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A set of peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys-Ala, where X stands for Gly, Ala, Val,
Leu, Ile, Phe, Lys, Glu, and Gln was studied as protein kinase A substrates. Although the lead
peptide of this series was designed as a specific substrate for protein kinase C, all the compounds
listed were also phosphorylated by protein kinase A. The data were analyzed by means of
quantitative structure–activity relationships, taking into account hydrophobicity of the variable
amino acids, bulkiness of their side-groups quantified by the molecular refractivity constants
MR. Differently from similar correlation, obtained previously for protein kinase C, there was
no influence of the ionic status of the variable amino acid on peptide reactivity in reaction
with protein kinase A. The results of correlation analysis were used to compare substrate
specificity patterns of protein kinase A and protein kinase C, focusing on details of the molecular
recognition of peptide structure in vicinity of the phosphorylatable serine residue. A quantitative
structure–activity relationship was formulated to characterize differences in specificity of these
enzymes at the peptide position 11. q 1999 Academic Press

INTRODUCTION

The sequence of amino acids on both sides of the phosphorylatable Ser/Thr residues
in substrates of protein kinases A and C is undoubtedly an important recognition
determinant for these enzymes (1–4). On the other hand, specificity of these enzymes
is not related to some absolutely fixed amino acid sequence and rather large variation
can be observed even in the case of the endogenous substrates, where the phosphoryla-
table residues are surrounded by amino acids of different chemical structure, hydropho-
bicity, and charge distribution (5). Therefore, for more adequate description of substrate
specificity of protein kinases quantitative structure–activity relationships were applied
to quantify the specificity-determining factors at different positions of amino acids
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around the phosphorylatable residue (6). These quantitative structure–activity relation-
ships can be used to predict reactivity of peptides in the phosphorylation reaction
and for design of optimal substrates (7).

On the other hand, the quantitative structure–activity relationships can also be
used to compare the substrate specificity determinants of different enzymes. This is
important, for example, for finding correlates between catalytic properties and structure
of the enzymes, but may also have a practical value if the peptide substrates are used
for selective assay of particular protein kinases in crude enzyme preparations or cell
extracts containing several enzymes.

Our previous study on the “cross-specificity” of protein kinases A and C (8) has
pointed to the possibility that only a short part, mostly the sequence of 1 to 2 amino
acids around the phosphorylatable serine residue, were important for differentiation
of substrates by these enzymes. The remaining part of the peptides had a rather similar
influence on reactivity of substrates of these two enzymes. Therefore it was proposed
that the active center of these enzymes can conventionally be divided into two
parts, responsible for selectivity and effectiveness of the phosphorylation reaction,
respectively. In the present study the former factors, governing selectivity of substrate
differentiation, have been analyzed in more detail. For this purpose the specificity of
protein kinase A for amino acids adjacent to the phosphorylation site was studied by
using synthetic peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys-Ala with various amino
acids in the position X. The variable amino acids were Gly, Ala, Val, Leu, Ile, Phe,
Lys, Glu, and Gln.

EXPERIMENTAL

Chemicals. [g-32P]ATP was purchased from Amersham, Great Britain. The pep-
tides were synthesised by the Merryfield solid phase synthetic procedure (9). Phospho-
cellulose paper P81 was from Whatman (UK). Purification of the peptides was done
by RP-HPLC chromatography using a 10 mm diameter Vydac column. Elution was
performed by a linear gradient of 0–40% acetonitrile in 0.1% aqueous trifluoroacetic
acid for 60 min. The flow rate was 4 ml/min. The peptides were detected at 230 nm.
Fractions were combined after analysis by plasma desorption mass spectrometer
and lyophilized.

Enzyme purification. Catalytic subunit of protein kinase A was purified from pig
heart according to the previously published protocol (10). The enzyme stock solution
with protein concentration 0.4 mg/ml was stored at 2758C and was diluted immedi-
ately before the kinetic assay in 20 mM MES (2-(N-morpholino)-ethanesulfonic acid)
buffer (pH 6.5, 2 mg/ml bovine serum albumin, 1 mM DTT).

