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The strength of the interaction between the catalytic and regulatory subunits in protein kinase A differs 

among species. The linker region from regulatory subunits is non-conserved. To evaluate the participation 

of this region in the interaction with the catalytic subunit, we have assayed its effect on the enzymatic 

properties of the catalytic subunit. Protein kinase A from three fungi, Mucor rouxii, Mucor circinelloides 

and Saccharomyces cerevisiae have been chosen as models. The R–C interaction is explored by using syn

thetic peptides of 8, 18 and 47 amino acids, corresponding to the R subunit autophosphorylation site plus 

a variable region toward the N terminus (0, 10, or 39 residues). The Km of the catalytic subunits decreased 

with the length of the peptide, while the Vmax increased. Viscosity studies identified product release as 

the rate limiting step for phosphorylation of the longer peptides. Pseudosubstrate derivatives of the 18 

residue peptides did not display a competitive inhibition behavior toward either kemptide or a bona fide 

protein substrate since, at low relative pseudosubstrate/substrate concentration, stimulation of kemptide 

or protein substrate phosphorylation was observed. The behavior was mimicked by intact R. We conclude 

that in addition to its negative regulatory role, the R subunit stimulates C activity via distal interactions.

© 2008 Elsevier Inc. All rights reserved.
The discovery of cAMP as a second messenger led eventually 

to the identification of PKA1 with regulatory subunits that are the 

major receptors for cAMP [1]. PKA, ubiquitous in eukaryotic cells, 

regulates processes as diverse as growth, development, memory, 

metabolism, gene expression, and lipolysis [2]. The PKA holoen

zyme exists as a complex of two C1 subunits and an R1 subunit 

dimer [1]. At low intracellular cAMP concentration, PKA is main

tained as an inactive tetrameric holoenzyme complex (R2C2) con

sisting of a homodimer R2 and two C. When intracellular concentra

tion of cAMP is increased in response to specific stimuli, two cAMP 

molecules bind allosterically to each R and, as a consequence, the 

inhibition of C by R is released, allowing it to phosphorylate target 

proteins.

The C subunit is comprised of a small and a large lobe with the 

active site in a cleft between the two lobes. This fold, first described 

for PKA, defines the highly conserved protein kinase superfamily 

[3]. The small lobe provides the binding site for ATP, and the large 

lobe provides catalytic residues and a docking surface for peptide/

protein substrates.
. All rights reserved.
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t from Bos taurus.	
Mammalian Rs consist of the DDD1 at the N terminus, through 

which two monomers of R dimerize, providing at a time a docking 

surface for A kinase anchoring proteins; at the C terminus two tan

dem cAMP-binding domains (CBD-A1 and CBD-B1) and between 

a flexible linker region, which includes a basic substrate-like IS1 

that docks to the active site cleft of C in the absence of cAMP. This 

region has been subdivided into two to simplify the structural and 

functional studies: linker I, comprising the IS and the portion of the 

linker region N-terminal to it, and linker II containing the portion 

C-terminal to the inhibitor sequence [4]; (see Fig. 1).

Crystal structures of complexes between C and deletion mutants 

of RIa and RIIa have been recently solved [5–7]. The analysis of 

these structures reveals at least four distinct subsites on R that 

interact with C. One of the sites is the basic IS (RRXS or RRXA) that 

docks to the acidic active site cleft in C subunit. A second site is the 

charged and hydrophilic linker II, completely disordered in cAMP-

bound R that becomes ordered at the interface with C subunit. The 

remaining two sites of interaction comprise both domains CBD-A 

and CBD-B.

We are interested in the study of the mechanism of activation 

of PKA and for this aim we have used three fungi as models, the 

dimorphic fungi Mucor rouxii and Mucor circinelloides and the yeast 

Saccharomyces cerevisiae. We have found that there is a great differ

ence among species in the affinity between R and C. The interaction 

between R–C in PKA from S. cerevisiae has already been reported to 

be lower than the one shown by PKAs from mammals [8]. PKA from 

both Mucor models have an important difference when compared to 

http://www.sciencedirect.com/science/journal/00039861
http://www.elsevier.com/locate/yabbi
mailto:smoreno@qb.fcen.uba.ar 


96	 J. Rinaldi et al. / Archives of Biochemistry and Biophysics 480 (2008) 95–103

mammalian PKA; from in vitro experiments we know they cannot be 

dissociated by the sole addition of cAMP even at low enzyme con

centration and under non-equilibrium conditions; under these con

ditions cAMP bind only to the CBD-B sites [9]. However, the simul

taneous addition of high salt (0.5 M NaCl) or polycations, together 

with cAMP, promotes the binding of cAMP to both CBD-A and CBD-B 

sites, and the dissociation of the subunits, suggesting additional 

ionic interactions in the holoenzymes [9–12].

