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The specificity in phosphorylation by kinases is determined
by the molecular recognition of the peptide target sequence. In
Saccharomyces cerevisiae, the protein kinase A (PKA) specificity
determinants are less studied than in mammalian PKA. The cat-
alytic turnover numbers of the catalytic subunits isoforms Tpk1
and Tpk2 were determined, and both enzymes are shown to
have the same value of 3 s~!. We analyze the substrate behavior
and sequence determinants around the phosphorylation site of
three protein substrates, Pykl, Pyk2, and Nth1. Nth1 proteinis a
better substrate than Pyk1 protein, and both are phosphorylated
by either Tpk1 or Tpk2. Both enzymes also have the same selec-
tivity toward the protein substrates and the peptides derived
from them. The three substrates contain one or more Arg-Arg-
X-Ser consensus motif, but not all of them are phosphorylated.
The determinants for specificity were studied using the peptide
arrays. Acidic residues in the position P+1 or in the N-terminal
flank are deleterious, and positive residues present beyond P-2
and P-3 favor the catalytic reaction. A bulky hydrophobic resi-
due in position P+1 is not critical. The best substrate has in
position P+4 an acidic residue, equivalent to the one in the
inhibitory sequence of Bcyl, the yeast regulatory subunit of
PKA. The substrate effect in the holoenzyme activation was ana-
lyzed, and we demonstrate that peptides and protein substrates
sensitized the holoenzyme to activation by cAMP in different
degrees, depending on their sequences. The results also suggest
that protein substrates are better co-activators than peptide
substrates.

Protein phosphorylation is one of the most fundamental
mechanisms for signal transduction. The specificity of signal
transduction depends upon the ability of each kinase to pre-
cisely phosphorylate particular sites on specific substrate pro-
teins. Protein kinase A (PKA)? is one of the best characterized
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members of this protein family (1). Phosphorylation of its sub-
strate targets is known to be critical for regulating a multitude
of cellular processes, including metabolism, gene transcription,
ion flux, growth, and cell death (2).

The specificity in phosphorylation is determined by at least
two major factors: peptide specificity and substrate and kinase
localization. The effectiveness of protein phosphorylation by
protein kinases in general, including PKA, is believed to depend
on the primary structure of the protein around the phosphory-
lation site; synthetic peptides have thus been used to define the
consensus phosphorylation sequences for PKA (3—-5). The basic
consensus phosphorylation sites for this enzyme are Arg-Arg-
X-(Ser/Thr), (Arg/Lys)-X-X-(Ser/Thr), and (Arg/Lys)-X-(Ser/
Thr) (3,4, 6, 7).

The molecular recognition of the peptide sequence sur-
rounding the phosphorylated residue of a substrate usually is
referred to as the “peptide specificity” of a protein kinase. The
phosphorylated residue is conventionally named PO, the sub-
strate residues immediately N- and C-terminal to the PO posi-
tion as P—1 and P+1, respectively, and so on. These substrate
residues bind to their corresponding subsites on the catalytic
sites of the protein kinases.

Statistical analysis of proteins known to be phosphorylated
has shown that many of the phosphorylation sites in the sub-
strate proteins do not correspond exactly with the complete
consensus sequence determinant (8). A screening of 150 phys-
iological substrates of mammalian PKA, unique gene products
for which one or more phosphorylation sites are known, per-
mitted the evaluation of consensus sequences for PKA in a
physiological context (9). The results indicated strong prefer-
ences for arginines at P-2 and/or P-3. The canonical Arg-Arg-
X-Ser was the most abundant consensus sequence, represent-
ing around one-half of all sites. Though arginines are the
preferred basic residues at P-2 and P-3, one every six sites con-
tains at least one Lys at these positions, indicating a lower effi-
ciency in the in vivo use of this determinant. Serine is by far
preferred over threonine as the phosphate acceptor; other more
subtle preferences at positions outside of the P-2 and P-3 posi-
tions also emerge upon closer inspection. There is a slight pref-
erence for Arg at the P-4 to P-7 positions and an increased
occurrence of the hydrophobic residues Phe, Ile, Leu, or Val at
P+1 (9). There also is an increased frequency of the small res-
idues Ser, Gly, and Pro at P-1. These positional biases are con-
sistent with numerous in vitro studies utilizing peptides based
on well characterized substrates such as the porcine pyruvate
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kinase LRRASLG heptapeptide kemptide, with biochemical
and crystallographic analysis of PKA inhibitor peptide interac-
tions (10, 11), as well as through the characterization of PKA
substrates in highly complex peptide libraries (12, 13). Loog et
al. (14) compared in a mammalian model, the specificity of
parent proteins with their short peptide derivatives using the
hepatic L-pyruvate kinase as substrate and demonstrated that
mutations made in the protein had lesser effect than the corre-
sponding mutation made in the peptides, whereas the amino
acid preference and the overall specificity pattern remained
similar in both cases.

Whereas the substrate specificity determinants for mamma-
lian PKA have been analyzed extensively, the specificity deter-
minants for other organisms are much less understood. Denis
et al. (15) have analyzed Saccharomyces cerevisiae PKA sub-
strate determinants using synthetic peptides derived from the
local phosphorylation site sequence around Ser®*® in the yeast
transcriptional activator ADR1 and shown common specificity
determinants with mammalian PKA substrates on the proximal
N-terminal side and up to the +4 position of the C-terminal
side of the phosphoacceptor.

Previous results from our group have demonstrated that in
yeast, a PKA substrate such as pyruvate kinase 1 (Pykl1) is less
efficient as substrate than a peptide containing the phosphory-
latable Ser®? residue despite having a higher affinity (16).
Therefore, the behavior of a protein kinase toward its substrate
could be different depending on whether the substrate is an
entire protein or the peptide derivative indicating that the abil-
ity of a kinase to modify a protein at a specific site is influenced
by its structural context.