Kinetics of peptide phosphorylation. The phosphorylation of peptides was carried
out at 308C. The reaction mixture (200 ml) contained 50 ml 150 mM Tris–HCI buffer
(pH 8.5); 75 ml of peptide stock solution in 50 mM Tris–HCL buffer containing
0.005% Triton X-100 (pH 7.5), 25 ml of solution of 37.5 mM MgCl2 and 0.75 mM
[g-32P]ATP (specific radioactivity 100 cpm/pmol); and 50 ml of solution of protein
kinase A catalytic subunit. The enzyme concentration in the reaction mixture was
3–7 U/ml.
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The phosphorylation reaction was started by the addition of catalytic subunit of
the enzyme and monitored by transferring aliquots of 25 ml onto pieces of phosphocel-
lulose paper. The reaction was stopped by immersing the papers in ice-cold 75 mM
H3PO4. The papers were washed four times with ice-cold 75 mM H3PO4 (10 min
each time) and dried at 808C for 30 min. The radioactivity bound to paper was
measured as Cerenkov radiation.

The initial rates of the phosphorylation reaction were calculated from cpm vs time
plot using the least square linear regression analysis. The parameters of Michaelis–
Menten rate equation (V and Km ) were calculated by using a nonlinear regression
analysis program package (Enzfitter). In the case of peptides of low reactivity only
the second order rate constants kII were calculated from the slope of initial velocity
vs peptide concentration.

RESULTS

Peptide Phosphorylation by Protein Kinase A

The peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys-Ala, where X stands for Gly, Ala,
Val, Leu, Ile, Phe, Gln, Glu, and Lys were phosphorylated by protein kinase A and
linear plots of the initial rate vs enzyme concentration were observed in all cases.
This was taken as an additional indication that the reaction followed was catalyzed
by the enzyme. If the initial rate vs substrate concentration plots were hyperbolic,
the Michaelis–Menten rate equation parameters V and Km were calculated by means
of the conventional nonlinear least-squares method following the equation:

v 5
kcat[E ][S]

Km 1 [S]
, [1]

where [E ] and [S] denote the enzyme and substrate concentrations, respectively. The
results of these calculations are listed in Table 1.

TABLE 1

Kinetic Parameters for Phosphorylation of Peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys-Ala by
Protein Kinase A

X 107 V mol/min mg Km mM 104 kII l/min mg

Alanine n.d.a n.d.a 0.074 6 0.006
Glutamine 0.27 6 0.04 941 6 230 0.29
Glutamic Acid n.d.a n.d.a 0.061 6 0.007
Glycine n.d.a n.d.a 0.043 6 0.006
Isoleucine 15.3 6 4.4 1845 6 665 8.29
Leucine n.d.a n.d.a 5.56 6 0.19
Lysine 0.088 6 0.005 258 6 40 0.34
Phenylalanine 1.9 6 0.6 170 6 126 11.4
Valine 9.7 6 1.0 2321 6 304 4.18

a Due to the low rate of phosphorylation the kinetic parameters could not be determined under the
experimental conditions used in this study.
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However, in several cases the peptide concentrations accessible for experimental
investigation were obviously too low to exceed the Km value and the initial rate versus
substrate concentration plots observed were linear, following the simplified version
of the rate equation [1] at [S] , Km:

v 5
kcat

Km
[E ][S]. [2]

From these linear plots the second order rate constants of the enzyme reaction, kII 5
kcat /Km , were calculated for all substrates and listed in Table 1. As stressed before
(8), the latter rate constants should be considered as meaningful parameters for QSAR
analysis, as their physical meaning does not depend on the rate-limiting step of
the reaction.

Influence of Amino Acid X on Peptide Phosphorylation by Protein Kinase A

Variation in structure of the amino acid X in peptide series Lys-Arg-Pro-Ser-X-
Arg-Ala-Lys-Ala altered both the Km and V values of the phosphorylation reaction
by protein kinase A (Table 1). As a result of this variation only the kII values were
measured for four of the less reactive peptides.

It can be seen in Table 1 that the most effective substrates were peptides with
hydrophobic side groups of the amino acid X. On the other hand, location of ionic
charge of both negative and positive signs in position X considerably decreased the
reactivity of peptides. Most clearly these regularities can be followed in the case of
the second-order rate constants kII, which values covered more than two powers of
magnitude within the present reaction serie.

