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The catalytic (C) subunit of cAMP-dependent protein kinase [protein kinase
A (PKA)] is a major target of cAMP signaling, and its regulation is of
fundamental importance to biological processes. One mode of regulation is
N-myristylation, which has eluded structural and functional characteriza-
tion so far because most crystal structures are of the non-myristylated
enzyme, are phosphorylated on Ser10, and generally lack electron density
for the first 13 residues. We crystallized myristylated wild-type (WT) PKA
and a K7C mutant as binary (bound to a substrate peptide) and ternary
[bound to a substrate peptide and adenosine-5′-(β,γ-imido)triphosphate]
complexes. There was clear electron density for the entire N-terminus in the
binary complexes, both refined to 2.0 Å, and K7C ternary complex, refined
to 1.35 Å. The N-termini in these three structures display a novel
conformation with a previously unseen helix from residues 1 to 7. The
K7C mutant appears to have a more stable N-terminus, and this correlated
with a significant decrease in the B-factors for the N-terminus in the myr-
K7C complexes compared to theWT binary complex. The N-terminus of the
myristylated WT ternary complex, refined to 2.0 Å, was disordered as in
previous structures. In addition to a more ordered N-terminus, the
myristylated K7C mutant exhibited a 53% increase in kcat. The effect of
nucleotide binding on the structure of the N-terminus in theWT protein and
the kinetic changes in the K7C protein suggest that myristylation or
occupancy of the myristyl binding pocket may serve as a site for allosteric
regulation in the C-subunit.
© 2012 Elsevier Ltd. All rights reserved.
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Introduction

cAMP-dependent protein kinase [protein kinase A
(PKA)] is a Ser/Thr phosphoryl transferase that
consists of two catalytic (C) subunit monomers that
phosphorylate target substrates as well as a regula-
tory (R) subunit dimer that binds to and inactivates
the C-subunit.1 PKA is regulated by the second
messenger, cAMP, which binds to the R-subunit
dimer causing a conformational change that allows
for the release of the active C-subunit monomers.1

There are four isoforms of the regulatory subunit:
RIα, RIβ, RIIα, and RIIβ. These R-subunit isoforms
d.
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serve nonredundant functions, and RIα and RIIα are
ubiquitously expressed while RIβ and RIIβ exhibit
tissue-specific expression.2,3 The RI subunits are
thought to typically be cytosolic while RII subunits
are generally localized to specific regions within the
cell via A-kinase anchoring proteins. However, RI
subunits can also be localized by A-kinase anchor-
ing proteins.2,3 Therefore, there are specific mecha-
nisms to localize and regulate PKA activity.
The catalytic subunit of PKA performs the

phosphotransfer reaction, and it is well character-
ized structurally and biochemically.4–7 The C-sub-
unit of PKA was the first protein kinase structure
solved,8 and there are many structures of the
enzyme in multiple states including apo,9,10 bound
to a peptide (binary complex),8,11–13 and bound to a
peptide and ATP (ternary complex).14–16 The C-
subunit of PKA serves as an important model for the
kinase family because the core of the C-subunit
(residues 40–300) is conserved throughout the
protein kinase superfamily, whereas the C-terminus
(residues 301–350) is a distinguishing feature of the
AGC group of protein kinases. In contrast, the N-
terminus of the C-subunit (residues 1–39) is not
found in other kinases and is variable even within
different PKA isoforms. The N-terminus of PKA is
largely composed of one helix termed the A-helix,
which is a site for protein interactions. A-kinase-
interacting protein (AKIP) binds to the N-terminus
between residues 15 and 30 and acts to localize PKA
to the nucleus.17 Additionally, the N-terminus is a
site of many potential modes of co- and posttrans-
lational regulation via different modifications in-
cluding myristylation of the N-terminal glycine,
deamidation of Asn2, and phosphorylation of Ser10,
any or all of which may influence PKA interactions,
activity, or localization.18

Myristylation is the irreversible, covalent attach-
ment of the 14-carbon saturated fatty acid, myristic
acid, onto the N-terminal glycine of target proteins
that typically occurs cotranslationally via N-myr-
istyl transferase (NMT).19 Many signaling and viral
proteins are myristylated, and myristylation is
important for membrane binding and proper local-
ization of many proteins.20,21 However, myristyla-
tion has many other roles beyond membrane
binding. For example, myristylation is important
for the autoinhibition of c-Abelson (c-Abl) tyrosine
kinase by stabilizing the autoinhibited state of the
protein.22,23 Additionally, myristylation enhances c-
Src kinase activity and may be involved in proper
ubiquitination and degradation of the protein.24

Also, proteins such as recoverin undergo myristyl-
switch mechanisms where binding to Ca2+ influ-
ences the location and effect of myristylation on the
protein.25–27 With respect to PKA, N-myristylation
enhances the thermal stability of the enzyme28,29

and the myristylated C-subunit has a higher affinity
for membranes alone; however, association with
membranes is further enhanced in RII but not in RI
holoenzyme complexes.30