In S. cerevisiae, PKA is a key regulator of cell growth and
proliferation (17, 18). The regulatory subunit is encoded by the
BCY1 gene, and the C subunit is encoded by the TPK1, TPK2,
and TPK3 genes. Yeast is a good model with which to search for
and identify PKA substrates as its genome is completely known.
Several PKA substrates have been described, and, very recently,
proteomic approaches that simplify the search for new poten-
tial PKA substrates have been reported (19 -21). However, fur-
ther work is needed to demonstrate that the candidate proteins
identified are indeed PKA substrates and to identify their target
sequences. The three Tpkl, Tpk2, and Tpk3 catalytic subunits
appear to have both overlapping and distinct cellular functions
(22-25). The recent global analysis of protein phosphorylation
in vitro in yeast (21) indicated that Tpk1, Tpk2, and Tpk3 rec-
ognized 256, 29, and 79 substrates, respectively; however, only
eight were recognized by all three kinases, and 39 were recog-
nized by two of the three suggesting that each kinase has unique
substrate specificity.

The classic model of PKA activation proposes that the inter-
action of cAMP with R subunit decreases the affinity between R
and C, and, as a consequence, the holoenzyme dissociates, thus
freeing the catalytic subunit to phosphorylate its targets. How-
ever, several reports suggest that cAMP does not fully dissociate
the holoenzyme, and a new role for the substrates has been
proposed in PKA activation (26 —29).

A complete understanding of the biological role of the S. cer-
evisiae PKA requires the complete characterization of the
enzyme and of its targets. In this paper, we assess the sequence

SEPTEMBER 24, 2010+VOLUME 285+NUMBER 39

Substrates and Yeast PKA Activation

features surrounding the phosphorylation sites of three protein
substrates. We demonstrate that Tpkl and Tpk2 have the same
selectivity and catalytic activity toward a number of peptidic
and protein substrates. We clearly demonstrate that both pep-
tide and protein substrates sensitize the holoenzyme to activa-
tion by cAMP.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Media—Yeast media were prepared
as described (30). Strains were grown on rich medium containing
2% bactopeptone, 1% yeast extract, and 2% galactose (YPGal), or
2% glucose (YPG), or 2% raffinose (YPR). Synthetic medium con-
taining 0.67% yeast nitrogen base without amino acids, 2% glucose,
plus the necessary additions to fulfill auxotrophic requirements
(SD) were used to maintain the selectable plasmids. Solid medium
contained 2% agar. Yeast strains used were as follows: KT 1115,
Mataleu2 ura3 his3 pep4A; NTH1-HA-His, KT1115 + pBG1805-
NTH1-HA-His; PYK1-HA-His, KT1115 + pBG1805-PYKI-
HA-His; PYK2-HA-His, KT1115 + pBG1805-PYK2-HA-His;
JT20454(W), Mata his3 leu2 ura3 trpl tpkl:ade8 tpk2:HIS3
tpk3:TRP1 msn2:LEU2 msn4:TRP1 + pPYK101; 033c TAP,
S288C, MATa his3A1 leu2A0 met1SAO ura3A0; S330:W303,
Mata tpk2:tpkl:KmR; S331:W303, Mata tpk2:tpk3:KmR;
S332:W303, Mata tpk3:tpkl::KmR; S330 BCY1-TAP:W303,
Mata tpk2:tpkl:KmR BCYITAP; S331 BCY1-TAP:W303, Mata
tpk2:tpk3:KmR BCYITAP; and S332 BCY1-TAP:W303, Mata
tpk2::tpk3:KmR BCY1ITAP.

Pykl, Pyk2, and Nthl Expression and Purification—Nth1
(neutral trehalase)-His, Pyk1-His, and Pyk2-His fusion proteins
were purified from a KT1115 strain transformed with BG1805
plasmid containing cDNA from the following ORFs YDR001C,
YALO038W, or YOR347C, under a Gall promoter (Open Biosys-
tems). For the expression 25-ml SD—Ura, 2% raffinose media
culture was grown overnight and then diluted in 200 ml
SD—Ura, 2% raffinose media. The culture was grown up to
Agoo = 1.2and added to 100 ml of 3X YP, 6% galactose, to a final
concentration of 1 X YP, 2% galactose and harvested after over-
night incubation. The pellets were stored at —70 °C until used.
For the purification, the cells were lysed by vortexing with glass
beads. The lysates were clarified by centrifugation at 15,000 X g
to remove the cellular debris. Resin nickel-nitrilotriacetic acid
(Qiagen) was added, and the mix was incubated overnight at
4 °C. The resin was washed with buffer (50 mm NaH,PO,, 300
mM NaCl, 20 mm imidazole, 0.05% Tween 20, pH 8). The pro-
teins were eluted with elution buffer (50 mm NaH,PO,, 300 mm
NacCl, 250 mm imidazole, 0.05% Tween 20, pH 8). Pykl protein
without tag was purified from the S. cerevisiae strain JT20454
containing pPYK101 vector (plasmid containing Pykl cDNA
under its own promoter), using a previously described method
(31). The yeast strain overexpresses Pykl when grown in 2%
glucose media. Briefly, the semipurification of the enzyme
involved two chromatography steps, DEAE-cellulose, and
phosphocellulose and ammonium sulfate precipitation. The
precipitated protein was stored at —20 °C.

PKA Holoenzyme Preparation—The yeast PKA holoenzyme
(TPKs-Beyl) was purified from a yeast tandem affinity purifi-
cation (TAP)-fusion strain that contains the ORF of TAP-
tagged Beyl (YJLO33W; Open Biosystems). The standard TAP
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procedure (32) was applied but using only one specific affinity
purification step: binding to IgG-Sepharose 4B through the
protein A IgG binding domains of the ORF. This source of
immobilized holoenzyme was used for PKA activation
experiments.

