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Department of Medical and Physiological Chemistry, University of Uppsala, S-751 23 Uppsala,
Sweden; and *Institute of Chemical Physics, University of Tartu, EE-2400 Tartu, Estonia

Received February 14, 1995

The kinetics of phosphorylation of the Sepharose-coupled peptide RRASVA by catalytic
subunit of protein kinase A, and diastereomers of this peptide, containing D-amino acids
successively in each position, were studied. Coupling of these peptides with the amino and
carboxyl termini to CH- and AH-Sepharoses had similar effects on the phosphorylation
reaction, increasing the Km and decreasing the V values, respectively. The diastereomeric
peptides were also phosphorylated by the enzyme and the rate of this reaction depended on
the position of substitution of L-amino acids with their D-analogs. However, this dependence
was much less pronounced if compared with stereoselectivity of the enzyme in reactions with
these peptides in solution: the Km values for the Sepharose-coupled peptides were almost
insensitive to the replacement of L-amino acids with D-analogs and moderate stereoselectivity
was revealed in the maximal velocity of the reaction. The Sepharose-coupled peptide
containing D-serine was also phosphorylated by protein kinase A while the same peptide
in solution did not interact with the enzyme. Consequently, the polymer, enveloping the
phosphorylatable peptide, may remarkably influence the recognition of the reaction site,
altering both V and Km values.  1996 Academic Press, Inc.

INTRODUCTION

Protein kinases phosphorylate Ser/Thr or Tyr residues in soluble and membrane-
integrated proteins (1, 2) and most often the specificity of these enzymes is discussed
with regard to the amino acid sequence around the phosphorylatable site (3).
However, it cannot be excluded that additional features of the three-dimensional
structure of substrate may also influence the reaction. Therefore it seemed to be
of interest to extend the specificity studies of peptide substrates to heterogeneous
systems, containing polymeric structures and surfaces which might modify the pep-
tide–enzyme interactions.

In this study such a heterogeneous substrate system for protein kinase A (EC
2.7.1.37, ATP : protein phosphortransferase) was designed by covalent coupling of
the hexapeptide RRASVA,2 and its diasterometric derivatives, containing succes-
sively D-amino acids in each position, to a Sepharose matrix. These peptides reveal

1 To whom the correspondence should be addressed. Fax: (372) 7 432 884 and (372) 7 441 453. E-
mail: JJ@chem.ut.ee.

2 RRASVA, hexapeptide Arg-Arg-Ala-Ser-Val-Ala, and the lower case letters are used to denote
D-amino acid in its diastereomers.
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a rather characteristic stereoselectivity pattern in the reaction with protein kinase
A in solution (4) and therefore were selected as tools in this study.

Sepharose is specially designed for affinity chromatography and therefore it has
a relatively small void volume for proteins. On the other hand, its polymeric structure
immobilizes the peptide and may support the peptide–protein interactions via
binding of the enzyme molecule, thus providing the possibility to analyze the sorp-
tion effect on recognition of the substrate structure.

MATERIALS AND METHODS

Chemicals. CH-Sepharose 4B and AH-Sepharose 4B were purchased from Phar-
macia Fine Chemicals. 1-ethyl-3(3-dimethylaminopropyl)carbodiimide HCl
(EDAC) was obtained from Bio-Rad Laboratories [c32P]ATP was from Amersham.
Other commercially obtained chemicals were of highest available grade from Sigma.
The peptides were synthesized by the Merrifield solid phase synthetic procedure
(5) as previously described (4, 6). The chemical and stereochemical purity of the
peptides was checked using the ion-pair chromatography as described (5, 6).

Coupling of peptides to Sepharose. Water-soluble carbodiimide EDAC was used
for peptide coupling to CH- and AH-Sepharoses according to Pharmacia instruc-
tions (Affinity Chromatography. Principles and Methods. Pharmacia Fine Chemi-
cals, 1979). The molar ratio of the spacer groups of the gel, peptide, and carbodiimide
in most experiments was 1 : 3 : 60. The peptide was dissolved in water and mixed
with washed and preswollen Sepharose to obtain 1.5 ml of gel suspension in water
(liquid/gel ratio 2 : 1). The pH of this mixture was checked and adjusted with
0.5 M HCl to 5.5 when necessary. Then an excess of EDAC was added as free
powder, the pH of the mixture checked and adjusted when necessary, and the
suspension slowly rotated at 48C for 5 h. The peptide content of the gel was 2–4
emol/ml in the case of CH-Sepharose 4B and around 1 emol/ml in the case of
AH-Sepharose, as calculated from amino acid analysis data.