For a more systematic analysis of these regularities the rate constants kII were
analyzed by means of quantitative structure–activity relationships, taking into account
hydrophobicity (p) and bulkiness (MR) of the side chains of amino acids X. The
values of these structural parameters were compiled from (10) and (11) and were the
same as used in our previous studies (6,8). It should be emphasized that there was
no significant correlation between the p and MR constants within the present reaction
series (r 5 0.087) and both parameters can be used in the same correlation equation.

For the log kII values this analysis yielded the following relationship:

log kII(PKA) 5 2(4.7 6 0.2) 1 (0.65 6 0.09) p 1 (0.05 6 0.01) MR, [3]

where n 5 9, s 5 0.281, r 5 0.969.
In this and the following correlations n is the number of data points, and quality

of the correlation was described by the standard error of estimation (s) and the
correlation coefficient (r). The 95% confidence intervals of the parameters are given.

Omission of either p or MR from this analysis significantly lowered the quality
of the correlation, pointing to significance of both parameters used. On the other
hand, however, addition of the independent variable Ind to take into consideration
the ionic status of substituents (see in (7)) did not improve the correlation and yielded
the correlation coefficient 0.960. This means that the ionic charge, if located in the
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position 11 of the protein kinase A substrates, was of no importance for peptide–
enzyme interaction. In other words, these results indicate that no counter-ion for
interionic interaction was located in this part of the enzyme active center.

In summary, the structure–activity relationship above can be taken as a quantitative
descriptor of specificity of protein kinase A against variable structure of peptide
substrates in the position 11, directly following the phosphorylatable serine residue.
By using the same relationship (3) reactivity of peptides can be predicted in the case
of amino acids X not involved in the experimental analysis. The results of these
calculations are presented in Table 2. These results allow the estimation of the most
effective substrate within the present reaction series. As follows from the structure–
activity relationship (3), this substrate should possess the group X of the maximal p
and MR values. Therefore trypthophan should be the best choice among the naturally
encoded amino acids.

DISCUSSION

The peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys-Ala were originally designed pro-
ceeding from the amino acid sequence around Ser (8) of myelin basic protein, which
is a specific substrate for protein kinase C (13). In spite of that the same peptides
were phosphorylated also by protein kinase A, pointing to the fact that both of

TABLE 2

Comparison of Predicted Reactivity of Peptides Lys-Arg-Pro-Ser-X-Arg-Ala-Lys Ala in
Reactions with Protein Kinase A and Protein Kinase C

Log kII predicted for Log kII predicted for
X protein kinase A protein kinase C

log
kII,PKC

KII,PKA

Alanine 24.9 (25.1)a 23.3 21.6
Arginine 24.5 21.8 22.7
Asparagine 25.0 23.3 21.7
Aspartic Acid 25.3 24.5 20.8
Glutamine (24.5)a 23.0 21.5
Glutamic Acid 25.0 24.3 20.7
Glycine 25.4 23.6 21.79
Histidine 24.0 22.7 21.3
Isoleucine 23.2 (23.1)a 22.3 20.9
Leucine 23.3 (23.3)a 22.4 20.9
Lysine 24.7 (24.5)a 22.0 22.7
Methionine 23.4 22.4 21.0
Phenylalanine 22.7 (22.9)a 22.0 20.7
Proline 24.2 22.9 21.3
Serine 24.8 23.20 21.6
Threonine 24.6 23.10 21.5
Tryptophan 21.8 21.5 20.3
Tyrosine 23.1 22.2 20.9
Valine 23.7 (3.4)* 22.7 21.0

Note. The predicted log kII values for protein kinase A were calculated from the correlation equation
[3] and for protein kinase C were compiled from Ref. (7).

a Experimental log kII values are shown for comparison in brackets.
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these enzymes were not absolutely selective for the peptide structure around the
phosphorylatable site. Thus the substrate specificity of these enzymes cannot be
compared in terms of particular peptide sequences, but call for a more detailed
presentation. In this study quantitative structure–activity relationships were used for
this purpose.

