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Recombinant Fragment of Protein Kinase Inhibitor 
Blocks Cyclic AMP-Dependent Gene Transcription 

Transcriptional regulation by cyclic adenosine monophosphate (CAMP) in mammalian 
cells could be mediated by a phosphoprotein substrate of the CAMP-dependent protein 
kinase or, as in prokaryotes, by a CAMP-binding protein. Two synthetic genes that 
code for an active fragment of the protein inhibitor of this kinase and a mutant inactive 
fragment were constructed and used to distinguish these alternatives. Transient 
expression of the active peptide product specifically inhibited the CAMP-stimulated 
expression of a cotransfected reporter gene by more than 90 percent, whereas the 
expression of the inactive peptide did not alter CAMP-stimulated gene expression. The 
results indicate that an active kinase catalytic subunit is a necessary intermediate in the 
CAMP stimulation of gene transcription. 

P ROTEIN KINASES AND PROTEIN 

phosphatases catalyze a set of revers- 
ible posttranslational modifications 

that are associated with the regulation of 
many cellular processes (1, 2). Certain of 
these enzymes are subject to inhibition by 
high-affinity, specific interaction with other 
proteins, such as the heat-stable inhibitor of 
the cyclic adenosine monophosphate 
(CAMP)-dependent protein kinase (PKI, 
protein kinase inhibitor), first described by 
Walsh and his colleagues (3); PKI is a high- 
afFmity (Ki near 1 nM) inhibitor that com- 
petes with protein substrates for binding to 
the free catalytic subunit of the kinase (3). 
Studies with synthetic peptides correspond- 
ing to the amino acid sequence of rabbit 
skeletal muscle PKI have demonstrated the 
importance of the pseudosubstrate site 
RRNAI (4) (residues 18-22), as well as 
residues nearer the amino terminus, in con- 
ferring the very high affinity and specificity 
of PKI ( 5 ) .  Thus most, perhaps all, of the 
structural features required for kinase inhibi- 
tion are located within the NHz-terminal 

third of rabbit skeletal muscle PKI, a 75- 
amino acid protein. 

We synthesized a peptide [PKI(l-31), 
Fig. lA] corresponding to the NH2-termi- 
nal 31 residues of the rabbit skeletal muscle 
PKI (6). This peptide inhibited competitive- 
ly (Ki = 4 nM) the phosphorylation of a 
synthetic peptide substrate (LRRASLG) by 
the catalytic subunit of CAMP-dependent 
protein kinase. The specificity of purified 
PKI(1-75) was maintained by synthetic 
PKI(1-31). In assays in vitro with purified 
enzymes, the cyclic guanosine monophos- 
phate-dependent protein kinase, protein ki- 
nase C, and protein phosphatase 1 were not 
inhibited at all by PKI(1-31) at concentra- 
tions up to 1.9, 6.1, and 12 lJJM peptide, 
respectively. The crucial role of PKI residues 
18 and 19 was confirmed by synthesis of 
PKI peptides in which one or both of these 
arginine residues had been replaced by gly- 
cine; these peptides exhibited greatly dimin- 
ished ( [ ~ l ~ ' ~ ] ~ ~ 1 ( 1 - 3 1 ) )  or no detectable 
PKI activity ([GIy'8319]~~I(1-31),  Fig. 
1B). 

