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ABSTRACT: Protein kinases comprise the major enzyme family critically involved in signal transduction
pathways; posttranslational modifications affect their regulation and determine signaling states. The
prototype protein kinase A (PKA) possesses an N-terminglix (Helix A) that is atypical for kinases

and is thus a major distinguishing feature of PKA. Its physiological function may involve myristoylation
at the N-terminus and modulation via phosphorylation at serine 10. Here we describe an unusual structure
of an unmyristoylated PKA, unphosphorylated at serine 10, with a completely ordered N-terminus. Using
standard conditions (e.g., PKH24, ATP site ligand, MEGA-8), a novel 2-fold phosphorylated PKA
variant showed the ordered N-terminus in a new crystal packing arrangement. Thus, the critical factor for
structuring the N-terminus is apparently the absence of phosphorylation of Ser10. The flexibility of the
N-terminus, its myristoylation, and the conformational dependence on the phosphorylation state are
consistent with a functional role for myristoylation.

Protein kinases are a centrally important enzyme family 500 protein kinases in the human genome, and a wide variety
involved in signal transduction pathways. The principal of control mechanisms in addition to conformational changes
signaling mechanisms are phosphorylation and dephospho-at the catalytic site, many or most kinase specific control
rylation events that can switch protein kinases between activemechanisms have not yet been fully characterized or even
and inactive states, often accompanied by secondary structurédentified. These mechanisms include substrate and cofactor
rearrangements. Inactivity is associated most often with docking sites, control of expression levels, and cellular
displacements of helix C, the major alpha helix of the kinase location, among others. For PKA, the subcellular distribution
domain N-lobe, with concomitant disruption of an active site of the PKA catalytic subunit is governed by regulatory
salt bridge. This conserved element consists of a lysine subunits and anchoring proteins<8), including the trans-
residue that is often mutated in “kinase dead” variants and location of PKA between the cytoplasm and the cell nucleus
a glutamate residue centrally anchored in helix C. Other (9—11). Despite extensive studies of PKA over the past
inactivating conformations involve the activation loop, often decade, many fundamental aspects of these control mecha-
by blocking the active site or by locking helix C into an nisms remain unclear.
inactive conformation. In more than half of all protein kinase  The N-terminus of PKA is characterized by a-3@0
structures, inactivity is associated with a sterical block in residue segment that contains an alpha helix denoted helix
the ATP-binding site 1—3). A. This feature is unique to PKA and distinguishes it also

These mechanisms of regulation are rapid and allow the from its fellow subgroup AGC kinases. The N-terminal
cell to react swiftly and reliably to external and internal segment begins with the sequence GNAAAAKKGSEQESV
stimuli. When protein regulation fails, underactivity and and undergoes several posttranslational modificati@8s (
especially overactivity can cause disease, such as cancer wittmyristoylation of Glyl, deamidation of Asn2, and phospho-
its characteristic deregulation of signals controlling prolifera- rylation of Serl0. PKA isolated from mammalian tissues
tion, apoptosis, adhesion, and/or invasion. Thus, protein differs from recombinant enzyme expressedstherichia
activity requires strict control and high signal transduction coli. Protein from eukaryotic cells is myristoylated at Gly1,
fidelity for proper physiological function. With more than whereas recombinant protein is not, unless coexpressed with
myristoyltransferasel@). Deamidated Asn2 is found in 30%
*The coordinates have been deposited in the Protein Data Bank Of PKA isolated from muscle tissue, but not in recombinantly

