mix-

tures were separated by one-dimensional gel electrophoresis
(SDS−PAGE) with the aim of excising the bands of cross-linked
complexes from the gel and subjecting them to in-gel digestion,
yet as SDS−PAGE hardly revealed a distinct band of a 1:1 com-
plex between GCAP-2 and the GC peptide, the whole smeared
band was cut out and divided into different partitions. Because
there are only a few cleavage sites for trypsin inGCAP-2 (Scheme 1),
we performed digestions with a combination of the proteases
trypsin (cleaving to the C-terminal side of Lys and Arg) and
GluC (cleaving to the C-terminal side of Glu and also Asp) to
create fragments of cross-linked products in the optimal mass
range of <4000 Da. Peptide mixtures were subsequently separated
by nano-HPLC and analyzed by high-resolution nano-ESI mass
spectrometry.
First, we analyzed the peptide mixtures from the different

excised gel band segments (vide supra) to verify the presence
of each of the binding partners (GC peptide and GCAP-2) in
the gel regions of interest. Indeed, we were able to identify
the GC peptide in gel bands representing potential com-
plexes from reaction mixtures both with and without cal-
cium, indicating that a complex between GCAP-2 and GC
peptide had been created during the cross-linking reaction
(Table S1, Supporting Information). GC peptide fragments
corresponding to amino acids 8−17 ([M + 2H]2+ at m/z
522.806) and amino acids 3−13 ([M + 2H]2+ at m/z 832.486)
were identified from cross-linking reaction mixtures with calcium
(Table S1, Supporting Information). In samples without calcium, a
signal at m/z 522.806 of a doubly charged species was observed
corresponding to amino acids 8−17 of GC peptide (Table S1,
Supporting Information). Thus, we were encouraged to conduct a
more detailed analysis of the excised gel bands with respect to
intra- and intermolecular cross-linked products within GCAP-2
and between GCAP-2 and GC peptide, respectively. All cross-
linked product candidates were verified via MS/MS experiments.
In the presence of calcium, several intramolecular cross-links

were identifiedwithinN-terminallymyristoylatedGCAP-2 (Table 1),
all of which are in agreement with the published NMR structure
of nonmyristoylated GCAP-2 (Figure S3, Supplemetary
Information).26 In particular, the C-terminal part of GCAP-2,
which is not resolved in the NMR structure, seems to be very
flexible as indicated by the numerous intramolecular cross-links
within GCAP-2 in this region. As such, Lys-200 in the C-terminal
region of GCAP-2 was found to be connected with lysines at
positions 29, 30, 46, 50, 96, 126, 128, 129, 142, and 178. Several
cross-linked products (Table 2) point to interactions between
nine amino acids of GCAP-2 and the N-terminal Tyr of the GC
peptide. As a typical example for the analysis of a cross-linked
product, MS andMS/MS data of a cross-linked product between
amino acids Lys-129−Glu-136 of GCAP-2 and Tyr-1 and Arg-2
of GC peptide are shown in Figure 2. Except for one cross-link
between Lys-29 of GCAP-2 and the N-terminal Tyr of the GC
peptide, all cross-links fall within the range of the 25 Å maximal
Cα−Cα distance that BS2G is able to bridge.48,49 On the basis of
these connection points, we aimed to construct a viable structure
of the GCAP-2−GC peptide complex using structural modeling
(vide infra).
It should also be mentioned in this context that we observed

a number of lysines inGCAP-2 that had beenmodified by a partially
hydrolyzed cross-linker (Table S2, Supporting Information).
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These “dead-end” cross-links yield valuable information as they
allow us to draw conclusions about the solvent accessibility of spe-
cific lysine residues. In this study, we focused on determining
the interface between GCAP-2 and GC peptide, yet the obtained

dead-end cross-links confirmed that the cross-linking reactions did
not disturb GCAP-2’s overall three-dimensional (3D) structure.
Analysis of cross-linking samples that had been conducted

in the absence of calcium yielded intramolecular cross-linked

Figure 1. Identification of intact cross-linked complexes via off-line nano-ESI-MS. (A) Deconvoluted mass spectrum ([M + H]+) of cross-linking
reaction mixtures between GCAP-2 (10 μM; MWav of 23807.1 Da) and GC peptide (100 μM; MWav of 1983.3 Da) with a 100-fold excess of BS