Despite the high global degree of similarity among different 

R sequences from different species, there is striking sequence 

diversity in the hinge regions. The aim of this work is to inves

tigate the importance of this region in the R–C interaction. The 

hypothesis is that the hinge region is a region of interaction, and 

that it could account in part for the different behavior of PKA holo

enzymes among species. Particularly we now address, through a 

kinetic approach, the study of the linker region I using substrate 

and pseudosubstrate peptides derived from the IS domain con

taining part of the linker region I of the R subunits from M. rouxii 

and S. cerevisiae. The effect of these peptides is assayed on their 

own phosphorylation (substrate peptides) or on kemptide phos

phorylation (pseudosubstrate peptides), and extended to a protein 

substrate. The effect of low concentrations of R from Mucor on the 

catalytic activity of C is also assayed. The results demonstrate that 

the linker region I participates in the interaction between R and C 

in both Mucor and Saccharomyces models, that there is some differ

ence among species, and that the interaction with this region pro

motes an increase in the catalytic turnover of the C subunit, sug

gesting for the first time that R is not only an inhibitor of C activity 

in PKA but also a positive modulator of its catalytic efficiency.

Materials and methods

Materials

All chemicals were of reagent grade. Yeast growth medium sup

plies were from Difco Laboratories and Merck. Polyclonal anti-BCY 

(yN-19) and anti-goat IgG-peroxidase conjugated antibodies were 

from Santa Cruz Biotechnology Inc. Polyclonal antibody anti-M. 

rouxii R was prepared in rabbit [12]. Chemiluminescence Luminol 

Reagent was from GE Healthcare and [c32P]ATP was from Perkin-

Elmer. Phospho-cellulose paper (P81) was from Whatman. Anti-

rabbit IgG-peroxidase conjugated, ATP, cAMP, DEAE–cellulose, 

Phosphocellulose, Sephadex G-25 and horseradish peroxidase 

were from Sigma Chemical Co. Purified recombinant Bos taurus 

Ca was a generous gift from S. Taylor, University of California, San 

Diego. Nitrocellulose membrane was from MSI. EDTA-free prote

ase inhibitor cocktail was from Roche Diagnostics GmbH. Peptides 

were chemically synthesized by GenScript Corporation.

Sequence analysis

cAMP-dependent protein kinase regulatory R from B. taurus 

I-a (gi 125192), B. taurus II-a (gi 125197), S. cerevisiae (gi 600015), 

M. rouxii (gi 285215), M. circinelloides (gi 119712284), Neurospora 

crassa (gi 6225583) and Blastocladiella emersonii (gi 285215) were 

collected from National Institute of Health GenBank. CBD-A, CBD-B 

and DDD were predicted by SMART (smart.embl-heidelberg.de) in 

all the analyzed sequences except for N. crassa which did not dis

play a predictable DDD. The hinge region of each sequence was 

obtained from the difference between the full-length sequence and 

the predicted domains. Multiple sequence analysis of the hinge 

region was performed by ClustalW 1.8 using the default parame

ters. BioEdit 7.0.3 was used to edit sequence alignment.

Mucor rouxii PKA C purification

Fresh spores of M. rouxii (NRRL 1894) were grown to exponential 

phase in rich medium. The holoenzyme was prepared from mycelial 

powder through DEAE–cellulose and (NH4)2SO4 precipitation. For 

most of the experiments C was isolated by dissociating sucrose gra

dient centrifugation with 0.5 M NaCl and 1 mM cAMP as described 

previously [13]. The fractions with maximum phosphotransferase 

Fig. 1. Modular structure of R and multiple sequence alignment of the hinge region. The cartoon shows the general modular structure of R subunit. The alignment shows the 

hinge region of R subunits from Bos taurus (I-a and II-a), Saccharomyces cerevisiae, Mucor rouxii, Mucor racemosus, Neurospora crassa and Blastocladiella emersonii. Identical or 

similar residues are shaded according to the degree of identity or similarity.
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activity were pooled, freeze-dried and stored at ¡20 °C to use as 

enzyme source. The absence of R in these fractions was checked by 

Western blot, using polyclonal anti-M. rouxii R antibody. Before use, 

freeze-dried extracts were resuspended in the original volume of 

water and protease inhibitor cocktail. To perform the experiments 

of viscosity dependence of kinetic parameters, CMr
1 was obtained 

through cAMP–agarose affinity chromatography of the partially 

purified holoenzyme. Under these conditions, the holoenzyme is 

retained in the cAMP–agarose. The bound C was eluted with 0.5 M 

NaCl. The fractions with maximum phosphotransferase activity 

were pooled and used during the same day.

Mucor circinelloides PKA C purification

Mucor circinelloides strain R7B was grown to exponential 

phase in rich medium. CMc
1 was purified through DEAE–cellulose, 

(NH4)2SO4 precipitation and cAMP agarose affinity chromatogra

phy as described above. The fractions with maximum phospho

transferase activity were pooled, freeze-dried and stored at ¡20 °C 

to use as enzyme source. The absence of R in these fractions was 

checked by Western blot, using polyclonal anti-M. rouxii R anti

body. Before use, freeze-dried extracts were resuspended in the 

original volume of water and protease inhibitor cocktail.

Saccharomyces cerevisiae PKA C purification

The holoenzyme was prepared from 1115 wild-type (wt1115) 

yeast cells through (NH4)2SO4 precipitation and C was isolated 

by dissociating sucrose gradient centrifugation with 0.5 M NaCl 

and 1 mM cAMP as in CMr preparation. Gradient profile and stor

age were performed as described above for CMr purification. The 

absence of R in the collected fractions was checked by Western 

blot, using polyclonal anti-BCY antibody. Before use, freeze-dried 

extracts were resuspended in the original volume of water and 

protease inhibitor cocktail.