A gene coding for an initiator methionine 
and PKI(1-31) was designed and construct- 
ed from synthetic oligonucleotides (7) (Fig. 
1A); a ene coding for the inactive peptide 8 [Gly18,1 lPKI(1-31) was prepared by re- 
placing the Sfi I-Bsm I restriction fragment 
of the PKI(1-31) minigene with mutant 
oligonucleotides that would replace argin- 
ines 18 and 19 in the PKI sequence with 
glycines. Wild-type PKI(1-31) and mutant 
[ G l y ' 8 ~ ' 9 ] ~ ~ ~ ( 1 - 3 1 )  peptides were ex- 
pressed in Escherichia coli as lacZ fusion 
proteins; insoluble inclusion bodies of the 
parent lacZ product and the fusion proteins 
were partially purified, treated with CNBr, 
lyophilized, and reconstituted in neutral 
buffer. The mixture of CNBr peptides was 
assayed for PKI content by radioimmu- 
noassay and for protein kinase inhibitory 
activity. Whereas the CNBr peptides derived 
from the l a c ~ - [ ~ l ~ ' ~ ~ ' ~ ] ~ ~ 1 ( 1 - 3 1 )  fusion 
product showed substantial PKI-like irnrnu- 
noreactivity, this preparation gave no inhibi- 
tion of protein kinase activity (Fig. 1B). In 
contrast, the CNBr peptides derived from 
lacZ-PKI(1-31) fusion protein exhibited 
protein kinase inhibitory activity, which, in 
relation to the measured content of PKI(1- 
31), had a comparable or slightly greater 
potency than that of the synthetic PKI(1- 
31) peptide (Fig. 1B). Thus the synthetic 
minigene for PKI(1-31) codes for a func- 
tional PKI(1-31) pertide, whereas the mu- 
tant minigene [ G I ~ '  2 ' 9 ]P~~(1-31)  is itself 
functional but codes for a peptide that lacks 
kinase inhibitory activity. 

The synthetic genes were cloned into the 
eukaryotic expression vector nLXX (8) to 
produce the plasmids nLXX-PKI(1-31) 
(Fig. 1C) and n~XX-[Gl~'~~'~]P~1(1-31). 
Expression of nLXX-PKI(1-31) was exam- 
ined after transfection of CV-1 and COS- 
M6 cells. Hybridization of total RNA with 
PKI 32~-labeled oligonucleotides revealed a 
1.2-kb RNA species in both cell lines, in 
agreement with the size predicted. S1 nucle- 
ase protection assay with a uniformly labeled 
RNA probe that recognized both nLXX 
and nLXX-PKI(1-31) messenger RNAs 
(mRNAs) gave protected fragments of the 
expected size. Neither the size nor abun- 
dance of nLXX or TLXX-PKI(1-31) 
mRNA was affected by CAMP analogs. 

Translation of PKI(1-31) mRNA to pro- 
duce the recombinant peptide was demon- 
strated after transfection of COS-M6 cells. 
Extracts of cells transfected with nLXX or 
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Services and Diabetes Unit, Massachusetts General Hos- 
pital, and Department of Medicine, Harvard Medical 
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nLXX-PKI(1-31) were analyzed for PKI by 
radioimmunoassay. PKI immunoreactivity 
is present in extracts of cells at the time of 
transfection, presumably as a reflection of 
endogenous PKI. Transfection with nLXX- 
PKI(1-31) caused a time-dependent five- to 
tenfold increase in total PKI irnmunoreac- 
tivity, which was not observed with nLXX. 
In two experiments, PKI immunoreactivity 
increased rapidly during the first 24 hours 
after transfection and began to level off 
during the subsequent 24 hours. 

Because an unknown but probably low 
percentage of the cells exposed to the 
nLXX-PKI(1-31) DNA precipitate take up 
and express the DNA, it was necessary to 
monitor selectively CAMP responsiveness in 
that subfraction of cells, in order to assess 

Fig. 1. Construction and expression of PKI(1-31) 
gene. (A) Nucleotide and amino acid sequence of 
PKI(1-31) gene. Restriction sites marked * or + are B 0 C 

the effects of PKI(1-31) on CAMP-directed 
gene transcription. This was accomplished 
by cotransfection of nLXX-PKI(1-31) with 
a CAMP-responsive reporter gene; the plas- 
mid pENKAT-12 contains a CAMP-regulat- 
ed fusion gene consisting of the CAMP- 
responsive promoter element from the hu- 
man enkephalin gene and the bacterial 
chlorarnphenicol acetyl transferase (CAT) 
gene. Analogs of CAMP and activators of 
adenylate cyclase induce a 5- to 20-fold 
elevation of CAT activity and ENKAT tran- 
script levels in transient expression experi- 
ments (9). A similar degree of CAMP-stimu- 
lated CAT expression was observed when 
pENKAT-12 was cotransfected with nLXX 
(Table 1). In contrast, cotransfection of 
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PKI (1-31) 
Barn HI Eco !?I 

