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Inhibition of the cAMP-Dependent Protein Kinase by Synthetic A-Helix Peptides
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ABSTRACT. The catalytic subunit of the cAMP-dependent protein kinase fiddatyostelium discoideum

PkaC, displays the same properties as its mammalian counterpart, except for being about twice as large
in size. Sequence comparisons indicated the presence of a consehaltk (A-helix) within the
N-terminal region of PkaC which could potentially establish close contacts with the catalytic Ccoom[Ve

M., et al. (1993Proc. Natl. Acad. Sci. U.S.A. 900618-10622]. We show in this report that a synthetic
peptide with the A-helix sequence inhibits PKA activity, whereas unrelated peptides display no inhibitory
activity. The inhibition seems competitive with respect to the kemptide substrate rather than due to binding
to a secondary site. We further show by amino acid replacements that the last lysine of the A-helix
sequence is involved in this specific inhibition. A model is proposed for the possible role of the A-helix.

The cAMP-dependent protein kinase (PKA§ composed  within the 332 amino acid long N-terminal half of PkaQ.(
of a heterotetramer of catalytic and regulatory subunits (C We thus wanted to determine the possible function of this
and R, respectively). Binding of cAMP to the R subunits A-helix.
dissociates the holoenzyme, releasing C subunits which can  The crystal structure of mammalian C subunits revealed
phosphorylate protein substrates. In addition to two CAMP that the conserved catalytic core consists of two lobes. The
binding sites, the R subunits contain a pseudosubstratesmall lobe, beginning at residue 43, displays an antiparallel
sequence able to bind the C subunit. In mammals, two typesg-sheet conformation, whereas the large lobe, beginning at
of biochemically distinct R subunits encoded by four genes residue 128, is dominated lyhelices with a smalB-sheet
(Rla, RIS, Rlla, and RIB) have been characterized, whereas |ocated near the cleft that is essential for catalysis. The
three highly homologous C subunitsdCCB, and G’) are  A-helix, located within the first 40 residues of the mouse C
encoded by different genes. In lower eukaryotes such assubunit, lies outside of the catalytic core. According to the
yeast, different isozymes have been found (for review, seecrystal structure, this amphipathic N-terminal helix interacts

2). _ _ _ _ _ with the surface of the core opposite to the catalytic €je (
Besides its essential role during development (for review, We hypothesized that A-helix synthetic peptides could
see3), the cCAMP-dependent protein kinase frdbictyos- possibly displace the original helix and thus modulate PKA

telium discoideunshows the particularity of being composed  activity.

of a heterodimer with a single regulatory and a single | the present work, we tested the effect of an oligopeptide
catalytic subunit4). The R subunit gene encodes a 41 kDa jith the A-helix sequence on PKA activity. We further
protein very similar to the mammalian subunits of RI type. yerified the specificity of the observed inhibition by using

The catalytic subunit has a size of 73 kDa, about twice the re|ated peptides, taking into account their potential to form
size of its mammalian counterpaf)( Based on sequence pelical secondary structures.
conservation, a catalytic core can be defined which corre-
sponds to the C-terminal half of the protein. In addition to MATERIALS AND METHODS
the catalytic core, ano-helix motif (residues 7+98) ) . ) ) o
resemb”ng the A_he"x Of mamma”an PKA was |dent|f|ed Strains and Culture COI’]dItIOﬂSDICtyOStellum d|SCO|deUm
cells K-P (7) overexpressing PkaC were grown under shaking
"This work was supported by Grant 31-045611 from the Swiss at 260 rpm at 22C '.n. HL-5 broth containing 20 mg/mL
National Science Fundation to C.D.R. G418. For PKA activity tests, cells were grown to—(@)
* Corresponding author: IBCM, Rue du Bugnon 9, CH-1005 x 10°/mL and harvested by centrifugation at 1900The
Lausanne, Switzerland. Phone: 41-21-692 5271. FAX: 41-21-692 g nernatant was removed and the cells washed twice in PDF
. Email: Christophe.Reymond@ibcm.unil.ch.
*Institut de biologie cellulaire et de morphologie. buffer (20 mM an 1.2 m_M MgSQ, 6.7 mM K;HPQ,, 13.3
8 EPFL, Laboratoire de chimie physique des polyeseet mem- mM KH,PQy) prior to lysis.