Catalytic Subunit Purification—The yeast Tpkl or Tpk2
enzymes were purified from yeast TAP-fusion strains, which
express only one isoform of Tpk and the TAP-tagged Bcyl,
constructed essentially as described (33). Briefly, the fragment
containing the C-terminal coding region of Bcyl fused to the
TAP epitope including the HIS3 selectable marker was ampli-
fied by PCR using genomic DNA from the Bcyl-TAP strain
using the primers F 5'-AGACCATGATTATTTCGGTG-3’
and R 5'-GTAGTAACAGCAGTAGTAGA-3'. The strains
$331 and S332 were transformed with the PCR products by the
lithium acetate method. Integration at the corresponding locus
was tested by PCR. Expression of the protein fusions was tested
by Western blot using anti-TAP or anti-Bcy1 antibodies. Tpkl
or Tpk2 enzymes were purified using the standard TAP proce-
dure using the first affinity purification with IgG-Sepharose 4B.
After exhaustive washing, Tpkl or Tpk2 were eluted with 50
mM cAMP. These sources of pure enzyme were used immedi-
ately for phosphorylation experiments without storage. For the
experiments in which the source of enzyme was the mixture of
the three Tpk enzymes, the enzyme purification was made
using the same protocol, but the strain used in this case was a
Bcyl TAP-tagged wild-type strain containing the three func-
tional Tpk isoforms. Tpkl and Tpk2 units from purified
enzymes were defined as the pmol of enzyme that transfer 1
pmol of phosphate to kemptide/min, at 30°C, under the stan-
dard assay conditions. The amount of each enzyme was esti-
mated by SDS-PAGE silver staining against a calibration curve
of BSA. The identity of each enzyme after purification was ver-
ified by mass spectrometric data from tryptic digestion of SDS-
PAGE gel bands obtained using a MALDI-TOF-TOF spec-
trometer, Ultraflex II (Bruker) from the mass spectrometry
facility Centro de Estudios Quimicos y Biolégicos por Espec-
trometria de Masa, Facultad de Ciencias Exactas y Naturales,
Argentina. The catalytic turnover number of Tpkl and Tpk2
was calculated using the protein concentration estimated by
SDS-PAGE and the catalytic activity using kemptide at saturat-
ing concentration as substrate of the same purification sample.

PKA Assays—PKA activity was determined by assay of phos-
photransferase activity with kemptide, Ser*?, Nth1-1, Nth1-2,
or Pyk1 peptides as substrates. The assay was initiated by mix-
ing different amounts of PKA sources (either soluble Tpkl,
Tpk2, or purified immobilized Tpk-BCY1 holoenzyme) with
15 mm Tris-HCI, (pH 7.5), 0.1 mm EGTA, 0.1 mm EDTA, 10
mM 2-mercaptoethanol, phosphatase inhibitor mixture (10
mu NaF, 10 mm Na,P,0,10H,0, 0.1 mm Na,VO,, 0.1 mu
(NH,)¢MO,0,,) and EDTA-free protease inhibitor (buffer A),
15 mm MgCl,, 0.1 mm [y-**P]JATP (1000 dpm/pmol) plus the
protein or peptide substrates at the concentrations indicated in
each experiment, plus variable concentrations of cAMP, when
added. A standard assay, for unit definition, contains a saturat-
ing concentration of 300 um kemptide. Incubations were for 10
min at 30 °C. PKA assays were linear with time and enzyme
protein concentration. PKA activity is expressed in pmol of
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phosphate incorporated into substrate/min at 30 °C. When
using peptides as substrates, aliquots of the incubation mixture
were processed according to the phosphocellulose paper
method (34). For protein substrates, aliquots of the reaction
mixture were analyzed through SDS-PAGE. The incorporation
of phosphate into the substrate was determined by digital image
analysis and further densitometric quantitation and is ex-
pressed in arbitrary units. Alternatively, the amount of incor-
poration of phosphate into the substrate was determined by
scintillation counting of the phosphorylated protein band
excised from SDS-PAGE gels. For the holoenzyme activation
assays, immobilized purified PKA holoenzymes were used for
measurement of kinase activity at various cAMP concentra-
tions as described above using different substrates and calculat-
ing the A, 5 value for cAMP under each condition. Two statis-
tics analysis tests were applied to validate the curves. The
D’Agostino and Pearson normality test, which indicated that
the curves, showed deviation not significant from the model.
We also applied the ALLFIT program, which is used for the
statistical analysis of families of sigmoidal dose-response curves
using the four-parameter logistic equations. All curves had a
good statistical significance with p > 0.05, indicating the quality
of the curve fit. The F ratio test was not significant within each
of the two groups of proteins (Nth1 and Ser®? on one side and
Pyk1, Pyk2, and kemptide on the other) indicating that the data
shared the two parameters: IC., and slope. However, the F ratio
test corresponding to the comparison of the IC50 and slope
from one group of peptides (Nthl and Ser 22) with the other
(Pyk1, Pyk2 and kemptide) is significant.

Peptide Array—Cellulose-bound peptide arrays were pre-
pared automatically according to standard spot synthesis pro-
tocols by using a spot synthesizer (Abimed Analysen-Technik,
Langenfeld, Germany) by Susan Taylor’s laboratory, Depart-
ment of Chemistry and Biochemistry, University of California
at San Diego). The membranes were first wet in ethanol and
further placed in phosphorylation buffer (50 mm Tris-HCI pH
7.4, 10 mm 2-mercaptoethanol, 0.1 mm EDTA, 0.1 mm EGTA,
100 mm NaCl, 15 mm MgCl,) containing 0.2 mg/ml BSA over-
night at room temperature. Membranes were then incubated at
30 °C for 45 min in phosphorylation buffer containing 1 mg/ml
BSA, 100 mm NaCl, and 100 um ATP. The phosphorylation
reaction was performed in phosphorylation buffer plus 0.2
mg/ml BSA, 100 um ATP, 200 uCi [y->**P]JATP, and 150 pmol of
Tpk subunits during 1 h at 30 °C. The membrane was rinsed
10 X 15 min with 1 m NaCl, 3 X 5 min with H,O, 3 X 15 min
with H;PO, 5%, and 3 X 5 min with H,O and 3 X 2 min with
ethanol. The membrane was dried and subjected to digital
image analysis (Bio-Imaging Analyzer Bas-1800II and Image
Gauge version 3.12, FujiFilm).