- * O  2 .- 
s 

ASV LTR 
P - 
al 

40 
P 

0 

unique in pUC12-PKI(1-31) or aLXX-PKI(1-31) 
- 

(see C), respectively. (B) Protein kinase inhibition by 
synthetic and biosynthetic PKI peptides. Inhibition 
of CAMP-dependent protein kinase catalytic subunit 

Table 1. Effects of aLXX vs aLXX-PKICl-31) on CAMP-stimulated expression of pENKAT-12. CV-1 
or COS-M6 cells were plated at 3 x 10 cells per 10-cm tissue culture plate; 18 hours later, cells were 
transfected with a CaP04 precipitate containing pENKAT-12 (4 @plate), aLXX or aLXX-PKI(1- 
31) (amounts indicated) and pRSVpgal (10 &plate), included as an internal control for variations in 
transfection efficiency among separate DNA precipitates. The regulators 8-Br-CAMP and l-methyl-3- 
isobutylxanthine (IBMX) were added directly to culture medium to 0.5 mM each at 24 hours after 
DNA addition. Cells were harvested 6 to 8 hours later and lysed. CAT assays were performed by a 
modification of the standard procedure (12); briefly, butyryl-CoA is substituted for acetyl-CoA and 
butyryl-chloramphenicol is selectively extracted into 2,6,10,14-tetramethyl pentadecane and xylene 
(2 : l )  with an efficiency of approximately 35%. Data are shown as percentage conversion of 
['4C]chloramphenicol to butyryl-chloramphenicol normalized for p-galactosidase expression. Percent- 
age inhibition is calculated as follows: the difference in the percentage conversion between treated and 
untreated cells transfected with aLXX alone was divided into the difference between treated and 
untreated cells transfected with aLXX-PKI(1-31) alone or as a mixture with aLXX; this fraction was 
subtracted from 1 and multiplied by 100. Data shown are the average of duplicate plates from a 
representative experiment. 

fused to its COOH-terminus. Insoluble fusion pro- 0 0.4 0.8 
teins were purified, cleaved by CNBr, and quantified PKI (PM) 
by radioimmunoassay; parallel displacement curves of 
125~-labeled PKI(1-31) were observed with synthetic peptides and the CNBr digests of the homologous lacZ fusion protein. (C) PKI(1-31) minigene in 
the eukaryotic expression vector aLXX. SV40 ori, eukaryotic origin of replication from SV40; aVX ori, prokatyotic origin of replication from aVX 
(originally from pMB1); ASV LTR; long terminal repeat from avian sarcoma virus; SV2 intron + A,; SV40 late splice site and polyadenylation signals from 
pSV2. The entire Pst I-Xba I PKI gene fragments from both wild-type and mutant constructs were purified and recloned into Pst I-Xba I digested 
TLXX. 

was determined as in (5)  using bovine protein kinase 
catalytic subunit, mixed histone, and various concen- 
trations of synthetic PKI(1-31) (0) and [Gly'8,'y] 
PKI(1-31) (0) and biosynthetic, CNBr-cleaved 
lacZ-PKI(1-31) (0) and lac~-[Gly'~~'~]P~1(1-31) 
(m). Synthetic PKI peptides were quantified by 
arnlno acid analysis. LacZ fusion proteins were gener- 
ated from a prokaryotic expression vector that pro- 

CAT activity 
DNA (kg) % conversion Inhibition by 

Cell type 8-Br-CAMP + IBMX aLXX-PKI(1-3 1) 

aLXX aLXX-PKI(1-31) Untreated Treated 
(%) 