branes. ; ; ; ; ;
I Abbreviations: cAMP, cyclic adenosine’ S-monophosphate: Synthetic PeptidesSynthetic peptides were obtained from

DEAE, diethylaminoethylE. coli, Escherichia cofi 124, iodine isotope the Institute of Biochemistry, University of Lausanne (Switzer-
125; 1Gso, concentration of inhibitor at which 50% of the total activity  land).

is measuredk;, inhibition constant; PKA, cAMP-dependent protein P ; °
kinase; PkaC, PKA catalytic subunit; PKI, PKA inhibitor; SDS, sodium . PKA Acw.lty Tests. Vegetative cells \.N(.are lysed at"C
dodecy! sulfate; C309, truncated C-subunitDi€tyosteliumPKA, in in 10 mM Tris-HCl buffer (pH 7.5) containing 1 mM EDTA,

which residues +308 were deleted. 0.1% Triton X-100, and protease inhibitors (0.2 mM AEBSF,
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1 mM benzamidine, 10 mg/mL leupeptin, and 0.1 mM A B C

TLCK). DEAE-Sephacel (Pharmacia) was added, and bind-

ing was performed at 24C for 30 min. After centrifugation,

PKA was eluted in high-salt buffer (Tris-HCI, pH 7.5, 100

mM NacCl) by incubation for 5 min at 4C. kemptide _
PKA activity was measured using the PepTag kit from

Promega with the fluorescently labeled peptide L-R-R-A-

S-L-G (kemptide) as a substrate according to the manufac- P-kemptide

turer’s instructions. Phosphorylation by PKA alters the net

charge of the kemptide fromt1l to —1, so that the

phosphorylated and unphosphorylated peptides can be sepascure 1: (Lane A) PKA activity of DEAE-prepurified cell extracts

rated on buffered agarose gels. Enzymatic reactions wereof Dictyostelium Phosphorylated kemptide and unphosphorylated

carried out at 30°C for 30 min. Phosphokemptide was kemptide are separated on a buffered agarose gel. (Lane B)

eluted from gel slices after migration, and the extent of Phosphorylation of kemptide by purified bovine catalytic subunit

: . . as a positive control. (Lane C) Unphosphorylated kemptide as a
phosphorylation was measured in a fluorimeter. In some pegative control.
experiments, we used purified bovine PKA (1.4 mg/mL)

from the PepTag kit diluted to a concentration of 0.01 mg/ 2 SATDRLTEKMDIEEZXKWDNEK
mL in 20 mM Tris, pH 7.5, 10 mM MgGlwith 0.1 mg/mL e e
labeled kemptide. A truncated version of thityostelium - A - - -
C subunit, C309, expressed B coli (gift from Dr. M. e SRR R cIIcIIIC
Véron, Institut Pasteur, Paris), was also used at a concentra-z8 - - - - - - - - - - E---E- - -
tion of 0.2 mg/mL. C309 was stored at a 10-fold higher ®° - -~ -~~~ -~~~ =~~~ A---2
concentration and diluted immediately before use, due to its p1g KVKTAKKSSKKSSAEKEK
tendency to precipitate. A high-affinity inhibitor of PKA, p2 SRSSPRKRAAVGKKTGAKEKTYVA
P6 SAATTSPQKS SRS SPIKRAAV

the PKI peptide fragment encompassing amino acid24

; i, FIGURE 20 Synthetic A-helix oligopeptides. H2 peptide is identical
was usec_i ata Concentratl_on of 1 mM to test the specificity to the A-helix sequence from residues 77 to 98 of Dd PkaC. Amino
of kemptide phosphorylation by PKA.

acid replacements are shown in boldface type. The peptides 2, 6,
Binding of'?3-Labeled H2 Peptide.H2 peptide (Figure  and 10 display A-helix unrelated sequences.