In addition to N-myristylation, the C-subunit of
PKA may be regulated by irreversible deamidation
of Asn2. Deamidation is a process that is thought to
occur non-enzymatically where asparagine or as-
partate residues can cyclize with the backbone
amide forming a succinimide intermediate and can
then be deamidated to form aspartate or iso-
aspartate.31 Although this modification is generally
thought to occur non-enzymatically, there are some
virulence factors that catalyze deamidation of pro-
teins to evade immune response.32,33 The deamida-
tion of residues to iso-aspartate can be reversed by
the enzyme L-isoaspartyl methyltransferase, which
converts the residue back to aspartate.31 However, if
the residue was originally asparagine, then it is
permanently changed to aspartate. Additionally,
proteins that contain aspartate at residue 2 are not
typically myristylated and, indeed, PKA cannot be
myristylated if Asn2 is mutated to Asp.34 Therefore,
deamidation is a mechanism where aspartate can be
present at residue 2 within a myristylated protein.
With PKA that is purified from tissues, irreversible
deamidation of Asn2 to Asp or isoAsp occurs in
about 1/3 of the total C-subunit protein. Also, the
deamidated form of the protein has a higher
cytosolic-to-nuclear ratio than the non-deamidated
protein.35 Thus, deamidation may influence protein
localization, and this influence could be attributed to
effects frommyristylation. For instance, it is possible
that the added negative charge at the N-terminus in
the deamidated protein may remove myristic acid
from its binding pocket, allowing the myristate
group to interact with membranes or other binding
partners and retain cytosolic localization.
The N-terminus of the C-subunit may also be

regulated by phosphorylation of Ser10. Phosphory-
lation of Ser10 has not been observed from PKA
purified from tissues,35 which suggests that it may
be a transient phosphorylation event. However,
when the C-subunit is expressed in Escherichia coli,
most of the protein is autophosphorylated on
Ser10.36 Furthermore, PKA purified from tissues
can autophosphorylate at Ser10 but only if the
protein is deamidated at Asn2.37 This fact suggests
the possibility of Ser10 phosphorylation and Asn2
deamidation acting synergistically to add negative
charges at the N-terminus, which may prevent
membrane binding. Furthermore, NMR studies
were recently performed on the myristylated C-
subunit, which suggested that Ser10 phosphoryla-
tion destabilizes the N-terminus of PKA and causes
the myristyl moiety to be removed from its
hydrophobic pocket.29 The authors argue that
removal of the myristic acid group following Ser10
phosphorylation may improve the capacity for PKA
to bind to membranes. Additionally, removing
myristic acid from the hydrophobic pocket may



Table 1. Kinetic parameters of myristylated and non-
myristylated WT and K7C proteins

Km (μM) kemptide Km (μM) ATP kcat (s
−1)

WT 29±5 19±3 19±2
Myr-WT 23±2 23±2 18±3
K7C 27±2 23±7 18±3
Myr-K7C 43±9 32±7 29±2

Values represent mean±SD from three separate protein prepara-
tions that were each measured in triplicate.
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also improve the ability for PKA to bind protein
partners such as AKIP via the A-helix.
In addition to the potential role of N-myristylation

and other N-terminal modifications regulating C-
subunit localization and interactions, it is also
possible that myristylation can influence the active
site of the enzyme. Although C-subunit activity is
not altered by myristylation, there is some evidence
of a potential influence of myristylation on the active
site of the enzyme. First of all, recent NMR studies of
the myristylated protein identified chemical shifts
near the active site of the enzyme with the
myristylated protein.29 Additionally, NMR studies
performed in the presence and absence of nucleotide
and peptide provide further evidence of a potential
cross talk between the myristic acid binding pocket
and the active site of the enzyme. These studies
identified Trp302, which is in the myristate pocket,
as a sensor for binding of both nucleotide and
peptide. It exhibits a large chemical shift upon
binding to adenosine-5′-(β,γ-imido)triphosphate
(AMP-PNP) and protein kinase inhibitor residues
5-24 (IP20).38 This finding provides further evidence
that the myristate pocket and the active site could
influence each other. Trp302 is especially significant
because it lies at the junction of the C-lobe in the
kinase core and the beginning of the C-terminal tail.
The position of this C-terminal tail is highly
conserved in all AGC kinases as is Trp302. There-
fore, myristylation of the C-subunit may regulate
PKA activity or substrate binding in addition to
potential roles in localization.
In this study, we were interested in further

elucidating the role of N-myristylation on the
structure and regulation of the C-subunit. Structural
information about myristylation of PKA is lacking
because currently reported structures of the myr-
istylated C-subunit display only part of the N-
terminus and the myristic acid group11,14 or are at
relatively low resolution with poor density at the N-
terminus.12 Using X-ray crystallography and kinet-
ics, we investigated the role of N-myristylation on
the structure and function of the C-subunit. We
obtained crystal structures of binary and ternary
complexes of the wild-type (WT) enzyme and a K7C
mutant that exhibited altered kinetics in a myristy-
lated state. We identified a novel conformation of
PKA and suggest that the myristic acid binding
pocket may be an allosteric regulator of PKA.
Results

Purification and kinetic characterization of the
myristylated C-subunit

One of the difficulties of studying the myristylated
C-subunit in vitro is that bacterial expression of the
acylated C-subunit yields a heterogeneous mixture
of phosphorylation/myristylation states. One mu-
tation, K7C, initially generated for fluorescent
labeling studies, provided several advantages for
studying the effects of N-terminal myristylation.
This mutation eliminates the PKA recognition
sequence at Ser10 and therefore blocks autopho-
sphorylation of Ser10, which minimizes the total
number of phosphorylation isoforms of the C-
subunit. More importantly, eliminating Ser10 phos-
phorylation increased the total yield of myristylated
protein (Fig. S1) because we found that myristyla-
tion and Ser10 phosphorylation typically do not
occur together in our bacterial coexpression system,
which was also observed previously with the
recombinant myristylated protein.36 The K7C mu-
tation also appears to decrease the mobility of the
N-terminus based on time-resolved fluorescence
anisotropy (data to be published separately),
which helped to structurally characterize the effects
of N-myristylation in crystals.
Additionally, we measured the steady-state kinet-

ics of the WT and K7C proteins in myristylated and
non-myristylated states. Myristylation of the WT
protein does not alter the kinetics. However, the
K7C mutant exhibited modest changes in kinetics
including increased kcat and Km values compared to
the WT C-subunit when myristylated (Table 1).
Increased activity of the myr-K7C protein was also
verified using rapid quench pre-steady-state kinase
assay39 with radiolabeled [γ-32P]ATP experiments,
which yielded a similar 55% increase in steady-state
rate with no effect on phosphotransfer rate (Fig. S2).
The increased kcat also appears specific to the
cysteine mutation as several other mutations of
this residue including K7A and K7S did not yield
this increase (data not shown).