2G-D0
and 1mMCa2+ and a reaction time of 30min. Abbreviations: XL, intra/intermolecular cross-link (+96Da); XL-OH, hydrolyzed cross-linker (+114Da).
(B)Deconvolutedmass spectrum ([M+H]+) of the photo-cross-linking reactionmixture betweenGCAP-2 (10 μM) andGC photopeptide 1 (100 μM;
MWav of 2009.3 Da) in the absence of Ca

2+ (10 mM EGTA; irradiation energy of 4000 mJ/cm2). (C) Deconvoluted mass spectrum ([M + H]+) of the
photo-cross-linking reaction mixture between GCAP-2 (10 μM) and GC photopeptide 2 (100 μM; MWav of 1995.27 Da) in the absence of Ca2+

(10 mM EGTA; irradiation energy of 4000 mJ/cm2). Asterisks denote a potential phosphate adduct of GCAP-2. Data for cross-linked GCAP-2−GC
peptide complexes are shown as insets.
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products within GCAP-2 as well as intermolecular cross-linked
products between GCAP-2 and GC peptide (Tables 1 and 2).
Five cross-linked products indicate an identical interaction site
between GCAP-2 andGC peptide as in the mixture with calcium,
except for Lys-29, Lys-102, Lys-178, and Lys-200, which were not
found to be cross-linked. Lys-30, Ser-37, and Lys-106 were ex-
clusively found in the calcium-free sample. These cross-links did
not allow differentiation between GCAP-2−GC peptide interac-
tion in the absence and presence of calcium, apart from a stronger
cross-linking involvement of the N-terminal GCAP-2 part in the

presence of calcium. Thus, we conducted further experiments
with two GC peptides, in which the photoreactive amino acid
photo-Leu was incorporated at position 5 or 13 of the GC
peptide (Scheme 1).

Identification of Sites of Contact between GCAP-2 and
GC Peptides by Photoaffinity Labeling. To get a closer look
at the structure of the GCAP-2−GC peptide complex and to
delineate differences of the interaction in the absence and pres-
ence of calcium, we employed twomodifiedGC peptides. In each
of these peptides, one amino acid was exchanged with photo-Leu

Table 2. Intermolecular Cross-Links between GCAP-2 and GC Peptide, Cross-Linked with BS2Ga

m/z
measured

calcd protonated
molecular mass

(Da)
charge
state

mass
deviation
(ppm)

cross-linked
amino acid in
GCAP-2

with (+) or
without (−)
calcium amino acid sequences fragments

510.759 1020.512 2 −0.5 K-200 − α 200KSAMF bα1-NH3 or bα1-H2O; bα2; bα3; bα4; bβ1-
H2O; yα1; yα2; yβ1β 001YR

518.757 1036.507 2 −0.4 K-200 + α 200KSAmF bα2; bα3; bα4; bβ1-H2O; yα1; yα2; yα3; yα4
β 001YR

531.291 1061.572 2 3.3 K-29 + α 027WYKK bα2; bα3; bβ1; yα2; yα3; yβ1
β 001YR

588.812 1176.613 2 2.5 K-200 + α 199RKSAMF bα2; bα4; bα5; bβ1; yα5; yβ1
β 001YR

594.850 1188.692 2 0.0 K-126 − α 123SIYKLK bα2; bα4; bα5; bβ1; yα2; yα3; yα4; yβ1
β 001YR