Enzyme. Protein kinase A catalytic subunits were prepared from pig heart
essentially according to the previously published procedure (7). The enzyme stock
solution (0.21 mg protein/ml) was kept at 2708C and diluted with 20 mM MES (2-(N-
morpholino)-ethanesulfonic acid) buffer (pH 6.5, 2 mg/ml bovine serum albumine, 1
mM DTT) before the experiments.

Kinetics of peptide phosphorylation. All kinetic studies were made at saturating
ATP concentration (0.1 mM). The reaction of peptide phosphorylation was carried
out at 258C in 225 el of reaction mixture, containing 75 el of 150 mM Tris–HCl
buffer (pH 8.5), 100 el of substrate solution or suspension in 50 mM Tris–HCl
buffer (pH 7.5, 0.005% Triton X-100), 30 el of 0.75 mM [c32P]ATP with specific
radioactivity around 100 cpm/pmol, and 20 el of the enzyme solution, diluted as
described above. The reaction was initiated by the addition ATP and the course of
the peptide phosphorylation was followed by analysis of six 30-el samples removed
during 5–10 min.

In the case of Sepharose-coupled peptides these aliquots were transferred to
Whatman glass microfiber filters (GF/A) and the reaction was stopped by immediate
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extensive washing with salt solution (0.5 M NaCl and 0.1 M MgSO4 , 3 3 20 ml).
Afterwards the filters were dried and the Cherenkov radiation was measured.

In the case of soluble peptide these aliquots were transferred onto 2 3 2-cm
pieces of phosphocellulose paper (Whatman 81) and the reaction was stopped by
immersing these papers into ice-cold 75 mM phosphoric acid. After this the papers
were washed four times with the same acid solution and dried at 808C before
measurement of the Cherenkov radiation.

Data processing. The initial rates of the phosphorylation reaction were calculated
from the slopes of the cpm vs time plots, which were linear during the 5–10 min
used for monitoring the process. In the case of the Sepharose-coupled peptides the
intercept of these plots, characterizing the nonspecific adsorption of radioactive
compounds on the filter, could be decreased by extensive washing of the samples
during the filtration procedure. Calculations were carried out on an IBM PS/1
computer using the Enzfitter program package (Elsevier).

RESULTS

Phosphorylation of Sepharose-Coupled Peptides

The hexapeptide RRASVA was coupled to 6-carbon spacer arms with COOH and
NH2 groups of CH- and AH-Sepharoses 4B, respectively. This provided coupling of
the peptide via its terminal amino and carboxyl groups, respectively. Both products
were substrates for protein kinase A. The phosphorylation of the immobilized
substrates was carried out as for the soluble peptides except that continuous agitation
of the reaction mixture was necessary to avoid precipitation of the Sepharose beads
during the reaction.

With CH-Sepharose 4B, higher yields and better reproducibility of peptide cou-
pling were obtained. Therefore, in the following systematic study of phosphorylation
of diastereomeric peptides, only this matrix was used.

The product of the phosphorylation was assayed through the mechanical separa-
tion of the Sepharose beads from other components of the reaction mixture. There-
fore extensive washing of the filters could be used to reduce the filter-adsorbed
radioactivity without loss of the reaction product. On the other hand, at high enzyme
concentrations (above 0.01 mg protein/ml) some phosphorylation of the Sepharose
matrix was observed. This time-dependent nonspecific binding of radioactive phos-
phorous could not be removed by washing. But in the presence of substrates the
rate of this background reaction was below 0.1% of the phosphorylation rate of
the least reactive peptides.

Kinetics of Immobilized Peptide Phosphorylation

The initial velocities of phosphorylation of the immobilized peptides were propor-
tional to the enzyme concentration (Fig. 1). Thus the entire amount of the phosphor-
ylation product detected was formed via the enzyme-catalyzed process. At saturating
ATP concentration the dependence of the initial rate of phosphorylation upon
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FIG 1. Effect of concentration of protein kinase A on the initial rate of phosphorylation of CH-
Sepharose 4B-coupled peptide RRASVA at substrate concentration 7.5 eM.

peptide concentration was hyperbolic (Fig. 2), following the common Michaelis–
Menten rate equation

v 5
V [S]

Km 1 [S]
, [1]

which allowed calculation of the V and Km values. The constants obtained are listed
in Table 1.