Myristylated WT ternary structure (AMP-PNP,
Mg2+, and SP20)

We were interested in obtaining crystal structures
of the ternary myristylated WT and K7C C-subunits
in hopes of further elucidating how myristylation
affects the structure and activity of the C-subunit. To
further understand substrate binding rather than
inhibitor binding, we utilized the peptide, SP20,



Fig. 1. The overall myristylated
K7C ternary structure that displays
the entire N-terminus in a novel
conformation. (a) The overall struc-
ture of themyristylatedK7C ternary
complex is shown in cartoon
representation with the small lobe
colored gray, large lobe colored
olive, SP20 colored red, AMP-PNP
colored blue, and myristic acid
colored orange. The protein surface
is shown in transparent representa-
tion. This is the first time that the
entire N-terminus and myristic acid
are visible in a ternary complex and
displays a novel α-helix from resi-
dues 1 to 7, unlike the WT ternary
complex (see also Fig. S3). (b) The
K7C ternary complex is shown as a
surface representation with same
color scheme as in (a). The surface
representation highlights the myr-
istic acid binding pocket as well as
the platform created by the novel
N-terminal helix.
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which corresponds to the minimal 20 residues in PKI
(5–24) that are necessary for inhibition of the C-
subunit with two mutations (N20A and A21S) that
convert this peptide from an inhibitor to a
substrate.13 We solved the crystal structure of the
myristylated WT ternary complex to 2.0 Å resolu-
tion, but we obtained very little novel information
compared to the older ternary structure obtained by
Bossemeyer et al.14 Like the previous structure, only
part of the N-terminus and myristic acid are visible
in the electron density. The density for the N-
terminus begins at Ser10, and although the entire
myristic acid group was included in the structure,
the electron density is strong for only part of the
myristic acid group (Fig. S3).

Myristylated K7C ternary structure

In contrast to the structure of the myr-WT C-
subunit, the ternary complex of myr-K7C displays a
well-ordered N-terminus. The structure of the
ternary myristylated K7C complex was solved to
1.35 Å resolution, which is one of the highest-
resolution PKA structures reported. This structure
reveals a novel conformation (Fig. 1a and b) with the
entire N-terminus and myristic acid visible in the
electron density (Fig. 3). The myristyl moiety binds
within its previously defined hydrophobic pocket,
but for the first time, there is strong electron density
for each atom of the myristic acid (Fig. 2a). The N-
terminus adopts a new conformation in which the
A-helix ends at Ser10 and is preceded by a small
loop from Ser10 to Cys7. A new helix is formed from
Cys7 through the myristic acid group, which is also
part of the helix with its carbonyl oxygen hydrogen
bonding with the backbone amide of Ala4 (Fig. 2b).
Specifically, the carbonyl oxygen caps the N-
terminus of the helix. To our knowledge, this is the
first instance of myristic acid being part of a
protein's secondary structure.

Structures of myristylated WT and K7C proteins
in binary complex with SP20

Binary complexes were also crystallized in hopes
that they might yield further insights into the role of
myristylation in the catalytic cycle of PKA. Both
myristylated WT and K7C proteins bound to the
SP20 peptide were crystallized and the structures
were refined to 2.0 Å resolution. Both binary
structures, like the K7C ternary structure, have
completely resolved N-termini. The entire N-termi-
nus and myristic acid are visible in the electron
density (Fig. 3) and display the same conformation
that was seen with the K7C ternary structure. Again,
the A-helix ends at Ser10 and both binary structures
display the novel helix from residues 1 to 7.
The fact that the myr-WT protein displays this

conformation suggests that the conformation is not
an artifact of the mutation, and it allows us to make
conclusions about why the myr-K7C protein retains
this conformation in a ternary complex. Alignment



Fig. 2. The myristic acid binding pocket and N-terminal helix. (a) The location of the myristic acid and interacting
residues within its binding pocket are shown in stick representation with the 2Fo−Fc electron density map at 1 σ
displayed for myristic acid in blue. (b) The myristic acid and main-chain atoms of the novel helix are shown in stick
representation with H-bonding distances shown to highlight the properties of the helix.
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of the myr-K7C and myr-WT binary structures
reveals one possible explanation for stabilization of
this conformation with the K7C protein. The
distance between the Ser10 side chain and backbone
carbonyl of residue 7 is around 2.7 Å in the K7C
structure compared to around 3.1 Å in the WT
structure (Fig. 4a). Therefore, the mutation possibly
stabilizes this hydrogen bond, which may help in
Fig. 3. Electron density of the N-termini for the structures di
Fc electron density maps contoured to 1 σ are shown for the fi
ternary, K7C binary, and WT binary structures. Residue 7 is a
adopts two conformations, A (65%) and B (35%). There is str
However, the electron density for the WT binary structure is n
part of themyristic acid and the Ser10 side chain. This is also refl
residues 1–15 for each structure that are listed in the figure.
the ordering of the N-terminus. Further evidence
that the N-terminus is more stable in the myr-K7C
protein than in the WT protein is evident from the
electron density and B-factors of the binary struc-
tures. Although the binary K7C and WT structures
were refined to the same resolution, the electron
density is better at the N-terminus for the K7C
structure than for the WT structure (Fig. 3). Also, the
splaying the entire N-terminus andmyristic acid. The 2Fo−
rst 15 residues and myristic acid for the myristylated K7C
nnotated in each structure, and the K7C ternary structure
ong electron density for each structure at the N-terminus.
ot as good with density lacking at some regions including
ected by the average B-factors for all residues compared to

