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 1 Abbre vi a tions used: PKA, cAMP depen dent pro t

R, reg u la tory sub unit; DDD, dimer iza tion and dock

ing domain A; CBD-B, cAMP bind ing domain B; IS

lytic sub unit from Mucor rou xii; CMc, cat a lytic sub un

cat a lytic sub unit from Sac cha ro my ces ce re vi si ae; RM

rou xii; Pyk1, pyru vate kinase 1; Cb, cat a lytic sub uni
a b s t r a c t

The strength of the inter ac tion between the cat a lytic and reg u la tory sub units in pro tein kinase A dif fers 

among spe cies. The linker region from reg u la tory sub units is non-con served. To eval u ate the par tic i pa tion 

of this region in the inter ac tion with the cat a lytic sub unit, we have assayed its effect on the enzy matic 

prop er ties of the cat a lytic sub unit. Pro tein kinase A from three fungi, Mucor rou xii, Mucor cir ci nello ides 

and Sac cha ro my ces ce re vi si ae have been cho sen as mod els. The R–C inter ac tion is explored by using syn-

thetic pep tides of 8, 18 and 47 amino acids, cor re spond ing to the R sub unit auto phos pho ry la tion site plus 

a var i able region toward the N ter mi nus (0, 10, or 39 res i dues). The Km of the cat a lytic sub units decreased 

with the length of the pep tide, while the Vmax increased. Vis cos ity stud ies iden ti fied prod uct release as 

the rate lim it ing step for phos phor y la tion of the longer pep tides. Pseudo sub strate deriv a tives of the 18 

res i due pep tides did not dis play a com pet i tive inhi bi tion behav ior toward either kemp tide or a bona fide 

pro tein sub strate since, at low rel a tive pseudo sub strate/sub strate con cen tra tion, stim u la tion of kemp tide 

or pro tein sub strate phos phor y la tion was observed. The behav ior was mim icked by intact R. We con clude 

that in addi tion to its neg a tive reg u la tory role, the R sub unit stim u lates C activ ity via dis tal inter ac tions.

© 2008 Else vier Inc. All rights reserved.
The dis cov ery of cAMP as a sec ond mes sen ger led even tu ally 

to the iden ti fi ca tion of PKA1 with reg u la tory sub units that are the 

major recep tors for cAMP [1]. PKA, ubiq ui tous in eukary otic cells, 

reg u lates pro cesses as diverse as growth, devel op ment, mem ory, 

metab o lism, gene expres sion, and lipol y sis [2]. The PKA holo en-

zyme exists as a com plex of two C1 sub units and an R1 sub unit 

dimer [1]. At low intra cel lu lar cAMP con cen tra tion, PKA is main-

tained as an inac tive tet ra meric holo en zyme com plex (R2C2) con-

sist ing of a homodi mer R2 and two C. When intra cel lu lar con cen tra-

tion of cAMP is increased in response to spe cific stim uli, two cAMP 

mol e cules bind al los ter i cal ly to each R and, as a con se quence, the 

inhi bi tion of C by R is released, allow ing it to phos phor y late tar get 

pro teins.

The C sub unit is com prised 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 con served pro tein kinase super fam ily 

[3]. The small lobe pro vides the bind ing site for ATP, and the large 

lobe pro vides cat a lytic res i dues and a dock ing sur face for pep tide/

pro tein sub strates.
. All rights reserved.

reno).

ein kinase; C, cat a lytic sub unit; 

 ing domain; CBD-A, cAMP bind-

, inhib i tory sequence; CMr, cat a-

it from Mucor cir ci nello ides; CSc, 

r, reg u la tory sub unit from Mucor 

t from Bos tau rus. 
Mam ma lian Rs con sist of the DDD1 at the N ter mi nus, through 

which two mono mers of R dimer ize, pro vid ing at a time a dock ing 

sur face for A kinase anchor ing pro teins; at the C ter mi nus two tan-

dem cAMP-bind ing domains (CBD-A1 and CBD-B1) and between 

a flex i ble linker region, which includes a basic sub strate-like IS1 

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

region has been sub di vided into two to sim plify the struc tural and 

func tional stud ies: linker I, com pris ing the IS and the portion of the 

linker region N-ter mi nal to it, and linker II con tain ing the portion 

C-ter mi nal to the inhib i tor sequence [4]; (see Fig. 1).

Crys tal struc tures of com plexes between C and dele tion mutants 

of RIa and RIIa have been recently solved [5–7]. The anal y sis of 

these struc tures reveals at least four dis tinct sub sites on R that 

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

docks to the acidic active site cleft in C sub unit. A sec ond site is the 

charged and hydro philic linker II, com pletely dis or dered in cAMP-

bound R that becomes ordered at the inter face with C sub unit. The 

remain ing two sites of inter ac tion com prise both domains CBD-A 

and CBD-B.

We are inter ested in the study of the mech a nism of acti va tion 

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

dimor phic fungi Mucor rou xii and Mucor cir ci nello ides and the yeast 

Sac cha ro my ces ce re vi si ae. We have found that there is a great dif fer-

ence among spe cies in the affin ity between R and C. The inter ac tion 

between R–C in PKA from S. ce re vi si ae has already been reported to 

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

both Mucor mod els have an impor tant dif fer ence when com pared to 
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http://www.elsevier.com/locate/yabbi
mailto:smoreno@qb.fcen.uba.ar 


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

mam ma lian PKA; from in vitro exper i ments we know they can not be 

dis so ci ated by the sole addi tion of cAMP even at low enzyme con-

cen tra tion and under non-equi lib rium con di tions; under these con-

di tions cAMP bind only to the CBD-B sites [9]. How ever, the simul-

ta neous addi tion of high salt (0.5 M NaCl) or poly ca tions, together 

with cAMP, pro motes the bind ing of cAMP to both CBD-A and CBD-B 

sites, and the dis so ci a tion of the sub units, sug gest ing addi tional 

ionic inter ac tions in the ho lo en zymes [9–12].