(PDB) with the accession number 1SMH.
* To whom correspondence should be addressed. E-mail: breitenl@ * Abbreviations: PKA, protein kinase A; PKAB2, PKA mutant with
biochem.mpg.de, engh@biochem.mpg.de; phone 0049-89-85782630;amino acid exchanges Vall23Ala and Leul73Met; PKAB3, PKA

fax 0049-89-85783516. mutant with amino acid exchanges Vall23Ala, Leul73Met, and
Y Max-Planck-Institut fuer Biochemie. GIn181Lys; PKAB4, PKA mutant with amino acid exchanges GIn84Glu,
§ German Cancer Research Center. Vall23Ala, Leul73Met, and Phel87Leu; 2P-PKAB4, 2-fold phospho-
# Roche Diagnostics GmbH. rylated mutant PKAB4 (pThr197, pSer338); 3P-PKA, 3-fold phospho-
' Current address. Drug Discovery, Intervet Innovation GmbH, 55270 rylated PKA (pSerl0, pThr197, pSer338); 2P-myrPKA, 2-fold phos-

Schwabenheim, Germany. phorylated and N-terminal myristoylated PKA (pThr197, pSer338).
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eXpr_esse_d e_”zy_m&‘*)- Serl0is k”‘?W” as an autophospho- Table 1: Expression Pattern of Multiple Phosphorylated Forms of
rylation site in vitro (5, 16). A functional role has not been  pka wild-Type and the PKAB4 Mutant

described yet. Serl0 phosphorylated PKA has not been

peak 1 peak 2 peak 3

isolated from mammalian tissues, thus indicating a transient (4P-PKA) (3P-PKA) (2P-PKA)
phosphorylation17). Recombinant PKA fronk. coliis often (%) (%) (%)
phosphorylated at this site, depending on the time of  pka 41 51 8
induction of expression. PKAB4 10 34 56

For several myristoylated pr0tein$: changes in th(‘?‘ 9|e(.3tric Peak 1 is 4-fold phosphorylated (Ser10, Ser139, Thr197, and Ser338),
charge are part of the so-called myristoyl electrostatic switch peak 2 is 3-fold phosphorylated (Ser10, Thr197, and Ser338), and peak
mechanism for the modulation of enzyme translocation and 3 is 2-fold phosphorylated (Thr197 and Ser338)
membrane interactiori 8—20). Myristoylation of Src kinase
is associated with membrane binding, and chimeric PKA- stryctural changes, but may affect membrane binding affinity
Src constructs showed that myristoylated N-terminal se- gye to the introduction of a negative charge.
quences of PKA fused to Src kinase can also bind 10 gre we describe the first PKA structure with a completely
membranes 21). Like Src, PKA can be released from qqered N-terminus, clearly defined in the electron density
membranes upon platelet-derived growth factor stimulation \iih nelix A starting at Gly1. The protein is not myristoy-

in fibroblasts (8, 22). Further, myristoylated 14-residue |04: MEGA-8 (N-Octanoyl-N-methylglucamine) was present
N-terminal PKA peptides interact with phospholipid bicelles i, the crystallization experiment and electron density for the
(23). In addition to the myrlsto.ylat|on site, basic residues octanoyl moiety can be found in a position normally occupied
(Lys7 and Lys8) of the N-terminal sequence also conform . myristate. Further, the protein is not phosphorylated at

to typical membrane binding features. The myristoylated ger10. This combination apparently leads to the extension
catalytic subunit can bind to liposomes in vitro as shown ¢ the o-helix to the N-terminus in the isolated protein, a

with.fluores.cence resonance energy trgnsfer.(FRET) methods.niormation that projects an exposed myristoylation site
Myristoylation and complex formation with regulatory away from the protein.

subunit RII (but not RI) enhance liposome binding syner-

gistically (24). Myristoylation of the N-terminus also stabi- MATERIAL AND METHODS

lizes the enzyme fold via binding of the myristoyl chain in ] o ]

a hydrophobic pocket of the C-lob&s). Mutagenesis of PKASite-directed mutagenesis was per-
Several conformations of the N-terminus have been formed using pT7-PKA as template and the Stratagene (La

observed in different crystal structures. Usually, however, it Jolla) Quick Change kit following the manual of the sup-

is disordered for the first +114 residues followed by alpha  Plier including the design of the corresponding primer pairs.

