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The inhibitor peptide DT-2 (YGRKKRRQRRRPPLRKKK-
KKH) is the most potent and selective inhibitor of the cGMP-
dependent protein kinase (PKG) known today. DT-2 is a con-
struct of aPKG tight binding sequence (W45, LRKKKKKH,KI �

0.8 �M) and a membrane translocating sequence (DT-6,
YGRKKRRQRRRPP, KI � 1.1 �M), that combined strongly
inhibits PKG catalyzed phosphorylation (KI � 12.5 nM) with
�1000-fold selectivity toward PKG over protein kinase A, the
closest relative of PKG. However, the molecular mechanism
behind this inhibition is not entirely understood. Using a com-
bination of photoaffinity labeling, stable isotope labeling, and
mass spectrometry, we have located the binding sites of PKG-
specific substrate and inhibitor peptides. Covalent linkage of a
PKG-specific substrate analogue was localized in the catalytic
core on residues 356–372, also known as the glycine-rich loop,
essential for ATP binding. By analogy, the individual inhibitor
peptides W45 and DT-6 were also found to cross-link near the
glycine-rich loop, suggesting these are both substrate competi-
tive inhibitors. A bifunctional photoreactive analogue of DT-2
was found to generate dimers of PKG. This cross-linking
induced covalent PKG dimerization was not observed for an
N-terminal deletion mutant of PKG, which lacks the dimeriza-
tion domain. In addition, non-covalent mass spectrometry was
used to determine binding stoichiometry and binding order of
the inhibitor peptides. Dimeric PKG binds two W45 and DT-6
peptides, whereas only oneDT-2molecule was observed to bind
to the dimeric PKG.Taken together, these findings imply that (i)
the two individual components making up DT-2 are both tar-
geted against the substrate-binding site and (ii) binding of a sin-
gle DT-2 molecule inactivates both PKG monomers simulta-
neously, which is an indication that (iii) in cGMP-activated PKG
the catalytic centers of both subunits may be in each other’s
proximity.

Among the superfamily of protein kinases the two cyclic
nucleotide-regulated protein kinases, cAMP-dependent pro-
tein kinase and cGMP-dependent protein kinase, form a closely
related subfamily of serine/threonine protein kinases (1–4).
Both proteins share several structural elements, such as the
N-terminal dimerization domain, an autoinhibition site, two
in-tandem cyclic nucleotide-binding sites, and a highly con-
served catalytic core (Fig. 1,A andB). Despite these similarities,
these two enzymes display differences, which account for their
unique properties. Whereas PKA2 is nearly ubiquitous, PKG is
primarily found in the lung, cerebellum, and smooth muscles
(5, 6). From a structural point of view these cyclic nucleotide-
dependent protein kinases differ as well. The holoenzyme of
PKA is a tetramer composed of two regulatory and two catalytic
subunits. The catalytic subunits are non-covalently attached to
the regulatory subunit dimer. Upon interactionwith cAMP, the
catalytic subunits dissociate from the holoenzyme and are free
to catalyze heterophosphorylation (Fig. 1C). The mammalian
type I PKGs are homodimeric cytosolic proteins containing two
identical polypeptides of �76 kDa. Alternative mRNA splicing
produces type I� and type I� PKG, which are identical proteins
apart from their first �100 N-terminal residues (7). Each PKG
subunit is composed of a regulatory and a catalytic domain on a
single polypeptide chain. Consequently, when cGMP activates
PKG, the catalytic and regulatory components remain physi-
cally attached (Fig. 1D). Within the catalytic domain PKA and
PKG share a strong primary sequence homology (8). Not sur-
prisingly, these enzymes also exhibit overlapping substrate
specificities, a feature that often interferes with efforts to eluci-
date their distinct biological pathways. Peptide substrates with
a primary amino acid sequencemotif RRX(S/T)X are in general

* This work was supported in part by National Institutes of Health Grant
HL68891 (to W. R. D.). This work was also supported by the Netherlands
Proteomics Centre and the Totman Trust for Medical Research.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S6.

1 To whom correspondence should be addressed: Sorbonnnelaan 16, 3584
CA, Utrecht, The Netherlands. Tel.: 31-30-253-6797; Fax: 31-30-251-8219;
E-mail: a.j.r.heck@uu.nl.

2 The abbreviations used are: PKA, 3�,5�-cAMP-dependent protein kinase;
PKG, 3�,5�-cGMP-dependent protein kinase; PKI, cAMP-dependent pro-
tein kinase inhibitor; ESI-TOF-MS, electrospray ionization time-of-flight
mass spectrometry; Phe(Bz), 4-benzoyl-L-phenylalanine; Phe(Tmd),
4�-(3-(trifluoromethyl)-3H-diazirin-3-yl)-L-phenylalanine; DIPEA, N,N-
diisopropylethylamine; Fmoc, N�-9-fluorenylmethyloxycarbonyl;
HPLC, high-performance liquid chromatography; AMPPNP, adenosine
5�-(�,�-imino)triphosphate; LC, liquid chromatography; HATU,
N-(dimethylamino)-1H-1,2,3-triazolo[4,5-bipyridin-1-yl-methylene]-N-meth-
ylmethanaminium hexafluorophosphate; HOAt, N-hydroxy-7-azabenzo-
triazole; HOBt, N-hydroxybenzotriazole; HBTU, 2-(1H-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; NMP, N-meth-
ylpyrrolidone.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 24, pp. 16354 –16368, June 12, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

16354 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 24 • JUNE 12, 2009

http://www.jbc.org/cgi/content/full/M808521200/DC1


recognized by both PKA and PKG (9). Besides this strong over-
lapping substrate specificity, several studies report on subtle
differences in determinants that discriminate for PKA and PKG
substrate specificity (10–16). To specifically discriminate
between PKG and PKA activity in biological assays a highly
specific PKG peptide inhibitor was developed (Table 1) (17).
This peptide, YGRKKRRQRRRPPLRKKKKKH (DT-2), is the
most potent and selective PKG inhibitor known today.
Recently, the validity of DT-2 as a superior inhibitor of PKG in
terms of potency, selectivity, and membrane permeability has
been demonstrated (18–24). The inhibitor is a construct of a
substrate competitive sequence, LRKKKKKH (W45), derived
from a library screen that selected for tight PKG binding
sequences, with a significant specificity toward PKG over PKA,
and a membrane translocating signal peptide, YGRKKRRQR-
RRPP (DT-6). DT-2 strongly inhibits PKG-catalyzed phospho-
rylation (Ki � 12.5 nM), however, the molecular nature of DT-2
inhibition is not entirely understood (25). Because high resolu-
tion structural data are not available for PKG, one of our goals is
to elucidate binding sites for PKG-specific substrates and inhib-
itors in more detail using a combination of mass spectrometric
techniques and photoaffinity labeling. To further delineate the
nature of inhibition we have developed photoaffinity analogues