Despite the high global degree of sim i lar ity among dif fer ent 

R sequences from dif fer ent spe cies, there is strik ing sequence 

diver sity in the hinge regions. The aim of this work is to inves-

ti gate the impor tance of this region in the R–C inter ac tion. The 

hypoth e sis is that the hinge region is a region of inter ac tion, and 

that it could account in part for the dif fer ent behav ior of PKA ho lo-

en zymes among spe cies. Par tic u larly we now address, through a 

kinetic approach, the study of the linker region I using sub strate 

and pseudo sub strate pep tides derived from the IS domain con-

tain ing part of the linker region I of the R sub units from M. rou xii 

and S. ce re vi si ae. The effect of these pep tides is assayed on their 

own phos phor y la tion (sub strate pep tides) or on kemp tide phos-

phor y la tion (pseudo sub strate pep tides), and extended to a pro tein 

sub strate. The effect of low con cen tra tions of R from Mucor on the 

cat a lytic activ ity of C is also assayed. The results dem on strate that 

the linker region I par tic i pates in the inter ac tion between R and C 

in both Mucor and Sac cha ro my ces mod els, that there is some dif fer-

ence among spe cies, and that the inter ac tion with this region pro-

motes an increase in the cat a lytic turn over of the C sub unit, sug-

gest ing for the first time that R is not only an inhib i tor of C activ ity 

in PKA but also a positive mod u la tor of its cat a lytic effi ciency.

Mate ri als and meth ods

Mate ri als

All chem i cals were of reagent grade. Yeast growth medium sup-

plies were from Dif co Lab o ra to ries and Merck. Poly clonal anti-BCY 

(yN-19) and anti-goat IgG-per ox i dase con ju gated anti bod ies were 

from Santa Cruz Bio tech nol ogy Inc. Poly clonal anti body anti-M. 

rou xii R was prepared in rab bit [12]. Chemi lu mi nes cence Lumi nol 

Reagent was from GE Health care and [c32P]ATP was from Perkin-

Elmer. Phospho-cel lu lose paper (P81) was from What man. Anti-

rab bit IgG-per ox i dase con ju gated, ATP, cAMP, DEAE–cel lu lose, 

Phos pho cel lu lose, Sepha dex G-25 and horse rad ish per ox i dase 

were from Sigma Chem i cal Co. Puri fied recombinant Bos tau rus 

Ca was a gen er ous gift from S. Tay lor, Uni ver sity of Cal i for nia, San 

Diego. Nitro cel lu lose mem brane was from MSI. EDTA-free pro te-

ase inhib i tor cock tail was from Roche Diag nos tics GmbH. Pep tides 

were chem i cally syn the sized by Gen Script Cor po ra tion.

Sequence anal y sis

cAMP-depen dent pro tein kinase reg u la tory R from B. tau rus 

I-a (gi 125192), B. tau rus II-a (gi 125197), S. ce re vi si ae (gi 600015), 

M. rou xii (gi 285215), M. cir ci nello ides (gi 119712284), Neu ros pora 

crassa (gi 6225583) and Blas toc la di el la em er so nii (gi 285215) were 

col lected from National Insti tute of Health Gen Bank. CBD-A, CBD-B 

and DDD were pre dicted by SMART (smart.embl-hei del berg.de) in 

all the ana lyzed sequences except for N. crassa which did not dis-

play a pre dict able DDD. The hinge region of each sequence was 

obtained from the dif fer ence between the full-length sequence and 

the pre dicted domains. Multiple sequence anal y sis of the hinge 

region was per formed by Clu stalW 1.8 using the default param e-

ters. Bio Ed it 7.0.3 was used to edit sequence align ment.

Mucor rou xii PKA C puri fi ca tion

Fresh spores of M. rou xii (NRRL 1894) were grown to expo nen tial 

phase in rich medium. The holo en zyme was prepared from myce lial 

powder through DEAE–cel lu lose and (NH4)2SO4 pre cip i ta tion. For 

most of the exper i ments C was iso lated by dis so ci at ing sucrose gra-

di ent cen tri fu ga tion with 0.5 M NaCl and 1 mM cAMP as described 

pre vi ously [13]. The frac tions with max i mum  phos pho trans fer ase 

Fig. 1. Mod u lar struc ture of R and multiple sequence align ment of the hinge region. The car toon shows the gen eral mod u lar struc ture of R sub unit. The align ment shows the 

hinge region of R sub units from Bos tau rus (I-a and II-a), Sac cha ro my ces ce re vi si ae, Mucor rou xii, Mucor rac emo sus, Neu ros pora crassa and Blas toc la di el la em er so nii. Iden ti cal or 

sim i lar res i dues are shaded accord ing to the degree of iden tity or sim i lar ity.
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activ ity were pooled, freeze-dried and stored at ¡20 °C to use as 

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

Western blot, using poly clonal anti-M. rou xii R anti body. Before use, 

freeze-dried extracts were resus pended in the original vol ume of 

water and pro te ase inhib i tor cock tail. To per form the exper i ments 

of vis cos ity depen dence of kinetic param e ters, CMr
1 was obtained 

through cAMP–aga rose affin ity chro ma tog ra phy of the par tially 

puri fied holo en zyme. Under these con di tions, the holo en zyme is 

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

NaCl. The frac tions with max i mum phos pho trans fer ase activ ity 

were pooled and used dur ing the same day.

Mucor cir ci nello ides PKA C puri fi ca tion

Mucor cir ci nello ides strain R7B was grown to expo nen tial 

phase in rich medium. CMc
1 was puri fied through DEAE–cel lu lose, 

(NH4)2SO4 pre cip i ta tion and cAMP aga rose affin ity chro ma tog ra-

phy as described above. The frac tions with max i mum phos pho-

trans fer ase activ ity were pooled, freeze-dried and stored at ¡20 °C 

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

checked by Western blot, using poly clonal anti-M. rou xii R anti-

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

original vol ume of water and pro te ase inhib i tor cock tail.