helix A (25—-27); the helix is often observed also begin- All constructs used for protein expression were verified by

ning with residue Ser10 when phosphorylated. The addition DNA sequencing. The PKAB2 (Val123Ala/Leul73Met) and

of detergent MEGA-8 to crystallization trials may influence PKAB3 (Val123Ala/Leul73Met/GIn181Lys) mutants have

the extent of helix A formation by mimicking myristoyl —been described previousi$@. The PKAB4 mutant has four
binding. amino acid exchanges at the ATP binding site. They are,
PKA isolated from mammalian organs such as heart are compared to wild-type protein, GIn84Glu, Vall23Ala,
found phosphorylated at Thr197 of the activation loop and Leul73Met, and Phel87Leu.
Ser338 of the C-terminus, the two phosphorylation positions ~ Expression and PurificatiorExpression vectors pT7-7 and
that are known to be activating and important for catalysis PET28b, both carrying a T7-promoter, were used to express
and often have equivalent functions in cognate kinases. Inbovine PKA Gx and PKAB4 inE. coli strain BL21 (DE3),
contrast, Ser10 was identified as an in vitro autophospho- respectively. Two positions distinguish bovine (Asn32,
rylation site (L5). Expressed irE. coli, PKA is heteroge-  Met63) from human PKA (Ser32, Lys63). The mutant protein
neously phosphorylated at Ser10 and Ser139, in addition toPKAB4 was expressed and purified via affinity chromatog-
uniform phosphorylation at the sites Thr197 and Sera® (  raphy and ion exchange chromatography as established for
All isoforms are catalytically equivalent to mammalian PKA and described previousl®T, 30, 31). In comparison
protein @8). A structural function can be attributed to to wild-type protein, the expression yield of the PKAB4
pThr197, tightly bound via polar interactions near the mutantis reduced. The pattern of the different phosphorylated
catalytic site. pSer338 is important for stability as it anchors forms has changed and the predominant fraction was 2-fold
the C-terminus on the small lob&€). Structural roles for ~ phosphorylated (Table 1). Thus, 2-fold phosphorylated
the other sites are less clear. They are variously more flexible PKAB4 was used for crystallization trials.
than Thr197, as shown by crystal structures and alsémy The identity of the sample and phosphorylation state was
NMR spectroscopy29). In contrast to the other phospho- confirmed by the total mass of the protein determined by
rylation sites, phosphorylated Ser10 is especially flexible or ESI mass spectrometry. For LC-MS, the microgradient
disordered. system type 140c (Perkin-Elmer) coupled to PE SCIEX API
Tholey et al. studied the influence of these posttranslational 165 ESI detector was used with a Nucleosll00-5 column
modifications on the structural behavior of the N-terminus and a linear gradient of 2695% acetonitrile in water with
of PKA using circular dichroism12) and showed their ~ 0.1% TFA in 15 min. The spectra were deconvoluted with
importance for fine-tuning of enzyme assembly and function. the BioMultiview 1.4 software.
Phosphorylation of Serl0 decreases the extent of folding, Activity Tests.The determination of enzyme activity was
whereas myristoylation seems to have a structuring effect.accomplished by an ATP regenerative, NADH consuming
Deamidation of Asn2 seems to be uncorrelated with assay according to Cook3%). The assay mix (100 mM




Crystal Structure of PKA with a Helical N-Terminus

Table 2: Data Collection and Refinement Statistics

Data Collection

Beamline BW6 DESY Hamburg

wavelength (A) 1.0500

space group P2:2:2;

cell (@ b, ¢) (A) 48.8,79.4,117.8

resolution range (A) 482.044

no. of unique reflections 29196

completeness (%) [last shell 2:62.15] 98.1[91.9]

I/o (1) [last shell 2.04-2.15] 6.1[1.9]

average redundancy [last shell 2-:62.15] 4.4 [4.0]