Mucor circinelloides R expression and purification

RMc
1 was prepared by sucrose gradient centrifugation of crude 

extracts from S. cerevisiae strain S13-3A overexpressing RMc from 

pYES-R, a high copy number plasmid under the control of a gal

actose-dependent promoter. The strain S13-3A harbors a dele

tion mutation that abolishes Bcy1 endogenous expression [11]. 

The fractions with maximum cAMP binding activity were pooled, 

freeze-dried and stored at 20 °C until use. This R preparation is not 

cAMP-free.

Saccharomyces cerevisiae Pyk11 purification

The source of enzyme was the JT20454 strain, containing the 

plasmid pPyk101, which allows the overexpression of this protein 

under its own promoter. Pyk1 was prepared by two chromatogra

phy steps, DEAE–cellulose and phospho-cellulose, and (NH4)2SO4 

precipitation as previously described [14]. Pellets were stored at 

¡20°C. The purification was monitored by Coomassie Blue staining 

of the different purification steps on SDS–PAGE. Before use, pel

lets were resuspended and desalted through Sephadex G-25. The 

quantification of purified Pyk1 was made by SDS–PAGE using BSA 

as standard.

PKA activity assays

Phosphotransferase activity of the M. rouxii, S. cerevisiae and 

mammalian Ca were assayed in a reaction mixture containing 

50 mM Tris–HCl, pH 7.4, 0.1 mM [c32P]ATP (300 cpm/pmol when 

using peptidic substrates and 1500 cpm/pmol when using Pyk1 

as substrate and for the experiments with RMc), 0.1 mM EGTA, 

0.1 mM EDTA, 15 mM MgCl2, 10 mM b-mercaptoethanol (Buffer A) 

and variable amounts of substrate peptides or Pyk1 in the absence 

or presence of non-phosphorylatable peptides, when indicated. 

When added, non-phosphorylatable peptides were preincubated 

with the enzyme in Buffer A at 4 °C for 10 min. When assaying the 

effect of RMc on kemptide phosphorylation by CMc, both subunits 

were preincubated at 30 °C for 30 min in buffer A (without addition 

of [c32P]ATP). In this case the reaction was started by addition of 

kemptide (final concentration 200 lM) and [c32P]ATP. The enzy

matic assays were incubated at 30 °C for 15 min. Linear conditions 

were always used both for time and enzymatic protein concentra

tion. In all the cases, except in Fig. 8, the amount of enzyme used 

in each reaction was 10 U (1 U corresponds to 1 pmol of phosphate 

incorporated per min to saturating concentrations of kemptide 

at 30 °C), which, in the case of pure bovine C subunit (Cb), corre

sponded to 0.15 pmol of enzyme. For Fig. 8 the following condi

tions were used: 2 U CMc and 0.02 pmol of pure Cb. Reactions using 

peptide substrates were processed by the phosphocellulose paper 

method [15]. The incorporation of phosphate into Pyk1 was deter

mined by scintillation counting of phosphorylated protein excised 

from standard dried SDS–PAGE gels. Alternatively, SDS–PAGE dried 

gels were subjected to digital imaging analysis (Bio-Imaging Ana

lyzer Bas-1800II and Image Gauge 3.12, FUJIFILM). In all the exper

iments kemptide phosphorylation was assayed as enzyme quality 

control and for comparative aims.

Viscosity dependence of kinetic parameters

The effect of viscosity on Vmax and on Vmax/Km was assayed at 

30 °C in the standard buffer A of PKA assays, with the addition of 

variable glycerol concentrations (0–40% v/v). The relative viscos

ities (gg0) of reaction buffers containing glycerol were calculated 

relative to buffer A at 30 °C, using an Ostwald viscometer.

Data analysis

Data from peptide substrates were fitted to Michaelis–Menton 

curves using GraphPad Prism 4.02 version. Km and relative kcat, (rel

ative kcat = peptide Vmax/kemptide Vmax) were compared. Catalytic 

efficiency (Ksp
*) was calculated as the mean value of relative kcat/

mean value of Km for each substrate peptide; relative specificity 

(relative kcat/Km), as the ratio of Ksp
* of different peptides from 

the same source (47-S/8-S; 18-S/8-S; 47-S/18-S). In the viscosity 

experiments kcat ratio and kcat/Km ratio are the ratios of the Vmax and 

Vmax/Km obtained in the absence of viscogen to the one in its pres

ence. Vmax/Km values were calculated from the slope of the Linewe

aver–Burk linear plots. Data from these assays (kcat ratio or kcat/Km 

ratio vs relative viscosity) were fitted to linear function. The slopes 

were estimated and compared.

Statistical treatment of results

Each experiment was performed three times, in which each 

data point was assayed in duplicate. To evaluate the effect of 

10Nt-M on kemptide phosphorylation by CMr, the effect of 18-A-S 

on Pyk1 phosphorylation by CSc and the effect of RMc on kemptide 

phosphorylation of CMc and Cb
1 a one-way ANOVA was applied. In 

all cases Tukey post hoc comparisons were performed.