Sac cha ro my ces ce re vi si ae PKA C puri fi ca tion

The holo en zyme was prepared from 1115 wild-type (wt1115) 

yeast cells through (NH4)2SO4 pre cip i ta tion and C was iso lated 

by dis so ci at ing sucrose gra di ent cen tri fu ga tion with 0.5 M NaCl 

and 1 mM cAMP as in CMr prep a ra tion. Gra di ent pro file and stor-

age were per formed as described above for CMr puri fi ca tion. The 

absence of R in the col lected frac tions was checked by Western 

blot, using poly clonal anti-BCY anti body. Before use, freeze-dried 

extracts were resus pended in the original vol ume of water and 

pro te ase inhib i tor cock tail.

Mucor cir ci nello ides R expres sion and puri fi ca tion

RMc
1 was prepared by sucrose gra di ent cen tri fu ga tion of crude 

extracts from S. ce re vi si ae strain S13-3A over express ing RMc from 

pYES-R, a high copy num ber plas mid under the con trol of a gal-

act ose-depen dent pro moter. The strain S13-3A har bors a dele-

tion muta tion that abol ishes Bcy1 endog e nous expres sion [11]. 

The frac tions with max i mum cAMP bind ing activ ity were pooled, 

freeze-dried and stored at 20 °C until use. This R prep a ra tion is not 

cAMP-free.

Sac cha ro my ces ce re vi si ae Pyk11 puri fi ca tion

The source of enzyme was the JT20454 strain, con tain ing the 

plas mid pPyk101, which allows the over ex pres sion of this pro tein 

under its own pro moter. Pyk1 was prepared by two chro ma tog ra-

phy steps, DEAE–cel lu lose and phospho-cel lu lose, and (NH4)2SO4 

pre cip i ta tion as pre vi ously described [14]. Pel lets were stored at 

¡20°C. The puri fi ca tion was mon i tored by Coomassie Blue stain ing 

of the dif fer ent puri fi ca tion steps on SDS–PAGE. Before use, pel-

lets were resus pended and desalted through Sepha dex G-25. The 

quan ti fi ca tion of puri fied Pyk1 was made by SDS–PAGE using BSA 

as stan dard.

PKA activ ity assays

Phos pho trans fer ase activ ity of the M. rou xii, S. ce re vi si ae and 

mam ma lian Ca were assayed in a reac tion mix ture con tain ing 

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

using pep tidic sub strates and 1500 cpm/pmol when using Pyk1 

as sub strate and for the exper i ments with RMc), 0.1 mM EGTA, 

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

and var i able amounts of sub strate pep tides or Pyk1 in the absence 

or pres ence of non-phos pho ryl a ta ble pep tides, when indi cated. 

When added, non-phos pho ryl a ta ble pep tides were pre in cu bated 

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

effect of RMc on kemp tide phos phor y la tion by CMc, both sub units 

were pre in cu bated at 30 °C for 30 min in buffer A (with out addi tion 

of [c32P]ATP). In this case the reac tion was started by addi tion of 

kemp tide (final con cen tra tion 200 lM) and [c32P]ATP. The enzy-

matic assays were incu bated at 30 °C for 15 min. Lin ear con di tions 

were always used both for time and enzy matic pro tein con cen tra-

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

in each reac tion was 10 U (1 U cor re sponds to 1 pmol of phos phate 

incor po rated per min to sat u rat ing con cen tra tions of kemp tide 

at 30 °C), which, in the case of pure bovine C sub unit (Cb), cor re-

sponded to 0.15 pmol of enzyme. For Fig. 8 the fol low ing con di-

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

pep tide sub strates were pro cessed by the phos pho cel lu lose paper 

method [15]. The incor po ra tion of phos phate into Pyk1 was deter-

mined by scin til la tion count ing of phos phor y lated pro tein excised 

from stan dard dried SDS–PAGE gels. Alter na tively, SDS–PAGE dried 

gels were sub jected to dig i tal imag ing anal y sis (Bio-Imag ing Ana-

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

i ments kemp tide phos phor y la tion was assayed as enzyme qual ity 

con trol and for com par a tive aims.

Vis cos ity depen dence of kinetic param e ters

The effect of vis cos ity on Vmax and on Vmax/Km was assayed at 

30 °C in the stan dard buffer A of PKA assays, with the addi tion of 

var i able glyc erol con cen tra tions (0–40% v/v). The rel a tive vis cos-

i ties (gg0) of reac tion buf fers con tain ing glyc erol were cal cu lated 

rel a tive to buffer A at 30 °C, using an Ost wald vis com e ter.

Data anal y sis

Data from pep tide sub strates were fit ted to Michae lis–Men ton 

curves using Graph Pad Prism 4.02 ver sion. Km and rel a tive kcat, (rel-

a tive kcat = pep tide Vmax/kemp tide Vmax) were com pared. Cat a lytic 

effi ciency (Ksp
*) was cal cu lated as the mean value of rel a tive kcat/

mean value of Km for each sub strate pep tide; rel a tive spec i fic ity 

(rel a tive kcat/Km), as the ratio of Ksp
* of dif fer ent pep tides from 

the same source (47-S/8-S; 18-S/8-S; 47-S/18-S). In the vis cos ity 

exper i ments kcat ratio and kcat/Km ratio are the ratios of the Vmax and 

Vmax/Km obtained in the absence of vis co gen to the one in its pres-

ence. Vmax/Km val ues were cal cu lated from the slope of the Li newe-

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

ratio vs rel a tive vis cos ity) were fit ted to lin ear func tion. The slopes 

were esti mated and com pared.