Hydrophobic Binding Site for Peptide Position 11 in Protein Kinase A Active
Center

The present results revealed that hydrophobicity and bulkiness of X were the most
significant specificity determining factors in the reaction of phosphorylation of Lys-
Arg-Pro-Ser-X-Arg-Ala-Lys-Ala by protein kinase A. The intensity factor 0.65 for
hydrophobic interaction, calculated for the second order rate constants log kII, points
to the possibility that the residue of X is located in a common protein hydrophobic
binding site of medium hydrophobicity. This pocket can indeed be observed in the
X-ray structure of protein kinase A (14), but its functional meaning can be specified
proceeding from kinetic data.

It is noteworthy that the kinetic data for peptides with ionic groups in the position
11 also support the idea about location of these residues in an hydrophobic binding
site, as there was no need to introduce additional terms into the correlation equation
in the case of both cationic and anionic residues X. Such location explains the
decrease of substrate reactivity in the case of these ionic groups, as their transfer into
hydrophobic surrounding is energetically unfavourable. This situation is quantified
by the negative values of the appropriate p constants (10).

In summary, the structure–activity relationship, presented by the correlation Eq.
[3], can be taken as a formal presentation of the specificity pattern of protein kinase A
toward the peptide structure in the position 11, directly following the phosphorylatable
serine residue.

Differential Specificity of Protein Kinases A and C

Specificity of protein kinase C, studied in the previous communication of this series
(7), was expressed by the following correlation equation:

log kII(PKC) 5 2(3.6 6 0.2) 1 (0.32 6 0.07) p

2 (0.03 6 0.01) MR 1 (1.04 6 0.15) Ind, [4]

where n 5 13, s 5 0.271, r 5 0.965.
This structure–activity relationship shows that protein kinase C recognizes also

hydrophobicity and bulkiness of X. However, in addition to these factors also the
ionic status of the variable residue, quantified by the independent parameter Ind, was
important in the case of this enzyme. As the first approximation the variable Ind has
value 11 for cationic, 21 for anionic, and 0 for nonionic substituents. Thus, the
electrostatic interaction can be expected as one of the specificity determining factors
in the case of protein kinase C. As the intensity factor for the Ind parameter has
positive sign in Eq. [4], it can be expected that there is a negative charge located in
the active center of protein kinase C and responsible for interaction with the ionic
groups located in substrate peptides.
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The importance of the electrostatic interactions in position 11 in the case of protein
kinase C and the absence of this factor in the case of protein kinase A seems to be
the main difference in specificity patterns of these two enzymes. However, besides
that there are also quantitative differences in other specificity-determining factors, as
seen by comparison of the Eqs. [3] and [4]. First, the intensity of hydrophobic
interaction is stronger in the case of protein kinase A. This agrees well with the
absence of the electrostatic effect, as the presence of hydrophobic and ionic groups
in the same area of active center seems to be somewhat antagonizing phenomenon.

Second, there is some difference between the enzymes regarding the role of substitu-
ent bulkiness, quantified by the MR constants. If bulkiness of X supports the peptide
phosphorylation reaction in the case of protein kinase A, this factor has negative
effect in the case of protein kinase C. Although the physical meaning of this (rather
minor) effect is not well understood, it can be assumed that this parameter reflects
orientation of the amino acids in peptide while bound in the binding site.

The differential specificity of protein kinases A and C can be formalized in terms
of a structure–activity relationship, obtained as difference of Eqs. [3] and [4],

D log kII 5 21.1 1 0.33 p 1 0.08 MR 2 1.0 Ind. [5]

This relationship shows that selective substrates for protein kinase A may be
designed by altering both the p and MR values for the amino acid X in the position
11. However, more significant differences can be created by introduction of a posi-
tively charged amino acids into this position. These substitutions should increase
reactivity of the peptides in the reaction with protein kinase C and decrease reactivity
in the case of protein kinase A. In the latter case the decrease of the phosphorylation
rate occurs due to the negative contribution of the hydrophobicity term (p) in Eq.
[5]. These alterations in peptide reactivity were illustrated in Table 2.

In summary, proceeding from Eq. [5] substrates of similar reactivity as well as
maximally different reactivity can be designed for protein kinases A and C.
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