- 

- 

- 

CV- 1 16 0 0.34 3.69 
12 4 0.39 2.12 48 
0 16 0.32 0.55 93 

COS- 
M6 7 0 2.61 15.31 

5.6 1.4 3.69 11.03 42 
0 7 3.04 4.55 88 

duces a truncated p-galactosidase with PKI(1-31) a I - 

pENKAT-12 with nLXX-PKI(1-31) was 
associated with a dose-dependent inhibition 
of the CAMP-stimulated CAT activity (Ta- 
ble 1); in general it reached a plateau at 90 
to 95% inhibition (Table 1). Similar results 
were seen in CV-1 and COS cells (Table 1). 
This inhibition of CAMP-stimulated CAT 
activity was paralleled by an inhibition of 

the CAMP stimulation of correctly initiated 
pENKAT-12 mRNA, as judged by S1 anal- 
ysis (Fig. 2). 

The specificity of nLXX-PKI(1-31) inhi- 
bition of CAMP-regulated transcription is 
supported by several lines of evidence. 
nLXX-PKI(1-31) did not inhibit the 
expression of pENKAT-12 observed in the 
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absence of added CAMP (Table 1 and Fig. 
2), nor the expression of a cotransfected 
RSV LTR-P-galactosidase fusion gene 
(pRSVpgal). In addition, when 'TFLXX- 
PKI(1-31) was cotransfected in a mixture 
with pENKAT-12 and pXGH5, a plasmid 
containing a fusion gene consisting of the 
mouse metallothionein promoter and hu- 
man growth hormone genes, the CAMP- 
stimulated expression of the CAT gene was 
drastically reduced, whereas the cd2+-stim- 
dated production of human growth hor- 
mone remained unaffected by 'TFLXX- 
PKI(1-31) (Fig. 3). Thus PKI(1-31) in- 
hibits only the component of transcription 
that is stimulated by elevation of CAMP 
above basal levels and does not inhibit tran- 
scription from constitutive or non-cAMP- 
regulated promoters. 

The strongest evidence that the inhibitory 
efect of nLXX-PKI(1-31) on CAMP in- 

Fig. 2. S 1 analysis of pENKAT- 12 mRNA. CV- 1 
cells (lanes 1 to 4) and COS-M6 cells (lanes 5 to 
8) were transfected with pENKAT-12 and with 
nLXX (lanes 1,2,5, and 6) or nLXX-PKI(1-31) 
(lanes 3,4,7, and 8) and treated with no addition 
(lanes 1,3,5, and 7) or with 0.5 mM 8-Br-cAMP 
plus 0.5 mM IBMX (lanes 2, 4, 6, and 8), as 
described in the legend to Table 1. Ninety min- 
utes after 8-Br-cAMP + IBMX, the cells were 
harvested, cytoplasmic RNA was isolated, and S1 
analysis was carried out as described (9). The 
protected fragment (70 nucleotides) correspond- 
ing to the correctly initiated pENKAT-12 tran- 
script is indicated. 

duction of ENKAT transcription is a con- 
sequence of the inhibition of the kinase 
catalytic subunit by the recombinant pep- 
tide is provided by comparison with 
[Gly18719]nLXX-~~~(1-31). This plasmid, 
which codes for an inactive PKI mutant 
peptide, failed to provide any inhibition of 
CAMP-stimulated CAT activity when co- 
transfected with pENKAT-12 into CV-1 
cells (Fig. 4). Thus to inhibit CAMP-stimu- 
lated gene transcription, a PKI peptide must 
be a functional kinase inhibitor. 

Transcriptional regulation by CAMP in 
mammalian cells could be mediated by a 
phosphoprotein substrate of the CAMP-de- 
pendent protein kinase or, as in prokaryotes, 