Rsym[last shell 2.04-2.15] 0.089 [0.365]
Refinement

R-factor (%)/freeR-factor (%) 18.9/23.8

free R-value test size (%) 5.1

correlation coefficienk, — F [free] 95.0[92.2]

Standard Deviation from Ideal Values

bond length (A) 0.015

bond angles®) 1.428
Temperature Factors

all atoms 28.4

MOPS pH 6.8, 100 mM KCI, 10 mM MgGl 1 mM
phosphoenolpyruvate, 0.1 mM Kemptide, 1 nfiMnercap-
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diffracted to 2.05 A resolution. In this crystal, PKAB4 adopts
a closed conformation, and all 350 residues are ordered and
resolved, most notably beginning with the first residue
(Gly1). This is in contrast to most structures, in which the
N-terminus is typically disordered for the first Q5
residues (Figure 1). The electron density confirms phospho-
rylation at the two sites Thr197 and Ser338, and shows the
ordering of the octanoyl moiety of MEGA-8 in the myristate
binding pocket. In this manuscript, we analyze the influence
of phosphorylation and myristoylation on the conformation
of the N-terminal Helix A.

Phosphorylation StateThis active site mutant PKAB4
(with mutations GIn84Glu, Vall23Ala, Leul73Met, and
Phel87Leu) binds ATP 12 times more weakly than does
wild-type PKA (Table 3). As previously described for the
PKAB2 mutant (Vall23Ala and Leul73MetB@), this is
explained by a conformational transition of GIn181 that can
occur in combination with mutations Vall23Ala and
Leul73Met. The expression yield of PKAB4 . coli is
reduced compared to wild-type, and autophosphorylation is
also less extensive (Table 1). Therefore, the doubly phos-
phorylated protein was used for crystallization (verified by

toethanol, 15 units/mL lactate-dehydrogenase (Sigma); 8 Mass spectroscopy). The crystal structure with all residues

units/mL pyruvate kinase (Sigma), 0.21 mM NADH) was

resolved shows Thrl97 and Ser338 are phosphorylated,

completed by the addition of enzyme and the reaction was Whereas Serl0 and Ser139 are clearly unphosphorylated.

started with ATP. The time-dependent decrease of NADH

Effects of Myristoylation on CrystallizatioRrotein ex-

was measured at 340 nm with three independent measurefracted from tissues is myristoylated at Glyl, whereas

ments per data point.

X-ray Crystallography.Hanging drops containing 18
mg/mL protein, 25 mM Mes-BisTris pH 6.4, 75 mM LiCl,
1.5 mM octanoylN-methylglucamide, 1 mM PKI(524)
were equilibrated at BC against 1218% methanol. One
crystal was sulfficient to obtain a complete data set. Diffrac-
tion data of the flash-frozen PKAB4 crystals were measured
at the synchrotron beamline BW6 at the DESY (Hamburg,
Germany). RR)-(—)-2,3-butanediol was used as cryopro-
tectant. The data were processed with the program MOSFL
and SCALA. The crystal has the orthorhombic symmetry
P2,2,2, with cell constants& = 48.8,b = 79.4,c = 117.8.

The structures were determined by molecular replacement

using AMoRe from the CCP4 program package (www.ccp4.
ac.uk/main/html) 83, 34). As starting model, we chose a
PKA structure in a closed conformation (to be published).
Refmac 5.1.24 was used for refinement, while MOLOC
(www.moloc.ch) 85) was used for graphical evaluation and
model building. For data reduction and refinement statistics,
see Table 2. The structures are depicted in Figures 1 and
with graphics from the programs MOLSCRIP36j, BOB-
SCRIPT @7), and Raster3d3g).