Sta tis ti cal treat ment of results

Each exper i ment was per formed three times, in which each 

data point was assayed in dupli cate. To eval u ate the effect of 

10Nt-M on kemp tide phos phor y la tion by CMr, the effect of 18-A-S 

on Pyk1 phos phor y la tion by CSc and the effect of RMc on kemp tide 

phos phor y la tion of CMc and Cb
1 a one-way ANOVA was applied. In 

all cases Tu key post hoc com par i sons were per formed.

Results

Sequence anal y sis

In order to find pos si ble sites of inter ac tion in the hinge region 

of R that could account for the dif fer ences in affin ity between R 
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and C observed among spe cies we took a closer look to this region 

by performing sequence align ment of some fun gal R, together with 

bovine RIa and RIIa as a ref er ence (Fig. 1). The R sequences included 

cor re spond to bio chem i cally char ac ter ized PKAs. From the align-

ment it can be observed that the most con served part of the hinge 

region cor re sponds to the IS (RRXS). There is also some degree of 

con ser va tion toward the C ter mi nus of the IS, in the linker II region. 

The linker I region is very diverse and there fore suit able as a can-

di date region for the observed inter spe cific dif fer ence in affin ity 

with C sub unit.

There are already some results from Sur face Plas mon Res o-

nance and kinetic anal y ses of mam ma lian mutant C that sug gest 

that the sequence imme di ately N ter mi nal to the IS in RI and RII 

inter acts with dif fer ent sites at the prox i mal region of the active 

site cleft in C [16]. Besides, the region N ter mi nal to the pseudo-

sub strate site of the pro tein kinase inhib i tor (PKI) is also impor tant 

for the inter ac tion with C as it forms an amphi pathic a-helix that 

binds to a hydro pho bic pocket on the sur face of the large lobe of 

C [17]. Kinetic exper i ments per formed with dele tion mutants of R 

from the PKA from M. cir ci nello ides dem on strate that the clus ter of 

acidic res i dues (¡19 to ¡34 of the IS) in linker I of RMc par tic i pate 

in the inter ac tion with CMc [11].

Pep tide kinetic anal y sis: sub strate pep tide approach

Based on the sequence anal y sis and the results from the lit er a-

ture [11,16,17], we addressed the ques tion of the role of the prox i-

mal linker I region on R–C inter ac tion through a kinetic approach, 

in which we stud ied the effect of sev eral pep tides on the phos phor-

y lat ing activ ity of M. rou xii (CMr), S. ce re vi si ae (CSc) and bovine (Cb) 

cat a lytic sub units. The pep tide sequences cor re spond to the IS plus 

a var i able region toward the N ter mi nus of RMr and RSc, between 

res i dues P ¡ 42 and P + 4 (rel a tive to the phos pho ryl a ta ble Ser at 

P 0) (Table 1). We chose this region because it is dif fer ent among 

spe cies, mainly in the nature of the amino acids. In some spe cies 

like Mucor sp. it includes a clus ter of acidic res i dues. Some of the 

syn thetic pep tides are phos pho ryl a ta ble sub strates as they have a 

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

ratio nale was to com pare the affin ity of the non-phos pho ryl a ta-

ble pep tide-C com plexes by esti mat ing the inhi bi tion con stant (Ki) 

for kemp tide phos phor y la tion. This param e ter is a good mea sure 

of affin ity since it reflects sub strate bind ing. But, to our sur prise, 

the pep tides did not behave as com pet i tive inhib i tors. Instead, 

they had a dual effect: they inhib ited at high con cen tra tions, but 

they increased the cat a lytic activ ity when the non-phos pho ryl a-

ta ble pep tide/kemp tide ratio was low (see below and Fig. 5). As 

an approx i ma tion, we there fore turned to sub strate pep tides and 

esti mated the steady-state kinetic param e ters, although we are 

aware they do not pro vide a direct mea sure of the affin ity of the 

sub strate for the kinase (Kd). We esti mated the Km and Vmax rel a tive 

to kemp tide Vmax (from now on rel a tive kcat) for the phos phor y la-

tion of six sub strate pep tides by the three C: CMr, CSc and Cb (Fig. 2). 

We expressed the results as rel a tive kcat instead of kcat in order to 

com pare this param e ter between exper i ments, since we could not 

esti mate enzyme con cen tra tion so as to give an abso lute value.

A first obser va tion derived from the anal y sis of the data from 

Fig. 2 is that the Km val ues of the two fun gal enzymes for the lower 

sized pep tides (kemp tide and 8-S) are higher than the one for Cb; 

how ever for the longer pep tides (18-S and 47-S) all the enzymes 

seem to have the same appar ent affin ity. It has already been 

reported that the appar ent affin i ties of CMr and CSc toward short 

pep tides are lower than for Cb [13,14,18]. The dif fer ences observed 

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

behav ior of the hinge R–C inter ac tion as it is not main tained for 

longer pep tides. A sim i lar behav ior has been observed for pyru vate 

kinase 1 (Pyk1), a PKA sub strate in S. ce re vi si ae; its Km does not dif-

fer between CSc and Cb, despite the dif fer ence observed between 

these enzymes in the Km for a pep tide that cor re sponds to the 

phos phor y la tion site of Pyk1 as well as for kemp tide [14].