RESULTS

Peptides Derived from Nthl, Pykl, and Pyk2 Are Phosphory-
lated by Tpkl and Tpk2—A global analysis of in vitro protein
phosphorylation in yeast has shown that Tpks display differen-
tial protein selectivity (21). To define which are the differences
in the target sequences that determine the unique substrate
specificity for each Tpk, we assessed the kinetic behavior of
peptide substrates derived from three proteins, Pykl (pyruvate
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kinase 1), Pyk2 (pyruvate kinase 2), and Nth1 (neutral trehalase)
that have been identified as physiological substrates of PKA in
yeast (16, 35-37). Both Pykl and Nthl proteins have been
described in the global analysis of protein phosphorylation in
yeast as being selective substrates for Tpk1; in fact, the selectiv-
ity of Tpk2 was limited to a few numbers of proteins suggesting
a strict recognition of substrates (21). As a first step, we corrob-
orated the in vitro phosphorylation of the three proteins by a
purified mixture of Tpks as an enzyme source, using purified
His-Nth1, His-Pykl, and His-Pyk2 as substrates (supplemen-
tal Fig. 1).

Pykl and Pyk2 have only one RRXS motif in their primary
sequence. We have demonstrated previously that Pykl is a
Tpkl substrate and that the major PKA phosphorylation site is
Ser®* (16). The sequence surrounding the Ser* position in Pyk1
is conserved in the yeast isoform Pyk2 at Ser**. We have dem-
onstrated that Pyk2 protein also is phosphorylated in vitro by
Tpkl with a better specificity constant than Pykl (35). To
design the peptides for this study, we have selected the amino
acid sequences from P-6 to P+4 surrounding the phosphory-
lation site PO, as these residues are described to be influenced by
direct interaction with the kinase in the catalytic site (9, 10). We
also include a shorter peptide, Ser*?, common to both Pyk1 and
Pyk2. Nth1 also has been defined as a PKA substrate (36, 37).
The Nth1 amino acid sequence shows three potential phosphor-
ylation sites, Ser®®, Ser*', and Ser®® included in a consensus
PKA phosphorylation motif RRXS. Genetic results have corre-
lated the phosphorylation of all the three serines with trehalase
activation by PKA (37). A recent global study of in vivo yeast
phosphoproteome detects peptides containing Ser phosphory-
lated at these three positions for Nth1 (20). Table 1 summarizes
the sequences of the peptides designed for the kinetic study.

Purified preparations of Tpkl and Tpk2 were used as an
enzyme source to measure their kinetic parameters with the
different peptide substrates. The purification of Tpk3 from a
strain expressing Bcyl-TAP and only the Tpk3 isoform was
unsuccessful, even though the purification was made from very
large amounts of cultures, and the activity was assayed with
different concentrations of substrate and/or ATP.

The results of K, k.., and the derived K, values are sum-

esp
marized in a Table inserted within Fig. 1. Several important

TABLE 1

Peptides derived from protein substrates

Sequence of peptides derived from each protein were as follows: Pykl and Ser?
from pyruvate kinase 1 and Pyk2 from pyruvate kinase 2 and Nth1-1/Nth1-2 from
neutral trehalase. The consensus RRXS is in boldface as well as the phosphorylatable
serine residue (P0); the subscript number corresponds to the position of that residue
in the complete protein primary sequence.

Peptide Sequence

Pykl SDLRRTS*IIGTI
Ser22 LRRTS*IIGTI
Pyk2 QQLRRTS*IIGTI
Nth1-1 GRQRRLS*SLSEF
Nth1-2 QQTRRGS*EDDTY
kemptide LRRASLG
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Peptide Ky Kear K.y Ko Kew
(M) (min™) (min”'.uM™) (uM) (min™)
Tpkl Tpk2 Tpkl Tpk2 Tpkl Tpk2 Tpks Tpks
Nth1-1 955 | 1118 | 479+10 (43912 5.0 3.9 127 £12 | 425+ 10
Ser22 3[5+1 411 | 1197 |128+8 3.4 3 57+4 |150+8
kemptide | 148+5 | 151£6 99 £4 [101%5 0.7 0.6 138 =9 88+5
Pyk2 61+1 59 +1 | 241 | 18+0.6 0.4 0.36 646 | 27+2
Pyk1 52+1 49 +1 9+0.1 | 12+0.4 0.17 0.24 584 | 15+05
Nth1-2 | >300 >300 nd nd - - >300 nd
1.4+ B kemptide
A Nth1-2
1.24 " Y Pyk1
1.0 *  Pyk2
£ s
g 8
g 0.6
a
0.4
0.2
I
0.0 A T T T .
0 50 100 150 200 250 300
substrate uM
8+ O Ser22
® Nth1-1
6 L
£
£,
_g 4
s o]
24
0
Ll T T T T T 1
0 50 100 150 200 250 300

substrate pM

FIGURE 1. Steady-state kinetic parameters. Purified preparations of Tpk1,
Tpk2, or Tpks mixture were used to determine K,,,, k.., and K, values for the
substrate peptides of Table 1. Top, table summarizing the kinetic values
determined for each enzyme source; bottom, two representative experiments
obtained using the mixture of Tpks.

conclusions are derived from these results. The first is that the
K, and k_,, for Tpkl and Tpk2 with all the assayed peptides are
the same, indicating no selectivity between the two isoforms. A
catalytic turnover number of 3 s~' has been estimated using
kemptide as substrate for Tpkl and Tpk2. This value is almost
10-fold lower than the turnover of mammalian C subunits,
which is in the range of 20 s~* (38).