RESULTS

Overall Structure.The structure we describe here is a

recombinant protein frori. coliis not, unless coexpressed
with myristoyltransferase 1@). Crystal structures from
recombinant protein lacking myristate are resolved beginning
at residues GIn12 or Vall5 sometimes even beginning at
Serl0 or Lys7 as in case of 1Q839. MEGA-8 in the
solution mimics in part myristate binding and seems to
stabilize the helix; the octanoyl part of MEGA-8 is also
resolved (1APM, 1Q61, 1Q8U, and other§0, 39, 40).
Under these conditions, high B-factors for phosphorylated

M Serl0 indicate considerable flexibility despite the increased

ordering.3'P NMR spectroscopy also shows high flexibility
in comparison with the other phosphorylation sit2s)(

The 3- and 4-fold phosphorylated PKA preparations
crystallize most readily, but in the case of the PKAB4 mutant
we attempted crystallization using the 2-fold phosphorylated
protein. Crystallization success led to the first structure with
a completely ordered N-terminus. Of the three myristoylated
PKA structures available in the protein data bank (1CDK,
1CMK, 1CTP) @5, 41), all show disorder at the N-terminus,

ut 1CMK includes model coordinates for the entire N-
terminus: localization of the myristoyl chain in the 2.9 A
structure (Figure 2) requires non-helical geometry at the
N-terminus to enable myristoyl binding in a pocket made
up by residues from Helix A (explicitly, Vall5, Phel8, and
Leul9), Phel00, Helix E (explicitly, Leul52, Glul55,
Tyrl56), and Helix J (explicitly Asp301, 1le303 and Tyr306)

complex of several components. The pseudosubstrate peptideesidues. The 2.0 A structure of myristoylated PKA from

PKI(5—24), the detergent MEGA-8, and a low molecular
weight ATP competitive inhibitor are bound to a 2-fold
phosphorylated active site mutant of PKA (GIn84Glu,

heart muscle tissue (1CDK) showed similar features but may
have been more disordered at the N-terminus.
One structure (1L3R) has been reported in which the first

Vall23Ala, Leul73Met, and Phel87Leu compared to wild- four amino acids (without side chains) were resolved bound
type, here termed 2P-PKAB4). Although the complex was to a pocket formed by other residues, explicitly, GIn181,
crystallized under previously established conditions and Leul03, Phel100, Arg308, Tyr306 followed by a disordered
generated the typical orthorhombic space groepi:2;), region till residue 14 where helix A starts. The protein used
a new crystal packing arrangement was formed. The crystalfor crystallization was 4-fold phosphorylated (Ser10, Ser139,
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Ficure 1: The completely resolved N-terminal helix A with the refinee,2- F. map (blue) and air, — F. omit map (green) prior to
building residues 49 (contoured at & and 2, respectively). Helix A is clearly defined in the electron density beginning with the first
residue Glyl,; several solvent-exposed side chains are disordered or show multiple conformations. As the protein was expresdied in
it is not myristoylated at Glyl. However, the detergent MEGANBoCtanoyl-glucamine) occupies the position of the myristoyl chain.

Ser338, Thr197), nonmyristoylated, recombinant mouse PKA residues Glyl, Asn2, Ala3, Ala4, Ala6, and Lys7 to sym-
(42). metry-related molecule residues 1le210, Leu21l, Ser212
Effects of Phosphorylatioftigure 1 shows the N-terminal  (Helix E1) and lle244, Tyr247, Glu248, Val251 (Helix G).
helix with a refined &, — F. map and &, — Fc map prior The N-terminal amino group forms a salt bridge with Glu248.
to building residues 9. Helix A is clearly defined in the