ofDT-2 and related inhibitory peptides, as well as a high affinity
peptide substrate. Themethod of photoaffinity labeling enables
the direct probing of target proteins through a covalent bond,
which is photochemically introduced between a ligand and its
specific receptor (26). In combination with modern mass spec-
trometric techniques this is a powerful approach for the char-
acterization of peptide-protein interactions (27). Substrate and
inhibitor peptides containing photoactivatable analogues of
phenylalanine, 4-benzoyl-L-phenylalanine (Phe(Bz)) or 4�-(3-
(trifluoromethyl)-3H-diazirin-3-yl)-L-phenylalanine (Phe(Tmd))
were synthesized and used to locate their substrate/inhibitor-
binding sites on PKG. These measurements indicate that the
substrate peptide resides near the glycine-rich loop within the
catalytic domain and that the inhibitor peptides are directed
similarly toward this substrate-binding site, thereby acting as
competitive inhibitors. In addition, nanoflow electrospray ion-
ization time of flight mass spectrometry (ESI-TOF-MS) was
performed to study the interaction between DT-2 and PKG in
more detail. ESI-MShas proven to be a useful tool to analyze the
non-covalent interaction of proteins with ligands, oligonucleo-
tides, peptides, or other proteins (28–31). Using this technique,
important information on conformational changes (32–35),
measurement of relative dissociation constants (36, 37), and

FIGURE 1. Linear arrangement of the functional domains of the regulatory and catalytic subunit of PKA (A) and PKG (B) type I and schematic repre-
sentation of the current working models of the activation process of PKA (C) and PKG (D) type 1. Binding of cAMP to the PKA induces a conformational
change that results in the dissociation of the catalytic subunits. Binding of cGMP to PKG also induces a conformational change, which exposes the catalytic
domains, but both catalytic domains remain near each other via the N-terminal dimerization domain. (Images adapted from Scholten et al. (4).)

TABLE 1
Inhibition contants (KI) of PKA- or PKG-specific peptide inhibitors and the PKA/PKG specificity index

Peptide Sequence PKG Ki PKA Ki Specificity index (PKA/PKG) Ref.
�M �M

PKI(5–24) TTYDFIASGRTGRRNAIHD-NH2 150 0.003 0.0002 (11)
WW21 TQAKRKKALAMA-NH2 7.5 750 100 (11)
W45 LRKKKKKH 0.82 � 0.33 559 680 (17)
DT-6 YGRGGRRQRRRPP 1.1 � 0.22 26 � 4 23.6 (17)
DT-2 YGRKKRRQRRRPPLRKKKKKH 0.0125 � 0.003 16.5 � 3.8 1320 (17)

Locating PKG Substrate- and Inhibitor Peptide-binding Sites

JUNE 12, 2009 • VOLUME 284 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 16355



sequential binding order and cooperativity (38, 39) can be
obtained. ESI-MS confirms that PKG is primarily a homodimer
and is able to bind four cGMPmolecules. Binding of DT-2 was
strongly enhanced in the presence of cGMP. Surprising is the
observation that only one DT-2 molecule binds to dimeric
PKG. The information derived from these measurements
allows for molecular modeling and structural refinements of
the next generation of PKG-selective inhibitors.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—ArgoGelTM Rink-NH-Fmoc resin
(Argonaut Technologies,Muttenz, Switzerland) functionalized
with a 4-((2�,4�-dimethoxyphenyl)aminomethyl)phenoxy-
acetamido moiety (Rink amide linker) (40) was used to obtain
C-terminal peptide amides. The coupling reagent 2-(1H-benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) (41) was obtained from Richelieu Biotechnologies Inc.
(Montreal, Canada). The coupling reagents N-(dimethyl-
amino)-1H-1,2,3-triazolo[4,5-bipyridin-1-yl-methylene]-N-
methylmethanaminium hexafluorophosphate/N-hydroxy-7-
azabenzotriazole (HATU/HOAt) (42) were obtained from
Applied Biosystems. N-Hydroxybenzotriazole (HOBt), Fmoc-
hydroxylsuccinimide and N�-9-fluorenylmethyloxycarbonyl
(Fmoc) amino acids were obtained from Advanced ChemTech
(Machelen, Belgium). The side-chain protecting groups were:
Boc, tert-butyloxycarbonyl, for lysine; tBu, tert-butyl, for
threonine, tyrosine, and serine; Pbf, 2,2,4,6,7-pentamethyldihy-
drobenzofuran-5-sulfonyl, for arginine; and Trt, trityl, for
glutamine and histidine. Fmoc-Phe(Tmd)-OH (N-9-fluorenyl-
methyloxycarbonyl-4�-[3-(trifluoromethyl-3H-diazirin-3-yl)]-
phenylalanine) was obtained from photoprobes (Sins, Switzer-
land). U-13C6/15N-labeled leucine was obtained from
Cambridge Isotope Laboratories (Andover, MA). This amino
acid was converted into its corresponding Fmoc derivative
according to the method of ten Kortenaar (43). U-13C6/15N4-
labeled arginine was obtained from Sigma. Peptide grade
dichloromethane, N-methylpyrrolidone (NMP), methyl-tert-
butyl ether, trifluoroacetic acid and HPLC-grade acetonitrile
were purchased from Biosolve (Valkenswaard, The Nether-
lands). Piperidine and N,N-diisopropylethylamine (DIPEA)
were obtained from Acros Organics (‘s-Hertogenbosch, The
Netherlands). HPLC grade trifluoroacetic acid and 1,2-
ethanedithiol were obtained from Merck (Amsterdam, The
Netherlands). AMPPNP, ATP, cGMP, dithiothreitol, iodoacet-
amide, and MgCl2 were obtained from Sigma. Sequencing
grade trypsin and GluC were purchased from Roche Diagnos-
tics GmbH (Mannheim, Germany). Bovine PKG type I� was
expressed in SF9 insect cells and purified to homogeneity
essentially as described (17).
Peptide Synthesis—Peptide synthesis was performed auto-

matically on an Applied Biosystems 433A Peptide Synthesizer
(Foster City, CA). Analytical and preparative HPLC runs were
performed on a Gilson HPLC workstation (Middleton,WI). As
an example, the peptide acetyl-Thr-Gln-Ala-Lys-Arg-Lys-Lys-
Ser-Leu(12C/14N,13C/15N)-Ala-Met-Phe(Tmd)-Leu-Arg-NH2
(W64-[Phe(Tmd14)]) was synthesized using the FastMoc pro-
tocol on a 0.25-mmol scale (44). Each synthetic cycle consisted
of N�-Fmoc removal by a 10-min treatment with 20% piperi-