Results

Sequence analysis

In order to find possible sites of interaction in the hinge region 

of R that could account for the differences in affinity between R 
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and C observed among species we took a closer look to this region 

by performing sequence alignment of some fungal R, together with 

bovine RIa and RIIa as a reference (Fig. 1). The R sequences included 

correspond to biochemically characterized PKAs. From the align

ment it can be observed that the most conserved part of the hinge 

region corresponds to the IS (RRXS). There is also some degree of 

conservation toward the C terminus of the IS, in the linker II region. 

The linker I region is very diverse and therefore suitable as a can

didate region for the observed interspecific difference in affinity 

with C subunit.

There are already some results from Surface Plasmon Reso

nance and kinetic analyses of mammalian mutant C that suggest 

that the sequence immediately N terminal to the IS in RI and RII 

interacts with different sites at the proximal region of the active 

site cleft in C [16]. Besides, the region N terminal to the pseudo

substrate site of the protein kinase inhibitor (PKI) is also important 

for the interaction with C as it forms an amphipathic a-helix that 

binds to a hydrophobic pocket on the surface of the large lobe of 

C [17]. Kinetic experiments performed with deletion mutants of R 

from the PKA from M. circinelloides demonstrate that the cluster of 

acidic residues (¡19 to ¡34 of the IS) in linker I of RMc participate 

in the interaction with CMc [11].

Peptide kinetic analysis: substrate peptide approach

Based on the sequence analysis and the results from the litera

ture [11,16,17], we addressed the question of the role of the proxi

mal linker I region on R–C interaction through a kinetic approach, 

in which we studied the effect of several peptides on the phosphor

ylating activity of M. rouxii (CMr), S. cerevisiae (CSc) and bovine (Cb) 

catalytic subunits. The peptide sequences correspond to the IS plus 

a variable region toward the N terminus of RMr and RSc, between 

residues P ¡ 42 and P + 4 (relative to the phosphorylatable Ser at 

P 0) (Table 1). We chose this region because it is different among 

species, mainly in the nature of the amino acids. In some species 

like Mucor sp. it includes a cluster of acidic residues. Some of the 

synthetic peptides are phosphorylatable substrates as they have a 

Ser in the IS; while in others, the Ser has been replaced by Ala. Our 

rationale was to compare the affinity of the non-phosphorylata

ble peptide-C complexes by estimating the inhibition constant (Ki) 

for kemptide phosphorylation. This parameter is a good measure 

of affinity since it reflects substrate binding. But, to our surprise, 

the peptides did not behave as competitive inhibitors. Instead, 

they had a dual effect: they inhibited at high concentrations, but 

they increased the catalytic activity when the non-phosphoryla

table peptide/kemptide ratio was low (see below and Fig. 5). As 

an approximation, we therefore turned to substrate peptides and 

estimated the steady-state kinetic parameters, although we are 

aware they do not provide a direct measure of the affinity of the 

substrate for the kinase (Kd). We estimated the Km and Vmax relative 

to kemptide Vmax (from now on relative kcat) for the phosphoryla

tion of six substrate peptides by the three C: CMr, CSc and Cb (Fig. 2). 

We expressed the results as relative kcat instead of kcat in order to 

compare this parameter between experiments, since we could not 

estimate enzyme concentration so as to give an absolute value.

A first observation derived from the analysis of the data from 

Fig. 2 is that the Km values of the two fungal enzymes for the lower 

sized peptides (kemptide and 8-S) are higher than the one for Cb; 

however for the longer peptides (18-S and 47-S) all the enzymes 

seem to have the same apparent affinity. It has already been 

reported that the apparent affinities of CMr and CSc toward short 

peptides are lower than for Cb [13,14,18]. The differences observed 

for the short peptides, such as 8-S-M or 8-S-S, do not reflect the 

behavior of the hinge R–C interaction as it is not maintained for 

longer peptides. A similar behavior has been observed for pyruvate 

kinase 1 (Pyk1), a PKA substrate in S. cerevisiae; its Km does not dif

fer between CSc and Cb, despite the difference observed between 

these enzymes in the Km for a peptide that corresponds to the 

phosphorylation site of Pyk1 as well as for kemptide [14].