electron density beginning with the N-terminal residue Gly1. DISCUSSION
Several solvent-exposed side chains are disordered or show The structure reported here differs from mammalian PKA
multiple conformations. These results are in good agreementisolate structures by its lack of N-terminal myristoylation,
with peptide experiments: Tholey and co-workers have and differs from recombinant PKA structures by its lack of
shown that phosphorylation destabilizes the turn and helix phosphorylation at serine 10. Additionally, the protein is a
structure of peptides designed based on the PKA N-terminal4-fold mutant of PKA, and crystallizes in a new crystal
sequence. Further, myristoylation promotes a helical structurepacking arrangement. With this structure, we observe for the
(12). These findings are in good agreement with our first time a completely ordered N-terminus for PKA. The
structures, as most structures of 3- and 4-fold phosphorylatedcause-dephosphorylation, unmyristoylation, or crystal
PKA (including Ser10 phosphorylation) are disordered at the packing—of the helical fold of the N-terminus is not
N-terminus. immediately apparent. Comparison with existing crystal
The superposition of Figure 2 shows representative structures however supports the conclusion that the combined
structures of the different orientations observed for helix A. lack of both Serl0 phosphorylation and N-terminal myris-
In the myristoylated structure (1CMK), Serl0 is unphos- toylation stabilizes the extended helical structure sufficiently
phorylated. Helix A begins after a segment that is folded for crystallization.
such that the peptide chain lies antiparallel to the helix and The primary effect of the 4-fold mutation was to lower
brings the myristoyl chain to a hydrophobic pocket. In the its activity and enhance the relative yield of 2-fold phos-
PKAB4 structure, this pocket is occupied by the ordered phorylated protein (Table 1). The mutations are inside the
octanoyl moiety of detergent MEGA-8. In the complex of ATP pocket, distant from the N-terminus, cause no signifi-
PKA, PKI, and H-1152P (1Q8U30)) the first 6 N-terminal cant structural changes, and do not have contacts to sym-
residues are not visible and the ordered part begins at Lys7-metry-related molecules or the N-terminus. Observation of
folded as a turn but stretches into another direction comparedother 3- and 4-fold phosphorylated PKA mutants in the
to PKAB4 and 1CMK; the phosphate group at Ser10 is well typical packing arrangement confirms that the mutations do
defined. Helix A begins with residue pSerl0. The SerlO not force a crystal packing change. Since unmyristoylated
phosphorylation thus seems to cause the disordering of theN-termini are typical for recombinant PKA structures, the
N-terminus in unmyristoylated PKA. lack of myristoylation also does not induce the new crystal
Crystal ContactsWe observed a new crystal packing packing arrangement. The lack of Serl0 phosphorylation
arrangement in theP2,2,2; spacegroup, with new cell removes a crystal contact that exists in other recombinant
constants. We find several crystal contacts from N-terminal PKA crystal structures (typically from the phosphate to a
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Helix A

Ficure 2: Overlay of three structures with different conformations of the N-terminus: 2-fold phosphorylated mutant PKAB4 (Thr197,
Ser338) 2P-PKAB4 (red), 3-fold phosphorylated PKA (Ser10, Thr197, Ser338) 3P-PKA (1Q8Uplue), and 2-fold phosphorylated
myristoylated PKA (Thr197, Ser338) 2P-myrPKA (LCMK] (green) as representative of the myristoylated PKA structures. (A) Stereoview

of the three structures. 2P-PKAB4 and 3P-PKA are in a closed conformation compared to the 2P-myrPKA structure. In 2P-PKAB4 and
3P-PKA, electron density at the myristate binding site has been interpreted as ordered parts of the MEGA-8, as previously described. (B)
Details of the helical fold: In the 2P-PKAB4 structure, residues31 form an ideal alpha helix, whereas the myristoylated structure
2P-myrPKA (1CMK) possesses a helix beginning at residue 6, apparently to allow the myristate to bind in its hydrophobic pocket. In
contrast to both structures, the nonmyristoylated and Ser10 phosphorylated structure 3P-PKA (1Q8U), residues Gly9, Lys8, and Lys7 also
form a turn, but in a direction distinct from 1CMK, and the remaining N-terminal residues are disordered.