image of Fig. 3
image of Fig. 2


Fig. 4. Potential roles of the K7C
mutation in the stabilization of the
N-terminus. (a) The K7C (gray) and
WT (olive) binary structures are
aligned with the backbone atoms
of residue 7 and side chain of Ser10
shown in stick representation. The
distance between the Ser10 side
chain and the backbone carbonyl
of residue 7 is displayed, showing
that the atoms are in H-bonding
distance in the K7C mutant but not
in the WT structure. It is possible
that this hydrogen bond could

stabilize the N-terminus. (b) K7C ternary and WT binary structures are aligned and colored as in (a); also shown here
are the crystal packing interactions with symmetry-related molecules at the N-terminus. The K7C and WT structures
adopt similar crystal packing with Ile210, Leu211, and Ser212, which are near the APE motif; Ile244 and Tyr247 from the
G-helix; and Asp24 from the SP20 peptide. However, residue 7 and Leu211 from the symmetry-related molecule are
slightly shifted in theWT structure possibly to facilitate packing and possibly to form a hydrogen bond between Lys7 and
the backbone carbonyl of Leu211. Also, the K7C ternary structure adopts two conformations, A (65%) and B (35%), but the
K7C binary structure only has density for conformation A. This B conformation would destabilize this crystal packing
with the WT lysine residue.
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B-factors at the N-terminus are greater for the WT
structure (56 Å2) than for the K7C structure (40 Å2)
despite similar overall B-values (∼20 Å2) for both
enzymes, which further suggests that the N-termi-
nus is more stable in the mutant (Fig. 3).

Crystal contacts in structures with an ordered
versus disordered N-terminus

Another difference between the complexes with
ordered N-termini (WT binary, K7C binary, and
K7C ternary structures) and theWT ternary complex
that exhibits a disordered N-terminus is changes in
unit cell dimensions. Both conformations crystal-
lized in the same space group. However, the WT
ternary complex crystallized with unit cell dimen-
sions of a=57.80 Å, b=78.73 Å, and c=99.00 Å, and
the complexes with resolved N-termini crystallized
with unit cell dimensions of a=48 Å, b=80 Å, and
c=118 Å (Table 2). The WT ternary complex unit cell
dimensions are a fairly common crystal form for
PKA.15,16,41,42 In contrast, the a=48 Å, b=80 Å, and
c=118 Å unit cell dimensions were observed only
once previously in 1SMH.43 This previous structure
also exhibits a completely resolved N-terminus
except that the N-terminus adopts a single α-helix
from residues 1 to 31.
The ordered N-terminus in the myristylated

structures forms crystal contacts with Ile210,
Leu211, and Ser212, which are near the APE motif,
and Ile244 and Tyr247 from the G-helix. Addition-
ally, Asp24 from the SP20 peptide may make
hydrogen bonds with the Asn2 side chain and
with the backbone nitrogen atoms from Asn2 and
Ala3 and could help to stabilize this N-terminal
helix (Fig. 4b). 1SMH forms similar crystal contacts
except that it does not interact with the PKI peptide
and instead forms additional contacts with Glu248
and Val251 with the extended A-helix (Fig. S4a).
Additionally, one other PKA structure, 3QAM,16

exhibits similar crystal packing at the N-terminus as
1SMH and these myristylated structures. Although
this structure belongs to a different space group, P21,
it has similar a and b cell dimensions (a=48 Å,
b=80 Å, and c=61 Å) and exhibits similar crystal
packing with a symmetry-related molecule at the N-
terminus. This structure shows similar interactions
as 1SMH and also forms an extended A-helix (Fig.
S4a). In contrast to these ordered structures, the WT
ternary structure does not make crystal contacts at
the N-terminus, which supports the possibility of
high level of flexibility of this region within protein
crystals. There is a large space near the N-terminus
that may allow for flexibility of the region without
interfering with crystal packing (Fig. S4b).
Additionally, another aspect to consider is how

the K7C mutation may have influenced the crystal
packing in these structures. This possibility is
especially important because previous reports sug-
gest that mutation of lysine residues to small
hydrophobic residues may improve crystallization
by decreasing conformational entropy and improv-
ing crystal packing.44 Alignment of the K7C
structures with the WT binary structures illustrates
very similar packing. However, there is one change,
which is a difference in the positioning of Lys7 and
Leu211, from the symmetry-related molecule, in the
WT binary structure compared to Cys7 and Leu211
in the K7C structures. In the WT binary structure,
Lys7 is moved down relative to the Cys7 structures
by about 1.7 Å, which may be necessary to facilitate
packing and possibly to optimize the formation of a
hydrogen bond between Lys7 and the backbone
carbonyl of Leu211 (Fig. 4b). Furthermore, in the

image of Fig. 4


Table 2. Crystallography data collection and refinement statistics

Myr-WT ternary Myr-WT binary Myr-K7C ternary Myr-K7C binary

PDB ID 4DG0 4DG2 4DFX 4DFZ

Data Collection
Space group P212121 P212121 P212121 P212121
Cell dimensions

a (Å) 57.80 48.48 48.10 48.46
b (Å) 78.73 79.63 79.70 79.63
c (Å) 99.00 117.89 117.23 118.06

Unique reflections 31,277 (4494) 25,942 (3628) 95,939 (13,243) 30,558 (4292)
Multiplicity 6.5 (6.5) 6.2 (6.4) 5.3 (5.7) 5.0 (5.2)
Resolution range (Å) 39.37–2.0 (2.11–2.00)a 39.30–2.00 (2.11–2.00)a 25.03–1.35 (1.42–1.35)a 37.46–2.00 (2.11–2.00)a

Rsym (%) 11.4 (38.7) 7.2 (26.8) 4.8 (35.9) 11.7 (54.5)
I/σI 9.5 (4.2) 16.3 (5.9) 15.8 (3.9) 9.3 (2.9)
Completeness (%) 100 (100) 82.6 (80.5) 96.5 (92.5) 96.8 (94.7)