A second observation derived from Fig. 2 is that the three C 

display the following general behavior: the longer the peptides, 

the higher their relative kcat and the lower their Km. The conse

quence of this change is a general increase in substrate specific

ity for each C with the length of the substrate, as judged by the 

catalytic efficiency (Ksp
*) estimated as the ratio of the mean-val

ues of relative kcat and Km derived from Fig. 2 and shown in Table 

2. However the degree of change in these parameters for each 

enzyme is different. Fig. 3 shows the relative (kcat/Km) of each 

enzyme comparing the data of the longer peptides 18-S and 47-S 

(the M. rouxii series or the S. cerevisiae series) with their respec

tive 8-S parental peptide. It can be observed that the increase 

in efficiency attained by CMr and CSc, reflected by the ratio 47-S-

M/8-S-M, is around 60- and 30-fold, respectively; however the 

change in efficiency for Cb is not greater than 10-fold. The partic

ipation of the region N terminal to the IS of the linker I domain 

of R in these two fungal systems seems to be different from the 

mammalian holoenzyme. For both fungal C the gain of catalytic 

efficiency that corresponds to the region immediately N terminal 

to the IS (P-4 to P-13) is bigger than the one that corresponds to 

the region beyond (P-14 to P-42): the ratio of efficiencies 18-S/8-S 

is between 6.6 and 18.5, while the ratio 47-S/18-S is between 1.7 

and 3.7. Both CMr and CSc have a preference for 18-S-M over 18-S-S 

(18-S-M relative specificity is higher than 18-S-S). This suggests 

that the region from P-4 to P-13 could account at least in part for 

the differences observed in R–C affinity among species. Since an 

Arg at P-6 of PKI is important for binding C [17,19] it is possible 

that the Arg at P-5 of RMr could be responsible for the higher 

specificity observed toward 18-S-M, displayed by both fungal 

enzymes, when compared to 18-S-S. Although in a rather small 

degree, the region beyond (from P-14 to P-42) seems to have a 

species-specific selectivity since the ratios 47-S/18-S are higher 

when assaying one C with the peptide pairs derived from its cor

responding homologous R (Fig. 3, right bars). This would imply 

that this region of R, as well as an interacting complementary 

C surface might be contributing to the difference in R–C inter

action. In the case of RMc we have already demonstrated that a 

deletion of the cluster of acidic residues in the region P-14 to 

P-42 decreases the interaction of RMc with CMc, but not the inter

action with Cb [11].

The results of the change in kinetic parameters with the length 

of the peptide described above, suggest that in both M. rouxii and 

S. cerevisiae holoenzymes the two regions N terminal to IS, namely 

P-4 to P-13 and P-14 to P-42 contribute to the R–C interaction, 

Table 1

Synthetic peptides derived from RMr and RSc. Nomenclature: the number is the 

length of the peptide. Second letter stands for Serine or Alanine in the phosphory

lation site and third letter stands for the organism.

Name Sequence Organism

8-S-M RRTSVSAE M. rouxii

8-S-S RRTSVSGE S. cerevisiae

18-S-M FPSSSFGTRNRRTSVSAE M. rouxii

18-S-S PPLPMHFNAQRRTSVSGE S. cerevisiae

18-A-M FPSSSFGTRNRRTAVSAE M. rouxii

18-A-S PPLPMHFNAQRRTAVSGE S. cerevisiae

47-S-M ESERMMAQHEDNDEEEEKDHFSTNTPLNA 

FPSSSFGTRNRRTSVSAE

M. rouxii

47-S-S SGFNLDPHEQDTHQQAQEEQQHTREKTSTP 

PLPMHFNAQRRTSVSGE

S. cerevisiae

10Nt-M FPSSSFGTRN M. rouxii

NRP1 IRTGRTLNDR

NRP2 LKKGDTYVSI

Kemptide LRRASLG S. scrofa
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being the contribution of the proximal regions much more impor

tant than the distal ones.

Effect of solvent viscosity on kinetic parameters

The behavior of the steady-state kinetic parameters relative kcat 

and Km, observed with CMr and CSc is in accordance with the clamp 

model proposed by Lieser et al. for protein kinases [20]. This model 

explains the decrease of Km and the increase of kcat of a protein 

substrate, compared with the peptide derived from the consen

sus sequence, through a direct thermodynamic coupling of the 

substrate binding and chemical transfer steps. A fast and highly 

favorable phosphoryl transfer step can enhance interactions with 

a consequent increase in apparent affinity. The kinetic pathway 

for substrate phosphorylation by a protein kinase is composed 

of three fundamental events: substrate binding, the phosphoryl 

transfer step and the irreversible, net product release. While the 

dependence of substrate concentration on the reaction rate pro

vides an estimate of the steady-state parameters kcat (turnover 

number) and Km, the relationship between these parameters and 

each of the reaction steps can be diffi cult to resolve [20].

In order to determine which of the three steps, phosphate 

transfer, substrate binding or product release, were rate limiting 

for substrate phosphorylation we applied the viscosity method. 

This method is based in the fact that bimolecular events (substrate 

binding and product release) are expected to be influenced by sol

vent viscosity whereas the unimolecular steps (phosphoryl trans

fer step) are not. Either kcat or kcat/Km as a ratio in the absence and 

presence of added viscosogens relates linearly with the relative 

Fig. 3. Relative specificities of the catalytic subunits for the different substrate peptides. Relative specificity (relative (kcat/Km)), defined as the ratio of kcat/Km of different 

peptides of the same source, was calculated from the data of Table 2 for the three C. The group of bars at the left end represent the ratio between the kcat/Km of 18-S and 

47-S peptides referred to 8-S; while those at the right end represent the ratio of the kcat/Km between 47-S and 18-S. White bars represent peptides derived from M. rouxii R 

sequence, while gray bars represent peptides derived from S. cerevisiae R sequence.

Table 2

Ksp
* of substrate peptides for CMr, CSc and Cb. Catalytic efficiency (Ksp

*) was calcu

lated as the mean value of relative kcat/mean value of Km (mM) for each substrate 

peptide from the data of Fig. 2.