dine in NMP, a 6-min NMP wash, a 45-min coupling step with
1.0 mmol of preactivated Fmoc amino acid in the presence of 2
eq of DIPEA, and a 6-min NMP wash. N�-Fmoc amino acids
were activated in situwith 1.0 mmol of HBTU/HOBt (0.36 M in
NMP) in the presence of DIPEA (2.0 mmol). After the final
Fmoc removal the free amine was acetylated with an excess
of acetic acid anhydride/DIPEA/HOBt in NMP. Fmoc-
Phe(Tmd)-OH was coupled with HATU/HOAt in an excess of
only 2 eq (with respect to the loading of the resin) for 90 min.
Fmoc-Leu(13C/15N)-OH was coupled in the presence of 1
equimolar equivalent of Fmoc-Leu(12C/14N)-OH with HATU/
HOAt in an excess of only 2 eq for 90 min. After these coupling
steps any remaining free amine functionalities were acetylated
with acetic acid anhydride/DIPEA/HOBt. The peptide was
cleaved from the resin and deprotected by treatment with trif-
luoroacetic acid/H2O/1,2-ethanedithiol (95:2.5:2.5, v/v) at
room temperature for 3 h. The peptide was precipitated with
methyl-tert-butyl ether/hexane (1:1, v/v) at �20 °C. The pre-
cipitate was decanted and subsequently washed with cold
methyl-tert-butyl ether/hexane (1:1, v/v, 3�) and finally lyoph-
ilized from tert-BuOH/H2O (1:1, v/v).
Peptide Purification—The crude lyophilized peptides were

dissolved in a minimum amount of 0.1% trifluoroacetic acid in
CH3CN/H2O (5:95, v/v) and loaded onto the HPLC column
(Phenomenex Luna C8, 100-Å pore size, 10-�m particle size,
2.2 � 25 cm). The peptides were eluted with a flow rate of 10.0
ml/min using a linear gradient of buffer B (100% in 96 min)
from 100% buffer A (buffer A: 0.1% trifluoroacetic acid in
CH3CN/H2O (5:95, v/v), buffer B: 0.1% trifluoroacetic acid in
CH3CN/H2O (60:40, v/v)).
Peptide Characterization—To determine purity, the synthe-

sized peptides were subjected to liquid chromatography ESI-MS
using a Shimadzu LCMS-QP8000 (Duisburg, Germany) single
quadrupole bench-top mass spectrometer operating in a positive
ionization mode. The purified peptides were loaded onto a Phe-
nomenex Luna C8 column (100-Å pore size, 5-�m particle size,
0.46� 25 cm) at a flow rate of 1 ml/min using a linear gradient of
buffer B (100% in 48 min) from 100% buffer A (buffer A: 0.1%
trifluoroacetic acid in CH3CN/H2O (5:95, v/v); buffer B: 0.1% trif-
luoroaceticacid inCH3CN/H2O(60:40, v/v)).Themassofpurified
peptides was finally confirmed by ESI-MS.
Photoaffinity Labeling and Proteolysis—Upon irradiation

withUV-light (�350 nm), 4�-(3-(trifluoromethyl)-3H-diazirin-
3-yl)-L-phenylalanine irreversibly generates a highly reactive
singlet carbene by a photodissociative process. This intermedi-
ate can enforce hydrogen abstraction on appropriately oriented
target C–H bonds within a distance �3 Å or less (45, 46).
Because the electrophilic nature of the carbene intermediate
renders solvent O–H bonds as appropriate H-donors, the
radius of the photochemical insertion reaction is limited. Spe-
cific labeling by Phe(Tmd) would therefore suggest a closer
proximity between target protein and the photoprobe (45).
Upon excitation (�350 nm), the 4-benzoyl-L-phenylalanine
irreversibly generates a highly reactive intermediate that rap-
idly enforces hydrogen abstraction on appropriately oriented
target C–Hbonds and has a lower reactivity towardwater com-
pared with Phe(Tmd). The protein, at a concentration of 0.2
mg/ml in a 25 mM potassium phosphate buffer (pH 7.4), con-
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taining 50 mM NaCl, 1.2 mM EDTA, 4 mM Mg(OAc)2, and 200
�MAMPPNP, was incubated with 200�M photoaffinity label at
30 °C for 10 min in the dark. The protein photolabel mixture
was illuminated at 366 nm for 15 min in a 96-well plate on ice
using a Sylvania light source (F8T5/BTB). For intact protein
massmeasurements, the sample was dialyzed overnight against
200 mM NH4OAc and finally concentrated using an Ultrafree-
0.5 centrifugal filter (Millipore, Bedford, MA). Protein masses
were determined by nanoflow ESI-TOF-MS on a Micromass
LC-T time-of-flight instrument using homemade borosilicate
nano-electrospray needles. For optimal detection of the intact
PKG source, interface pressures were optimized as previously
described (47, 48). For the HPLC tandemMS analysis the PKG
protein was digested. Prior to digestion all cysteines were
reduced with dithiothreitol and alkylated using iodoacetamide.
The protein sample was subsequently diluted 10 times with 50
mMNH4HCO3, pH 8.0, and spun in anUltrafree-0.5 centrifugal
filter. This step was repeated three times. Finally, either trypsin
or GluC was added to a final protein:protease concentration of
20:1 by weight. The digestion mixture was incubated at 37 °C
for 16 h.
LC-ESI-MS and MS/MS Peptide Analysis—Proteolytic pep-

tidemixtures were analyzed using anUltimate nano-HPLC sys-
tem (LC Packings, Amsterdam, The Netherlands) operating
essentially as described by Meiring et al. (49). Samples were
loaded onto a Phenomenex Aqua C18 pre-column (200-Å pore
size, 5-�m particle size) at 5 �l/min in 100% solvent A (0.6%
acetic acid). Subsequently, peptides were separated on an Aqua
C18 nano-reversed phase column (50 �m inner diameter, 20
cm/liter) with a flow rate of 100–150 nl/min. Elution was per-
formed using a gradient of 0–60% solvent B (80% CH3CN and
0.6% acetic acid) at 1.2% min�1. The column effluent of the
nano-LC was directly infused into a Qtof-1 quadrupole time-of
flight instrument (Micromass Ltd., Manchester, UK) using in-
house prepared nanospray emitters. Mass spectra were
acquired in positive ion mode, and argon was used as collision
gas. During LC-MS runs, analysis time of cross-linked products
was increased by performing peak parking essentially as
described by Meiring et al. (49). In short, prior to elution of an
analyte of interest the column flow rate was lowered to
�20–40 nl/min by instantaneously dropping the column pres-

sure using an extra flow-splitter. Hereby, the elution time was
broadened to more than 2min, and this allowed sufficient time
to perform a low energy collision-induced dissociation analysis.
For the fragmentation of labeled peptides the quadruple mass
resolution parameters were set to a relatively large mass win-
dow (�5m/z units) tomass select both light and heavy leucine-
or arginine-labeled precursor ions.