A sec ond obser va tion derived from Fig. 2 is that the three C 

dis play the fol low ing gen eral behav ior: the longer the pep tides, 

the higher their rel a tive kcat and the lower their Km. The con se-

quence of this change is a gen eral increase in sub strate spec i fic-

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

cat a lytic effi ciency (Ksp
*) esti mated as the ratio of the mean-val-

ues of rel a tive kcat and Km derived from Fig. 2 and shown in Table 

2. How ever the degree of change in these param e ters for each 

enzyme is dif fer ent. Fig. 3 shows the rel a tive (kcat/Km) of each 

enzyme com par ing the data of the longer pep tides 18-S and 47-S 

(the M. rou xii series or the S. ce re vi si ae series) with their respec-

tive 8-S paren tal pep tide. It can be observed that the increase 

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

M/8-S-M, is around 60- and 30-fold, respec tively; how ever the 

change in effi ciency for Cb is not greater than 10-fold. The par tic-

i pa tion of the region N ter mi nal to the IS of the linker I domain 

of R in these two fun gal sys tems seems to be dif fer ent from the 

mam ma lian holo en zyme. For both fun gal C the gain of cat a lytic 

effi ciency that cor re sponds to the region imme di ately N ter mi nal 

to the IS (P-4 to P-13) is big ger than the one that cor re sponds to 

the region beyond (P-14 to P-42): the ratio of effi cien cies 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 pref er ence for 18-S-M over 18-S-S 

(18-S-M rel a tive spec i fic ity is higher than 18-S-S). This sug gests 

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

the dif fer ences observed in R–C affin ity among spe cies. Since an 

Arg at P-6 of PKI is impor tant for bind ing C [17,19] it is pos si ble 

that the Arg at P-5 of RMr could be respon si ble for the higher 

spec i fic ity observed toward 18-S-M, dis played by both fun gal 

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

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

spe cies-spe cific selec tiv ity since the ratios 47-S/18-S are higher 

when assay ing one C with the pep tide pairs derived from its cor-

re spond ing homol o gous R (Fig. 3, right bars). This would imply 

that this region of R, as well as an inter act ing com ple men tary 

C sur face might be con trib ut ing to the dif fer ence in R–C inter-

ac tion. In the case of RMc we have already dem on strated that a 

dele tion of the clus ter of acidic res i dues in the region P-14 to 

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

ac tion with Cb [11].

The results of the change in kinetic param e ters with the length 

of the pep tide described above, sug gest that in both M. rou xii and 

S. ce re vi si ae ho lo en zymes the two regions N ter mi nal to IS, namely 

P-4 to P-13 and P-14 to P-42 con trib ute to the R–C inter ac tion, 

Table 1

Syn thetic pep tides derived from RMr and RSc. Nomen cla ture: the num ber is the 

length of the pep tide. Sec ond let ter stands for Ser ine or Ala nine in the phos phor y-

la tion site and third let ter stands for the organ ism.

Name Sequence Organ ism

8-S-M RRTSV SAE M. rou xii

8-S-S RRTSVSGE S. ce re vi si ae

18-S-M FPSSSFGTRNRRTSV SAE M. rou xii

18-S-S PPLPMHFNAQRRTSVSGE S. ce re vi si ae

18-A-M FPSSSFGTRNRR TAV SAE M. rou xii

18-A-S PPLPMHFNAQRRTAVSGE S. ce re vi si ae

47-S-M ESE RMMAQHEDNDEEEEKDHFSTNTPLNA 

FPSSSFGTRNRRTSV SAE

M. rou xii

47-S-S SGFNLDPHEQDTHQQAQEEQQHTREKTSTP 

PLPMHFNAQRRTSVSGE

S. ce re vi si ae

10Nt-M FPSSSFGTRN M. rou xii

NRP1 IR TGRTLNDR

NRP2 LKKGDTYVSI

Kemp tide LRRASLG S. scrofa
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being the con tri bu tion of the prox i mal regions much more impor-

tant than the dis tal ones.

Effect of sol vent vis cos ity on kinetic param e ters

The behav ior of the steady-state kinetic param e ters rel a tive kcat 

and Km, observed with CMr and CSc is in accor dance with the clamp 

model pro posed by Lie ser et al. for pro tein kinases [20]. This model 

explains the decrease of Km and the increase of kcat of a pro tein 

sub strate, com pared with the pep tide derived from the con sen-

sus sequence, through a direct ther mo dy namic cou pling of the 

sub strate bind ing and chem i cal trans fer steps. A fast and highly 

favor able phos phoryl trans fer step can enhance inter ac tions with 

a con se quent increase in appar ent affin ity. The kinetic path way 

for sub strate phos phor y la tion by a pro tein kinase is com posed 

of three fun da men tal events: sub strate bind ing, the phos phoryl 

trans fer step and the irre vers ible, net prod uct release. While the 

depen dence of sub strate con cen tra tion on the reac tion rate pro-

vides an esti mate of the steady-state param e ters kcat (turn over 

num ber) and Km, the rela tion ship between these param e ters and 

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

In order to deter mine which of the three steps, phos phate 

trans fer, sub strate bind ing or prod uct release, were rate lim it ing 

for sub strate phos phor y la tion we applied the vis cos ity method. 

This method is based in the fact that bimo lec u lar events (sub strate 

bind ing and prod uct release) are expected to be influ enced by sol-

vent vis cos ity whereas the uni mo lec u lar steps (phos phoryl trans-

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

pres ence of added vis cos o gens relates lin e arly with the rel a tive 

Fig. 3. Rel a tive spec i fic i ties of the cat a lytic sub units for the dif fer ent sub strate pep tides. Rel a tive spec i fic ity (rel a tive (kcat/Km)), defined as the ratio of kcat/Km of dif fer ent 

pep tides of the same source, was cal cu lated from the data of Table 2 for the three C. The group of bars at the left end rep re sent the ratio between the kcat/Km of 18-S and 

47-S pep tides referred to 8-S; while those at the right end rep re sent the ratio of the kcat/Km between 47-S and 18-S. White bars rep re sent pep tides derived from M. rou xii R 

sequence, while gray bars rep re sent pep tides derived from S. ce re vi si ae R sequence.

Table 2

Ksp
* of sub strate pep tides for CMr, CSc and Cb. Cat a lytic effi ciency (Ksp

*) was cal cu-

lated as the mean value of rel a tive kcat/mean value of Km (mM) for each sub strate 

pep tide from the data of Fig. 2.

