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cGMP-binding Prepares PKG for Substrate Binding by
Disclosing the C-terminal Domain
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Type I cyclic guanosine 3′,5′-monophosphate (cGMP)-dependent protein
kinase (PKG) is involved in the nitric oxide/cGMP signaling pathway.
PKG has been identified in many different species, ranging from unicelõ-
lular organisms to mammals. The enzyme serves as one of the major
receptor proteins for intracellular cGMP and controls a variety of cellular
responses, ranging from smooth-muscle relaxation to neuronal synaptic
plasticity. In the absence of a crystal structure, the three-dimensional
structure of the homodimeric 152-kDa kinase PKG is unknown; however,
there is evidence that the kinase adopts a distinct cGMP-dependent active
conformation when compared to the inactive conformation. We performed
mass-spectrometry-based hydrogen/deuterium exchange experiments to
obtain detailed information on the structural changes in PKG Iα induced by
cGMP activation. Site-specific exchange measurements confirmed that the
autoinhibitory domain and the hinge region become more solvent exposed,
whereas the cGMP-binding domains become more protected in holo-PKG
(dimeric PKG saturated with four cGMP molecules bound). More
surprisingly, our data revealed a specific disclosure of the substrate-binding
region of holo-PKG, shedding new light into the kinase-activation process
of PKG.
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Introduction

Cyclic guanosine 3′,5′-monophosphate (cGMP)-
dependent protein kinases (PKGs) are the main
downstream effectors of second-messenger cGMP.
They are activated upon intracellular generation of
cGMP by two main types of guanylate cyclases:
soluble and membrane associated.1 The first acts
downstream of nitric oxide, while the latter is
activated through extracellular binding of natriure-
tic peptides. Both signals mediate a variety of
important physiological processes through cGMP
and its kinases. cGMP-dependent kinases are im-
plicated in the regulation of, among others, smooth-
muscle relaxation2 and platelet function.3,4

cGMP kinases and their cAMP-dependent protein
kinase (PKA) counterparts serve as the major intra-
d.
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cellular mediators of cyclic nucleotide signaling
pathways. Both kinases are allosterically regulated
proteins, and much of our current understanding
of protein kinases' structure, function and regula-
tion is primarily based on studies of PKA and, to a
lesser extent, PKG. PKA is an R2C2 hetero-tetramer
whereby the holo-enzyme dissociates into two
catalytic domains (2C) and a dimer of the regulatory
subunits (R2) upon stimulation by cAMP. For PKA,
detailed pictures of all the processes from regulation
to enzymatic turnover exist.5,6 Several crystal struc-
tures of the catalytic subunit of PKA in the presence
of nucleotide, substrate and inhibitors,7,8 as well as
the apo-enzyme9 and the holo-enzyme,10 are avail-
able. These structures probably provide the best
examples of howa kinase recognizes its substrates, as
well as inhibitors, and also how the enzyme moves
through catalysis. To complement crystallographic
structures, fluorescence anisotropy,11,12 NMR13,14

and hydrogen/deuterium (H/D) exchange coupled
with mass spectrometry15–20 have been used to
probe the dynamic behavior of PKA. Compared
to PKA, much less information is available for
PKG, for which, for instance, no crystal structures
have yet been reported. For PKG, the mammalian
genome encodes a type I kinase21,22 and a type II
kinase.23,24 Mammalian type I PKGs are homodi-
meric cytosolic proteins containing two identical
polypeptides of ∼76 kDa. PKG subunits contain a
regulatory domain and a catalytic domain. Alter-
native mRNA splicing produces the type Iα PKG
and a type Iβ PKG, which only differ in their first
∼70–100 amino-terminal residues.25,26 Here we
focus on full-length bovine PKG Iα, which harbors
several functional domains on a single polypeptide
chain (see Fig. 1). The primary sequence of the sub-
units has been divided into three separate segments:
an amino-terminal, a regulatory segment and a cata-
lytic segment.27 The amino-terminal segment con-
tains a dimerization site, an autoinhibitory motif and
several autophosphorylation sites. A hinge region
connects the amino-terminal site with the two in-
tandem cGMP-binding pockets. The C-terminal part
of the protein harbors the catalytic domain, which
consists of a MgATP-binding pocket and the sub-
strate-binding site.
The two homologous cyclic-nucleotide-binding re-

gions of PKG (∼110 amino acids each) are arranged
in tandem in the amino-terminal moiety. They
preferentially bind cGMP over cAMP with a N100-
fold selectivity, whereas the cyclic-nucleotide-bind-
ing sites of PKA preferentially bind cAMP over
cGMP with a N50-fold selectivity. The cyclic nucleo-
inhibition domain; cGMP high (called A)=high-affinity bindi
binding domain for cGMP.
tide specificity of PKG for cGMP is largely deter-
mined by the presence of an invariant threonine
corresponding to an alanine in the cAMP-binding
site of PKA.28,29 The reported Kd values of the two
cGMP-binding sites of PKG Iα are all in the nano-
molar range at 30 °C.30