Peptide Ksp
*

CMr CSc Cb

8-S-M 0.008 0.010 0.035

8-S-S 0.014 0.015 0.028

18-S-M 0.138 0.176 0.099

18-S-S 0.137 0.101 0.101

47-S-M 0.444 0.297 0.254

47-S-S 0.266 0.370 0.261

Fig. 2. Steady-state kinetic parameters. Aliquots of partially purified preparations of CMr, CSc and Cb were used to determine Km and Vmax values for the substrate peptides of 

Table 1. White bars represent peptides derived from M. rouxii R sequence, and gray bars represent peptides derived from S. cerevisiae R sequence. Relative kcat is defined as 

the ratio between peptide/kemptide Vmax. Values are means ± SEM (n = 3).
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solvent viscosity. The slopes give information on the catalytic step 

(k3) as compared to the product release step (k4) (kcat plot) or to the 

substrate dissociation step (k-2) (kcat/Km plot) [21].

Fig. 4B shows the effect of viscosity on the kcat of CMr for four 

peptide substrates: kemptide, 8-S-M, 18-S-M and 47-S-M. The 

effect of viscosity on kcat was performed in parallel using the same 

substrates and Cb as a reference (Fig. 4A). The slope values for this 

plot fall between the theoretical limits of 0 and 1. These limits cor

respond, respectively, to reactions in which either the phosphoryl 

transfer step or the net product release, are rate limiting. When 

using kemptide or 8-S-M as substrates, the effect of the viscosity 

on kcat is intermediate (slopes = 0.5 and 0.6, respectively), while 

when using 18-S-M or 47-S-M the effect of viscosity is maximum 

(slope = 1). Intermediate values imply that phosphoryl transfer 

and net product release are partially rate determining, For Cb we 

observed (Fig. 4A) that when using as substrates the three peptides 

derived from RMr, the kcat was fully affected by viscosity (slope = 1 

for all the substrates). The high viscosity effect of Cb, with a small 

peptide substrate such as kemptide, has already been described 

and suggested to be due to the extremely high phosphotransfer 

rate of this enzyme [20]. Fig. 4C shows the influence of viscosity 

on the kcat/Km ratio. The theoretical limits of this slope also fall 

between 0 and 1. The limit of 1 is approached when the substrate 

is sticky (k3 > >k¡2). The results show slopes of 0, 0.1 and 0.2 for 

8-S, 18-S and 47-S, respectively, indicating that even though sub

strates 18-S and 47-S are longer than 8-S, with new contact points 

with C subunit, they are not transformed into sticky substrates. 

The results suggest that for CMr, both the phosphate transfer and 

the product release steps contribute to the enzyme turnover when 

the substrate is a short peptide. However, when using the peptides 

that include part of the linker region of R, the phosphate transfer 

is faster, without an increase in substrate stickiness, being now the 

product release the rate limiting step. Therefore contacts outside 

the active cleft might have an impact on the phosphate transfer 

rate for this enzyme, in accordance with the clamp model pro

posal.

Peptide kinetic analysis: dual effect of non-phosphorylatable peptides

As stated above, our original rationale to study the role of the 

proximal linker I region on R–C interaction was to assay the effect 

of the non-phosphorylatable peptides 18-A-M and 18-A-S on the 

kemptide phosphorylating activity of C. Our expectation was to 

find a competitive inhibition; instead we observed a dual behavior: 

activation at a low ratio pseudosubstrate:substrate concentration 

and inhibition at a high ratio. The same behavior was displayed 

by the three C for both 18-A-M and 18-A-S. Representative exper

iments of these results are shown in Fig. 5. The effect of two non-

related peptides (NRP1 and NRP2, see Table 1) was assayed to dis

card non-specific effects. None of these two peptides had an effect 

on either CMr or CSc activities (insets of Fig. 5). The phosphorylation 

of 18-A-M and 18-A-S by C subunit was also ruled out (data not 

Fig. 4. Effect of solvent viscosity on kinetic parameters. The Vmax of Cb (A) and CMr (B) and the Vmax/Km of CMr (C) using as substrates: kemptide (white square) 8-S-M (white 

circle), 18-S-M (gray circle) and 47-S-M (black circle) were estimated in the absence and in the presence of different amounts of glycerol. The kcat ratio and kcat/Km ratio 

defined as the ratio of the Vmax and Vmax/Km obtained in the absence of viscogen to the one in its presence, respectively, was plotted against the relative viscosity. Solid lines 

correspond to the best-fitting linear equation. Error bars correspond to duplicates. The graphics show representative experiments.

Fig. 5. Effect of 18-A peptides on kemptide phosphorylation. (A) Effect of 18-A-M on kemptide (100 lM) phosphorylation by CMr; the activity in the absence of 18-A-M is 

taken as 100%. (B) Effect of 18-A-S on kemptide phosphorylation by CSc, in the absence (open symbols) and presence (filled symbols) of 6 lM 18-A-S. Solid line represents the 

best-fitting curve according to Michaelis–Menton equation. V values in the y-axis are normalized relative to Vmax in the absence of 18-A-S. Insets: effect of two non-related 

peptides, NRP1 (black bars) and NRP2 (gray bars) on kemptide (saturating concentration) phosphorylation by CMr (A) and CSc (B). The graphics show representative exper

iments and error bars correspond to duplicates.
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shown), especially for 18-A-M that has three Ser in a row. It is dif

ficult to ascertain the real degree of activation, since the observed 

results (Fig. 5A) is a consequence of the dual activation–inhibition 

role of the assayed 18-A-M and 18-A-S. At low 18-A and high kemp

tide concentrations the activating effect is evidenced, while at high 

18-A concentration, the inhibitory effect predominates. From the 

results of Fig. 5B, it can be concluded that the addition of 18-A does 

not produce an important change in kemptide Km, if any.