The second and important conclusion is that although all the
substrates include a RRXS consensus motif, the K, were very
different. The analysis includes the Nth1-2 peptide with which
no phosphorylation could be detected, at least with concentra-
tions of up to 300 uM. The best substrate was Nth1-1, and the
worst was Pykl. The reason for the difference lies mainly in
their k_,,. It is interesting to note that Pykl and Pyk2 showed a
different behavior, even though they only differ in two amino
acids in positions P-5 and P-6. The peptide Ser*?, being shorter
than Pyk1 in only two residues in the N terminus, was a much
better substrate than Pykl. Kemptide, the prototype of PKA
peptide substrate, was a substrate of intermediate performance,
but in this case due to its high K,,. This result was unexpected,

because both proteins, Nth1 and Pyk1, had been described as
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FIGURE 2. Phosphorylation of Pyk1 and Nth1 with Tpk1 and Tpk2. Different amounts of each protein were submitted to phosphorylation by purified Tpk1
or Tpk2. The phosphorylated samples were subjected to SDS-PAGE. The incorporation of phosphate into the substrate was determined by digital image
analysis and followed by densitometric quantitation and is expressed in arbitrary units (AU). The graphical data correspond to the mean of two replicas, and the

picture corresponds to a representative experiment.

being phosphorylated only by the Tpk1 isoform (21). Although
the phosphorylation of a peptide derived from a protein
sequence does not necessarily imply whole protein phosphory-
lation, we considered these results as a first indication that
these proteins could be phosphorylated by both Tpks.

We then assessed the phosphorylation by Tpkl and Tpk2 of
two of the three proteins in study, Pykl and Nth1, to analyze
whether the proteins also were substrates for the two isoforms
as occurred with the peptides derived from them. Fig. 2 shows
the phosphorylation of increasing concentrations of Pykl and
Nth1 by the same amount of Tpk1 or Tpk2. The slopes of these
curves, an approximation to the K, for each protein, are very
similar for both isoforms of Tpk, indicating that both protein
substrates are equally recognized by each. The slopes obtained
for Nth1 are higher than the ones corresponding to Pykl, indi-
cating that Nth1 is a better substrate. These results agree with
those obtained with the corresponding peptides derived from
these two proteins.

Results from Mazon et al. (39) indicated that a strain contain-
ing only the TPK3 gene had undetectable phosphorylating PKA
activity and that almost no TPK3 mRNA could be detected.
These results indicate that Tpk3 is the isoform that is expressed
atthe lowest level. In agreement with these results, we could not
detect by mass spectrometry peptides derived from Tpk3 in a
purified preparation of a mixture of Tpks from a WT strain. We
therefore predicted and confirmed that this mixture of Tpks
would exhibit the same kinetic parameters than the ones of the
isolated Tpkl and Tpk2. Typical kinetic curves are shown in
Fig. 1, and the data are summarized in the inset table. These
results can be interpreted as an indication that either Tpk3
levels are very low and do not contribute significantly to the
total PKA activity and/or that if it does, it has the same kinetic
parameters as the other two isoforms. The results obtained with
the mixture of Tpks validated the use of this mixture as enzyme
source for further experiments.

Residues Determinant for Tpk Recognition—To evaluate
which are the determinants for the recognition of a peptide by
yeast PKA, we used the peptide array methodology and a mix-
ture of Tpks as an enzyme source. We first investigated the
reason why the peptide Nth1-2 was not phosphorylated even
though it includes an RRXS consensus motif. The first observa-
tion is that the sequence of this peptide does not have a bulky
hydrophobic residue in position P+1 as expected; instead, it

29774 JOURNAL OF BIOLOGICAL CHEMISTRY

has three acidic residues at P+1, P+2, and P+3. The P+1 res-
idue lies in the vicinity of a hydrophobic pocket that is built up
by the side chains of Leu'®®, Pro*°?, and Leu”*” in mammalian C
subunit. As a consequence, a large hydrophobic residue was
found to be favored at this substrate position (5, 13, 40). These
residues and the hydrophobic pocket also are conserved in
Tpks. Fig. 3A shows that a peptide that has a replacement of the
P+1, P+2, and P+3 acidic residues by A (Nth1-2a) was phos-
phorylated efficiently. Nth1-2b with only one Asp in P+3 also
was phosphorylated but less efficiently than Nth1-2a. These
results suggest that an acidic residue in the place that should
interact with a hydrophobic pocket is a strong impediment. To
test this hypothesis, we changed the residues in P+1, P+2, and
P+3 of Pykla, which has its natural context, into acidic residues
(Pyklb, Pyklc, and Pykld). The results of Fig. 44 show that
even though an acidic context in these regions always impairs
phosphorylation, the inclusion of an acidic residue at P+1 is
crucial. The peptide Pyklb was a poor substrate, like Nth1-2.
The same results were observed when the sequence of the pep-
tide Nth1-1, the best of the assayed peptide substrates (Fig. 1),
was mutated introducing acidic residues in P+1, P+2,and P+3
(Nth1-1a, Nth1-1b, and Nth1-1c) The results, shown in Fig. 3B,
show that an acidic residue at P+1 or P+2 has stronger inhib-
itory consequences than in P+3. We can thus conclude that the
presence of acidic residues in the C-terminal flank of PO is del-
eterious for its phosphorylation. The mutations by two Ala at
positions P+1 and P+2 from Nth1-1 (Nth1-1g) had no effect
on the phosphorylation of this peptide compared with the nat-
ural one. From this observation, we can conclude that the phos-
phorylatable Ser is the one at PO, as we had supposed, and not
the one at P+1, and that the presence of a bulky hydrophobic
residue for the P+1 position is not so critical for yeast PKA.
The requirements for positive charged residues in the N-ter-
minal flank of the phosphorylation site, at positions P-2 and
P-3, with a preference for Arg, have been established as main
determinants for the specificity in PKA for along time (5). More
recent reports on prediction of protein kinase A phosphoryla-
tion sites (13, 42) confirmed and generalized these early predic-
tions and established that the requirements for positively
charged residues are highest for residues in positions P-2 and
P-3 but can be detected as far as six to eight residues prior to the
phosphorylated serine. Yeast PKA has been shown to have the
same requirements of basic residues at positions P-2 and P-3
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FIGURE 3. Residues determinant for Tpk recognition in Nth1-1 and Nth1-2. Peptides derived from Nth1-1
and Nth1-2 synthesized on membrane arrays were incubated with Tpks mixture as a kinase source and sub-
mitted to phosphorylation as described under “Experimental Procedures.” The incorporation of phosphate
into the peptides, expressed in arbitrary units (AU), was determined by digital image analysis followed by
densitometric quantitation. The array images correspond to a representative experiment, and the bar graph
data correspond to the mean of three replicas expressed relative to the spot intensity of Nth1-1. The spots
shown in the insets in A and B correspond all of them to the same membrane array-phosphorylation assay and
were assembled by cutting and pasting the spots of interest to facilitate the comparisons.