1) was labeled according to the BoltoRlunter method as N
previously describeddj. Binding experiments were per- MM NaCl eluates were then assayed for PKA activity,
formed in the presence of increasing concentrations of PKI €ading to reproducible measurements (Figure 1). To ensure
(from 0 mM to 2.5 mM) mixed with constant amounts of that we dealt with PKA and not any phosphotransferase
labeled H2 (200 mM) and bovine PKA C subunit (1.4 mM) activity, PKI(5-24), a known specific inhibitor of PKAY),

in reaction buffer (20 mM Tris-HCI, 5 mM Mg@). Bound was added to the reaction mixture, resulting in the inhibition
and free peptides were separated by gel filtration on Of about 90% of the activity.

Sephadex G-50 columns, and radioactivity in the flow-trough ~ We first synthesized aa-helix peptide with a sequence
was measured in a gamma counter. identical to that of the Dd PkaC A-helix (H2 in Figure 2)

and tested its effect on PKA activity. Increasing concentra-
tions of H2 added to prepurified cell extracts reduced PKA
activity with an apparent I6 of 75 uM (Figure 3A). The

Circular Dichroism. Circular dichroism spectra were
obtained using an AVIV circular dichroism spectrometer
E:\ggﬂgf fZOIrD’\S/I,aI;?rI;;vSVﬁ)c? dAngnig:gpLi?I v(\)/;tg %gqatpaaﬂ:c;gﬁ;ﬁ ' Ieve_l _of residual PKA activity of around 10%, reficheq upon
was used to determine the secondary structures. Syntheticf’lddltlon O.f 200uM H2, stayed constant with higher
peptides were diluted at concentrations of 50 and 250 mM concentrations of H2 (datg not shown) and corresponded to
in the reaction mixture used for PKA tests, however, omitting a phosphqtransfgrase actmty unrelated to PKA (see above).
compounds known or likely to interfere with CD measure- A _synthet|c _pept|de, P10, with a sequence unrelated to H2
ments (i.e., Triton X-100, ATP, and protease inhibitors). (Figure 2) did not affect PKA activity (_F'gl_”e 3A). P10is .
Measurements for secondary structure determinations werd ! of the same size as H2 and its derivatives. To ascertain

; that the absence of inhibition was not linked to peptide size,
performed at wavelengths ranging from 186 to 250 nm. we tested further H2-unrelated peptides, P2 and P6 (Figure

RESULTS 2). Both P2 and P6 were unable to inhibit PKA activity
(Figure 7).

Sequence comparison had shown the presence of an To further investigate the role of the A-helix, we measured
a-helix (A-helix) conserved throughout evolution, which is the activity of a truncated version of tictyosteliumPKA
located close to the N-terminus of tiEctyosteliumPKA C subunit expressed i&. coli (10). C309 contains es-
(1). To determine how the A-helix modulates PKA activity sentially only the catalytic core of PKA and is missing the
in vitro, we used a PKA activity test based on synthetic A-helix. H2 shows the same inhibitory capacity on both
fluorescent kemptide as substrate (see Materials and Meth-crude Dictyosteliumextracts and purified C309 (data not
ods). Assays with whole cell extracts failed due to the shown), indicating that displacement of the A-helix is
presence of a trypsin-like activity which cleaved the peptide probably not responsible for the observed inhibition.
between the two arginines (data not shown). To overcome We then asked whether inhibition by H2 was restricted to
this problem, PKA present in extracts of vegetatively growing Dictyostelium PKA. Kemptide phosphorylation by the
Dictyosteliumcells was prepurified on DEAE-Sephacel; 100 catalytic subunit purified from bovine was measured in the
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NS uM (O) to 250uM (#). (B) Binding of labeled A-helix peptide to
0 : L a the catalytic subunit: H2 peptide labeled witil (200 M) was
0 500 1000 incubated in the presence of increasing concentrations of PKI with

constant amounts of bovine PKA C subunit.