RESULTS

Strategy for Determining Peptide-binding Sites Using Photo-
activatable Peptide Analogues—Substrate and inhibitor pep-
tide analogues containing either 4�-(3-(trifluoromethyl)-3H-
diazirin-3-yl)-L-phenylalanine or 4-benzoyl-L-phenylalanine
were synthesized using standard solid phase peptide synthesis
(Table 2). These two phenylalanine derivatives are commonly
used as photoactivatable residues that allow for the covalent
cross-linking between peptide ligands and the target protein
(50, 51). The substrate peptideTQAKRKKSLAMFLR (W64), in
which the serine is the phosphate acceptor site (P0), was
derived from a library screen directed to identify highly PKG-
specific substrates (11, 52). This peptide with a Km of 260 nM
and a PKG/PKA specificity index of 19.2 is the most selective
and specific synthetic substrate for PKGknown today (Table 3).
A photoactivatable analogue of this substrate was designed by
incorporation of either Phe(Bz) or Phe(Tmd) at the p � 4 posi-
tion, replacing the original phenylalanine. This position for the
photoactivatable residue was chosen for two reasons. Firstly, in
this manner the bulky side chains of Phe(Bz) and Phe(Tmd) are
positioned on a site where a bulky amino acid is tolerated, so
negative effects due to steric hindrance are minimized. Sec-
ondly, previously it was shown that a phenylalanine at the p� 4
position has a positive effect on selectivity toward PKG and
increases PKG/PKA specificity index (10, 11) (Table 3). The
photoactivatable substrate peptide was cross-linked to PKG in
the presence and absence of cGMP. Fig. 2 shows the ESI-
TOF-MS spectra of PKGafter cross-linkingwithW64-[Phe(Bz)-
12)] both in absence (Fig. 2A) and presence of cGMP (Fig. 2B).
In Fig. 2A the abundant ion signals betweenm/z 5500 and 7500
correspond to a protein of 153,010, matching to dimeric apo-
PKGwith a calculatedmass of 152,875 Da. A second less-abun-
dant ion series corresponding to a total mass of 154,850 Da was

TABLE 2
List of synthesized PKG-specific substrate and inhibitor photoaffinity labels

Synthesis
Sequencea,b Photolabel Cross-link

Peptide no. Name
a-0 W64-�Phe(Bz)-12	 TQAKRKKSLAMF*LR Ph(Bz) yes
b-1 W64-�Phe(Tmd)-12	 TQAKRKKSLAMF*LR Ph(Tmd) yes
b-2a W45-�Phe(Tmd)-8	 LRKKKKKF* Ph(Tmd) no
b-2b DT-2-�Phe(Tmd)-21	 YGRKKRRQRRRPPLRKKKKKF* Ph(Tmd) no
b-2c DT-2-�Phe(Tmd)-1	 F*GRKKRRQRRRPPLRKKKKKF* Ph(Tmd) no
b-3 DT-2-�Phe(Tmd)-1,21	 F*GRKKRRQRRRPPLRKKKKKH Ph(Tmd) no
b-4a W45-�Phe(Tmd)-8	 LRKKKKKF* Ph(Tmd) no
b-4b DT-2-�Phe(Tmd)-21	 YGRKKRRQRRRPPLRKKKKKF* Ph(Tmd) no
b-4c DT-2-�Phe(Tmd)-1	 F*GRKKRRQRRRPPLRKKKKKF* Ph(Tmd) no
b-5 DT-2-�Phe(Tmd)-1,21	 F*GRKKRRQRRRPPLRKKKKKH Ph(Tmd) no
c-1a W45-�Phe(Bz)-1	 F*RKKKKKY Ph(Bz) yes
c-1b W45-�Phe(Bz)-2	 LF*RKKKKKY Ph(Bz) yes
c-2 W45-�Phe(Bz)-6	 LRKKKF*KY Ph(Bz) yes
d-3a DT-6-�Phe(Bz)-6	 YGRKKF*RQRRRPP Ph(Bz) yes
d-3b DT-2-�Phe(Bz)-6,14	 YGRKKF*RQRRRPPF*RKKKKKY Ph(Bz) yes

a Bold letter indicates the position of the isotopically labeled Leucine (L) or Arginine (R) or the position of the photoactivatable phenylalanine derivative (F*).
b Peptides are N-terminally acetylated and C-terminally amidated.
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also observed, and this matches apo-PKGwith 1W64-[Phe(Bz)-
12] peptide (mass 1840 Da), indicating a small percentage of
protein is labeled. When the same sample was not subjected to
UV light, this product between PKG andW64-[Phe(Bz)-12] was
not observed (data not shown), suggesting the product in Fig.
2A is covalent and specifically formed after irradiation. More
importantly, Fig. 2B shows multiple abundant ion series,
matching to cGMP-saturated PKG with an apparent mass of
154,421 (four molecules of cGMP cause a net mass increase of
1380Da).Next to that cGMP-saturated PKGwith 1 and 2W64-
[Phe(Bz)-12] peptide labels are observed. Hence, for cGMP-ac-

tivated PKG the incorporation level of W64-[Phe(Bz)-12] is
much higher and up to two peptide substrates can be attached,
which was, again, only specific for the irradiated sample. To
identify directly the sites of proximity between PKG and pep-
tide substrate, the cross-linked complexwas digestedwith tryp-
sin orGluC, and the proteolytic digests were subjected to nano-
flow HPLC and ESI quadrupole TOF-MS. To facilitate the
retrieval of cross-linked peptides, the photoaffinity labeled pep-
tides were additionally labeled isotopically during synthesis, by
incorporating for 50% 13C6,15N1-leucine. This will give the sub-
strate peptide and subsequently all cross-linked products a

FIGURE 2. Nanoflow ESI-TOF mass spectra of PKG that was irradiated in the presence of the photolabel W64-[Phe(Tmd)-12] for 10 min at 366 nm in the
absence of cGMP (A) and the presence of 100 �M cGMP (B). Shown are on the left are the m/z spectra containing the charge state envelope of dimeric PKG,
and shown are on the right are the corresponding deconvoluted mass spectra. These spectra clearly indicate that cGMP activation is a prerequisite for the
binding of peptides substrates.