The catalytic domain of a protein kinase transfers
the ATP γ-phosphate onto a serine, threonine or
tyrosine residue of the substrate. The C-terminal
substrate-binding domains of PKG and PKA are
thought to be very important to substrate specificity.
Although PKG and PKA share a similar substrate
phosphorylation consensus sequence, they phos-
phorylate different substrates in vivo.31,32 There are
many notable differences in the C-terminal sub-
strate-binding domains of PKG and PKA that likely
cause the specificity differences.
Most serine/threonine-specific or tyrosine-specific

protein kinases are activated by allosteric ligand
binding (e.g., cAMP, cGMP, calcium, insulin and
epidermal growth factor), but the molecular
mechanism involved in such activation is not fully
understood in most cases. For PKA, the binding of
cAMP to the inactive R2C2 hetero-tetramer induces
dissociation, which liberates the catalytic subunits
from the regulatory subunits.5 In contrast, in PKG,
the catalytic and regulatory domains reside on a
single polypeptide chain, and a similar dissociation
cannot occur. In the absence of cGMP, PKG is main-
tained in a basal state by the binding of a pseudo-
substrate site within the regulatory domain to the
catalytic domain, a process described as auto-
inhibition.33,34 The relative activity in this basal
state was established for PKG Iα to be ∼10% of the
maximal activity in vitro.35 In addition, it was
reported that autophosphorylation of PKG in
the regulatory domain increases basal activity.36

When intracellular cyclic nucleotide levels rise, the
kinase becomes active. Hence, heterophosphoryla-
tion of target proteins can occur. The exact molecular
mechanism of the cGMP stimulus is still unknown.
Evidence suggests that activation of PKG, either by
cGMP binding or by autophosphorylation, is asso-
ciated with a conformational change that releases
the autoinhibitory domain from the catalytic site,
thereby reducing the efficiency of the pseudo-
substrate-site competition for substrate binding.37,38

A maximally active kinase is obtained when all four
cGMP-binding sites of the dimeric kinase are
occupied. Activation of PKG by cGMP is associated
with an expansion of the protein structure, as
revealed by small-angle X-ray scattering.39,40 Four-
ier transform infrared spectroscopy data suggest
Fig. 1. Schematic representation
of the functional domain structure of
one monomer of dimeric PKG Iα. At
the N-terminus, the dimerization
domain is depicted. AI=the auto-

ng domain for cGMP; cGMP low (called B)=low-affinity
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that the conformational change induced by cGMP
binding is primarily due to a topographical move-
ment of PKG structural domains rather than the
secondary structural changes within one or more of
the individual domains.39 Studies of cGMP-induced
changes by combination of ion-exchange chromato-
graphy, gel-filtration chromatography, native poly-
acrylamide gel electrophoresis and partial pro-
teolysis showed that the apparent elongation of
the protein is associated with an increase in net
surface charge.41 Here, we investigated the implica-
tions of cGMP binding on the structure and con-
formation of bovine PKG Iα by measuring global
H/D exchange on the intact 152-kDa apo-protein
and holo-protein with native mass spectrometry,42

and by measuring more detailed localized H/D
exchange events on the peptides formed by pepsin
and type XIII digestions with matrix-assisted laser
desorption ionization mass spectrometry (MALDI-
MS).43,44 Additionally, we performed ion mobility
measurements on the intact apo-PKG (dimeric PKG
without cGMP) and holo-PKG (dimeric PKG
saturated with four cGMP molecules bound) to
investigate whether the cGMP-induced kinase
structural expansion of PKG can also be observed
in the gas phase. We propose a more detailed struc-
tural model describing the conformational changes
induced in PKG upon cGMP binding, which
includes a thus far unreported opening of the
substrate-binding region that is consistent with the
involvement of this region in the kinase-activation
process.
Fig. 2. Native mass spectra of intact apo-PKG (a) and cGMP
state distributions from which the mass could be derived. The
(PKG)2, whereas in (b), the charge state distribution originate
[cGMP]4). Surprisingly, the charge state envelope of holo-PKG
residues have become accessible for protonation during the E
Results

H/D exchange mass spectrometry (HDX-MS) is
nowadays a well-established method in structural
biology that is used to study conformational changes
and protein folding.45–49 In HDX-MS, electrospray
ionization mass spectrometry (ESI-MS) is the most
popular method used to produce ions from deuter-
ated samples for subsequent mass spectrometric
analysis, but, more recently, MALDI-MS has also
been used for the same purpose.50 WithMALDI-MS,
it is possible to avoid time-consuming HPLC sepa-
ration of peptides, thereby reducing backexchange.51

In addition, the relatively simple data acquisition
makes HDX-MALDI-MS a straightforward method
for studying in detail protein–ligand interactions52

and protein–protein interfaces.53,54
We used three different technical approaches to

obtaining information about conformational changes
induced in PKG Iα by the binding of cGMP, (a) deu-
terium incorporation into the intact protein mea-
sured by native ESI-MS, (b) gas-phase ion mobility
and (c) deuterium incorporation mapping protein
segments obtained by rapid proteolysis after label-
ing, coupled to MALDI-MS.

Global H/D exchange of PKG confirms the
conformational opening of the activated enzyme

Figure 2a shows the mass spectrum of apo-PKG
electrosprayed from an aqueous 200-mM ammo-
nium acetate solution at a dimer concentration of
-saturated holo-PKG (b). The mass spectra display charge
charge state distribution in (a) originates exclusively from
s from PKG with four cGMP molecules bound (i.e., PKG2
is shifted towards a higher charge, indicating that more

SI process, indicative of a conformational change.