Peptide concentration (kM) H2 binding was fully prevented by a concentration of PKI

(0.2 uM) roughly equivalent to that of the enzyme. Thus,
either the H2 peptide competes with PKI at the catalytic site

Ficure 3: (A) Inhibition by the synthetic oligopeptides HZIY
and P10 @). The peptides were added to partially purified

Dictyosteliumcell lysates, and PKA activity was measured by using - . 7
fluorescent kemptide. Activity without peptide was taken as 100%. OF the binding of PKI dramatically reduces the affinity of

(B) Inhibition of purified bovine catalytic subunit by H2. The PKA for H2 binding at a remote site and vice versa.
enzyme and the fluorescent kemptide was diluted as indicated under To determine how specific the inhibition by H2 was, we
v'\\//li?rgecrieallllse ngcge;fc‘gsi?y Fwi?ﬁégtthee assays. '?jk‘:’r: ;isisoggrfcl\’;re“aend replaced amino acids within the A-helix by alanines (Figure

) 0. - . .
values of three independent exrp))eFr)iments are shown in panels AZ)', In peP“deS H3’,H4’ and H5, we SUbSt'FUted each amino
and B. acid predicted to bind to the core according to the model

based on the crystal structure of the catalytic subunit?).

presence of increasing concentrations of H2 (Figure 3B). H2 As seen in Figure 5, these peptides showed inhibition kinetics
inhibits purified mammalian PKA to completion. close to the original H2.

From the crystal structure of the mouse catalytic subunit, We then searched for amino acids potentially participating
the corresponding A-helix is predicted to bind to the “back” in the inhibition by checking the relative position of
of the core, being in contact with both lobd3.( We would hydrophobic and charged residues. The amino acids can be
thus predict from this model that H2 should bind to a site projected on one plane down the helix axis to obtain a helical
remote from the active phosphorylation site, thus resulting wheel representation (Figure 6). Hydrophobic amino acids
in noncompetitive inhibition. To address this question, we are clustered on opposite sides of the helix, namely, lle11
performed experiments with purified bovine PKA in which and Trpl5 on one side and Ala2, Leu6, and Met9 on the
we added increasing amounts of kemptide, keeping the H2other. llell and Trpl5 were already substituted in H5 and
concentration constant. A modified Eagdidofstee plot of H3, respectively, without changing the inhibitory potency.
the data obtained with three different concentrations of H2 We further substituted both of these residues with charged
indicates competitive instead of noncompetitive inhibition, amino acids in peptide H8. The capacity to inhibit the
with a K; of about 0.65 mM (Figure 4A). However, based Dictyostelium catalytic subunit was unchanged, however
on these kinetic results, partial competitive inhibition, that (Figure 5). We then replaced Met9, Ala2, and Leu6 with
is, H2 reducing the affinity of PKA for its substrate while either negatively or positively charged amino acids (H6 and
binding to a remote site, cannot be clearly distinguished from H7, respectively, in Figures 2 and 6). Again no difference
competitive inhibition due to the binding of both H2 and was observed with these peptides compared with the original

kemptide to the same site.

We then measured directly the binding'8il-labeled H2
(200 M) to PKA in the presence of increasing concentra-
tions of PKI, which is known to bind at the active site of
the enzyme with affinity in the nanomolar range (Figure 4B).

H2 (Figure 5). Thus, substitution of hydrophobic residues
on both sides of the A-helix does not interfere with the
inhibitory activity.

Since the A-helix peptides possibly bind to the active site
of the catalytic subunit, we compared the sequences of H2
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Ficure 5: Inhibition by synthetic oligopeptides. The peptides were
added to partially purifiedDictyosteliumcell lysates, and PKA
activity was measured using fluorescent kemptide. Activity without
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Ficure 7: Effect of the synthetic oligopeptides P6 and P10 on
DictyosteliumPKA activity measured from partially purified cell
lysates compared to that obtained with HB.(Neither P6 @) nor
P10 @) are inhibitors of the enzymatic activity. Mean values of
three independent experiments are shown.

peptide was taken as 100%. Amino acid changes in the H2 sequencesolution, we performed circular dichroism. All peptides

have no significant effects on inhibition kinetics, except the
replacement of lysines 14 and 18 by alanines which leads to a
marked loss of inhibitory potency. The logarithmic scale starts at

20 uM. Each point represents the mean value of three independent

experiments. Legend: HZ); H3 (); H4 (O); H5 (»); H6 (@);
H7 (®); H8 (v) HO (a).