TABLE 3
Km and kcat values for the phosphorylation by PKA and PKG of synthetic peptides derived from previous studies

Peptidea
PKG PKA Index

Km kcat kcat/Km Km kcat kcat/Km PKG/PKA
�M �mol/min/mg �M �mol/min/mg

PKI(5–24):
TYADFIASGRTGRRNSIb 2.4 1.0 0.42 0.12 1.0 8.33 0.05
IASGRTGRRNSIb 2.7 0.74 0.27 0.18 1.4 7.78 0.03
IASGRTGRRNSIb 7.0 0.79 0.11 0.32 0.56 1.75 0.63

W64:
TQAKRKKSLAMFLRc 0.26 11.5 44.23 1.7 3.9 2.29 19.2
TQAKRKKSLAMFc 0.5 11.0 22 3.3 5.7 1.72 12.9
TQAKRKKSLAc 1.74 11.1 6.37 2.68 7.9 5.22 2.16
RKISASEFDRPLRd 68 11 0.162 320 3.2 0.010 16.2
RKISASEFd 120 5.2 0.043 480 2.6 0.006 8.1
RKISASEd 80 5.6 0.070 93 3.7 0.040 1.8

a The phosphate-accepting residue Ser is depicted in bold.
b Taken fromMitchell et al. (13).
c Taken from Dostmann et al. (11).
d Taken from Colbran et al. (10).
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characteristic isotopic doublet with a 7-Da difference that will
distinguish them from the majority of non-cross-linked pep-
tides, and this will enhance the identification of cross-linked
products tremendously. To facilitate the visualization of cross-
linked products even further, a two-dimensional display of the
LC-MS run was constructed in which the retention time is
orthogonally plotted against them/z ratio, and the ion intensity

is the variable parameter (Fig. 3B). Manual inspection of this
peptide display identified an ion-doublet around 41 min atm/z
675.09 andm/z 676.85 (Fig. 3,B inset, andC). Subsequently, the
sample was injected once more, and the ion-doublet was
selected for tandem mass spectrometric analysis. Fig. 4A dis-
plays the isotopic pattern of one doublet that was isolated and
subsequently fragmented. This doublet corresponds to the

FIGURE 3. Analysis of a tryptic digest of the PKG/W64-[Phe(Bz)-12] cross-link product. A, base peak intensity ion chromatogram of the trypsin digest.
B, peptide display of the LC-MS chromatogram. Inset, enlarged view of the peptide display around 41 min shows the presence of an ion doublet. C, three-dimensional
image of the [M�4H]4� confirms the presence of ion doublet with 7 Da mass difference due to the 50% 13C6,15N1-leucine in the photoaffinity substrate.
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[M�4H]4� of a cross-linked product with an apparent
monoisotopic mass of 2696.4 Da. Tandem mass spectrometry
was performed on the [M�4H]4� ions (Fig. 4B) to identify the
binding site on PKG. The fragmentation spectrum displays a
series of y
 ions, which match to the PKG sequence 366GVG-
GFGR372. Further manual interpretation revealed the com-
position of the cross-linked product (Fig. 4C) as the tryptic
PKG-peptide(K)-356LSDFNIIDTLGVGGFGR372-(V)(mono-
isotopic mass of 1779.92 Da) and the substrate peptide SLAM-
FLR after cleavage by trypsin, with monoisotopic mass 916.44
Da, taking into account the loss of 28 Da (N2, specific for the
Phe(Tmd) coupling) and conversion of theC-terminal amide of
the arginine into a carboxyl group during digestion. The cross-
link between PKG and the substrate was determined to be
Ile361. To demonstrate that this is the truly functional binding
site of the substrate peptide, ATP and Mg2� were directly
added after cross-linking. After proteolytic digestion and MS
analysis, a phosphorylated cross-linked product could be

identified (supplemental Fig. S1), which validates that the
cross-linked peptide is properly orientated to become
phosphorylated.
Location of the Binding Site of the Peptide Inhibitor W45 on

PKG—Using the abovementioned strategy, several photoaffin-
ity-labeled analogues of W45, DT-6, and DT-2 were synthe-
sized (see Table 2). On basis of information from the peptide
library screen that led to the discovery of W45 (17), two differ-
ent photolabeled peptides were designed. In the first peptide,
W45-[Phe(Bz)-2], the photoreactive amino acid was posi-
tioned between the N-terminal leucine and the adjacent argi-
nine. At this position, bulky side chains positively contribute to
binding andhence the photoaffinity label is expected not to lead
to a decreased affinity. For the second peptide, W45-[Phe(Bz)-
6], the fourth lysine was replaced with the photoreactive resi-
due, because this particular lysine showed to be an important
determinant in binding. After irradiation the obtained cross-
linked products were proteolytically digested by either trypsin

FIGURE 4. Tandem mass spectrometry (MS/MS) analysis of the tryptic cross-linked peptide derived from PKG/W64-[Phe(Bz)-12]. A, the [M�4H]4�

precursor ion that was selected by the quadrupole using a broad selection window (�5 m/z units) to allow transmission and subsequent simultaneous
fragmentation of the light and heavy leucine labeled cross-linked products. B, MS/MS spectrum of the [M�4H]4� at m/z 675– 676. C, primary sequence of the
cross-linked product and identified fragment ions. The b and y
 ions corresponding the primary sequence of PKG, without covalently attached substrate are
annotated by bn or yn, whereas b or y
 ions of the primary sequence of PKG that carries the covalent attached substrate are labeled *bn or *yn.
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or GluC. From the GluC digest of PKG cross-linked withW45-
[Phe(Bz)-2], a peptide was identified with an apparent mass of
2947.9 Da (Fig. 5A). The tandem mass spectrum of the
[M�5H]5� peak, shown in Fig. 5B, displays several multiply
charged ions from which a partial sequence of FNIID can be
sequenced. Again, manual interpretation determines the com-
position of the product as the GluC fragment of PKG (D)-
359FNIIDTLGVGGFGRVE374-(L), with a monoisotopic mass
of 1692.8 and the intact photolabel W45-[Phe(Bz)-2], with a
monoisotopic mass of 1254.7 Da (Fig. 5C). Unfortunately, the
exact location of the covalent linkage could not be determined
from this spectrum, however, it could be pinpointed to the res-
idues 364TLGVGGFGRVE374 (Fig. 5C). From the tryptic digest
of PKG cross-linked with W45-[Phe(Bz)-6]), a cross-linked
product of 3170.2 Da was detected. The low energy collision-
induced dissociation spectrum of this product (supplemental
Fig. S2)was identified as the tryptic fragment of PKG (K)-356LS-

DFNIIDTLGVGGFGRVELVQLK379-(S), with monoisotopic
mass 2589.4 Da and the trypsin-cleaved inhibitor peptide
acetyl-LF(Bz)R, with monoisotopic mass 580.3 Da. Also for this
cross-linked product no exact site of cross-linkage could be
determined, but the fragmentation spectrum restricted the site
of linkage to the part 366GVGGFGRVELVQLK379. In addition,
a second cross-linked product was identified from this digest.
Fig. 6 displays the fragmentation spectrum of a cross-linked
product with a monoisotopic mass of 1946.2 Da. From this a
partial protein sequence of Q-(312 amu)-FQTI could be
derived. This partial sequence tag matches to the PKG primary
sequence 194QCFQTIMMR202. The exact composition of this
cross-linked product is composed of acetyl-LF*R (monoiso-
topic mass 580.3), and the trypsin cleavage fragment
QCFQTIMMR, in which the cysteine is actually carrying an
additional dithiothreitol adduct that is carbamidomethylated.
This is clear from y
-ions series in the tandemmass spectrum in