A pseudosubstrate consensus sequence is expected to have a 

competitive behavior toward the substrate; we thought that the 

N-terminal region of 18-A-M or 18-A-S peptides might be respon

sible for the activating effect. We therefore evaluated the effect of 

a peptide that corresponds only to this 10 residue-region of RMr 

(10Nt-M) (Table 1) on the phosphorylation of kemptide by CMr (Fig. 

6). A significant activation of 2.5–3-fold was observed at kemptide 

concentrations below, within and above the Km (34 lM), suggesting 

that the interaction of this region in the R subunit with the C sub

unit promotes an increase in the activity. The fact that the degree 

of activation did not change with kemptide concentration suggests 

that the effect is mainly on the catalytic activity and not in the Km. 

The same results were obtained when the addition of 18-A-S was 

assayed on the phosphorylation of kemptide by CSc (Fig. 5B). This 

result suggests that the interaction of this region in the R subunit 

with the C subunit promotes an increase in the catalytic activity.

To determine whether 18-A peptides could be able to activate 

not only the phosphorylation of peptides but also of protein sub

strates, we assessed the effect of 18-A-S on S. cerevisiae pyruvate 

kinase 1 (Pyk1) phosphorylation by its corresponding CSc. Pyk1 has 

been shown to be a substrate of PKA in S. cerevisiae [22]. Activ

ity of CSc toward a saturating concentration of Pyk1 (40 lM) was 

assayed in the absence or in the presence of 18-A-S (0–400 lM). 

Fig. 7 shows that in the 3–75 lM range, 18-A-S promoted a signif

icant activation on the phosphorylation of Pyk1 by CSc. This 2-fold 

level of stimulation is similar to the one observed for peptides, 

shown in Fig. 5. Higher concentrations of the pseudosubstrate 

18-A-S produced the expected inhibition of the kinase activity.

Dual effect of R on kemptide phosphorylation

In the above-mentioned experiments we observed that the 

pseudosubstrate peptides 18-A-S and 18-A-M, had a stimulating 

effect in trans, on the phosphorylating activity of either CMr or 

CSc toward a peptide or even toward a whole protein. These two 

peptides correspond to sequences of the respective R. We there

fore wondered whether the full-length R could have the same 

dual effect of the non-phosphorylatable peptides. The classical 

inhibitory effect of R on C activity has been already demonstrated 

[21,11,23].

In order to evaluate whether R could display a dual effect on 

C activity we assayed the effect of small concentrations of RMc 

(<0.1 nM) on the catalytic activity of both CMc and Cb using kemp

tide as substrate. We chose these concentrations, since we had 

Fig. 8. Effect of RMc on kemptide phosphorylation by Cb and CMc Activity of CMc (gray 

bars) and Cb (white bars) at saturating concentrations (300 lM) of kemptide was 

assayed in the absence and in the presence of RMc (0–0.08 nM). The graphic shows a 

representative experiment. Error bars correspond to duplicates. Asterisks indicate 

significant differences (p < 0.01) compared with the first columns (without RMc).

Fig. 7. Effect of 18-A-S on Pyk1 phosphorylation by CSc. Activity of CSc at saturating 

concentrations (40 lM) of Pyk1 was assayed in the absence and in the presence of 

different concentrations of 18-A-S (0–400 lM). The activity was estimated from a 

radioactive SDS–PAGE (inset) as described in Materials and methods. The graphic 

shows a representative experiment. Error bars correspond to duplicates. Asterisks 

indicate significant differences (p < 0.01) compared with the first column (without 

18-A-S).

Fig. 6. Effect of 10Nt-M on kemptide phosphorylation by CMr. Activity of CMr at 5, 30 

and 100 lM of kemptide was assayed in the absence (white bars) and in the pres

ence of 25 lM (gray bars) and 100 lM (black bars) of 10Nt-M. The graphics show 

representative experiments and error bars correspond to duplicates. Asterisks 

indicate significant differences (p < 0.01) compared with the white bars (without 

10Nt-M).
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already observed [11] that, under the experimental setting used, 

concentrations >0.1 nM of fungal R produced a clear inhibition of 

catalytic activity of both CMc and Cb. Fig. 8 shows that at around 

0.02 nM R there is a significant activation of 2.5-fold of the cata

lytic activity of C toward kemptide. At concentrations higher than 

0.1 nM of R, a clear inhibitory effect is observed [data not shown; 

11]. This is the first time that a dual, activating–inhibitory effect 

of R on C activity is described. This result resembles the results 

described in Fig. 5 for both non-phosphorylatable peptides, 18-A-S 

and 18-A-M.

Discussion

In this work we have analyzed the kinetic behavior of three C 

subunits, CMr, CSc and Cb, toward phosphorylatable peptides derived 

from the linker I region of RMr and RSc.. The results indicate that 

the longer the peptides the higher the relative kcat and the lower 

the Km. Although this effect was qualitatively the same with the 

three C, it was quantitatively much greater with the two fungal C. 