Refinement
Rwork/Rfree(%)b 19.4/22.7 (22.4/24.6) 19.2/21.1 (21.4/25.1) 15.5/17.9 (22.4/25.5) 20.5/23.4 (26.1/27.3)
Ramachandran angles (%)c

Favored regions 98.31 98.07 98.07 98.07
Allowed regions 100 100 100 100
r.m.s.d.
Bond lengths (Å) 0.006 0.006 0.009 0.006
Bond angles (°) 0.952 0.866 1.34 0.887

All data collection was performed at the Advanced Light Source laboratory in Berkeley, CA, on beamline 8.2.1.
a Values in parentheses correspond to the highest-resolution shell.
b Five percent of the data were excluded from the refinement to calculate the Rfree.
c Ramachandran plot quality as defined in MolProbity.40
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K7C ternary structure, Cys7 adopts two conforma-
tions, A modeled with 65% occupancy and B
modeled with 35% occupancy, and one of these
conformations, termed conformation B, is facing the
symmetry-related molecule (Fig. 4b). The K7C
Fig. 5. Changes at the active site in the myristylated structu
colored gray and aligned. Also aligned and displayed is an
structures adopt a slightly raised glycine-rich loop, about 3 Å, c
residues of the myr-K7C binary complex (olive) and myr-K7C
location of the magnesium ions (gray spheres) and AMP-PNP (
electron density maps at 1 σ are shown in gray for the binary co
and P-3Arg, highlighting the shifts in these residues upon form
the C-tail in the binary complexes, but there is some positive de
some exchange between the two conformations. However, the
binary structure only shows density for conforma-
tion A. This B conformation and the potential for
increased flexibility of the N-terminus in a ternary
structure may partially explain why the WT protein
does not adopt this conformation in a ternary
res. (a) The four myristylated structures presented here are
other PKA structure, 1RDQ,15 in olive. The myristylated
ompared to most closed PKA structures. (b) The active-site
ternary complex (gray) are shown. Also displayed is the

stick representation) from the ternary complex. The 2Fo−Fc
mplex and in blue for the ternary complex for the P-site Ser
ation of a ternary complex. The P-3Argwasmodeled facing
nsity for the P-3 Arg facing the active site, and it may exert
residue only faces the active site in a ternary complex.

image of Fig. 5


Fig. 6. The formation of a ternary
complex produces dynamic move-
ments within the C-subunit that
causes a disordering of the N-
terminus. The C-subunit of PKA is
shown in cartoon representation
with the small lobe colored gray,
large lobe colored olive, SP20 col-
ored red, myristic acid colored
orange, and AMP-PNP colored
blue. The WT binary complex has
a completely ordered N-terminus,
which is displayed on the left, but
upon formation of a ternary com-
plex, the N-terminus of the WT C-
subunit becomes disordered as il-

lustrated on the right. The disordered regions of the N-terminus are displayed as connecting lines. Also, highlighted is
Trp302, which is thought to be a sensor of active-site occupancy38 and may support the link between nucleotide binding
and the conformation of the N-terminus.
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complex. If a lysine is present at residue 7, then the B
conformation observed in the K7C ternary structure
would interfere with this crystal packing.

Comparison of myristylated binary and ternary
structures

All structures reported here crystallized in a
closed conformation except for a slightly raised
glycine-rich loop, which was seen in all structures
(Fig. 5a). There were not many major differences
between the binary and ternary structures, suggest-
ing that the active site and active state of the enzyme
can be formed by substrate binding alone. This
result was not surprising since other binary struc-
tures also crystallized in a closed conformation.13

The majority of residues involved in ATP binding
are essentially preformed in the binary complex.
One exception is repositioning of the P-site Ser after
AMP-PNP binding, and the P-3 Arg repositions
from binding Asp328 in the C-tail in a binary
complex to coordinate AMP-PNP by potentially
hydrogen bonding with the hydroxyl group from
the 3′ carbon on the ribose and/or via a water
molecule in a ternary complex (Fig. 5b). The binary
complexes were modeled with one conformation,
facing the C-tail, but display some positive density
for the P-3 Arg facing the active site and may exhibit
some exchange between the two conformations.
However, the ternary complex only shows density
for the conformation with the P-3 Arg facing the
active site. At least one other binary structure,
1APM,45 displays both conformations of the P-3 Arg
facing the active site and C-tail.
Furthermore, although the myristylated K7C

mutant retains an ordered N-terminus in both a
binary and a ternary complex, the myr-WT protein
apparently undergoes a disordering of its N-
terminus upon formation of a ternary complex
(Fig. 6). This result suggests that the formation of a
ternary complex and catalysis by PKA may cause
long-range dynamic effects throughout the enzyme,
which causes the N-terminus to become disordered.
Also, with no other major differences between the
myr-WT and myr-K7C proteins, it is possible that
the altered kinetics observed with myr-K7C may be
due to its ability to retain an ordered N-terminus
with myristic acid bound within its hydrophobic
pocket in a ternary complex.
Discussion