Fig. 3. Global H/D exchange behavior of apo-PKG
and holo-PKG determined by native mass spectrometry.
The graph shows the percentage (with standard devia-
tions) of exchanged hydrogen atoms (i.e., incorporated
deuterium molecules) as a function of time for apo-PKG
(▴) and holo-PKG (●). Over the whole time window,
holo-PKG had approximately 170 more hydrogen atoms
exchanged than apo-PKG. In global exchange, both amide
and side-chain hydrogen atoms may be exchanged.
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∼2.5 μM. The charge state envelope of the dimer
was centered around an m/z value of 6400. The
theoretical average mass of the dimeric PKG, cal-
culated from the sequence without the expression of
methionine, with acetylated N-termini and without
any additional cGMP or phosphorylation residues
is 152,657 Da, whereas the experimental mass is
152,896±9.2 Da. The latter value indicates the
presence of, on average, two phosphorylated sites
in the apo-protein and a certain percentage of
solvation that is commonly observed while measur-
ing large proteins under native conditions by mass
spectrometry.
Using liquid chromatographymass spectrometry/

mass spectrometry, we tested the phosphorylation
status on a proteolytic digest of apo-PKG. This re-
vealed that Thr516 within the activation loop is
stoichiometrically phosphorylated. As known, this
phosphorylation site is essential for the catalytic
activity of this kinase.
The second phosphorylated site is supposed to be

one of the PKG autophosphorylated sites identified
in the N-terminal region of the protein (Ser26, Ser44,
Ser50, Thr58, Ser72, Thr84 and, with minor phos-
phorylation, Ser1 and Ser64). Supplementary Table 1
reports the data corresponding to the site-specific
detection of protein phosphorylation for PKG
Iα.36,55 Figure 2b shows the mass spectrum of PKG
in the presence of cGMP in a concentration ratio of
1:5 (PKG:cGMP). The charge state distribution
centered around an m/z value of 5700 corresponded
to dimeric PKG with four cGMP molecules bound
(PKG2[cGMP]4). Interestingly, in holo-PKG, we
observed a shift of the charge state distribution to
higher values, which features a mass spectrometry
pattern that is often attributed to an opening of
the protein structure, making additional residues
accessible to protonation during the ESI process.
This shift in charge distribution between apo-PKG
and holo-PKG is in line with previously reported
observations.56,57

In order to probe the global conformational changes
in PKG that occur upon binding of cGMP, we used a
differential real-time HDX-MS approach on the intact
inactive and active dimers. In this approach, the
exchange of both backbone and side-chain hydrogen
atoms is monitored in real time. In two separate
experiments, solutions of apo-PKG and holo-PKG
(i.e., incubated for 5 min with cGMP in ratios of 1:5
and 1:10) were diluted 10 times in a 200-mM
ammonium acetate deuterated solution and immedi-
ately analyzed by native mass spectrometry. In Fig. 3,
the global deuterium exchange kinetics of apo-PKG
and holo-PKGare depicted. A significant difference in
deuterium incorporation is readily seen between apo-
PKG and holo-PKG over the whole time window
studied. At 20 min, apo-PKG exchanged 75% of the
labile hydrogen content (1596 out of 2138 hydrogen
atoms), whereas for holo-PKG, the exchange pro-
gressed up to 83%. The significantly higher H/D
exchange in holo-PKG—an increase of 190±10
deuterium—was reproducible and in agreement
with the opening of the PKG structure in the presence
of cGMP.38 Moreover, the result is consistent with the
observed higher charging of holo-PKG compared to
apo-PKG described above.

Ion mobility reveals an opening of the structure
in holo-PKG

In recent years, ion mobility, in combination with
mass spectrometry, has become a novel tool for
probing the structural and conformational proper-
ties of biomolecules in the gas phase.58,59 Ion
mobility separation is based on spatial separation
of gas-phase ion species due to differences in their
mobility through a buffer gas. The time used by the
ions to traverse the drift tube is called drift time.
It has been recently shown by ion mobility mass
spectrometry that some of the structural aspects of
protein structures may be retained and thus probed
in the gas phase.60,61 This prompted us to analyze
the gas-phase ion mobility of active and inactive
PKG, using a Synapt Q-Tof instrument. The samples
were prepared using the same protocol as for the
native mass spectrometry measurements described
above. Figure 4 shows the ion mobility data for both
apo-PKG and holo-PKG that revealed small but
significant and reproducible differences. The 2D
maps show the drift times of every charge state of
apo-PKG (panel a) and holo-PKG (panel b). This is
further illustrated in Fig. 4c, where the drift-time
distributions of [M+27]27+ of apo-PKG and holo-
PKG are overlaid. The mean ion mobility drift times
for each of the detected charge states of apo-PKG
and holo-PKG are plotted in Fig. 4d. For each
detected charge state, holo-PKG exhibited longer
drift times than apo-PKG. The drift time of an ion in
the mobility device is dependent on many para-
meters, including mass and charge, but also con-
formation. For the same charge state, and nearly
identical mass, the difference in drift time most



Fig. 4. Plot of ion intensities versus their drift time in the ion mobility mass spectrometer of apo-PKG (a) and holo-PKG
(b). Redmeans most intense. In (c), the drift-time distributions of apo and holo are overlaid for [M+H]27+; in (d), the mean
drift times of each individual charge state are plotted for both apo-PKG (▴) and holo-PKG (●), revealing the consistent
shift to longer retention time for holo-PKG.
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likely originates from differences in overall globular
structure. A more open structure leads to a higher
collisional cross section and, therefore, slower
mobility. Therefore, the observed slower ion mobi-
lity of holo-PKG hints at a larger collisional cross
section and thus a more open conformation, in line
with the expected opening of the structure of PKG
in the presence of cGMP38 and in agreement with
the observed higher charging of holo-PKG and
extended global H/D exchange behavior described
above. This finding would indicate that the gas-
phase conformations of apo-PKG and holo-PKG
reflect, to some extent, the solution-phase globular
structures of the protein.
Next, we focused on site-specific H/D exchange

measurements to investigate the exact regions af-
fected by the conformational changes that occurwhen
PKG is activated by cGMP.