(Arg is a better residue at position P-2 than Lys) (15). Another
key residue is the Ser in position PO; the replacement of Ser by
Thr is very deleterious in a yeast PKA susbtrate (15). We have
confirmed in this work that this requirements are also valid for
the peptide Nthl; very low phosphorylation levels were
observed when the Ser at PO was replaced by Thr, and when the
Arg-Arg sequence at P-2 and P-3 were replaced by Lys-Lys,
Arg-Lys, or Lys-Arg (data not shown).

We also have investigated the importance of residues N-ter-
minal to the PO and to the conserved Arg at P-2 and P-3. As the
peptide Nth1-2 has neutral residues in positions P-5 and P-6
(Gln), we have assayed the effect of changing these amino acids
to basic ones. In agreement with what has been observed for
mammalian PKA substrates, the addition of extra Arg at these
positions (Nth1-2d, Nth1-2e, and Nth1-2f) makes peptide
Nth1-2a a better substrate (Fig. 3A4). In accordance with this
observation, when the natural Arg at P-5 from Nth1-1 was re-
placed by an acidic residue (Nth1-1e or Nth1-1f), the peptides
showed lower phosphorylation (Fig. 3B). From the results
shown in Fig. 44, we can infer that the reason why peptide Pyk2
is a better substrate than Pykl and Pyk1-1a (a longer version of
Pyk1) is the lack of the acidic residue at P-5. The same reasoning
can be applied for the peptide Ser®?, a shorter and better version
of Pyk1 that does not contain the P-5 residue in its sequence;
the improvement seems to be the lack of this acidic residue
from the natural Pyk sequence (Fig. 4B). We therefore conclude
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complex between mammalian Ca
with N-terminal deletion mutants
of both RI (44) and RII (45) are now
available. In these structures, the
interaction of the inhibitory site (IS)
of the R subunits with the catalytic
subunit surface is defined clearly. A
close inspection of a thorough align-
ment of mammalian and fungal R subunits* shows that the con-
servation of the IS sequence is extremely high. Mammalian R
subunits have an RRA(S/A)V(C/S)AE, with a variation in the PO
position according to whether it is an RI that has a pseudosub-
strate IS sequence or an RII that has a Ser that is autophosphor-
ylated. The position at P+2 also changes according to the
isoform. In fungi, the highly predominant IS sequence is
RRTSVS(G/A)E; particularly in S. cerevisiae, the Bcyl IS se-
quence is RRTSVSGE. As can be seen, the acidic residue at
position P+4 is absolutely conserved; the corresponding amino
acid in the C subunit of the crystal structure with RI is a Lys
(Lys®®), which is in a region with high sequence conservation in
all the C subunits. Particularly, this Lys is conserved in Tpkl,
Ttpk2, and Tpk3 (127, 110, and 128, respectively). The IS in the
R subunits is one of the regions of interactions of R subunits
with C that contribute to the high affinity between RC in the
holoenzymes. It is reasonable to assume that protein substrates
share with R the determinants of interaction in the short sur-
rounding of the phosphorylatable amino acid. Therefore, an
acidic residue in P+4 a can be considered as a favorable posi-
tion. It is noticeable that in the case of the substrates we have
analyzed in this work, Nth1-1, the best of the substrates, has a
Glu at P+4.

4S. Moreno, personal communication.
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FIGURE 4. Residues determinant for Tpk recognition in Pyk1 and Pyk2.
Peptides derived from Pyk1 and Pyk2 synthesized on membrane arrays were
incubated with Tpks mixture as kinase source and submitted to phosphory-
lation as described under “Experimental Procedures.” The incorporation of
phosphate into the substrate, expressed in arbitrary units (AU), was deter-
mined by digital image analysis followed by densitometric quantitation. The
array images correspond to a representative experiment, and the bar graph
data correspond to two or three replicas, expressed relative to the spot inten-
sity of Ser?”. The spots shown in the insets in A and B correspond to the same
membrane array-phosphorylation assay and were assembled by cutting and
pasting the spots of interest to facilitate the comparisons.

Peptide Substrate Participation in Holoenzyme Activation—
It has been widely accepted that cAMP activates the PKA
holoenzyme by dissociating the regulatory and catalytic sub-
units, thus freeing the catalytic subunit to phosphorylate its
targets. It has been demonstrated recently that although the
addition of a molar excess of cAMP to the type Ia PKA holoen-
zyme causes partial dissociation, it is only upon addition of a
PKA peptide substrate, together with cAMP that full dissocia-
tion occurs. The authors also demonstrate that substrate plays a
differential role in the activation of type I versus type Il holoen-
zymes, which could explain some important functional differ-
ences between PKA isoforms (27, 28). We have shown, some
years ago, that peptide substrates were involved in the activa-
tion of a fungal PKA by cAMP (29).