HB8: replaced by
Glutamic acids

H9: replaced
by alanines

H6: replaced by Glutamic acid
H7: replaced by Lysine

Ficure 6: Helical wheel model of A-oligopeptides. The amino
acids are projected on one plane down ¢hkeelix axis. The H2

predicted to forma-helices showed between 7 and 15%
o-helical conformation (4% for H9), indicating that at least
a portion of the peptides adopted proper conformation in
solution.

To further test the role of conformation on inhibitory
properties, we tested A-helix-unrelated sequences able to
form a-helices. The oligopeptides P2 and P6 form up to 6
and 7%o-helices in solution, respectively, as seen by circular
dichroism; however, both were unable to inhibit PKA (Figure
7). These results indicate that the ability of the peptides to
form a-helices in solution is not sufficient to confer an
inhibitory potential. The inhibition is due to the presence
of specific amino acids within the A-helix related peptides,
in particular the last lysine.

DISCUSSION

We show in this report that a synthetic oligopeptide (H2),
with a sequence identical to that of the A-helix found in
DictyosteliumPkaC, inhibits activity from botBictyostelium
and mammalian PKA catalytic subunits. Our experiments

sequence comprises hydrophobic (boxed) residues which areg . i15 dealing with a fundamental property of all PKAs

clustered on opposite sides. Amino acids proposed to interact with
the core are labeled by asterisky.(Residue replacements are
shown with the indication of the corresponding peptides.

and PKI(5-24), a peptide known as a potent inhibitor of
PKA. Although the linear amino acid sequences differed,

conserved throughout evolutiot4, 15). The A-helix had
been proposed to bind to the back of the core based on the
crystal structure of the mouse catalytic subuf)t (Recent
experiments botin »izo andin vitro indicated a minor role

if any for the A-helix (L0, 16). However, in these experi-

we detected a superimposable localization of basic andments, it was observed that removal of the N-terminal half

hydrophobic residues by comparing their helical wheel
diagrams. In particular, Lys14 and -18 in H2 and Argl5
and -19 in PKI can be superimposed, when llell, Leu 6,
Ala2, and Met9 in H2 are fitted with Tyr7, Phel0, Alal2,
and Ala21 in PKI(5-24). Lysl14 had already been substi-
tuted in H4 without any effect. We thus replaced both Lys14
and -18 by alanines and measured the inhibitory potential
of the H9 peptide (Figure 5). A decrease in the inhibitory
potency was observed, increasing Kdy at least 10-fold.
This result indicates that either the last basic amino acid or
the last two lysines of the A-helix are required for potent
inhibition of the catalytic subunit.

In all experiments, we devised the modified peptides so
that they should theoretically adopt arhelical conformation
according to secondary structure predictions using both
Chou-Fasman and RobsetGarnier modelsi(3). To verify
that such short peptides were able to fourhelices in

of the DictyosteliumPKA results in a destabilization of the
protein, possibly reducing the steady-state catalytic activity.
Thus, the increase in PKA activity resulting from the absence
of the A-helix may have been masked by enzyme instability.
The specificity of H2 interaction with the catalytic core
is indicated by the fact that H2-unrelated peptides 2, 6, and
10 show basically no PKA inhibitory activity. Furthermore,
the ability to forma-helices per se is not sufficient to confer
an inhibitory potential, as seen with H2-unrelated peptides
able to form ana-helix in solution. Specific replacement
of lysines 14 and 18 within the A-helix leads to a clear
decrease in inhibitory potency, whereas other replacements,
including hydrophobic and charged residues, had no measur-
able effects. Thus, the interaction of A-helix related peptides
with the catalytic core at the active site seems specific.
The A-helix peptide can be compared with PR),(since
biochemically both peptides seem to compete for the same
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site on the core. PKI, a potent inhibitor of PKA, presents a to such a possibility for the following reasons: (1) The
pseudosubstrate site composed of the five-residue consensushibitory peptide H2 cannot bind when PKI is present in
recognition sequence (R-R-X-S-1) with the actual phos- roughly equimolar amounts with PKA; (2) the kinetics of
phorylatable Ser (position P) replaced by an Ala (for review, PKA inhibition by H2 are compatible with competitive

see9). The H2 peptide contains the sequence RXXKXXI

inhibition; (3) the inhibition is seen even in the presence of

which is very similar to the alternative substrate sequencethe A-helix attached to the core of the PKA enzyme.
RXXRXXSI. However, a negatively charged aspartic acid Cocrystallization of PKA C-subunit with H2 peptide will
(D), rather than Ser, Thr, or Ala, is present at the putative be required to obtain a detailed understanding of the
phosphorylation site just before the lle. Furthermore, the interaction between this inhibitory peptide and the catalytic
lle (1) was replaced by Ala and Glu in peptides H5 and H8, core.