Domain-specific H/D exchange measurements
pinpoint the conformational changes that occur
upon kinase activation

A solution of PKG was diluted 10-fold in D2O in
the presence or in the absence of saturating cGMP
concentrations. The H/D exchange reaction was
stopped after 5 min by quenching the protein solu-
tion with a citric/succinic acid buffer at pH 2.5.
Subsequently, the sample was digested with pepsin
or type XIII protease. Proteolysis of apo-PKG and
holo-PKG was optimized using different digestion
times and protease-to-protein ratios in order to
obtain peptides in the mass range of 800–6000 Da,
which are most amendable for MALDI analysis.
The optimized conditions were proteolyses at 4 °C
for 1 min and at a protease-to-protein ratio of 1:1
(wt/wt). From the remarkable number of observed
proteolytic products, we were able to confidently
use for the H/D exchange analysis 26 pepsin pep-
tides and 19 type XIII peptides that covered 58% of
the sequence. This percentage is a very acceptable
sequence coverage considering that PKG is a large
protein. In Fig. 5, the mass spectra of some repre-
sentative proteolytic peptides are shown. Table 1
shows the measured deuterium content of all the
peptides after 5 min of deuteration. All H/D
exchange experiments and analyses were repeated
at least three times, from which standard deviations
in the measured deuterium contents could be
calculated. The identity and sequences of all these
peptides were confirmed by MALDI MS/MS and,
for even higher confidence, by liquid chromatogra-
phy mass spectrometry/mass spectrometry using
an LTQ-Orbitrap instrument (data not shown).
In Fig. 5, the MALDI spectra of four representative

peptides of the sequences 80–87, 258–279, 490–499
and 568–575 are depicted, all revealing different H/D
exchange behaviors in apo-PKG and holo-PKG. The
segment 80–87, which is located in the hinge region,
is revealed just as its neighboring segments increased
solvent exposure in holo-PKG, as do the segment
568–575 and its neighboring segments, which are all
located in the substrate-binding domain. In contrast,
the segment 258–279, which is located in the second
cGMP-binding pocket domain, becomes less deu-
terated in holo-PKG, evidencing protection in this



Fig. 5. Examples of peptides detected in our H/D exchange measurements. MALDI mass spectra are shown for the
singly charged peptides 258–279, 80–87, 568–575 and 490–499 (within each panel from top to bottom): the peptide of PKG
Iα without exchange and with H/D exchange in the case of apo-PKG and holo-PKG, respectively.
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region. Finally, the depicted segment 490–499 did not
reveal any significant difference in H/D exchange
between apo-PKG and holo-PKG.
The bovine PKG Iα sequence is given in Fig. 6,

whereby we superimposed the detected peptides
obtained by pepsin or type XIII proteases. The
peptides are color coded, whereby red means more
solvent exposure and green means less solvent
exposure in holo-PKG. The H/D exchange data
summarized in Table 1 and Fig. 6 reveal a wealth of
information on differences in the solvent exposure
of specific domains of PKG upon cGMP binding.
For instance, upon cGMP binding, the N-terminal
region of PKG up to the hinge region (residues 1–87)
becomes significantly more exposed, at least in the
parts of the sequence we were able to investigate. In
contrast, nearly all the peptides (9 out of 10)
covering the two cGMP-binding domains (residues
110–344) revealed significantly more protection
upon cGMP binding. Part of the ATP-binding
domain (residues 359–390) became significantly
more exposed, whereas the end of this domain
(residues 407–462) seemed to not exhibit differences
upon cGMP binding. Most strikingly, the substrate-
binding region of the catalytic domain of holo-PKG
displayed a dramatic increase in solvent exposure,
as highlighted by the data concerning nine peptides
in the region 529–655, hinting at the involvement of
this region in the activation process of the kinase.
Discussion

The differential charging under native mass spec-
trometry conditions, the real-time intact protein
H/D exchange monitoring and the ion mobility
analysis of the global structural differences between
apo-PKG and holo-PKG further demonstrate the
previously suggested opening of the structure of
PKG upon cGMP binding. Under identical mass
spectrometric conditions, holo-PKG exchanged up
to approximately 190 more backbone and side-chain
hydrogen atoms than apo-PKG. Moreover, holo-
PKG displayed a longer drift time than apo-PKG
ions in the ion mobility device, indicating a larger
cross section for holo-PKG and thus corroborating
the proposed elongation of the holo-form, as estab-
lished by small-angle X-ray scattering.39,40

Since there is no crystal structure reported for
either apo-PKG or holo-PKG, data on specific
domain interactions in either state of PKG are
based on indirect evidence, such as site-directed
mutagenesis and/or limited proteolysis.33,37,57,62

Both methods are suboptimal, as limited proteolysis
provides only general information on very large
protein fragments, while mutagenesis allows the
study of one—or, at best, a few—amino acid(s) at a
time. In addition, mutations may have a dramatic
effect on the general protein structure and function,
thereby inducing false-positive observations. With



Fig. 6. Summary of the H/D exchange data overlaid over the amino acid sequence of PKG Iα. Red bars indicate
peptides that become more solvent exposed upon cGMP binding. Green bars show peptides that become more protected
upon cGMP binding. Gray bars indicate peptides that do not reveal any significant changes.
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our HDX-MS approach, for the first time, we were
able to study many simultaneous effects of cGMP on
the structure of PKG in more detail. The data in Fig.
6 depict a very in-depth view on which particular
stretches of the protein sequence become more or
less solvent-accessible upon cGMP binding. In
Materials and Methods, these data will be put in
perspective with data obtained earlier.
Limited proteolysis studies revealed that, upon

cGMP binding, the N-terminus of PKG becomes
more exposed, as derived from increased suscept-
ibility towards proteolytic cleavage in the hinge
region around R77.41,57,63 It has been suggested
that only a limited region (i.e., region 77–80) of the
N-terminal domain is protease exposed in the in-
active state, indicating a tight conformation in which
the autoinhibitory site is well protected for proteo-
lysis.57 Upon cGMP binding, this tight conformation
is relieved; hence, the whole autoinhibitory domain
and the hinge region become solvent exposed and,