The change in steady-state parameters for both fungal C suggests 

that in both holoenzymes the region from P-4 to P-42 of R contrib

utes to the R–C interaction. The region from ¡13 to ¡42 of R could 

account, at least in part, for the differences observed in R–C affinity 

among species, since the increase in specificity constant of CMr and 

CSc when comparing 18-S with 47-S peptides is bigger when using 

C with their corresponding phosphorylatable peptides (Fig. 3, right 

set of bars).

The great increase in apparent affinity of the phosphorylata

ble peptides 18-S and 47-S when compared to the 8-S, for both 

fungal systems, seems to fit within the clamp model, as judged 

by the change in steady-state kinetic and the dependence of Vmax 

on viscosity with the length of the peptides. According to this 

model, there could be a direct thermodynamic coupling between 

the binding of 18-S and 47-S peptides and the chemical transfer 

step. This coupling leads to an increase in the phosphoryl trans

fer rate with a consequent increase in the apparent affinity. In 

Fig. 9 we illustrate the clamp model as a cis-activation mecha

nism, in comparison to the basal activity, in which the region of 

the peptides N-terminal to the IS generate, probably through a 

conformational change in the C subunit, an increase in the phos

phate transfer rate. The fact that the apparent affinity of 8-S and 

kemptide for CMr and CSc is lower than for Cb, together with the 

difference in the response to viscosity, might reflect that the cat

alytic turnover of CMr and CSc is lower than the one of Cb. It is 

probable that the activation effect of the linker region-peptides 

(“clamp” effect) on Cb kinetics is masked by the exceptionally 

high catalytic turnover of this enzyme [20].

The non-phosphorylatable versions of the linker region pep

tides, 18-A-S or 18-A-M, when bound to their corresponding C 

subunits, inhibit their activity, as expected. However this inhibi

tion is not competitive. When the kemptide concentration is high, 

the inhibitory effect is minimized and an increase of basal activity 

could be observed. Making a comparison of what happens with the 

18-S linker peptides, we named this effect as a trans activation in 

Fig. 9. Model for the dual effect of peptides and R on C phosphotransferase activity. Basal activity of C subunit is represented as a plain scheme of C phosphorylating a peptidic 

or protein substrate. The increase in apparent affinity and in phosphotransferase activity of 18-S or 47-S linker peptides is represented as a cis-activation effect produced by a 

clamp-docking site of the peptide on C besides the phosphorylation site. Clamped C in the model is represented by a striped scheme. Inhibition in this model is represented 

by the interaction of the inhibitory peptides 18-A to C, or of R subunit to C. Notice than under these conditions, C subunit is already clamped (striped), although activity 

cannot be measured. The clamp effect of non-phosphorylatable linker peptides 18-A on the phosphorylation of peptidic or protein substrates is represented as the result of 

a trans-activation effect derived from the clamp/allosteric interaction of the non-phosphorylatable peptide on C. The clamp effect of R on C phosphorylation of a substrate 

is shown as a trans-activation effect produced by a clamp docking domain of a region N-terminal to the IS of R that allosterically increases the phosphotransfer rate of the C 

subunit, once the interaction between C and R is loosened by the binding of cAMP.
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which we figure out that the 18-A peptide is bound to the C sub

unit through a docking interaction, simultaneously with kemptide 

or protein substrate, exerting a clamp effect in trans (Fig. 9). A sup

port for this model is obtained through the use of the 10Nt-M, in 

which we could dissociate the allosteric-docking effect from the 

inhibitory effect (Fig. 6). It is worth noticing that in the model of 

inhibition in Fig. 9, with the 18-A peptide bound, the C subunit is 

already drawn as clamped, although activity cannot be measured 

under this condition.

We show in this work for the first time a dual behavior of R 

on C: a novel activating effect and a classic inhibitory effect (Fig. 

9 inhibition), illustrated with R of M. circinelloides when added 

to its homologous CMc, as well as to mammalian Cb. A feasible 

interpretation, illustrated in Fig. 9 (trans activation) is the fol

lowing. When there are low levels of cAMP in the cell, the inhibi

tory effect predominates. However when part of the interactions 

that maintain the high affinity binding between R and C in the 

holoenzyme are weakened, it is possible that the region N-ter

minal to the IS of R still remains bound to the C subunit. This 

interaction, as if it were a docking site, improves the phosphoryl 

transfer rate of substrates in trans. Docking interactions in pro

tein kinase and phosphatase networks are well known, not only 

to increase enzyme–substrate specificity, but also to govern the 

binding of kinases and phosphatases to each other and other 

effectors [24]. Overall, the primary role of docking interactions 

appears to be tethering. However there are some examples in 

which docking interactions play an important role in altering 

protein conformation and allosterically regulating activity [24]. 

The regulation of C activity by R, described in this work, fits into 

the model of docking and allosteric regulation. A modern view 

of substrate phosphorylation by PKA in vivo is that holoenzyme 

and substrate are linked and localized through interaction via 

anchoring proteins. We propose that within this context, and in 

the presence of cAMP, R can remain in contact with C through 

at least the linker region amino terminal to the IS, and that this 

docking allosterically improves the phosphorylation of a sub

strate in trans.
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