Table 3: Ky Values of PKA and Mutants form of the N—terminus_, and conversely that pho_sphoryl_ation
at Serl0 enhances disorder of the 9 N-terminal residues.
Since crystal structures of flexible proteins are typically
K ATP [uM] 12 128 306 141 “snapshots” of allowed configurations, the structure described
here demonstrates the occurrence of the helical N-terminus
neighboring Arg256). The new crystal packing could ac- form of the protein. Additionally, it corroborates the view
commodate a phosphate group, at least spatially. As de-that the lack of phosphorylation at Ser10 is associated with
scribed in the results section, the N-terminus forms a salt N-terminal helix formation.
bridge with Glu248. Crystal structures and peptide experiments have identified
On the basis of these considerations, and based on theN-terminal myristoylation, Asn2 deamidation, and Ser10
destructuring effects of phosphorylation on N-terminal pep- phosphorylation as potential modulators of structut®).(
tides (L2), we propose that the lack of phosphorylation at Myristoylation may prevent helical formation of the N-
Ser10 in unmyristoylated PKA stabilizes a completely helical terminal residues of PKA to allow myristoyl binding to the

PKA PKAB2 PKAB3 PKAB4
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membrane association

membrane bound state

soluble stable state

Ficure 3: PKA in a soluble, stable state with myristate bound to
a hydrophobic pocket in the C-terminal lobe (as in crystal structures
1CDK and 1CMK). In the membrane-associated form, the N-
terminus can adopt its extended helical conformation (as in the
structure reported here), thus exposing the myristoyl chain to the
solvent and/or membrane. The basic side chains of Lys7 and Lys8,
essential for membrane binding, are similarly extended and poised
for membrane interactions. The posttranslational modification sites
Ser10 (phosphorylation) and Asn2 (deamidation) that might modu-
late membrane binding properties (see text) are denoted in the
figure.

hydrophobic pocket; however, it seems to increase helical
structure in PKA N-terminal peptides. Ser10 phosphorylation
is disordering in peptide experiments. Deamidated Asn2 is
found in 30% of PKA isolated from muscle tissuk4). In
peptide experimentd ), deamidation of Asn2 seems to be
uncorrelated with structural changes, but may affect mem-
brane binding affinity and has also been observed to influence
the intracellular distribution of the kinasé3).

The observation of helix formation that projects the
myristoylation position into the solution implies that the
N-terminus is switchable between helical and myristoyl

pocket bound states, and possibly other disordered statesqg.

(Figure 3). In the absence of an alternative myristoyl binding
position, the myristoyl chain binds in its endogenous pocket.
In the absence of the myristoyl group and destructuring
phosphorylation (at Ser10), the N-terminus adopts a helical
fold as an extension of helix A. The geometry projects the
myristoylation residue into solution.

The proximity of a myristoyl binding site as an alternative
to the binding pocket of PKA would lower an energy penalty
of vacating the pocket and push the equilibrium toward the
extended helical state. Such potential binding interactions
could be binding to a membrane or other protein domains.

PKA is bound to membranes in fibroblasts and can be
released by platelet-derived growth fact®@?2), Further,
association of N-terminal myristoylated peptides with phos-
pholipids bicelles Z3), binding of PKA-Src-chimerics to
membranes1) and interaction of myristoylated PKA with
phosphatidylcholine/phosphatidylserine liposomes, synergis-
tically in combination with the RII subunit2d), shows
binding of myristoylated PKA to membranes using model

systems. These and related phenomena should now be™ ™

analyzed in light of a conformation of an extended helix A
as can be seen in our structure.

The posttranslational modification positions at Asn2 and
Serl0 are available to modulate transitions between mem-

Breitenlechner et al.

brane bound and unbound structures. One hypothetical
scenario might begin with membrane association of myris-
toylated PKA with an extended helix geometry. Phospho-
rylation and/or deamidation introduces membrane repulsive
negative charge and breaks the N-terminal helix structure
(analogous to the phosphorylation modulation of Src mem-
brane binding 18)). This dissociates PKA from the mem-
brane, and the myristoyl residue is “parked” in the “storage
pocket” while serine 10 is rapidly dephosphorylated (as
shown in NMR experiments with alkaline phosphate@)(
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