594.851 1188.692 2 2.8 K-126 + α 123SIYKLK bα4; bα5; bβ1; yα3; yα4; yβ1
β 001YR

622.327 1243.644 2 2.6 K-178 + α 177DKWVMK bα2; bα3; bα4; bα5; yα2; yα5
β 001YR

623.822 1246.636 2 −0.0 K-106 − α 103IYDKDR bα5 or bβ1; yα1 or yβ1; yα2; yα3; yα4
β 001YR

630.358 1259.708 2 0.1 K-98 − α 097LKWTFK bα2; bα3; bα4; bα5; bβ1; yα2; yα3; yα4
β 001YR

630.360 1259.708 2 3.1 K-98 + α 097LKWTFK bα3; bα4; bα5; bβ1; yα2; yα3; yα4
β 001YR

679.832 1358.656 2 0.3 K-129 − α 129KABSVEVE bα2; bα3; bα4; bα5; bα6; bα7; yα2; yα3; yα6
β 001YR

679.832 1358.656 2 0.7 K-129 + α 129KABSVEVE bα2; bα3; bα5; bα6; bα7; yα2
β 001YR

467.255 1399.745 3 3.3 K-178 + α 176RDKWVMK bα1 or yβ1-H2O; bα2; bα4; bα5; bα6; bβ1
or; yα6-H2O; yα1; yα2; yα4; yα5; yα6β 001YR

781.378 1561.747 2 0.4 K-50 − α 048FFKVPDNEE bα3; bα4; bα5; bα6;bα7; yα3; yα5; yα6; yα7
β 001YR

781.380 1561.747 2 3.1 K-50 + α 048FFKVPDNEE bα2; bα3; bα6; bα7; bβ1; yα3; yα5; yα6; yα7
β 001YR

603.649 1808.927 3 3.3 K-102 + α 099WTFKIYDKDR bα4; bα7; yα1; yα2; yα3 or bα4-NH3; bα9 or
bβ1; yα4; yα5; yα8; bα7β 001YR

711.991 2133.956 3 0.6 S-37 − α 031FLEEBPSGTLFMHE bα2; bα3; bα6; bα9; bα13 or yα13; yα2; yα4;
yα5; yα9; yα10; yα11; yα12β 001YR

1125.090 2249.171 2 0.2 K-142 − α 137AEQQGKLLTPEEVVDR bα7; bα8; bα9; bα10; bα11; bα12; bα14; yα4;
yα5; yα7; yα8; yα10; yα12; yα14β 001YR

1125.092 2249.171 2 2.9 K-142 + α 137AEQQGKLLTPEEVVDR bα6; bα7; bα8; bα9; bα11; bα13; bα14; yα4;
yα5; yα8; yα11; yα14; yα15-H2Oβ 001YR

750.396 2249.171 3 0.5 K-142 − α 137AEQQGKLLTPEEVVDR bα7; bα8; bα9; yα7; yα8; yα9; yα10; yα12
β 001YR

750.398 2249.171 3 3.3 K-142 + α 137AEQQGKLLTPEEVVDR bα3; bα7; bα8; bα9; yα7; yα8; yα9; yα10;
yα11; yα12; yα13; yα14β 001YR

1127.037 2253.065 2 0.5 K-50 − α 048FFKVPDNEEATQYVE bα3; bα4; bα8; bα9; bα10; bα11; bα12; bα13;
bα14 or yα14; yα3; yα11; yα12β 001YR