Table 1. Average number of exchanged hydrogen atoms
in proteolytic peptides of apo-PKG and holo-PKG
digested with pepsin or type XIII protease after 5 min of
H/D exchange

Sequence

Number
of amide
hydrogen
atoms

Exchanged
hydrogen atoms

ΔExchange
[nHex(holo)−
nHex(apo)]Pepsin

Type
XIII Apo-PKG Holo-PKG

4–13 10 1.98±0.03 2.00±0.01 0.02
49–56 8 2.00±0.093 2.25±0.017 0.25
57–76 20 7.11±0.09 8.90±0.10 1.79
62–76 15 6.09±0.03 7.01±0.02 0.92
80–85 6 3.21±0.01 3.93±0.04 0.72
80–87 8 4.06±0.01 5.08±0.02 1.02
91–98 8 2.02±0.04 1.98±0.02 −0.04
107–113 7 2.93±0.04 2.06±0.07 −0.87
113–120 8 4.02±0.05 2.96±0.06 −1.06
170–182 13 4.93±0.04 2.95±0.03 −1.98
172–188 17 6.02±0.03 3.94±0.04 −2.08
189–196 8 2.99±0.02 3.01±0.01 0.02
189–200 12 4.01±0.02 3.04±0.02 −0.97
198–215 18 5.06±0.01 2.11±0.09 −2.95
258–279 21 8.57±0.01 6.02±0.01 −2.55
303–313 11 3.01±0.01 3.47±0.03 0.46
307–325 20 6.59±0.15 5.07±0.03 −1.52
351–359 9 3.50±0.02 3.53±0.02 0.03
359–375 17 5.49±0.04 6.00±0.06 0.51
360–372 13 5.10±0.03 5.99±0.04 0.89
360–374 15 5.08±0.02 5.98±0.03 0.90
375–386 12 3.09±0.02 4.98±0.04 1.89
375–389 13 4.08±0.06 4.99±0.04 0.91
376–386 11 4.10±0.07 5.97±0.04 1.87
410–423 14 4.00±0.02 4.01±0.02 0.01
423–429 7 2.97±0.02 2.96±0.03 −0.01
424–432 9 2.98±0.03 2.99±0.01 0.01
446–455 10 2.99±0.03 3.01±0.02 0.02
446–456 11 1.98±0.03 2.01±0.03 0.03
450–462 14 6.05±0.05 6.01±0.05 −0.04
475–491 18 7.03±0.01 9.08±0.06 2.05
490–499 10 2.97±0.03 2.98±0.02 0.01
489–499 11 2.99±0.03 3.02±0.02 0.03
490–504 15 2.93±0.08 2.97±0.04 0.04
492–499 8 1.98±0.03 2.51±0.02 0.53
529–546 17 7.02±0.02 8.96±0.02 1.94
547–570 25 3.11±0.04 6.07±0.04 2.96
551–570 21 4.02±0.03 6.54±0.03 2.52
568–575 8 2.01±0.03 3.09±0.01 1.08
576–589 14 5.02±0.03 5.04±0.04 0.02
611–617 7 2.06±0.02 2.97±0.01 0.91
622–648 28 8.07±0.1 10.10±0.01 2.03
624–654 31 8.12±0.09 11.20±0.07 3.08
630–647 18 3.04±0.04 4.94±0.01 1.90
638–651 14 2.98±0.03 4.53±0.08 1.55
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thus, protease susceptible. Our data firmly establish
that the region 57–88 becomes more solvent exposed
in holo-PKG. This result is consistent with the
proposed tight interaction in apo-PKG between the
autoinhibitory sequence and the catalytic domain
through I63.62
Proteolytic peptides from the cGMP-binding

domains experienced significant protection upon
cGMP binding of holo-PKG. The recent published
structural information about the PKA holo-enzyme,
in combination with mutagenesis at the two con-
servative sites, Glu261 and Arg366, involved in
the holo-enzyme-specific salt bridge that is impor-
tant for PKA activation, provided a molecular
mechanism for the ordered and cooperative activa-
tion of PKA by cAMP, as described by Kim et al.63,64

The structures demonstrate the mobility of the
cAMP-binding domains in the regulatory subunit
type Iα, remarking the large movement of domain B
(high-affinity site for cAMP) relative to domain A
(low-affinity site for cAMP). H/D exchange studies
on the RIα subunit of PKA in the absence of cAMP
and in the presence of cAMP or the catalytic subunit
have shown an expected solvent protection of the
region 202–221 (cAMP-binding site A) when cAMP
is bound on the protein.16 The region 199–202
involving the helix motif in the cAMP-binding site
appeared not to be very solvent exposed even in the
absence of cAMP. When cAMP is removed and the
C-subunit is bound to the RIα, the residues 204–221
highlight a further increase in amide deuterium
exchange in the binding site. Maybe the binding of
the C-subunit induces an increased backbone
dynamics in the cAMP-binding pocket. Supplemen-
tary Fig. 2 reports the sequence alignment of PKG
and PKA RIα.
As is possible to observe in Fig. 6 of the article, the

peptides 170–182 and 172–188 covered a region
corresponding to the cGMP-binding site A (based on
PKA structure). In holo-PKG, these segments
become more solvent protected, highlighting the
protection of this region. This could be comparable
with the protection of the corresponding region in
the holo-PKA. However, it is important to consider
that the order of the high-affinity and low-affinity
sites in PKG and PKA is reversed. Maybe this
reverse order could influence the global movement
of this domain and the catalytic one, even if, in the
absence of PKG structure, it is still really difficult to
compare properly the data already known about
PKA.
The catalytic domain of PKG consists, as in most