FIGURE 5. MS/MS analysis of a cross-linked product derived from a GluC-digest of PKG, which was cross-linked with W45-[Phe(Bz)-6]. A, the [M�5H]5�

precursor ion at m/z 590 –593 that was selected by the quadrupole using a broad selection window (�5 m/z units). The characteristic doublet is indicative for
the presence of the isotopically labeled leucine from the photoaffinity labeled peptide. B, MS/MS spectrum of the [M�5H]5� at m/z 590 –593. C, primary
sequence of the cross-linked product and identified fragment ions. The b and y
 ions corresponding the primary sequence of PKG, without covalently attached
inhibitor are annotated by bn or yn, whereas b or y
 ions of the primary sequence of PKG that carries the covalent attached photolabel are labeled *bn or *yn.
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which a “gap” of 312 Da is seen, which matched to cysteine
(103), a carbamidomethyl group (�58), and dithiothreitol
(�154) and the loss of three protons (�3 Da) for the cysteine
(�1) and the oxidized dithiothreitol-adduct (�2).
Location of the Binding Site of the Peptide Inhibitor DT-6

on PKG—The DT-6 photoaffinity label acetyl-YGRKKRR-
QRF(Bz)RPP-amide (DT-6-[Phe(Bz)2]) was synthesized to
determine the DT-6-binding site on PKG. The arginine nearest
to the C terminus of the peptide was chosen for isotopic label-
ing. However, in contrast to the leucine labeling, it was
observed that during peptide synthesis incorporation of the
heavy arginine was less efficient than normal arginine. It
appeared that only 10% heavy arginine (13C6,15N4-arginine)
was incorporated instead of the desired/expected 50% (supple-
mental Fig. S3). Albeit, cross-linking of DT-6-[Phe(Bz)6] to

PKG resulted in the detection of a quadruply charged cross-
linked product at m/z 616.3 that displayed the same isotopic
pattern as the unreacted label (supplemental Fig. S4). The frag-
mentation spectrum of this cross-link product showed an
abundant series of y
-ions, matching to PKG sequence; (K)-
356LSDFNIIDTLGVGGFGR372-(V). This series of y
-ions still
contains part of the photoaffinity label KKF(Bz)R (mass 681.3),
which is also observed as a singly charged fragment ion.
Cross-linking Behavior of a DT-2-based Dual Photoaffinity

Label to PKG—Now that bothW45 andDT-6were individually
cross-linked to the catalytic domain of PKG, a dual DT-2 pho-
toaffinity label that was synthesized containing two photo-
chemical residues and two isotopically labeled arginine resi-
dues. After cross-linking to PKG and subsequent proteolytic
digestion using trypsin of GluC no cross-linked products could

FIGURE 6. MS/MS analysis of a cross-linked product derived from a trypsin-digest of PKG, which was cross-linked with W45-[Phe(Bz)-2]. A, the [M�3H]3�

precursor ion at m/z 649 – 652 that was selected by the quadrupole using a broad selection window (�5 m/z units). The characteristic doublet is indicative for
the presence of the isotopically labeled leucine from the photoaffinity-labeled peptide. B, MS/MS spectrum of the [M�3H]3� at m/z 649 – 652. C, primary
sequence of the cross-linked product and identified fragment ions. The b and y
 ions corresponding the primary sequence of PKG, without covalently attached
inhibitor are annotated by bn or yn, whereas b or y
 ions of the primary sequence of PKG that carries the covalent attached photolabel are labeled *bn or *yn. The
cysteine was found to carry a dithiothreitol adduct that was subsequently modified by iodoacetamide.
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be detected. Either the cross-linked product was too large
and/or too basic too be seen using the LC-MS method, or the
level of incorporation was not high enough. In an attempt to
determine labeling efficiency, the cross-link product was sub-
jected to SDS-PAGE analysis. This revealed an interesting
result, namely the dual DT-2 label initiated a cross-link
between the two individual PKG monomeric subunits, result-

ing in a high molecular weight
cross-link products, presumably
dimeric in nature (Fig. 7A). In-gel
digestion of these high molecular
weight bands unfortunately also did
not yield any cross-linked product.
Although the cross-link product
(with an expected mass of 155 kDa)
migrates at a relatively larger mass
(above 200 kDa), it is not unlikely
that both the positive character of
the DT-2 label and the non-linear
nature of the formed product will
cause this effect. To confirm that
this DT-2 induced specific cross-
linking of the two individual PKG
monomers, we performed a similar
cross-linking, using the dual DT-2
label and a deletion mutant of PKG,
�77, in which the first 77 residues at
the N terminus have been deleted.
This mutant is a constitutively
activemonomer of PKG, which, due
to the lack of the dimerization and
autoinhibition domain, cannot
form dimers (52). No DT-2-induced
dimerization was observed for this
deletion mutant, demonstrating that
the observed high molecular weight
bands are specific for full-length and
functional PKG dimers. In addition it
was tested whether regular DT-2
could cause the PKG dimerization,
and it was also tested whether the
individual W45-[Phe(Bz)-2], W45-
[Phe(Bz)-6], and DT-6-[Phe(Bz)-6]
photolabels could be responsible for
this dimerization (Fig. 7B), but all
these tests show that thedimerization
is due to the dualDT-2-[Phe(Bz)-6,14]
photoaffinity label.
Binding Stoichiometry and Bind-

ing Order of the Interaction between
PKG and Various Inhibitor Pep-
tides—Now that the binding sites of
the individual components of DT-2
were determined, the binding of
DT-2 to PKG was studied in more
detail using non-denaturing ESI-
MS. Previously, we have shown that,
when non-covalent complexes

between PKG and ligands are conserved during the ionization
process, important information, such as stoichiometry and/or
binding order can be deduced (4, 47). Fig. 8A displays the pos-
itive electrospray ionization mass spectrum of a solution of
PKG. The abundant ion signals between m/z 6000 and 7500
belong to dimeric protein, PKG2, with a calculated mass of
152,875 Da.When the inhibitor peptide DT-2 was added to the

FIGURE 7. SDS-PAGE analysis of reduced PKG DT-2-[Phe(Bz)-6,14] cross-link product shows dimerization
of monomer. A, PKG wild type was cross-linked in the presence of 100 �M cGMP at three different DT-2-
[Phe(Bz)-6,14] concentrations (1, 10, and 100 �M). At 100 �M DT-2-[Phe(Bz)-6,14] a high molecular weight band is
clearly visible. The DT-2-photoaffinity label is unable to form covalent dimers of the constitutively active
monomer PKG �77. B, the formation of covalent PKG dimers is specifically seen with the dual DT-2-photolabel
and not with regular DT-2 or with the W45 or DT-6-based photoaffinity labels.
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electrospray solution, a very similar mass spectrum was
observed (Fig. 8B), albeit a small amount of the PKG2-DT-2
complex was visualized. In the presence of cGMP, a homoge-
neous complex of PKG2 with four cGMP molecules was
obtained (Fig. 8C). Strikingly, when DT-2 was added to this
solution a highly abundant complex of dimeric PKG, four
cGMPmolecules, and only one DT-2 molecule was observed
(Fig. 8D). When the concentration of DT-2 was increased no
binding of a second molecule of DT-2 to the PKG2-cGMP4-
DT-2 complex was observed (supplemental Fig. S5), which
would suggest that there is a single binding site for DT-2 on
dimeric PKG. The binding of W45 and DT-6 were also stud-
ied and from these spectra (supplemental Fig. S6) it became
clear that both W45 and DT-6 bind the strongest to cGMP-

saturated PKG and more importantly up to two inhibitor
peptides per PKG-dimer were observed.