respectively, without changing the inhibitory activity. We

According to the model proposed i)( the N-terminal

thus conclude that this potential pseudosubstrate site isA-helix both in Dictyosteliumand in mammalian catalytic

probably not responsible for the inhibition of PKA by H2.
Interestingly, the affinities of H2 and kemptide for the bovine
C subunit of PKA are in a similar rang&;(and Ky of 650
and 200uM, respectively;17), largely above that of PKI
(K; of 2.3 nM).

subunits is probably anchored to the core at the opposite
side of the substrate binding site. If the A-helix really binds
to the catalytic site, we can put forward the following
hypothesis. The A-helix, which is linked to the core via a
relatively flexible stretch of amino acids, could rotate so that
In addition, the high inhibitory potential of PKI{524) it would interact with residues close to the active site. A
relies on the presence of an amphiphilic N-termimdielix. competition between bona fide substrates and A-helix would
The synthetic A-helix peptide H2 shows some resemblanceresult in the displacement of the A-helix. The potential role
with the a-helix moiety of PKI, particularly in the relative  of this mechanism could be to prevent binding of unspecific
localization of basic and hydrophobic residues. Replacementsubstrates to the active site. Further studies on the substrate

of Lys14 and -18 by Ala in H2 (peptide H9) resulted in about specificity of catalytic subunits missing the A-helix will
a 10-fold decrease in inhibitory potency. Likewise, muta- possibly allow to test such a hypothesis.

tions of Arg P® and P2 to Ala reduced the inhibitory ability
of PKI(5—24) (18). Both Arg P ¢ and P2 are implicated
in the binding of PKI to the core as depicted by the cocrystal
of PKI with recombinant mouse catalytic suburii®?). In
addition, the amphiphiliet-helix region of PKI from P16
to P8 (TTYADFIAS) binds to the core, in particular via
the Phe at positionPL. In peptides H6 and H7, substitution
of Met9, present at a position equivalent to Phé'fh PKI,
with charged amino acids did not result in a change in
inhibitory activity. Furthermore, replacement of all hydro-
phobic residues on either side of thehelix did not modify
inhibition kinetics. Thus, the binding of the A-helix in
solution relies mostly on the interaction of Lys18, or possibly
both Lys14 and -18, with the core enzyme.

To pursue the potential role of secondary structures in

substrate recognition, we searched for the presence of

a-helices in the vicinity of phosphorylation sites by the
method of Kyte and Doolittle19). Some PKA substrates,
such as phosphorylase kinaseand  subunits, protein
phosphatase inhibitor-1, and tyrosine hydroxylase, showed
o-helices of over 10 amino acids in close proximity to the
P site, ending between P and P! like PKI (P-6).
However, this trend was not common to all substrates.
Pyruvate kinase, CREB and e, and 6-phosphofructo-2-
kinase showed no potentiathelical structure close to their
phosphorylation sites. Furthermore, hormone-sensitive lipase
showed such structure further apart{®and P°in mouse),

whereas phospholamban possesses a substrate site within an
10. Etchebehere L., van Bemmelen, M., Anjard, C., Trincard, F.,

o-helix. From such comparison;helices within substrates
seem thus not necessarily associated with binding to the
catalytic site of the PKA core.

In summary, our results indicate that competitive inhibition
of PKA activity by A-helix related oligopeptides depends
on the last basic amino acid at position 18, as well as possibly
on a partiala-helical conformation. Even though we were
unable to prove that the inhibition is due to the binding of
the A-helix peptides to the catalytic site, where PKI,
kemptide, and other substrates bind, our experiments point
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