Pep tide 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 param e ters. Ali quots of par tially puri fied prep a ra tions of CMr, CSc and Cb were used to deter mine Km and Vmax val ues for the sub strate pep tides of 

Table 1. White bars rep re sent pep tides derived from M. rou xii R sequence, and gray bars rep re sent pep tides derived from S. ce re vi si ae R sequence. Rel a tive kcat is defined as 

the ratio between pep tide/kemp tide Vmax. Val ues are means ± SEM (n = 3).
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sol vent vis cos ity. The slopes give infor ma tion on the cat a lytic step 

(k3) as com pared to the prod uct release step (k4) (kcat plot) or to the 

sub strate dis so ci a tion step (k-2) (kcat/Km plot) [21].

Fig. 4B shows the effect of vis cos ity on the kcat of CMr for four 

pep tide sub strates: kemp tide, 8-S-M, 18-S-M and 47-S-M. The 

effect of vis cos ity on kcat was per formed in par al lel using the same 

sub strates and Cb as a ref er ence (Fig. 4A). The slope val ues for this 

plot fall between the the o ret i cal lim its of 0 and 1. These lim its cor-

re spond, respec tively, to reac tions in which either the phos phoryl 

trans fer step or the net prod uct release, are rate lim it ing. When 

using kemp tide or 8-S-M as sub strates, the effect of the vis cos ity 

on kcat is inter me di ate (slopes = 0.5 and 0.6, respec tively), while 

when using 18-S-M or 47-S-M the effect of vis cos ity is max i mum 

(slope = 1). Inter me di ate val ues imply that phos phoryl trans fer 

and net prod uct release are par tially rate deter min ing, For Cb we 

observed (Fig. 4A) that when using as sub strates the three pep tides 

derived from RMr, the kcat was fully affected by vis cos ity (slope = 1 

for all the sub strates). The high vis cos ity effect of Cb, with a small 

pep tide sub strate such as kemp tide, has already been described 

and sug gested to be due to the extremely high phos pho trans fer 

rate of this enzyme [20]. Fig. 4C shows the influ ence of vis cos ity 

on the kcat/Km ratio. The the o ret i cal lim its of this slope also fall 

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

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

8-S, 18-S and 47-S, respec tively, indi cat ing that even though sub-

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

with C sub unit, they are not trans formed into sticky sub strates. 

The results sug gest that for CMr, both the phos phate trans fer and 

the prod uct release steps con trib ute to the enzyme turn over when 

the sub strate is a short pep tide. How ever, when using the pep tides 

that include part of the linker region of R, the phos phate trans fer 

is faster, with out an increase in sub strate stick i ness, being now the 

prod uct release the rate lim it ing step. There fore con tacts outside 

the active cleft might have an impact on the phos phate trans fer 

rate for this enzyme, in accor dance with the clamp model pro-

posal.

Pep tide kinetic anal y sis: dual effect of non-phos pho ryl a ta ble pep tides

As stated above, our original ratio nale to study the role of the 

prox i mal linker I region on R–C inter ac tion was to assay the effect 

of the non-phos pho ryl a ta ble pep tides 18-A-M and 18-A-S on the 

kemp tide phos phor y lat ing activ ity of C. Our expec ta tion was to 

find a com pet i tive inhi bi tion; instead we observed a dual behav ior: 

acti va tion at a low ratio pseudo sub strate:sub strate con cen tra tion 

and inhi bi tion at a high ratio. The same behav ior was dis played 

by the three C for both 18-A-M and 18-A-S. Rep re sen ta tive exper-

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

related pep tides (NRP1 and NRP2, see Table 1) was assayed to dis-

card non-spe cific effects. None of these two pep tides had an effect 

on either CMr or CSc activ i ties (insets of Fig. 5). The phos phor y la tion 

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

Fig. 4. Effect of sol vent vis cos ity on kinetic param e ters. The Vmax of Cb (A) and CMr (B) and the Vmax/Km of CMr (C) using as sub strates: kemp tide (white square) 8-S-M (white 

cir cle), 18-S-M (gray cir cle) and 47-S-M (black cir cle) were esti mated in the absence and in the pres ence of dif fer ent amounts of glyc erol. The kcat ratio and kcat/Km ratio 

defined as the ratio of the Vmax and Vmax/Km obtained in the absence of vis co gen to the one in its pres ence, respec tively, was plot ted against the rel a tive vis cos ity. Solid lines 

cor re spond to the best-fit ting lin ear equa tion. Error bars cor re spond to dupli cates. The graph ics show rep re sen ta tive exper i ments.

Fig. 5. Effect of 18-A pep tides on kemp tide phos phor y la tion. (A) Effect of 18-A-M on kemp tide (100 lM) phos phor y la tion by CMr; the activ ity in the absence of 18-A-M is 

taken as 100%. (B) Effect of 18-A-S on kemp tide phos phor y la tion by CSc, in the absence (open sym bols) and pres ence (filled sym bols) of 6 lM 18-A-S. Solid line rep re sents the 

best-fit ting curve accord ing to Michae lis–Men ton equa tion. V val ues in the y-axis are nor mal ized rel a tive to Vmax in the absence of 18-A-S. Insets: effect of two non-related 

pep tides, NRP1 (black bars) and NRP2 (gray bars) on kemp tide (sat u rat ing con cen tra tion) phos phor y la tion by CMr (A) and CSc (B). The graph ics show rep re sen ta tive exper-

i ments and error bars cor re spond to dupli cates.
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shown), espe cially for 18-A-M that has three Ser in a row. It is dif-

fi cult to ascer tain the real degree of acti va tion, since the observed 

results (Fig. 5A) is a con se quence of the dual acti va tion–inhi bi tion 

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

tide con cen tra tions the acti vat ing effect is evi denced, while at high 

18-A con cen tra tion, the inhib i tory effect pre dom i nates. From the 

results of Fig. 5B, it can be con cluded that the addi tion of 18-A does 

not pro duce an impor tant change in kemp tide Km, if any.