754.689 2262.051 3 0.9 K-30 − α 030KFLEEBPSGTLFMHE bα4; bα5; bα6; bα8; bα11; yα4; yα5; yα9;
yα10; yα11β 001YR

aAbbreviation: B, carbamidomethylated Cys; m, oxidized Met.
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bearing a diazirine moiety. In GC photopeptide 1, Val-5 was
replaced with photo-Leu, whereas in GC photopeptide 2, Leu-13
was exchanged (Scheme 1). Using both peptides in a
complementary fashion, we sought to obtain a more detailed
model for the GCAP-2−GC peptide complex as two different
hinge points are present for the photo-cross-linking reaction in
the GC peptides. Moreover, as the photo-Leu side chain is short
compared to BS2G, it was expected to yield information about
directly interacting amino acids. SDS−PAGE of the cross-linking
reaction mixture of GCAP-2 with photo-Leu GC peptides in the
absence of calcium showed weak signals for the GCAP-2−GC
peptide complex (1:1).
Several cross-linked products (two for GC photopeptide 1 and

four for GC photopeptide 2) were identified in calcium-loaded
GCAP-2−GC peptide complexes, which conclusively point to
five distinct interaction sites (Figure 3 and Tables 3 and 4). In the
calcium-loaded state, photo-Leu-5 of GC photopeptide 1 was
found to have reacted with either Val-61, Glu-62, or Ala-63,
located within the α-helix at the beginning of the second EF-hand
motif, and with A-57 or T-58 in the same EF-handmotif. Because

of the poor quality of the spectra, the latter two amino acids were
excluded as a basis for structural modeling. Val-61 was
considered to be the most likely cross-linking site on the basis
of the obtained MS/MS data (Table 3). GC photopeptide 2 was
found to have reacted with Phe-204 in the C-terminal region of
GCAP-2, with amino acids Phe-170−Glu-172 in the second
α-helix of EF-hand motif 4, and with amino acids Pro-146 and
Glu-147 at the beginning of EF-hand motif 4. Because these sites
are clearly separated in the 3D structure of calcium-loaded
GCAP-2, a significant conformational shift must have occurred
to accommodate these cross-links. As the 14 C-terminal amino
acids of GCAP-2 (amino acids Ser-191−Phe-204) are not
resolved in the NMR structure (PDB entry 1JBA), it is not
possible to draw any conclusions about the structure of the C-
terminus, but our cross-linking results provide hints about its
high flexibility.
In the calcium-free state, a signal of a doubly charged ion at

m/z 844.453 appeared in the ESI mass spectra pointing to a
cross-link between the photo-Leu at position 13 of GC peptide 2
and Ala-137 or Glu-138 of GCAP-2 (Figure 4), located in a

Figure 2. Identification of a BS2G cross-link between Lys-129 of GCAP-2 and Tyr-1 of GC peptide in the presence of calcium (100-fold molar excess of
BS2G, 60 min reaction). (A)Mass spectrum recorded at 51.8 min. The signal atm/z 679.832 was selected for MS/MS. (B) Fragment ion mass spectrum
of the precursor ion at m/z 679.832. GCAP-2 peptide (amino acids 129−136, carbamidomethylated Cys-131) fragment ions are colored red; GC
peptide (amino acids 1 and 2) fragment ions are colored blue.
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loop region between EF-hand motifs 3 and 4. Additionally, we
identified a number of cross-links from several widely dispersed
parts of GCAP-2 for both GC photopeptides. As no specific
binding site emerged, we assume a high flexibility of GCAP-2
accompanied by a major structural change within GCAP-2 upon
peptide binding in the absence of calcium.
Creating a Model for the GCAP-2−GC Peptide