We assayed whether the activation of S. cerevisiae holoen-
zyme by cAMP could also be influenced by different peptide
substrates, namely Pyk1, Pyk2, Nth1-1, Ser??, and kemptide.
To evaluate whether the different peptidic substrates could
sensitize PKA toward cAMP in a different way depending on
their sequence, we assessed the cAMP dependence of the
holoenzyme activity in the presence of saturating concentra-
tions of each peptide. Fig. 5 shows the activation curves for
the different peptide substrates, as well as a Table summa-
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FIGURE 5. Peptide substrates enhance the activation of yeast PKA by
cAMP. Purified holoenzyme (Tpks-Bcy1) was incubated with increasing con-
centrations of cAMP for 10 min at 30 °C with 100 um [y->?P]JATP and the pep-
tide substrates in saturating concentrations (3-fold the K, values). PKA acti-
vation curve for each substrate is represented relative to the activity with that
substrate at 100 um cAMP. Shown graphical data and the A, 5 values for cAMP
for each peptide in the inset table correspond to the mean = S.D.from n = 4.
Statistical analysis of sigmoidal dose response curves were made using the
ALLFIT program and D'Agostino and Pearson normality test. All curves had
significance with p > 0.05 (see also “Experimental Procedures”).

rizing the A, ; values for cAMP. The curves can be compared
because all of the peptides were used at 3-fold their K,,; for
the sake of clarity, the curves were normalized relative to
their respective maximum value. The first observation is that
the values of A, for cAMP range from 0.014-0.136 um,
almost a difference of one order. The peptides can be roughly
divided in two groups according to the cAMP concentration
needed for their half maximal phosphorylation. One group
of peptides, comprised by Ser?* and Nth1-1 with an A, 5 for
cAMP in the range of 0.01-0.03 um and a second group
including Pyk1, Pyk2, and kemptide with A, 5 values ranging
from 0.08 to 0.14 uM. From these results, we can conclude
that peptide substrates sensitize the yeast PKA holoenzyme
to cAMP and that the better substrates (those with higher
K., see Fig. 1) are those that promote lower concentrations
of cAMP for activation and therefore have a higher sensitiz-
ing effect on the enzyme.

Whole Protein Substrate Sensitizes PKA toward Activation by
cAMP—To analyze whether a physiological substrate whose
activity is regulated by phosphorylation by PKA sensitizes the
yeast holoenzyme to cAMP, we assayed the cAMP dependence
of PKA in the presence of two concentrations of the Pykl pro-
tein and several concentrations of cAMP. The assays were con-
ducted in parallel with the same enzyme preparation using Pyk1l
peptide substrate for comparison and validation of the results.
Fig. 6 shows that the A, ; for cAMP when using Pyk1 protein as
substrate changed according to the concentration of substrate
in the assay: 0.10 uMm at a concentration of 1.5 X K and 0.24 um
at 0.3 X K. For comparison, in a phosphorylation reaction in
which Pykl peptide substrate was used at 1X K, and 3X K,
the A, 5 values for cAMP were 0.43 and 0.1 uM, respectively.
These results show that both protein and peptide substrates
sensitize the holoenzyme to cAMP and suggest that the protein
is a better activator, as 0.1 um cAMP was needed for half-max-
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FIGURE 6. Comparison of protein and peptide enhancement of yeast PKA
activation by cAMP. The phosphorylation of Pyk1 protein without tag
(Pyk1p) by purified yeast holoenzyme (Tpks-Bcy1) was determined after a
10-minincubation at 30 °C with 100 um [y->2P]ATP. The protein concentration
was 1.5 X K, (13.5 um) or 0.3 X K, (2.7 um). The phosphorylation of Pyki1
protein was visualized by SDS-PAGE and digital image analysis. The amount
of incorporation of phosphate into the substrate was determined by scintil-
lation counting of the phosphorylated protein band excised from SDS-PAGE
gels. The same enzyme preparation was assayed for holoenzyme activationin
the presence of two concentrations of the peptide substrate Pyk1; 1 X K., (50
um) and 3 X K, (150 um). Pyk1 protein K,,, = 9 um and Pyk1 peptide K,,, = 50
uM. The data of Ay s value showed in the inset (table) corresponds to the
mean * S.D.from n = 3. Statistical analysis of sigmoidal dose response curves
were made using the ALLFIT program and DAgostino and Pearson normality
test. All curves had significance with p > 0.05 (see also “Experimental
Procedures”).

imal activation with 1.5 X K, of the protein substrate, but
2-fold higher concentration of peptide was needed to attain the
same A, ; for cAMP.

DISCUSSION

Several experimental studies and various computational
approaches have been employed extensively in search of sub-
strates and prediction of specific phosphorylation sites both for
mammalian (13, 14) and yeast (21, 15, 19, 42) systems, both for
kinases in general (4, 8, 13, 21) or for PKA in particular (14, 15,
19, 42). Our results contribute to the phosphorylation dynam-
ics in S. cerevisiae. For yeast PKA isoforms Tpkl, Tpk2, and
Tpk3, differential physiological roles have been proposed and
demonstrated (22, 25). Strains lacking all three are nonviable;
however, those containing any one of the three Tpks are able to
propagate, indicating that each, although specific for some
functions, is genetically redundant for cell growth (22). In the
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global in vitro analysis of protein phosphorylation in yeast, a
differential substrate phosphorylation between Tpkl, Tpk2,
and Tpk3 was observed (21). In this work, we indicated that the
vast majority of proteins (87.7%) were recognized by only one of
the Tpks, concluding that each kinase had unique substrate
specificity depending on the primary structure of the protein
around the phosphorylation site. These results are being taken,
since published, as a hallmark of the intrinsic differential selec-
tivity of the three Tpks toward substrates. However, our results
are in contradiction with this conclusion, at least regarding
Nth1 and Pyk1 proteins, two proteins that had been shown to
be only Tpk1 substrates in that work. Here, we show the kinetic
behavior of Tpkl and Tpk2 toward three physiological yeast
substrates, Pykl, Pyk2, and Nthl, at the peptide and protein
level. To our surprise, the isoforms did not show any difference
in the kinetic parameters measured, not only with the peptides
but with the protein substrates, and therefore the K, for each
substrate was the same for Tpkl and Tpk2. It is interesting that
the k_,, estimated for both Tpkl and Tpk2, using kemptide as
substrate, was of 3 ™' 10-fold lower than the value for mam-
malian C, reported as 20 s~* (38).