As the substrate concentration in these kinetic experiments was calculated from
the data of amino acid analysis, the net amount of the immobilized peptide per
unit of the reaction volume was used in these plots. The variation in peptide
concentration was achieved in two different ways. First, the suspension of the
Sepharose beads was simply diluted in the reaction mixture that reduced the amount

FIG. 2. Kinetics of phosphorylation of hexapeptide RRASVA, coupled to CH-Sepharose 4B. Gel
preparations of different coupling density were used: s, 2.2 emol/ml gel; d, 4.1 emol/ml gel; h, 3.0
emol/ml gel; j, 1.5 emol/ml gel.
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TABLE 1
Effect of Immobilization of Synthetic Peptide Arg–Arg–Ala–Ser–Val–Ala and Its Diastereomeric

Analogs to Sepharoses on the Kinetics of Their Phosphorylation by Protein Kinase A Catalytic Subunit

Km V k0

Peptides (mM) (mol/min g) (liter/min g)

RRASVA 10.7 6 1.1 (1.02 6 0.03) 1022 402 6 41
AH-Sepharose 4B coupled
RRASVA 65.7 6 3.3 (1.5 6 0.4) 1023 16.4 6 0.9
CH-Sepharose 4B coupled
RRASVA 87.4 6 9.1 (1.6 6 0.2) 1023 14.6 6 0.58
rRASVA 679 6 300 (9.0 6 2.4) 1024 0.73 6 0.06
RrASVA 363 6 32 (7.9 6 3.5) 1024 1.29 6 0.08
RRaSVA 335 6 114 (1.9 6 0.3) 1024 0.22 6 0.02
RRAsVA 301 6 13 (8.7 6 1.5) 1024 1.55 6 0.27
RRASvA 406 6 299 (5.8 6 2.1) 1025 0.09 6 0.01
RRASVa 827 6 341 (3.4 6 0.8) 1023 3.05 6 0.40

Note. D-Amino acids are denoted by lower case letters.

of peptide per volume unit. Second, the coupling products of different peptide
density were used. This means that the reaction mixtures with similar amounts of
peptide contain different amounts of Sepharose particles. As can be seen in Fig.
2, no systematic effect of gel concentration on the reaction rate was observed under
the conditions used in this study. Therefore the Km values were expressed in ordinary
concentration units, calculated as the amount of peptide per volume of the reac-
tion mixture.

In addition to the V and Km values the parameters k0, which correspond to the
second-order rate constants of the enzyme reaction, were calculated from slopes
of the initial linear parts of the v vs [S] plots, as at Km ! [S] the rate equation
(Eq. [1]) is simplified thus:

v 5 k0[S] 5
V

Km
[S]. [2]

It should be emphasized that the k0 values listed in Table 1 were not calculated as
ratio of V and Km , but are independent estimates from different sets of data points.
It can be seen that these constants were in a reasonably good agreement with the
values of V/Km ratios (Table 1).

The same kinetic parameters were calculated for the phosphorylation of the
soluble peptide RRASVA, using the same preparation of protein kinase A. This
provided the possibility of comparison of the present kinetic data with earlier work
(4), made with the same peptides but with a different enzyme preparation.

Effect of Immobilization on Peptide Phosphorylation

The kinetics of phosphorylation of the immobilized hexapeptide RRASVA did
not depended on the type of Sepharose (Table 1). This means that either end of
the peptide could be coupled to the matrix with no difference between the products
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with regard to their efficiency as phosphate acceptors. This is in agreement with
the general understanding that modification of the peptide structure at some distance
from the phosphorylatable site had weak or no effect on the kinetics of its phosphor-
ylation (8).

Agreement between the V and Km values for the peptide, linked to the AH- and
CH-Sepharoses, respectively, indicated that the ionic groups of different charge
type, not used in the peptide coupling reaction, had no influence on the enzyme-
substrate interaction. On the other hand, the agarose matrix itself influenced the
enzyme–peptide interactions as immobilization of the peptide altered the values
of both constants, V and Km , if compared with the appropriate data for the soluble
substrate (Table 1).

Enzyme Stereoselectivity in Reactions with Immobilized Peptides

The inversion of the stereochemical configuration of individual amino acids in
immobilized peptides resulted in decreased values of V and increased values of Km

if compared with the all-L-peptide (Table 1). These stereospecificity effects de-
pended on the position of the D-amino acid (Fig. 3). This was most clearly seen in
the constants V, which had the lowest values when the modification was made
directly before or after the phosphorylatable site. The effects were greater than
those seen in the reactions of soluble peptides (Fig. 3). However the Km values for
immobilized peptides reveal much weaker dependence upon the location of the D-
amino acid in the substrate molecule if compared with the phosphorylation reaction
of the peptides in water. Thus, the coupling of peptides to Sepharose matrix seems
to reduce the enzyme stereospecificity.