Complex. The half-helical structure predicted by PSIPRED

(data not shown) was experimentally confirmed by CD spec-
troscopy. In aqueous solution, no secondary structure was ob-
served. Upon addition of TFE, typical α-helical signals
(maximum at ∼190 nm and two minima at ∼208 and ∼220 nm)
emerged, indicating that the peptide engages a partly helical
structure (Figure S4, Supporting Information) and support-
ing the PSIPRED prediction. During the first 10 ns of the
production run, distance constraints between calcium-loaded
GCAP-2 and the GC peptide determined from chemical cross-
linking and photoaffinity labeling were applied to selected amino
acids and enforced via a stepwise increased biasing force (Table
S3, Supporting Information). All amino acid pairs were affected
by the biasing force except the Tyr-1/Lys-126 and Tyr-1/Lys-
129 pairs. This indicates a less favored state, although it fulfills
nearly all constraints determined by the cross-linking experi-
ments. For a consecutive period of 20 ns (data not shown for
the last 10 ns), we removed the restraints to obtain a relaxed,
nonbiased structure, which should approximate the native
conformation of the GCAP-2−GC peptide complex. After the
initially applied biasing force had been removed, the distances
among the cross-linked amino acids Glu-147, Phe-170, and Val-
171 reached an average value beyond the maximal distance
defined for the photoreactive amino acid (9 Å). Keeping the
fluctuation in mind, we can neglect this violation. No constraint
violations (for the average distance) could be observed for the
amino acids cross-linked with BS2G (Table S4, Supporting
Information).
In Figure 5, one can see that after 20 ns the GC peptide

exhibits a mainly α-helical conformation. We would like to
point out that the structure proposed herein is intended
to give first insights into the potential mode of binding of
ROS-GC 1 to GCAP-2. As such, this stucture will serve as basis
for creating more refined structures of the ROS-GC 1−GCAP-2
complex.

■ DISCUSSION

A combination of chemical cross-linking and photoaffinity
labeling experiments followed by an in-depth mass spectro-
metric analysis of the created cross-linked products allowed us
to gain valuable insights into the structure of the complex
between myristoylated GCAP-2 and peptides derived from
the postulated binding site in the catalytic region of ROS-GC 1.
Our experiments confirmed this postulated GCAP-2 bind-
ing site as GCAP-2−GC peptide (1:1) complexes were
obtained after the cross-linking reactions. In the absence of
calcium, the structure of GCAP-2 appeared to be much more
flexible than that in the presence of calcium, as indicated by the
large number of both intra- and intermolecular cross-links in
the absence of calcium. On the other hand, only a limited
number of cross-links were obtained in the presence of calcium,
pointing to a structurally well-defined complex between GCAP-
2 and the GC peptide. The intramolecular cross-links of N-
terminally myristoylated GCAP-2 were in agreement with the
published NMR structure of nonmyristoylated GCAP-2,
indicating that the myristoylation does not induce a conforma-
tional change in GCAP-2. We found a number of cross-links
with the C-terminal region of GCAP-2 indicating a high degree
of flexibility in the C-terminus of GCAP-2. Interestingly, the 14
C-terminal amino acids are not present in the NMR structure,
presumably because of the high flexibility of the C-terminal
region. As such, our cross-linking data are in agreement with the
available structural GCAP-2 data.

Figure 3. NMR structure of nonmyristoylated GCAP-2 in the calcium-
loaded state (PDB entry 1JBA). Cross-linked amino acids after reaction
with (A) GC photopeptide 1 and (B) GC photopeptide 2 are shown as
blue sticks.
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Also, in the presence of calcium, only a small number of
well-defined intermolecular photo-cross-links between
GCAP-2 and GC peptides (two with GC photopeptide 1
and four with GC photopeptide 2) were obtained. This limited
number of cross-links between GCAP-2 and photo-GC
peptides indicates a well-defined orientation of the GC
peptide in the complex with GCAP-2 in the presence of
calcium. In the absence of calcium, on the other hand, we
found a larger number of intermolecular photo-cross-links (16
with GC photopeptide 1 and 16 with GC photopeptide 2),
suggesting a less well-defined structure between GCAP-2 and
GC peptide.

Our data provide the first insights into the structure of
GCAP-2−GC peptide complexes, for which only limited
information is available. Future cross-linking experiments will
target GC domains to gain a more detailed molecular knowledge
of the mechanisms underlying formation of the complex between
GCAP-2 and ROS-GC 1. We are also planning to introduce
mutations at specific amino acids that have been found to be
essential for GCAP-2−GC peptide interaction. The final goal is
to establish a structural model for the GCAP-2−full-length ROS-
GC 1 complex, which will be essential for developing novel drugs
targeting this system.