A pseudo sub strate con sen sus sequence is expected to have a 

com pet i tive behav ior toward the sub strate; we thought that the 

N-ter mi nal region of 18-A-M or 18-A-S pep tides might be respon-

si ble for the acti vat ing effect. We there fore eval u ated the effect of 

a pep tide that cor re sponds only to this 10 res i due-region of RMr 

(10Nt-M) (Table 1) on the phos phor y la tion of kemp tide by CMr (Fig. 

6). A sig nifi  cant acti va tion of 2.5–3-fold was observed at kemp tide 

con cen tra tions below, within and above the Km (34 lM), sug gest ing 

that the inter ac tion of this region in the R sub unit with the C sub-

unit pro motes an increase in the activ ity. The fact that the degree 

of acti va tion did not change with kemp tide con cen tra tion sug gests 

that the effect is mainly on the cat a lytic activ ity and not in the Km. 

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

assayed on the phos phor y la tion of kemp tide by CSc (Fig. 5B). This 

result sug gests that the inter ac tion of this region in the R sub unit 

with the C sub unit pro motes an increase in the cat a lytic activ ity.

To deter mine whether 18-A pep tides could be able to acti vate 

not only the phos phor y la tion of pep tides but also of pro tein sub-

strates, we assessed the effect of 18-A-S on S. ce re vi si ae pyru vate 

kinase 1 (Pyk1) phos phor y la tion by its cor re spond ing CSc. Pyk1 has 

been shown to be a sub strate of PKA in S. ce re vi si ae [22]. Activ-

ity of CSc toward a sat u rat ing con cen tra tion of Pyk1 (40 lM) was 

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

Fig. 7 shows that in the 3–75 lM range, 18-A-S pro moted a sig nif-

i cant acti va tion on the phos phor y la tion of Pyk1 by CSc. This 2-fold 

level of stim u la tion is sim i lar to the one observed for pep tides, 

shown in Fig. 5. Higher con cen tra tions of the pseudo sub strate 

18-A-S pro duced the expected inhi bi tion of the kinase activ ity.

Dual effect of R on kemp tide phos phor y la tion

In the above-men tioned exper i ments we observed that the 

pseudo sub strate pep tides 18-A-S and 18-A-M, had a stim u lat ing 

effect in trans, on the phos phor y lat ing activ ity of either CMr or 

CSc toward a pep tide or even toward a whole pro tein. These two 

pep tides cor re spond to sequences of the respec tive R. We there-

fore won dered whether the full-length R could have the same 

dual effect of the non-phos pho ryl a ta ble pep tides. The clas si cal 

inhib i tory effect of R on C activ ity has been already dem on strated 

[21,11,23].

In order to eval u ate whether R could dis play a dual effect on 

C activ ity we assayed the effect of small con cen tra tions of RMc 

(<0.1 nM) on the cat a lytic activ ity of both CMc and Cb using kemp-

tide as sub strate. We chose these con cen tra tions, since we had 

Fig. 8. Effect of RMc on kemp tide phos phor y la tion by Cb and CMc Activ ity of CMc (gray 

bars) and Cb (white bars) at sat u rat ing con cen tra tions (300 lM) of kemp tide was 

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

rep re sen ta tive exper i ment. Error bars cor re spond to dupli cates. Aster isks indi cate 

sig nifi  cant dif fer ences (p < 0.01) com pared with the first col umns (with out RMc).

Fig. 7. Effect of 18-A-S on Pyk1 phos phor y la tion by CSc. Activ ity of CSc at sat u rat ing 

con cen tra tions (40 lM) of Pyk1 was assayed in the absence and in the pres ence of 

dif fer ent con cen tra tions of 18-A-S (0–400 lM). The activ ity was esti mated from a 

radio ac tive SDS–PAGE (inset) as described in Mate ri als and meth ods. The graphic 

shows a rep re sen ta tive exper i ment. Error bars cor re spond to dupli cates. Aster isks 

indi cate sig nifi  cant dif fer ences (p < 0.01) com pared with the first col umn (with out 

18-A-S).

Fig. 6. Effect of 10Nt-M on kemp tide phos phor y la tion by CMr. Activ ity of CMr at 5, 30 

and 100 lM of kemp tide 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 graph ics show 

rep re sen ta tive exper i ments and error bars cor re spond to dupli cates. Aster isks 

indi cate sig nifi  cant dif fer ences (p < 0.01) com pared with the white bars (with out 

10Nt-M).
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already observed [11] that, under the exper i men tal set ting used, 

con cen tra tions >0.1 nM of fun gal R pro duced a clear inhi bi tion of 

cat a lytic activ ity of both CMc and Cb. Fig. 8 shows that at around 

0.02 nM R there is a sig nifi  cant acti va tion of 2.5-fold of the cat a-

lytic activ ity of C toward kemp tide. At con cen tra tions higher than 

0.1 nM of R, a clear inhib i tory effect is observed [data not shown; 

11]. This is the first time that a dual, acti vat ing–inhib i tory effect 

of R on C activ ity is described. This result resem bles the results 

described in Fig. 5 for both non-phos pho ryl a ta ble pep tides, 18-A-S 

and 18-A-M.

Dis cus sion

In this work we have ana lyzed the kinetic behav ior of three C 

sub units, CMr, CSc and Cb, toward phos pho ryl a ta ble pep tides derived 

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

the longer the pep tides the higher the rel a tive kcat and the lower 

the Km. Although this effect was qual i ta tively the same with the 

three C, it was quan ti ta tively much greater with the two fun gal C. 