1 2 3 4  5 6 7  8 

aLXX aLXX-PKI 
DNA 

Fig. 3. Comparison of effects of nLXX-PKI(1- 
31) on gene expression from cAMP- and metal- 
regulated promoters. (A) CAT activity was calcu- 
lated as described in the legend to Table 1. (B) 
Concentration of human growth hormone in 
culture media. Extracts from nm-transfected 
(bars 1 to 4) and PLXX-PKI(1-31) transfected 
(bars 5 to 8) cells treated with no additions (bars 
1 and 5), 8-Br-CAMP and IBMX (0.5 mM each, 
bars 2 and 6), CdC12 (2.6 )1M, bars 3 and 7), or 8- 
Br-cAMP, IBMX, and CdC12 (bars 4 and 8). CV- 
1 cells were transfected as described in the legend 
to Table 1, except that the Capo4 precipitate 
contained 4 pg of pENKAT-12, 10 pg of 
pRSVpgal, 10 pg of nLXX or nLXX-PKI(1-31), 
and 2.5 pg of pXGH5 (13) a mouse metallothion- 
ein promoter-human growth hormone gene h- 
sion. CdClz was added 17 hours after glycerol 
shock, and 8-Br-CAMP and IBMX were added 47 
hours after glycerol shock; cells were collected 14 
hours later. CAT activity was assayed as described 
in the legend to Table 1, and human growth 
hormone in the culture media was measured by 
radioimmunoassay (Hybritech). The bars indicate 
the range of values observed on duplicate plates. 
Results shown are representative of three experi- 
ments. 

by a CAMP-binding protein without a re- 
quirement for proteinphosphorylation. Our 
data indicate that expression of nLXX- 
PKI(1-31), which codes for a specific inhib- 
itor of the catalvtic subunit of the CAMP- 
dependent protiin kinase, selectively inhib- 
its CAMP-directed gene expression. We con- 
clude that CAMP-stimulated transcri~tion 
requires an active kinase catalytic subunit 
and in turn that a phosphoprotein substrate 
is required for this response. These results 
do not eliminate a reairement for a CAMP- 
binding protein as ;ell but indicate that 
such a protein by itself cannot sustain 
CAMP-stimulated transcription. Although 
the identity of the phosphoprotein substrate 
required for CAMP-directed transcriptional 
regulation is unknown, several observations 
suggest that the phosphoform of the RII 
isotype of the regulatory subunit of the 
kinase merits specific consideration (10). 
Moreover, since the levels of the regulatory 
and catalytic subunits of the kinase are coor- 
dinately regulated ( l l ) ,  expression of 
recombinant PKI(1-31) may alter indirectly 
cellular levels of regulatory subunits. Thus 
the present results do not exclude P-RII as 
the necessary phosphoprotein in transcrip- 
tional regulation by CAMP. An important 
assumption that underlies the present study 
is that recombinant PKI(1-31) retains the 
high specificity for inhibition of CAMP- 
directed protein phosphorylation observed 

0' 
0 4 8 12 

PKI construct (pglplate) 

Fig. 4. Effects of wild-type and mutant PKI on 
CAMP-stimulated CAT activity. CAT activity in 
extracts of CV-1 cells (two experiments) and COS 
cells (three experiments) transfected with EN- 
KAT and nLXX-PKI(1-31) (0 )  or ENKAT and 
nLXX-[Gly'8,'9]PKI(1-31) (+) and treated with 
8-Br-cAMP + IBMX is plotted as a percentage of 
the CAT activity measured in extracts of cells 
transfected with ENKAT and nLXX (W) and 
treated with 8-Br-cAMP + IBMX. Cells were 
transfected, extracted, and assayed as described in 
the legend to Table 1, except that the Capo4 
precipitate contained 5 pg of pENKAT-12, 10 
pg of pRSVpgal, and a total of 12 pg of nLXX- 
derived DNA, either as nLXX alone (W) or with 
PLXX-PKI(1-31), 4 or 12 pg ((O; or nLXX- 
[~ l~ '~ . '~ ]~KI(1-31) ,  4 or 12 pg (+). The bars 
indicate standard error of the mean; inhibition by 
nLXX-PKI(1-31) is significant (P < 0.01) rela- 
tive to n~XX-[Gly'~.'~]PK1(1-31) at the corre- 
sponding dose and to nLXX. 
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for the synthetic peptide. Direct validation 
of this point will require regulated expres- 
sion of PKI( 1-3 1) in most or all the cells, so 
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Rapid Stimulation of Diacylglycerol Production in 
Xenoplw Oocytes by Microinjection of H-rm p21 