DISCUSSION

DT-2 is the most potent inhibitor of PKG I� and has the
highest specificity for PKG over PKA. The inhibitor is a con-
struct of the substrate competitive sequence, LRKKKKKH
(W45) and a membrane translocating signal peptide
YGRKKRRQRRRPP (DT-6). The combination of W45 and
DT-6 resulted in a 65-fold increase in inhibition potency. DT-2
displayed a linear mixed competitive/non-competitive inhibi-
tion behavior. From this it has been suggested that the mem-
brane-translocating sequenceDT-6 binds and inhibits PKG at a
different site from the catalytic cleft, and fusion ofDT-6 toW45

FIGURE 8. Nanoflow positive ESI-MS of �1.5 �M PKG (A), �1.5 �M PKG in the presence of 5 �M DT-2 (B), �1.5 �M PKG in the presence of 20 �M cGMP
(C), �1.5 �M PKG and in the presence of 5 �M DT-2 and 20 �M cGMP (D). On the left, the raw m/z spectra are shown, and each multiply charge ion is labeled
with a single letter, followed by the charge state and the centroid m/z value. On the right, the corresponding deconvoluted mass spectra are shown. Each peak
is labeled with a single-letter code as in the raw spectra, followed by the calculated mass and determined complex composition.
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accounts for the observed synergistic inhibition effect (17). To
further unravel the unusual inhibition pattern of PKG byDT-2,
several photoaffinity inhibitor peptides were synthesized.
These were cross-linked to PKG in the presence of cGMP, sub-
sequently proteolytically digested, and screened for cross-link
products. The success of such an approach is largely dependent
on the position of the photoreactive amino acid within the pep-
tide. Phenylalanine-based photoaffinity probes, such as
Phe(Tmd) and Phe(Bz), are rather bulky. To avoid a decrease in
affinity, it is important that the photoreactive residue is posi-
tioned on a place where a bulky residue is tolerated. Also, it
should be considered that the position of the photoactivatable
amino acid is important in the recognition between peptide and
protein. This will enhance the possibilities that a covalent
cross-link between protein and peptide is achieved. Several
W45-, DT-2-, or DT-6-based photoaffinity labels were synthe-
sized in which the photoactivatable amino acid was positioned
on either the N or C terminus to avoid negative effects in bind-
ing (Table 2). However, this strategy was not successful,
because none of these photoaffinity labels cross-linked to PKG,
although they were observed to bind in ESI-TOF-MS analyses.
Most likely the termini of the inhibitor peptides are not near
enough the surface of PKG to form a cross-link with it. Addi-
tionally, these labels were synthesized with Phe(Tmd), which is
more reactive towater thanPhe(Bz).Overall, this reiterates that
the positioning of the photoactivatable amino acid with the

peptide is important. To test the potential of cross-linking pep-
tides to PKG via photoaffinity labeling we initially synthesized a
photolabeled substrate peptide, based on the sequence
TQAKRKKSLAMFLR, which is a high specificity peptide sub-
strate of PKG (11). The phenylalanine was replaced by a photo-
activable amino acid Phe(Tmd) at the p � 4 position (P0 is the
phosphate accepting serine). The phenylalanine at this position
is important for substrate recognition and is a critical determi-
nant in PKG/PKA specificity (see Table 3) (10). Kinetic analysis
showed that both Km and kcat for phosphorylation of W64-
[Phe(Bz)-12] by PKG are within the same order as the original
substrate (data not shown), indicating that the Phe(Bz) at this
position does not influence binding affinity. The fragmentation
spectra of the cross-link product indicated that cross-linking
occurred on Ile361, which is a part of the small lobe of the cata-
lytic core. Also, 10 residues upstream of this cross-link is the
glycine-rich loop. This loop contains a GXGXXGmotif, which
is the highest conserved motif among protein kinases and is
essential for ATP binding. To further determine the specific
nature of this cross-link, the protein-photolabel product was
incubated with Mg2� and ATP, and indeed it was found that
after cross-linking the substrate could still be phosphorylated
by PKG (supplemental Fig. S1). Recently, hydrogen/deuterium
exchange analysis of PKG in absence and presence of cGMP
also revealed this particular part, residues 358–372, becomes
more solvent-exposed upon cGMP activation (35). This is in

FIGURE 9. Ribbon diagrams of the catalytic subunit of PKA co-crystallized with MnATP and the inhibitor peptide PKI 5–24 (TTYADFIASGRTGRRNAIHD)
(PDB entry code 1APM). The glycine-rich loop (shown in blue) participates in ATP binding and/or catalysis. The inhibitor peptide (shown in green) largely docks
on the large lobe of the catalytic subunit. The P0 site, representing the phosphate-accepting residues in the substrate, is shown in cyan. The two arginines at
the P3 and P2 positions, important for substrate recognition, are shown in red. Site of cross-linking of PKA-specific substrate are shown in yellow, and the sites
of cross-linking of PKG are shown in pink. The ribbon diagram on the right (II) is a 90-degree clockwise rotation of the diagram on the left (I).
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agreementwith the observation that the degree of cross-linking
was significantly higher in the presence of cGMP. In a previous
study, PKA-specific substrates were cross-linked via the P0
position to the catalytic subunit of PKA (53). Two sites of cross-
linkage, namely Gly125 andMet128, were identified as close sites
of proximity between PKA and the substrate. These residues
reside in the large lobe of the catalytic subunit. This is in con-
trast to the PKG substrate, which was cross-linked via the p� 4
position to the small lobe. For comparison the sites of cross-
linkage in both these studies are represented in Fig. 9, using the
crystal structure of PKA in complex with Mn2�/ATP and the
inhibitor peptide PKI. In this structure PKI docks preferentially
on the large lobe of the catalytic domain, the p � 0 position is
very near to the glycine-rich loop. The sites of the P0 cross-link
for the PKA substrate (53) are highlighted in yellow, the equiv-
alents of the p � 4 cross-link site for PKG are highlighted in
pink. Previously, a refined molecular model for the catalytic
domain of PKG was presented (11). The electrostatic surface
representation of this model displayed a different interaction
site for peptide substratewhen comparedwith the crystal struc-
ture of PKA in complex with PKI. In addition, molecular mod-
eling of the docking of the TQAKRKKALA-amide inhibitor
peptide onto this PKG model demonstrated that the peptide
primarily binds to the small lobe (11). This in contrast to the