Acylation adds potential modes of protein regu-
lation, and in the case of myristylation, the acyl
moiety is added cotranslationally and, thus, the
modification is carried throughout the lifetime of the
protein. Having established previously that the N-
terminal myristylation site in the PKA C-subunit
serves as a “switch” that can be mobilized in type II
holoenzymes to associate with membranes,30 here
we show how the N-myristylated N-terminus can be
docked to the kinase core where it may influence the
active site of the enzyme. We identify a new
conformation of the N-terminus that is present in
the WT binary complex and appears to be stabilized
by a K7C mutation that allows the protein to retain
this conformation in a ternary complex. Since this
conformation was seen in the WT protein when a
high-affinity peptide was bound, we believe that
this reflects a true physiological state of the protein.
Myristylation of the C-subunit is important for the

structural stability of the enzyme as evident by an
increase in thermostability with myristylated com-
pared to non-myristylated PKA,28,29 and structural
stabilization with myristylation may be a general
trend for many proteins.46 The results presented
here provide a structural basis for the stabilizing

image of Fig. 6
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effect of myristylation on PKA. Myristylation results
in a completely ordered N-terminus in the binary
complexes of both the mutant and WT C-subunit
structures and in the K7C ternary structure, which is
not typically observed in PKA structures. Also,
binding of myristic acid to the hydrophobic pocket
may stabilize the A-helix that spans both lobes of the
kinase (Fig. 1a) and could therefore stabilize the
entire protein. Additionally, the myristic acid group
interacts directly with the core of the protein, which
may provide structural stability.
Although myristic acid is present within its

hydrophobic pocket in all four structures, the WT C-
subunit shows density for only part of theN-terminus
andmyristic acid in the ternary complex (Fig. S3), but
the K7C mutant C-subunit retains an ordered N-
terminus in a ternary complex. The stabilization of
this conformation in the K7C protein may be
attributed to a hydrogen bond between the side
chain hydroxyl groupof Ser10 andbackbone carbonyl
oxygen ofCys7 that are in hydrogen bondingdistance
in the K7C structures but not in theWT structure (Fig.
4a). It may also be due to enhanced crystal packing
with the K7C mutant that may allow this conforma-
tion to exist in a crystal lattice even with a more
flexible N-terminus, which cannot occur with theWT
lysine at residue 7 (Fig. 4b). Because bothWTandK7C
C-subunits form a stable helix at the N-terminus in a
binary complex, this conformation is relevant to the
WT enzyme and provides several possibilities with
regard to other N-terminal modifications.
First of all, the structures with the ordered N-

termini suggest functional roles for the other
N-terminal modifications including Ser10 phosphor-
ylation and Asn2 deamidation. In the structures
with ordered N-termini, the Ser10 side-chain hy-
droxyl group is around 4.0 Å or less distance away
from the backbone carbonyl of Lys7, the backbone
carbonyl of Ala3, the Cα of Ala3, and the Cα of Ala4.
Therefore, phosphorylation of Ser10 would almost
certainly destabilize this conformation. Based on
NMR studies, Gaffarogullari et al. suggested that
Ser10 phosphorylation may remove myristic acid
from the myristate pocket, which could increase
membrane binding of the enzyme.29 Phosphoryla-
tion of Ser10 may also make the A-helix more
mobile, which may enhance protein–protein in-
teractions via the A-helix with other proteins such
as AKIP.17 Furthermore, Asn2 deamidation may
exhibit a similar destabilizing effect on the N-
terminus because of the added negative charge
near the myristic acid group. Also, because the
deamidated form of PKA can autophosphorylate on
Ser10,37 these two modifications may act synergis-
tically to prevent membrane binding of the enzyme
by adding negative charges at the N-terminus.
These structures suggest interplay between N-
myristylation and other N-terminal modifications,
which are likely to have biological significance.
In addition, these structures reveal a role of ATP
binding on the structure of the N-terminus. With the
WT protein, the ordered N-terminus in the binary
complex (bound only to SP20) becomes disordered
in the ternary complex with the addition of AMP-
PNP binding (Fig. 6). This cross talk is interesting
considering that the N-terminus or myristic acid and
the ATP binding site are 20–30 Å apart, suggesting
allosteric networks throughout the enzyme. This
possibility is further exemplified by c-Abl, which is
affected by small molecules binding within its
myristic acid binding pocket. Abl can be either
inhibited47,48 or activated49 in response to small-
molecule binding within its myristate pocket. The
location of the myristate pockets in c-Abl versus PKA
differs. The myristic acid group in c-Abl binds in the
hydrophobic core of the large lobe between the E-
and F-helices. In PKA, the myristate pocket is
formed between the A-, J-, and E-helices near the
surface of the protein. Despite different locations of
the myristate pockets, the findings presented here
offer evidence that the myristic acid binding site
may influence the active site or enzyme activity of
PKA. This idea is further supported by the increased
kcat and Km values exhibited by the myristylated
K7C protein, which only differed in structure from
the WT protein with its ordered N-terminus,
suggesting that myristylation has the potential to
influence catalytic activity.
An examination of interactions of the A-helix and

the myristic acid binding pocket with the enzyme
provides possible reasons why myristylation may
influence the active site of the enzyme. First of all, one
of the most important features for an active kinase is
an interaction between Glu91 from the C-helix and
Lys72 from the β3 strand.50 Lys72 binds to the α and
β phosphate of ATP and is positioned by Glu91. The
A-helix may influence the C-helix, and therefore
Glu91, because Trp30 from the A-helix is packed
against Arg93 from the C-helix, and if myristylation
influences A-helix dynamics or interactions, it could
influence the important K72–E91 interaction and
possibly influence ATP binding (Fig. 7a and c).
Furthermore, the same Trp30 interacts with the
activation loop, which is a critical component for
PKA activity.51 Trp30 is near Arg190 from the
activation loop and may also impact this region of
the protein when myristylated. Therefore, these A-
helix interactions may be altered by myristylation,
which, in turn, may influence the active site.
Additionally, it is possible that the myristic acid

group may influence the active site or enzyme
activity via interactions that are known to be
important for activity of PKA and all kinases.
Comparison of many eukaryotic and prokaryotic
kinases identified a hydrophobic “spine” that is
thought to be important for kinase activity and is
composed of Leu95, Leu106, Tyr164, and Phe185,
with numbering based on PKA.50 Although the