Phosphorylation of Immobilized D-Ser-peptide

The CH-Sepharose 4B-coupled peptide RRAsVA with D-serine in the fourth
position was also a substrate for protein kinase A and the kinetic parameters for this
compound were not very different from those for other immobilized diastereomeric
peptides (Table 1). This is the most dramatic difference between the phosphoryla-
tion of Sepharose-coupled and soluble peptides, respectively, as in the latter case,
the D-serine containing peptide was not a substrate for protein kinase A (4).

DISCUSSION

Kinetic studies on the mechanism of the protein kinase A-catalyzed reaction with
peptide substrates, containing the consensus sequence RRXSX, have indicated
that MgATP binding typically precedes the peptide binding (9, 10). The following
chemical step of the phosphoryl group transfer to the serine residue, as well as the
release of the phosphorylated peptide from the enzyme, are rapid processes, while
the desorption of ADP (or the accompanying conformational transition) seems to
be the rate-limiting step of the catalysis (9, 11). As a result of that, the maximal
velocity of the phosphorylation reaction remains almost independent of the structure
of peptides (8).
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FIG. 3. Stereospecificity profiles of protein kinase A in reactions with CH-Sepharose 4B-bound (d) and
soluble (s, data from Ref. 4) diasteromeric peptides RRASVA, containing D-amino acids successively in
each position. In the latter case the D-Ser-containing peptide was not phosphorylated. Amino acid
positions are numbered with respect to that of serine.

Covalent coupling of the peptide RRASVA to a Sepharose matrix changed the
maximal velocity of the phosphorylation reaction when compared with the same
process in solution (Table 1). The almost 10-fold or larger decrease in V could most
likely be related to alteration of the rate-limiting step of the catalysis, as the release
of the enzyme from the immobilized phosphorylation product presumes the diffu-
sion of the entire protein molecule, which obviously can be expected to be rather
slow if compared with the release of the phosphopeptide or ADP from the enzyme
in solution.

Immobilization of the peptide also changed the Km value. In solution this constant
is a complex parameter that depends, in the presence of an excess of ATP, on the
affinity of the peptide as well as on the rate of its phosphorylation (10). As a result
of that, the Km for a good substrate is considerably lower than the dissociation
constant Kd for the enzyme–substrate complex (12). Immobilization of the peptide
may affect both affinity and rate, changing thus the numerical value, as well as the
physical meaning of the parameter Km . Therefore, it is possible that the Km values
for immobilized peptides more directly characterize the affinity of substrate.

On the other hand, the increase in the Km value may also reflect heterogeneity
of the immobilized substrate, although the exclusion limit of Sepharose 4B in gel
filtration corresponds to a molecular weight of 20 3 106. This makes the interior
of the matrix easily accessible for proteins like the catalytic subunit of protein
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kinase A (MW approx 41 kDa). However, in spite of that, some part of the coupled
peptide molecules can be sterically hindered from the phosphorylation which may
reduce the effective substrate concentration and, in turn, must lead to a higher
apparent Km value, as the total peptide concentration is used in the v vs [S] plot.
Within the present study these possibilities cannot be clearly differentiated. How-
ever, when peptides of the same chemical composition are considered, as is the
case in the series of the diastereomeric peptides investigated in this study, these
effects should be similar and thus do not interfere with the further comparison of
the enzyme stereospecificity in reactions with soluble and immobilized substrates.

The most dramatic effect of peptide immobilization on the specificity of protein
kinase A was obtained with the D-serine containing substrate RRAsVA. In solution
this peptide is not phosphorylated, and as shown by competition studies, it does
not interact with the enzyme at rather high concentrations (4). But after immobiliza-
tion this substrate had a similar Km as peptides with D-amino acids in other positions.
This phenomenon occurred in parallel with the general trend of increase and lev-
elling off the Km values for diastereomeric peptides. Thus, not only the peptide
structure but also some other factors seemed to govern the ES-complex formation
in the case of the immobilized peptides. Among these the interaction of the enzyme
with the Sepharose matrix or the linker for the peptide should be considered.

The situation may be the general case for enzyme reactions with substrates in
heterogeneous systems or on surfaces, where both the kinetic mechanism as well
as specificity-determining factors can vary if compared with the analogous reactions
in solution. This means that also the tertiary and supramolecular structures, and
the location of the phosphorylatable center in this surrounding, may influence the
phosphorylation reaction with native proteins. This aspect, and especially the role
of different amino acid sequences in the protein structure in determining the speci-
ficity of protein kinases, is not yet clear. In this context it can also be expected that
enzyme specificity studies with solid phase-bound and soluble peptide libraries may
yield some different results.

Finally, it seems to be important to stress the rather universal applicability of
the polymer-coupled substrates, as the filtration assay for separation of the phos-
phorylated product on glass fiber or even paper filters is extremely simple and does
not depend on the chemical nature and the net charge of the substrate used.
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