eukaryotic kinases, of a two-lobed catalytic core, one
small lobe with the ATP-binding site and a large lobe
that includes the substrate-binding domain and the
catalytic site. Using available detailed structural
information on the related, albeit structurally quite
different, PKA kinase, we tried to interpret the data
obtained on PKG. It should be kept in mind that,
upon activation by cAMP, the catalytic subunits
dissociate from the regulatory domains in PKA,
whereas this evidently cannot happen similarly in
cGMP-activated PKG. Therefore, we believe that a
direct comparison between PKA and PKG is
interesting but only of limited value. The catalytic
core of PKG is in the segment 356–372. The glycine-
rich GXGGXXGXV motif that functions as a hydro-
phobic pocket is able to bind the adenine ring of
ATP. This sequence is followed by a linker region
431–454 that operates as a connection between the
two lobes of the catalytic domain.65,66 In PKA, ATP
becomes bound inside the cleft between the smaller
lobe and the larger lobe of the catalytic domain. The
opening and closing of this cleft serve to properly
position ATP for catalysis. For apo-PKG, it was
proposed that the interaction between the autoinhi-
bitory domain and the substrate-binding domain
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might stabilize the flexibility in the opening and the
closing of the active cleft.56 Our data demonstrated
that, in holo-PKG, the catalytic core became more
solvent exposed, whereas the linker region did
not reveal any significant change in H/D exchange.
This might indicate that, in the cGMP-activation
process, ATP binding is altered (i.e., more exposed,
as described by Hofmann et al.).36 However, there is
evidence in the literature about the binding of ATP to
the active and inactive enzymes. The data reported
by Pinkse et al. demonstrate the possible binding of
ATP to apo-PKG, however only in the presence of
a divalent metal ion such as Mg2+ or Mn2+.56

Next, our H/D exchange data reveal that specifi-
cally the catalytic loop 481–488 in the substrate do-
main, where D483 plays the role of proton acceptor
of the S and Y hydroxyl groups and where the
residue K485 facilitates phosphotransfer by neutra-
lizing the γ-phosphate,65 becomes more solvent
exposed in holo-PKG, whereas the adjacent region
491–504 was not altered. Finally, a large part of
the C-terminal lobe of the catalytic domain (i.e.,
regions 529–575 and 611–655) that constitutes the
substrate-binding domain becomes significantly
more exposed in holo-PKG, possibly facilitating
substrate binding. These conformational changes
are new insights for PKG upon cGMP binding.
While in PKA the catalytic subunit is released from
the regulatory subunit upon cAMP binding, in PKG,
the region of the substrate-binding domain becomes
more solvent exposed upon cGMP binding.16 Most
of the determinants necessary for substrate-binding
specificity are located in the larger amino-terminal
lobe. Substrate recognition plays a key role in the
determination of protein kinase specificity. The pri-
mary sequence requirements for substrates of PKA/
PKG follow the motif RRX-S/T-X. Even as the level
of homology between the catalytic cores of PKA and
PKG is quite high, the difference in their target sub-
strate specificity may demonstrate that the peptide-
binding site of PKG differs substantially from that
of PKA, considering that the kinase specificity for
substrates is largely determined by the substrate-
binding domain. The comparison of the substrate-
binding domains in PKA and PKG shows that only
47% of the residues in the large lobe of the catalytic
subunit are conserved in the two kinases,27 which
may partly explain the observed differences in con-
formational dynamics.
Many studies on the ability of the catalytic subunit

of PKA to behave as a scaffold for docking to
different proteins (substrates) have been done in
order to clarify the interactions between the different
subunits of the kinase.66–69 Structural studies with
the high-affinity inhibitor peptide PKI bound to
PKA-C revealed precisely how it docks to the active
site cleft, combining the two lobes of PKA-C in an
inhibited complex that cannot perform catalysis. It
was also shown for PKA-C that, in order to obtain a
high-affinity binding to substrates (or inhibitory
peptides such as PKI), the presence of a second
hydrophobic site on the large lobe of the catalytic
domain of PKA is required.5 This peripheral site is
also referred to as the substrate-tethering region. In
addition to the docking of the inhibitor peptide to
the active site cleft, in PKA-C, the activation loop
and the G helix of the catalytic domain play a key
role in the inhibition of PKA-C by PKA-R.
For PKA-C, HDX-MS demonstrated the increased

stability of the three helices E, F and H of the large
lobe of the catalytic domain, whereas the G helix
appeared much more solvent exposed upon inhi-
bitor (substrate peptide) binding.5,17 This indicates a
major flexibility of this region after inhibitor (sub-
strate) binding. In conclusion, the flexibility of the G
helix and the loop between the F helix and the G
helix can be explained considering that these two
motifs are the docking regions for PKI.
Considering the homology between PKA and PKG