Fig. 7. Interactions of the myristic acid group and the A-helix within the C-subunit could influence the active site. (a)
The A-helix is colored blue, myristic acid is colored orange, and other elements are colored gray. The A-helix residues
Trp30 and Phe26 may interact with Arg93 and Arg190, which may influence the C-helix and the important Lys72–Glu91
interaction or the activation loop, respectively. (b) The A-helix is colored blue, myristic acid is colored orange, small lobe is
colored gray, large lobe is colored olive, and SP20 is colored red. The protein is shown in transparent cartoon
representation with specific residues highlighted in stick and surface representation. Residues in or near the myristate
pocket may influence the active site such as Phe154 that is directly opposite of the myristate pocket and may influence the
C-spine;50 residues Y164, F185, L95, and L106, which are colored brown; and the active site of the enzyme. Also, W302,
highlighted in purple, is known to be a sensor of active-site occupancy38 and suggests potential cross-talk between the
myristate pocket and active site. (c) A stereo view of the myristic acid pocket and interacting residues is displayed. In this
depiction, the myristylated K7C binary structure is shown in cartoon representation with the N-terminus (residues 1–40)
colored teal, the small lobe (residues 41–126) colored gray, the large lobe (residues 127–300) colored olive, the C-tail
(residues 301–350) colored red, the myristic acid colored yellow and depicted in sphere representation, and the C-spine
residues colored brown.
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myristic acid group and residues within its hydro-
phobic pocket do not directly interact with the
catalytic spine, it is possible that it can influence
these elements via residues surrounding the myr-
istic acid pocket. For example, Phe154, which is
directly opposite of the myristate pocket in the E-
helix (Fig. 7b and c), interacts with Tyr164 that is
part of the hydrophobic spine, and if myristylation
influences Phe154 and the catalytic spine, then it
could influence magnesium binding, ATP binding,
or the active site and enzyme activity in general.
Additionally, Trp302 is part of the myristic acid

image of Fig. 7
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binding pocket (Figs. 2a and 7b), and although very
distant from the active site, it exhibits very large
chemical shifts following peptide and AMP-PNP
binding based on NMR studies.38 Therefore, this
residue provides further evidence of cross-talk
between the active site and the myristate pocket.
Occupation of the myristate pocket may increase

the dynamics at the active site. This possibility could
explain why the myr-K7C protein had increased kcat
but also increased Km values. The enzyme efficiency
(kcat/Km) is essentially unchanged with the myr-
K7C protein, and this may be due to a faster ADP
off-rate, the rate limiting step for activity,52 and
lower affinity for substrates. This possibility may
suggest increased dynamics at the active site and
may explain the slightly raised Gly-rich loop
observed in these myristylated structures (Fig. 5a).
Therefore, although the kinetics of the WT protein is
not influenced by myristylation, it is possible that
different binding partners or ligands may influence
the active site or enzyme activity by binding to the
N-terminus. For instance, AKIP or other N-terminal
binding partners may keep myristic acid within its
binding pocket to influence PKA activity. Addition-
ally, other lipids or ligands may alter the activity of
PKA by utilizing this allosteric site. Like c-Abl, the
myristate pocket of PKA may be a potential site for
small-molecule activators or inhibitors. Indeed, a
recent study of Cα2, which is not myristylated but
retains the hydrophobic myristate pocket, exhibited
small but not significant increases in enzyme activity
in the presence of excess fatty acid.53 Perhaps
specific lipids, ligands, or protein interactions can
enhance this effect on PKA activity. In general, these
structures suggest that, in addition to potential roles
in localization, myristylation may serve additional
regulatory roles on active-site dynamics, substrate
binding, or enzyme activity when bound into the
hydrophobic pocket.
Materials and Methods

Purification of the myristylated C-subunit proteins

The non-myristylated WT and K7C C-subunits were
expressed and purified as described previously.54 The
myristylated C-subunit was prepared by coexpression
with yeast NMT as described previously55 and purified
following a method described previously.56 Cultures of
NMT/PKA were grown at 37 °C to an OD600 (optical
density at 600 nm) of∼0.6 and induced with 1.0 mM IPTG
and 0.26 mM sodium myristate. The cultures were grown
for 18–24 h at 24 °C before being harvested. The PKA/
NMT pellet and a H6-tagged RIIα(R213K) pellet corre-
sponding to at least a third of the culture volume of the
PKA/NMT pellet [i.e., 12 L PKA/NMT: 4 L H6-
RIIα(R213K)] was resuspended in lysis buffer [50 mM
KH2PO4, 20 mM imidazole, 150 mM KCl, 200 μM ATP,
2 mM MgCl2, and 5 mM β-mercaptoethanol, pH 6.5]. The
resuspended pellets were then lysed using a microfluidi-
zer (microfluidics) at 18,000 psi. The cells were clarified by
centrifugation at 15,000 rpm at 4 °C for 60 min in a
Beckman JA20 rotor, and the supernatant was incubated
with ProBond Resin (Invitrogen) for 24 h at 4 °C. The resin
was loaded onto a column andwashed twice with the lysis
buffer. Three 10-mL elutions were then collected using
1 mM cAMP dissolved in lysis buffer. The elutions were
combined and dialyzed overnight into 20 mM KH2PO4,
25 mM KCl, and 5 mMDTT, pH 6.5, and then loaded onto
a pre-packed Mono-S 10/100 (GE Healthcare) cation-
exchange column equilibrated in the same buffer. The
protein was eluted from the column with a KCl gradient
ranging from 0 to 1 M. The myristylation state of the
protein was confirmed using mass spectrometry. The
myristylated protein eluted from the MonoS at a higher
KCl concentration than the non-myristylated protein,
allowing for effective separation of non-myristylated
from myristylated protein. Also, the majority of the
protein was myristylated (around 75% for WT and
∼100% for K7C) (Fig. S1 and Table S1).
Crystallization