The change in steady-state param e ters for both fun gal C sug gests 

that in both ho lo en zymes the region from P-4 to P-42 of R con trib-

utes to the R–C inter ac tion. The region from ¡13 to ¡42 of R could 

account, at least in part, for the dif fer ences observed in R–C affin ity 

among spe cies, since the increase in spec i fic ity con stant of CMr and 

CSc when com par ing 18-S with 47-S pep tides is big ger when using 

C with their cor re spond ing phos pho ryl a ta ble pep tides (Fig. 3, right 

set of bars).

The great increase in appar ent affin ity of the phos pho ryl a ta-

ble pep tides 18-S and 47-S when com pared to the 8-S, for both 

fun gal sys tems, seems to fit within the clamp model, as judged 

by the change in steady-state kinetic and the depen dence of Vmax 

on vis cos ity with the length of the pep tides. Accord ing to this 

model, there could be a direct ther mo dy namic cou pling between 

the bind ing of 18-S and 47-S pep tides and the chem i cal trans fer 

step. This cou pling leads to an increase in the phos phoryl trans-

fer rate with a con se quent increase in the appar ent affin ity. In 

Fig. 9 we illus trate the clamp model as a cis-acti va tion mech a-

nism, in com par i son to the basal activ ity, in which the region of 

the pep tides N-ter mi nal to the IS gen er ate, prob a bly through a 

con for ma tional change in the C sub unit, an increase in the phos-

phate trans fer rate. The fact that the appar ent affin ity of 8-S and 

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

dif fer ence in the response to vis cos ity, might reflect that the cat-

a lytic turn over of CMr and CSc is lower than the one of Cb. It is 

prob a ble that the acti va tion effect of the linker region-pep tides 

(“clamp” effect) on Cb kinet ics is masked by the excep tion ally 

high cat a lytic turn over of this enzyme [20].

The non-phos pho ryl a ta ble ver sions of the linker region pep-

tides, 18-A-S or 18-A-M, when bound to their cor re spond ing C 

sub units, inhibit their activ ity, as expected. How ever this inhi bi-

tion is not com pet i tive. When the kemp tide con cen tra tion is high, 

the inhib i tory effect is min i mized and an increase of basal activ ity 

could be observed. Mak ing a com par i son of what hap pens with the 

18-S linker pep tides, we named this effect as a trans acti va tion in 

Fig. 9. Model for the dual effect of pep tides and R on C phos pho trans fer ase activ ity. Basal activ ity of C sub unit is rep re sented as a plain scheme of C phos phor y lat ing a pep tidic 

or pro tein sub strate. The increase in appar ent affin ity and in phos pho trans fer ase activ ity of 18-S or 47-S linker pep tides is rep re sented as a cis-acti va tion effect pro duced by a 

clamp-dock ing site of the pep tide on C besides the phos phor y la tion site. Clamped C in the model is rep re sented by a striped scheme. Inhi bi tion in this model is rep re sented 

by the inter ac tion of the inhib i tory pep tides 18-A to C, or of R sub unit to C. Notice than under these con di tions, C sub unit is already clamped (striped), although activ ity 

can not be mea sured. The clamp effect of non-phos pho ryl a ta ble linker pep tides 18-A on the phos phor y la tion of pep tidic or pro tein sub strates is rep re sented as the result of 

a trans-acti va tion effect derived from the clamp/allo ste ric inter ac tion of the non-phos pho ryl a ta ble pep tide on C. The clamp effect of R on C phos phor y la tion of a sub strate 

is shown as a trans-acti va tion effect pro duced by a clamp dock ing domain of a region N-ter mi nal to the IS of R that al los ter i cal ly increases the phos pho trans fer rate of the C 

sub unit, once the inter ac tion between C and R is loos ened by the bind ing of cAMP.
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which we fig ure out that the 18-A pep tide is bound to the C sub-

unit through a dock ing inter ac tion, simul ta neously with kemp tide 

or pro tein sub strate, exert ing 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 dis so ci ate the allo ste ric-dock ing effect from the 

inhib i tory effect (Fig. 6). It is worth notic ing that in the model of 

inhi bi tion in Fig. 9, with the 18-A pep tide bound, the C sub unit is 

already drawn as clamped, although activ ity can not be mea sured 

under this con di tion.

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

on C: a novel acti vat ing effect and a clas sic inhib i tory effect (Fig. 

9 inhi bi tion), illus trated with R of M. cir ci nello ides when added 

to its homol o gous CMc, as well as to mam ma lian Cb. A fea si ble 

inter pre ta tion, illus trated in Fig. 9 (trans acti va tion) is the fol-

low ing. When there are low lev els of cAMP in the cell, the inhib i-

tory effect pre dom i nates. How ever when part of the inter ac tions 

that main tain the high affin ity bind ing between R and C in the 

holo en zyme are weak ened, it is pos si ble that the region N-ter-

mi nal to the IS of R still remains bound to the C sub unit. This 

inter ac tion, as if it were a dock ing site, improves the phos phoryl 

trans fer rate of sub strates in trans. Dock ing inter ac tions in pro-

tein kinase and phos pha tase net works are well known, not only 

to increase enzyme–sub strate spec i fic ity, but also to gov ern the 

bind ing of kinases and phos pha tases to each other and other 

effec tors [24]. Over all, the primary role of dock ing inter ac tions 

appears to be teth er ing. How ever there are some exam ples in 

which dock ing inter ac tions play an impor tant role in alter ing 

pro tein con for ma tion and al los ter i cal ly reg u lat ing activ ity [24]. 

The reg u la tion of C activ ity by R, described in this work, fits into 

the model of dock ing and allo ste ric reg u la tion. A mod ern view 

of sub strate phos phor y la tion by PKA in vivo is that holo en zyme 

and sub strate are linked and local ized through inter ac tion via 

anchor ing pro teins. We pro pose that within this con text, and in 

the pres ence of cAMP, R can remain in con tact with C through 

at least the linker region amino ter mi nal to the IS, and that this 

dock ing al los ter i cal ly improves the phos phor y la tion of a sub-

strate in trans.
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