and taking into account the lack of structural details
for the last one, we have investigated the sequence
homology between PKA and PKG in the substrate-
tethering region. PKA-C and PKG sequence align-
ments in the region of the E, F, G and H helices on
the large lobe in the catalytic domains of these
kinases showed an identity of 49.6% (see Supple-
mentary Fig. 1). We have good coverage of the
region that corresponds to the F and G helices, with
the peptides 529–546, 547–570 and 568–575 identi-
fied in the large lobe of the catalytic domain of PKG
with our H/D exchange measurements. These pep-
tides become more solvent exposed in the holo-
enzyme, indicating an increase in the solvent
exposure of this region upon cGMP binding. The
solvent exposure shown in our data in the region
between the F, G and H helices is not easily com-
parable with the abundant structural data reported
for PKA. It might be considered that the solvent
exposure of the G helix observed when PKI is bound
to the C-subunit of PKA decreases after the activa-
tion process.15 In the case of PKA, the dissociation of
the two subunits (R and C) plays a very important
role in the solvent exposure of this region. The
subsequent peptides 576–589 that might correspond
to the region involving the loop between the G
and H helices and the H helix in the PKA structure
became solvent exposed in both apo-PKA and
holo-PKA.
The lack of structural details for PKG plays a key

role in this discussion; indeed, some of the data
presented in our paper are not completely explain-
able by PKA structure comparison. However, the
complete structural information already published
about PKA complexes made the discussion more
complete.
The C-terminal tail of PKA (residues 299–351) and

PKG (residues 620–671) is highly conserved in all
the AGC kinases. The already published data on
PKA about this region presented a C-terminal tail
anchored to the large lobe of the catalytic domain by
residues 301–316 and anchored to the small lobe
by the C-terminal hydrophobic segment (residues
347–350), with the two motifs being very conserved
in the AGC kinases. Moreover, in this region, there
are residues involved in ATP binding and substrate
recognition (segment 327–336).
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The sequence alignment of these two regions in
PKG and PKA has shown an identity of only 36.5%
(Supplementary Fig. 1).
The H/D exchange on peptides 624–654 (see Fig. 6

in the article) identified in the AGC domain of PKG
becomes more solvent exposed after activation by
cGMP binding.
The different behavior observed for PKG in this

region could be attributed to the single polypeptide
chain that allows different hypothetical structural
movements of the catalytic domain after enzyme
activation, compared to the structure of PKA
characterized from different subunits that dissociate
during the activation process. Furthermore, it is
important to consider that ATP binds PKG in the
presence and in the absence of cGMP, and maybe
the presence of ATP on the site cleft of the protein
could protect the C-terminal region involved in the
binding.
In conclusion, the few structural data available

for PKG, not the high level of homology of the
C-terminal tails of PKG and PKA and the absence of
ATP bound to the PKG in our H/D exchange
experiments, did not facilitate the comparison of the
behaviors of the two conserved C-terminal tails.
Future studies focusing on the active and inactive
PKG in the presence or in the absence of ATP could
improve the preliminary conformational informa-
tion regarding the changes that occur on PKG in the
presence of cGMP.
Summarizing our data, we propose a new struc-

tural model for the cGMP-induced activation of
PKG, which is schematically depicted in Fig. 7. In
this model, we describe that, upon cGMP binding,
the autoinhibitory domain detaches from the sub-
strate-binding lobe of the catalytic domain, exposing
the larger catalytic lobe and facilitating substrate
binding. Concomitantly, ATP binding shows an
increase in surface exposure. We conclude that
cGMP binding to PKG seems to induce a multi-
Fig. 7. Schematic model of the proposed conformational reo
N-terminus region is depicted in detail to show the involvem
hinge region R77–F80 in the proposed conformational changes
ATP-binding site and the substrate-binding domain upon
activation.
faceted structural conformational change that is
required for the activation of the kinase.

Materials and Methods

Sample preparation

The gene encoding PKG-Iα22 was isolated from
pcDNA3.1 using BamHI and NotI, and ligated into a
pTT3 expression vector.70 Suspension-growing HEK293-
EBNA1 cells were transiently transfected with pTT3-PKG-
Iα and polyethyleneimine in accordance with Durocher
et al.70 Cells were harvested by centrifugation at 5 days
posttransfection (30 min, 1000g, 4 °C); the cells were re-
suspended in 1 g/10 mL cold lysis buffer [25 mM KHPO4
(pH 6.8), 10 mM DTT, 10 mM ethylenediaminetetraacetic
acid (EDTA), 10 mM benzamidine and 100 mMNaCl] and
frozen in liquid N2. The pellet was thawed by 5-min
incubation at 37 °C, and the freeze step was repeated
twice. The lysate was centrifuged at 50,000 rpm for 30 min
at 4 °C.
Purification was largely performed as reported earlier

for PKG Iα expressed in the baculovirus expression
system.71 Briefly, the supernatant was loaded on a
preequilibrated 8-AEA-cAMP agarose column (Biolog,
Bremen, Germany). A cyclic-nucleotide-free fraction of
PKG, after undergoing extensive washing, was eluted
with several batches of 3 M NaCl. Subsequently, the
remaining PKG was eluted with a solution of 500 μM
cAMP in 25 mM KHPO4 (pH 6.8), 10 mM DTT, 10 mM
EDTA, 10 mM benzamidine and 150 mMNaCl. The cyclic-
nucleotide-free fraction was pooled, concentrated and
buffer exchanged with storage buffer (50 mM KHPO4,
2 mM EDTA, 5 mM DTT, 2 mM benzamidine, 150 mM
NaCl and 50% glycerol) on a 5-kDa Beckman centrifugal
concentrator up to a final concentration of 0.4 mg/mL
PKG.
PKG activity was determined by probing for phosphor-

ylation activity in the presence of ATP/Mg2+ and cAMP.
BeforeH/Dexchange, nativemass spectrometry and ion

mobility mass spectrometry, PKG was buffer exchanged
with a volatile buffer containing 200 mM ammonium
rientation that occurs in PKG Iα upon cGMP binding. The
ent of the autoinhibitory domain T57–R88, including the
. The model describes the gain in solvent accessibility of the
cGMP binding as potential collective factors in kinase
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acetate/H2O (pH 6.8) with ultrafree-0.5 centrifugal filter
units (10,000 nominal molecular weight limit) (Millipore,
Bedford, MA) at a final concentration of 50 μM. cGMP,
dissolved in the same buffer, was added in a ratio of 1:5
or 1:10 (dimeric PKG:cGMP) to the PKG solution and in-
cubated on ice for 5 min.