Myristylated WT and myristylated K7C ternary (AMP-
PNP, Mg2+, SP20) and binary (SP20) complexes were
crystallized under very similar conditions utilized for
previous C-subunit structures.10,15 In each case, the
protein being crystallized was dialyzed overnight into
50 mM N,N-bis(2-hydroxyethyl)glycine, 150 mM ammo-
nium acetate, and 10 mM DTT, pH 8.0. Then, the protein
was concentrated to 8–10 mg/mL. The proteins were set
up for crystallization using the hanging drop vapor
diffusion method at 4 °C. Immediately preceding the
crystal tray preparation, the protein was combined in
1:10:20:5 molar ratio of protein:AMP-PNP:Mg2+:SP20 for
the ternary complex or 1:5 protein:SP20 for the binary
complex. These complexes were screened under different
2-methyl-2,4-pentanediol (MPD) concentrations ranging
from 2% to 18% and with different buffer conditions in the
mother liquor including no buffer in the mother liquor or
buffers ranging from pH 5.35 to pH 8.5. The drop
contained 1:1 volume of protein solution:well solution,
and 9–13% methanol was added to the well solution
before sealing the well. For the ternary complexes, crystals
were typically seen after 1–2 weeks and generally
appeared to reach maximum size by 4–6 weeks, and
with the binary complexes, crystals appeared after 4–
6 weeks and reached maximum size by 8–10 weeks. The
myristylated WT C-subunit ternary structure was
obtained from a crystal grown with a well solution
containing 10% MPD and 9% MeOH added to the well.
The myristylated K7C ternary structure was obtained
from a crystal grown with a well containing 12% MPD,
100 mM 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)
propane-1,3-diol, pH 6.5, and 9% MeOH added to the
well. The myristylated WT and K7C binary structures
were obtained from crystals grown with wells containing
6% MPD and 9% MeOH added to the well solution. The
WT and K7C binary complexes were crystallized from
protein samples with two phosphates on Thr197 and
Ser338. The WT and K7C ternary complexes were
crystallized from a protein mixture containing two or
three phosphates with phosphates being on Thr197 and
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Ser338 for all proteins and some proteins with phosphate
on Ser139. The WT and K7C ternary structures were both
modeled with 40% phosphorylation of Ser139.

Data collection and refinement

The crystals were flash cooled in liquid nitrogen with
cryoprotectant solution (16% MPD and 15% glycerol).
Data were collected on the synchrotron beamline 8.2.1 of
the Advanced Light Source, Lawrence Berkeley National
Labs (Berkeley, CA). For each crystal structure, the data
were integrated using iMOSFLM.57 All protein variants
and complexes crystallized in the P212121 space group
similar to the WT structure. Molecular replacement was
carried out using Phaser58 with a previously solved C-
subunit structure [Protein Data Bank (PDB) ID: 3FJQ42] as
a search model. The refinement was performed using
refmac559 and model building was done in Coot.60 With
the binary complexes and ternary K7C complex, positive
density was readily apparent at the N-terminus of the
protein. The myristylated ternary K7C structure had the
clearest density at the N-terminus due to its high
resolution, and the N-terminus and myristic acid were
modeled into this density. Then, the conformation seen
with the K7C ternary complex was modeled into the
binary complexes and also fit the density for these proteins
very well with only slight changes necessary. The
myristylated WT ternary structure, myristylated K7C
ternary structure, myristylated WT binary structure, and
myristylated K7C binary structure were refined to Rwork/
Rfree values of 19.4%/22.7%, 15.5%/17.9%, 19.2%/21.1%,
and 20.5%/23.4%, respectively. The data collection and
refinement statistics are shown in Table 2.

Steady-state kinetics

The kinet ics were performed as descr ibed
previously.61,62 Reactions were performed in 100 mM
Mops (pH 7.0) and 10 mM MgCl2. The concentration of
kemptide (LRRASLG) was fixed at 250 μM and ATP was
varied from 10 to 500 μM to measure the Km for ATP. The
concentration of ATP was fixed at 1 mM and kemptide
was varied from 10 to 300 μM to measure the Km for
kemptide. The final concentration of enzyme was
∼0.003 mg/mL. Three separate protein preparations of
each C-subunit isoform were measured. All measure-
ments were done in triplicate. Data were fit using
GraphPad Prism.

Mass spectrometry analysis of myristylated proteins

Proteins (5 μg each) were dissolved in 14% acetonitrile
and 0.1% trifluoroacetic acid (TFA) and separated using
Magic 2002 HPLC system (Michrom BioResources, Inc.)
and eluted into an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) using electrospray
ionization. The HPLC gradient was 14–100% Buffer B in
10 min (Buffer A: 2% acetonitrile and 0.05% TFA; Buffer B:
90% acetonitrile and 0.04% TFA). The flow rate was
10 μL/min. The LTQ-Orbitrap was set to scan from 400 to
2000 (MS only) with a resolution of 100,000 in positive,
profile mode. The raw data were deconvoluted using
Xtract to obtain the intact protein molecular weight.
Rapid quench flow experiments

Pre-steady-state kinetic measurements of the myr-K7C
versus non-myristylated WT protein were performed using
rapid quench flow apparatus (Model RGF-3) from KinTek
Corp., following previously described procedures.39,51

Experiments were performed with 200 μM ATP and
2 mM kemptide. The activity of [γ-32P]ATP was (5000–
15,000 cpm/pmol). The reaction was carried in 100 mM
Mops (pH 7.4), 10 mM Mg2+, and 5 mg/mL bovine serum
albumin. The reaction was quenched using 30% acetic acid.

PDB coordinates

The structure factors and coordinates for the following
structures are deposited in the PDB: K7C ternary (PDB ID:
4DFX), K7C binary (PDB ID: 4DFZ), WT ternary (PDB ID:
4DG0), and WT binary (PDB ID: 4DG2).
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