PKI/PKA systems, inwhich theN-terminal part of PKI is largely
associated with the large lobe of the catalytic domain and the
C-terminal part of PKI is more outside the catalytic cleft. This
further fits with the general observation that C-terminal resi-
dues determine specificity for PKG, whereas N-terminal resi-
dues contribute to the specificity of PKA (also see Table 3),
suggesting both proteins utilize different peptide conforma-
tions to achieve their substrate specificity.
Two inhibitory peptide analogues of W45, W45-[Phe(Bz)-2]

and W45-[Phe(Bz)-6], were cross-linked to PKG near the gly-
cine-rich loop in the small lobe of the catalytic domain of PKG,
very near the same area as the substrate peptides. For W45-
[Phe(Bz)-6] a second cross-linkage to PKG on residues 199–210
was observed. This part of PKG lies within the high affinity
cGMP-binding site A of the regulatory domain. This somewhat
unexpected observation could indicate thatW45 has either two
different binding sites on PKG or more likely, that both PKG
sequences (residues 360–370 and residues 194–202) are very
near each other in space and form the same binding pocket.
This latter assumption is strengthened by examining the crystal
structure of the PKA holoenzyme. In two separate structures of
the catalytic subunit in complex with (i) the regulatory RI�
subunit (54, 55) andwith (ii) the regulatory RII� subunit (56), is
it seen that the catalytic core and the regulatory core are

FIGURE 10. Ribbon diagrams of the PKA Type I holoenzyme (PDB entry code 3FHI) (A) and PKA Type II� (PDB entry code 2QVS) (B). The catalytic subunit
is shown in brown, and the glycine-rich loop is highlighted in blue. The site of cross-linkage between PKG and the substrate and W45 and DT-6 analogues is
highlighted in green. The regulatory subunit in type I (A) and in type II� (B) are both shown in gray. The homologous part in both regulatory subunits represents
the second site of cross-linking of W45 in the regulatory subunit of PKG, and is colored in red. C, sequence alignment of the glycine-rich loop in the catalytic
domain of PKA and PKG type I and type II and sequence alignment of the b/c helix in the regulatory subunit of PKA (PKA-RI and PKA-RII) and the corresponding
primary sequence in PKG type I and type II.
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attached by three different contact points. One of these is the
b/c-helix, which is shown in red in Fig. 10 in both structures.
This helix of the regulatory domain is in very close distance to
the glycine-rich loop of the catalytic domain, although it should
be noted that is in an inactive state for PKA. The b/c-helix of
both RI and RII regulatory subunits of PKA aligns with
184VNVKLWAIDRQCFQTIMMRTGLIKH208 of PKG (Fig.
10C), to which W45-[Phe(Bz)-6] was cross-linked. In addition,
several residues within this part are conserved within cGMP-
dependent protein kinase type I and type II (Fig. 10C) Taken all
these observations together this implies thatW45has one bind-
ing site on PKG. This binding site of W45 is almost identical to
the substrate-binding site, i.e. very near the glycine-rich loop in
the small lobe of the catalytic core. In analogy to W45, DT-6
also binds PKG in this area. This latter observation supports the
idea that DT-6, likeW45, acts as a competitive inhibitor, block-
ing the entrance for substrate peptides/proteins.
Although a dual photolabel derivative of DT-2 was succes-

sively coupled to PKG, unfortunately no cross-link products
could be detected from its proteolytic digest, and hence the true
binding sites of DT-2 remain unknown. However, SDS-PAGE
analysis of the intactDT-2-[Phe(Bz)-6,14]/PKGcross-link prod-
uct showed that this dual photolabel yields a high molecular
weight species that migrate much slower than the monomeric
PKG. This result implies that the dual photolabel bound to
dimeric PKG, cross-links to each monomer upon irradiation,
forming a covalent dimer. To strengthen this latter assumption,
we have used a deletionmutant of PKG,�77. Thismutant lacks
the N-terminal dimerization and autoinhibition domain and is
a constitutively active monomer. Although DT-2 is able to
block the activity of the deletion mutant, the dual DT-2-
[Phe(Bz)-6,14] photolabel does not form high molecular weight
bands. Furthermore, neither regularDT-2 nor the photoaffinity
labels ofW45 and DT-6 produced these high molecular weight
complexes suggesting that this would be an artifact.
Next to these cross-linking experiments, native mass spec-

trometry was used to further study the interactions between
PKG and the various inhibitor peptides. The native mass spec-
trometry data clearly indicated that binding of cGMP to PKG is
a prerequisite for the binding of all three inhibitor peptides (Fig.
8 and supplemental Fig. S6). This is in full agreement with the
currently working model of PKG, in which the N-terminal
autoinhibition domain blocks entrance to the active site of PKG
in absence of cGMP (57). Upon cGMP activation, the autoinhi-
bition domain is released from the catalytic domain, which is
then accessible for target peptides/proteins. This is exemplified
from the analysis of the intact PKG/W64-[Phe(Bz)-12] com-
plexes (Fig. 2) in which peptide incorporation was substantially
higher in the presence of cGMP. The observation thatW45 and
DT-6 also require cGMP activation is in perfect alignment with
the cross-link data that showed that these peptides are targeted
near the substrate-binding site.
In summary, the ultimate goal of these measurements was

to determine the exact binding site of DT-2 in an attempt to
understand its peculiar inhibition behavior, and even more to
understand its high selectivity toward PKG. Although the exact
binding of site of DT-2 remains unresolved, the present data
contain a series of novel and significant clues about the molec-

ular mechanisms of DT-2 inhibition. It is now clear that both
individual components of DT-2, namely W45 and DT-6, are
targeted to the same pocket in the catalytic domain as is the
substrate peptide W64. Also, native mass spectrometry con-
firmed that cGMP activation is required to bind inhibitor/sub-
strate peptides, which suggest all inhibitor/substrate peptides
compete with the N-terminal autoinhibition domain for bind-
ing to the catalytic core. Taken together, the peculiar observa-
tions, that one DT-2 molecule is preferentially bound to
dimeric PKG, combined with the results from the dual DT-2-
photoprobe, which specifically produces highmolecular weight
dimers/multimers, lead us to put forth the model that DT-2 is
able to inactivate two active sites simultaneously. This poten-
tially far-reaching model suggests that, within dimeric PKG,
both active sites are in close proximity of each other. In addition
our model may explain the remarkable potency and specificity
of DT-2 toward PKG. As mentioned above, in PKG both regu-
latory and catalytic domain lie within one single polypeptide
chain. Hence, the two catalytic subunits remain always in close
proximitywith each other via the dimerization of theN termini.
This is in contrast to the PKA system, in which the catalytic and
regulatory domains reside on individual subunits that dissoci-
ate from each other once the regulatory subunits bind cAMP
(Fig. 1). In summary, DT-2 acts as a bidentate inhibitor, target-
ing the catalytic domains of dimeric PKG. The resulting inhibi-
tion indicates that these two catalytic domains are spatially
proximal, implying a unique architecture for PKG holoenzyme.
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