The p21 products of rm proto-oncogenes are thought to be important components in 
pathways regulating normal cell proliferation and differentiation. These proteins 
acquire transforming properties as a result of activating lesions that convert ras genes 
to oncogenes in a wide array of malignancies. InXenupus lamb oocytes, microinjection 
of transforming rm p21 is a potent inducer of maturation, whereas microinjection of a 
monoclonal antibody to rm p21 inhibits normal maturation induced by hormones. 
The phosphoinositide pathway is a ubiquitous system that appears to play a key role in 
diverse cellular functions. By use of the Xenopzrs oocyte system, it was possible to 
quantitate the effects of r b  p21 microinjection on individual components of the 
phosphoinositide pathway. Within 20 minutes of microinjection, levels of phosphati- 
dylinositol 4,5-bisphosphate, inositol 1-phosphate, and inositol bisphosphate in- 
creased 1.5- to 2-fold. The most striking effects were on diacylglycerol, which 
increased 5-fold under the same conditions. In contrast, the normal rm p21 protein 
induced no detectable alteration in any of the metabolites analyzed. The earliest effects 
of the transforming p21 on phosphoinositol turnover were observable within 2 
minutes, implying a very rapid effect of rm p21 on the enzymes involved in 
phospholipid metabolism. 

G ENES INVOLVED IN THE TRANS- 

duction of signals required for nor- 
mal cell proliferation commonly ap- 

pear to be subverted in the neoplastic proc- 
ess (1). One such group is the highly con- 
served rm gene family. The p21 proteins 
encoded by rm genes bind guanine nucleo- 
tide (2) and have intrinsic guanosine 5'- 
triphosphatase (GTPase) activity (3, 4). 
They also appear to require attachment to 
the inner cell membrane for their function 
(5) .  In human tumors, rm oncogenes fre- 
quently have been found to be activated by 
point mutations at one of two major sites in 
their coding sequences (6). These activating 

lesions affect biochemical activities of the 
p21 protein, leading, for example, to im- 
paired GTPase activity (6) or altered nucleo- 
tide exchange (7). Microinjection of bacteri- 
ally expressed, mammalian transforming rm 
p21 proteins into NIH 3T3 cells leads to 
stimulation of DNA synthesis (4, 8). Thus, 
it has been suggested that by analogy with 
known G proteins, whose active state is the 
guanosine 5'-triphosphate (GTP)-bound 
but not guanosine 5'-diphosphate-bound 
form (9) ,  ras p21 proteins may be regulatory 
proteins involved in transduction of signals 
that lead to DNA synthesis. 

One major pathway involved in DNA 
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synthesis induced by growth factors is medi- 
ated by phosphoinositide turnover accord- 
ing to the following scheme: 

Ptdlns PtdlnsP d Ptdln!Pz 

where PtdIns is phosphatidylinositol, 
PtdInsP is phosphatidylinositol phosphate, 
PtdInsP* is phosphatidylinositol 4,s-bis- 
phosphate, and InsP3 is inositol trisphos- 
phate. Cleavage of phosphoinositides by 
phospholipase C (PLC) produces 1,2-diac- 
ylglycerol (DAG) and inositol phosphates 
(InsPs) (1 0). Whereas DAG acts as an essen- 
tial cofactor for protein kinase C (PKC), 
inositol (1,4,5)trisphosphate, mobilizes 
ca2+ from nonmitochondrial intracellular 
stores. Recent studies have indicated that 
cells chronically transformed by rm onco- 
genes exhibit increased phosphoinositide 
turnover (1 1 ) . Moreover, such transfor- 
mants have been reported to exhibit in- 
creased levels of DAG associated with a 
partial activation and downregulation of 
PKC (11). These findings have suggested 
that rm p21 proteins may drectly or indi- 
rectly stimulate PLC-catalyzed breakdown 
of PtdInsP2 or PtdIns. Because such investi- 
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