Global H/D exchange monitored by ESI-MS

PKG (dimer concentration of 50 μM) in 200 mM
ammonium acetate/H2O buffer (pH 6.8), in the presence
or in the absence of cGMP, was diluted 10 times into
200 mM ammonium acetate/D2O buffer (pD=6.8; pD
values are the values read from a pH meter with no
adjustment for isotopic effects72) to obtain a final D2O
percentage of 90%. The mass spectrometry measurements
were performed using an ESI time-of-flight (TOF) instru-
ment LCT equipped with a Z-spray nanoflow electrospray
source (Micromass UK Ltd., Manchester, UK).
Two microliters of the protein solution was infused into
the mass spectrometer using an in-house pulled and gold-
coated borosilicate glass needle. Typical ESI-TOF-MS
parameters were as follows: capillary voltage, 1.5 kV;
sample cone voltage, 150 V; extraction cone voltage, 50 V;
source pressure, 8.2 mbar; TOF analyzer, 1.2×10−6 mbar.
Spectra were recorded in the positive ion mode between
m/z 500 and 10,000. For mass calibration, an aqueous CsI
solution was used at a concentration of 20 mg/mL. The
spectra were processed using MassLynx V4.1 Software
(Micromass UK Ltd.).
The total number of exchangeable hydrogen atoms of

PKG was calculated from its amino acid sequence, being
2138 in 90% of D2O out of a total of 2376. The combined
data from several charge states of the protein in each
spectrum were used to calculate the molecular mass.

Ion mobility mass spectrometry analysis

A modified quadrupole TOF mass spectrometer (Q-Tof;
Waters, Manchester, UK)73 was used for measuring the
ion mobility of apo-PKG and holo-PKG. The solutions of
apo-PKG and holo-PKG (PKG:cGMP ratios of 1:5 and
1:10) were injected at a concentration of 2.5 μM. Nano-ESI
generated the ions that were trapped in the first traveling
wave (T-wave) ion guide device, in our case for 50 ms.
When the ions came out, they traveled in the second
T-wave that worked as an ion mobility separator. At
the end, the ions were directed into an OA-TOF mass
spectrometer for mass analysis. The wave height (max-
imum voltage) and the velocity of the traveling waves are
parameters that we can change in order to improve the
separation of the ions. We acquired the spectra for apo-
PKG and holo-PKG at two different wave heights, 8 and
12 V. External calibration of the mass spectra was achieved
using solutions of CsI. The spectra were acquired and
analyzed with MassLynx V4.1 Software (Micromass UK
Ltd.).

Site-specific H/D exchange monitored by MALDI-MS

PKG (dimer concentration of 50 μM) in 200 mM
ammonium acetate/H2O buffer (pH 6.8) was diluted 10
times into D2O (a 99.9% pure solution of D2O; Aldrich) in
the presence or in the absence of cGMP. The deuterated
samples were incubated on ice for 5 min, and an aliquot of
10 μL was mixed with 40 μL of ice-cold quench solution
(citric acid/succinic acid 1:1, 50 mM, pH 2.5) and 5 μL of
pepsin beads slurry (pepsin beads from Pierce). The final
pD of this solution was 2.5, which quenched the H/D
exchange. The sample was centrifuged on a BioRad filter
in order to remove the beads and to stop the cleavage
reaction. The same protocol was used with the type XIII
protease from Aspergillus satoi; the aliquot of deuterated
sample was mixed with 40 μL of ice-cold quench solu-
tion and type XIII protease in a PKG:protease ratio of 1:1
(wt/wt). The samples were immediately frozen in liquid
N2 and stored at −80 °C until MALDI-MS analysis.

MALDI-MS analysis of digest peptides

MALDI-MS analysis was performed with a MALDI
TOF–TOF instrument (4700 Proteomics analyzer; Applied
Biosystems), and the matrix was 5 mg/mL α-cyano-4-
hydroxycinnaminic acid (Sigma) in 1:1:1 solution (0.2%
trifluoro acetic acid:ethanol:acetonitrile) at pH 2.5. The
digested mixtures were rapidly thawed and mixed 1:1
with the cold matrix solution. The mixtures were quickly
spotted on the MALDI plate under nitrogen flow and
analyzed. The spectra were acquired in positive and
reflectron ion modes in the m/z range 800–6000. About
1500–3500 shots were averaged for each spectrum. Data
were acquired at a laser repetition rate of 200 Hz, an
acceleration voltage of 20 kV, a grid voltage of 70% and a
digitizer bin size of 0.5 ns. The calibration of the spectra
was done using a standard peptide calibration mixture
(Applied Biosystems). Each digested mixture solution was
spotted in three different spots, two spectra per spot were
acquired and the experiment was repeated at least three
times. The mass accuracy of the instrument was between
25 ppm and 50 ppm.
Data analysis was performed with the data explorer™

software version 4.5 (Applied Biosystems). The number of
deuterium molecules exchanged in the peptide during the
incubation in D2O was calculated from the centroid of the
isotopic peak envelope. In order to calculate the difference
between apo-PKG and holo-PKG, we applied the differ-
ence between the number of deuterium molecules
exchanged in the apo-protein and the number of
deuterium molecules exchanged in the holo-protein.
Supplementary Data

Supplementary data associated with this article
can be found, in the online version, at doi:10.1016/
j.jmb.2007.11.053
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