Table 3. Intermolecular Cross-Links between Peptides of GCAP-2 and GC Photopeptide 1 (photo-Leu-5)a

m/z
measured

calcd
protonated
molecular
mass (Da)

charge
state

mass
deviation
(ppm)

amino acids of
GCAP-2 cross-
linked with GC

peptide

with (+) or
without
(−)

calcium amino acid sequences fragments

545.777 1090.546 2 −0.3 F-204 − α 201SAMF bα3-H2O or yβ2-NH3; yα1; yα2; yα3; bβ2; yβ2; yβ3; yβ4;
ββ 003IHUNR

432.565 1295.682 3 −0.3 A-137, E-138 − α 137AEQQGK bα5; yα1; yα2; yα4; bβ2; yβ2; yβ3; yβ4; α; β
β 003IHUNR

648.344 1295.682 2 −0.1 A-137, E-138 − α 137AEQQGK bα2; bα3; bα4; bα5; yα2; yα3; yα4; yα5; bβ2; bβ4; yβ2; yβ3;
yβ4; α; ββ 003IHUNR

438.574 1313.707 3 −0.4 F-170, V-171 − α 170FVEGAR bα3; bα4; yα1 or yβ1; yα3; yα4; yα5; bβ2; yβ2; yβ3; yβ4; α; β
alternative A-174 β 003IHUNR yα4

440.577 1319.718 3 −0.7 G-91, T-92, L-93 − α 091GTLEHK bα3; bα4; bα5; yα1; yα4 or yβ3; bβ2; bβ4; yβ3; yβ4; β
alternative E-94−
K-96, L-93−K-96

β 003IHUNR bα3 (alternative E-94−K-96); yα4 (alternative L-
93−K-96)

668.883 1336.758 2 0.3 I-120 − α 117LLDIVE bα3; bα4 or yα4-H2O; bα5; yα2; yα3-H2O; yα4; yα5 or
β 003IHUNR yβ4; bβ2; bβ3; bβ4; yβ2; yβ3; α; β

alternative V-121,
E-122, L117−
D119

yα2-H2O (alternative V-121−E-122); bα3
(alternative L-117−D-119)

714.849 1428.690 2 0.1 V-133, E-134 − α 130ABSVEVE bα5; bα6; yα5; bβ2; bβ3; bβ4; yβ2; yβ3; yβ4; α; β
alternative E-134−
E-136

β 003IHUNR yα3 (alternative E-134−E-136)

482.260 1444.766 3 −0.5 Y-104 − α 103IYDKDR bα3; bα5; yα1 or yβ1; yα3; yα4; yα5 or yβ4; bβ2; yβ2; yβ3
β 003IHUNR

742.417 1483.827 2 0.3 V-157, D-158 − α 153IFLLVDE bα2; bα3; bα4; bα6; yα3; yα4; yα5; yα6; bβ2; bβ3; bβ4; yβ2;
yβ3; ββ 003IHUNR

587.296 1759.876 3 −0.9 V-51 − α 048FFKVPDNEE bα2; bα3; bα4; bα5-NH3; bα8 or yα8; yα4; yα4-NH3, yα7,
bα7-NH3, or bα7-H2O; yα6; yα7; bβ2; bβ4-NH3 or
bβ4-H2O; yβ3; yβ4; α; β

β 003IHUNR

602.667 1805.987 3 −0.3 E-148, V-149 − α 143LLTPEEVVDR bα2; bα3; bα7; bα9 or bβ4; yα1 or yβ1; yα6-NH3; yα7; yα8;
yβ2; yβ3β 003IHUNR

617.649 1850.933 3 −0.5 A-63 − α 057ATQYVEAMFR bα3; yα1 or yβ1; yα3; yα4; yα5; yα6; yα7; yα8; bβ2; yβ3; yβ4;
α; ββ 003IHUNR