The analysis of some aminoacidic determinants in the pep-
tides derived from Pyk1, Pyk2, and Nthl confirm results that
had been previously suggested in the literature, namely that an
Arg at positions P-2 and P-3 is very important and that extra
positive charge on the N-terminal flank of PO is beneficial; on
the contrary, a negative charge in this position is detrimental
for activity. The presence of an acidic residue in the P+1 posi-
tion, as in the natural context of Ser®® in Nthl (Nthl-2),
severely impairs the phosphorylation of the peptide. This char-
acteristic should now be included in the predictions of probable
phosphorylation sites for yeast PKA kinases. In contradiction
with our prediction that Ser®? is not a good phosphorylation
site for yeast PKA, a phosphopeptide containing Ser®® in Nth1
has been identified in a global proteomic in vivo study of the
yeast phosphoproteome (20); however, this kind of study does
not give information regarding the kinase responsible for the
phosphorylation of the observed phosphopeptides. We also
include a new feature for the prediction of yeast PKA phosphor-
ylation sites; an acidic residue in P+4, as occurs in the IS of the
R subunits, is beneficial for substrate recognition. We have
antecedents from our own work and others, that in the case of
Pykl and choline kinase, in vitro phosphorylation of peptides
derived from the proteins correlate with the in vivo site phos-
phorylated by PKA (16, 46).

While we were writing this article, a new report was pub-
lished (47) in which, using an in vitro peptide screening
approach, the authors could determine consensus phosphory-
lation site motifs targeted by 61 of the 122 kinases in S. cerevi-
siae. Their results indicate that PKA, as shown for Tpk1, Tpk2,
and Tpk3 have only three clear determinants in the phosphor-
ylation sequence: Ser in PO, and Arg in P-2 and P-3. A close
inspection of the peptide arrays for each Tpk shows that the
three arrays are identical and that no differential amino acid
selectivity is suggested for each isoform. Our results presented
in this work go a little further in the conclusions that can be
obtained. Not only is the sequence selectivity for Tpkl and
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Tpk2 the same, but the catalytic activity is identical in both
isoforms.

The cellular targeting of PKA and the existence of microdo-
mains of cAMP provide spatial and temporal specificity in the
mediation of biological effects controlled by the cAMP-PKA
pathway. We have demonstrated that the localization of the
three Tpks under different physiological conditions is different
(48) Thus, although both Tpkl and Tpk2 isoforms have the
same substrate specificity in vitro, they will not necessarily
phosphorylate the same substrate in vivo. There are anteced-
ents of this type of behavior for Tpkl and Tpk2 (23). Both iso-
forms of PKA have been shown to have different roles in
pseudohyphal differentiation. However, they were both capable
of the in vitro phosphorylation of the two transcriptional regu-
lators, Flo8 and Sfl1, involved in this phenotype. We concluded
that the differences in substrate and kinase intracellular local-
ization likely contributed to the unique activating function of
Tpk2 in pseudohyphal differentiation compared with the inhib-
itory role of Tpkl.

It has been demonstrated that both the mammalian type Ia
and the type II3 holoenzymes are more stable in the presence of
cAMP than thought previously and that the substrate can
enhance the dissociation of PKA type I at low, physiologically
relevant concentrations of cAMP but failed to affect the inter-
action of the subunits of type II kinase (26, 27). In our labora-
tory, we have demonstrated the participation of the peptide
substrate in the activation of a fungal (Mucor rouxii) holoen-
zyme by cAMP (29). It was interesting to analyze whether the
substrate could participate in the PKA holoenzyme activation
in S. cerevisiae. Using an immobilized yeast holoenzyme
formed by Bcyl and a mixture of Tpks, we demonstrate in this
work that both the peptide and protein substrates sensitize the
holoenzyme to activation by cAMP. The protein substrate Pykl
at a concentration of 2.7 or 3.5 uM (in the same order as phys-
iological concentrations) can enhance the dissociation of yeast
PKA at physiological cAMP concentrations (0.03—0.13 um).
The results show that there is a correlation between the behav-
ior of the peptides as sensitizers to cAMP activation and their
K., for the isolated C subunit; suggesting that the sensitization
occurs at the level of competition between the substrate and the
IS region of the regulatory subunit. However, interactions
through different domains either in C or R, as has been sug-
gested by us and others (49, 50), might be participating in the
activation by a protein substrate, because the whole Pyk1 pro-
tein was a better activator than the peptide derived from it.
Previous results from our group give a clear indication that
activation of PKA by cAMP within the cell might be a regulat-
able process. We have measured PKA activity in situ in perme-
abilized cells, preserving its intracellular localization, and com-
pared this value with total PKA activity measured in crude
extracts in vitro and found that in situ, one can measure around
1-2% of the total PKA activity (41). These data indicate that
there is a very high inhibitory effect of the R subunit within the
cell and that the PKA is not freely accessible to the peptide
substrate used in the in situ phosphorylation assay. The local
cAMP concentration of the cAMP generated endogenously as
well as the endogenous substrate concentrations might be key
factors in the activation mechanism of the PKA holoenzyme.
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Substrate availability as well as substrate sensitization of the
holoenzyme to cAMP can therefore be considered as a fine
regulation mechanism in the activation of PKA.

In conclusion, the specificity of the substrate recognition by a
kinase depends on a dynamic interrelationship of several fac-
tors: the amino acid sequence around the phosphorylation
amino acid, the substrate and kinase localization and expres-
sion levels, and the presence or absence of kinase anchor pro-
teins that limit the kinase-substrate interactions. In particular
the substrate specificity for the isoforms Tpkl, Tpk2 and Tpk3
in yeast does not seem to rely on the sequence determinants
around the phosphorylation sequence nor on a difference in &,
for each isoform. A new point of regulation to be considered
and that might contribute to isoform selectivity is the partici-
pation of the substrate in the activation of PKA by cAMP.
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