617.649 1850.933 3 −0.4 V-61 + α 057ATQYVEAMFR bα4; bα5; bα6; bα7; yα3; yβ4; yα5-NH3 or β; yα6; yα7; yα8;
β 003IHUNR yα9; bβ2; yβ3; yβ4; α

alternative E-62, A-
63

yα5 (alternative E-62−A-63)

622.981 1866.928 3 −0.3 E-62−R-66 − α 057ATQYVEAmFR yα5; yβ6; yα7; yα8; yα9; bβ2; bβ3; yβ2; yβ3; yβ4; α; β
β 003IHUNR

638.346 1913.024 3 −0.6 Q-115−D-119 − α 115QELLDIVE bα5; bα6; bα7; yα2; bβ6; yβ6 or bα7-NH3

β 003YRIHUNR
676.993 2028.962 3 0.7 T-58, Q-59 − α 051VPDNEEATQYVE bα9; bα10; bα11 or yα5-H2O; yα5-NH3; yα7-NH3; yα9;

yα10; yα11; bβ2; bβ3; bβ4; yβ2; yβ3; yα4-H2Oβ 003IHUNR
676.992 2028.962 3 0.2 A-57, T-58 + α 051VPDNEEATQYVE bα4; bα9; bα10; bα11 or yα5-H2O; yα4; yα6-NH3; yα10;

yα11; bβ4β 003IHUNR
690.673 2070.003 3 0.4 A-137−Q-140 − α 130ABSVEVEAEQQGK bα2; bα3 or β; bα11; yα6; yα7; yα8; yα9; yα10; yα11; yβ3; α

β 003IHUNR
760.372 2279.101 3 0.2 A-10−V-16 − α 010AEENGAVGAADAAQLQE bα7; bα11; bα12; bα13; bβ14; bα15; bβ16; yα2; yα3; yα5 or

bα13β 003IHUNR
aAbbreviations: U, photo-Leu; B, carbamidomethylated Cys; m, oxidized Met.
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Figure 4. Identification of a photo-cross-link between Ala-137 or Glu-138 of GCAP-2 and photo-Leu-13 of GC photopeptide 2 in the absence of calcium
(irradiation energy of 4000 mJ/cm2). (A) Mass spectrum recorded at 39.8 min. The signal at m/z 844.453 was selected for MS/MS. (B) Fragment ion
mass spectrum of the precursor ion atm/z 844.453. GCAP-2 peptide (amino acids 137−142) fragment ions are colored red; GC photopeptide 2 (amino
acids 8−17) fragment ions are colored blue.

Figure 5. Structural model of the GCAP-2−GCpeptide complex. The backbone of the most representative GC peptide is colored red along with GCAP-2,
which is shown as a light blue cartoon. Cross-linking sites inGCAP-2 obtained from photoaffinity labeling, which were used formodeling, are shown as light
green spheres. Cross-linking sites obtainedwith BS2G, whichwere used formodeling, are shown as light orange spheres. The reactive sites in theGCpeptide
are shown as dark green (photo-Leu at positions 5 and 13) and brown (Tyr-1) spheres. The image was prepared using VMD63 and rendered with POV-Ray
(http://www.povray.org/).
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■ CONCLUSIONS
We showed that complementary cross-linking strategies using
amine-reactive cross-linkers and photoaffinity labeling combined
with high-resolution mass spectrometry yield valuable informa-
tion about the molecular mechanisms underlying the interaction
between myristoylated GCAP-2 and a peptide derived from
the catalytic domain of ROS-GC 1. Our results indicate that
myristoylation of GCAP-2 does not change the protein’s overall
3D structure. The detected cross-links reveal the high flexibility
of the C-terminal region of GCAP-2 as well as the high flexibility
of calcium-free GCAP-2 in the complex with the GC peptide.
On the basis of the distance constraints imposed by the cross-
links, we were able to create a model of the complex between
myristoylated GCAP-2 and the GC peptide that is formed in the
presence of calcium.
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