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Differential exon use is a hallmark of alternative splic-

ing, a prevalent mechanism for generating protein iso-

form diversity. There are two principal genes encoding

the catalytic (C) subunit of cAMP-dependent protein

kinase A, termed Ca and Cb [1]. Both the Ca and Cb
genes transcribe several splice variants, which are

termed Ca1, CaS, Cb1, Cb2, Cb3, Cb3b, Cb3ab,
Cb3abc, Cb4, Cb4b, Cb4ab and Cb4abc [2–6]. All the

known C subunit splice variants are encoded with vari-

able N-terminal ends due to alternative splicing of

exon 1 and differential splicing of exons a, b and c.

Interestingly, the N-terminus of Ca1 and Cb1 are more

homologous to each other than to any of their splice

variants. In the case of Ca1, three sites may undergo

co- and post-translational modifications. At the very

N-terminus, Ca1 is encoded with a Gly that is myri-

stoylated in vivo [7]. Moreover, C-terminal to the Gly

an Asn is encoded that is partly deamidated in vivo,

leading to Ca1-Asp2 and Ca1-iso(b)Asp2 [8]. Finally, a

third modification is identified as a protein kinase A
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B. S. Skålhegg, Department of Nutrition,

Institute for Basic Medical Sciences,

University of Oslo, PO Box 1046 Blindern,

N-0316 Oslo, Norway

Fax: +47 22851531

Tel: +47 22851548

E-mail: b.s.skalhegg@medisin.uio.no

(Received 14 August 2007, revised 1

November 2007, accepted 16 November

2007)

doi:10.1111/j.1742-4658.2007.06195.x

It is well documented that the b-gene of the catalytic (C) subunit of protein

kinase A encodes a number of splice variants. These splice variants are

equipped with a variable N-terminal end encoded by alternative use of sev-

eral exons located 5¢ to exon 2 in the human, bovine and mouse Cb gene.

In the present study, we demonstrate the expression of six novel human Cb
mRNAs that lack 99 bp due to loss of exon 4. The novel splice variants,

designated CbD4, were identified in low amounts at the mRNA level in

NTera2-N cells. We developed a method to detect CbD4 mRNAs in vari-

ous cells and demonstrated that these variants were expressed in human

and Rhesus monkey brain. Transient expression and characterization of

the CbD4 variants demonstrated that they are catalytically inactive both

in vitro against typical protein kinase A substrates such as kemptide and

histone, and in vivo against the cAMP-responsive element binding protein.

Furthermore, co-expression of CbD4 with the regulatory subunit (R) fol-

lowed by kinase activity assay with increasing concentrations of cAMP and

immunoprecipitation with extensive washes with cAMP (1 mm) and immu-

noblotting demonstrated that the CbD4 variants associate with both RI

and RII in a cAMP-independent fashion. Expression of inactive C subunits

which associate irreversibly with R may imply that CbD4 can modulate

local cAMP effects in the brain by permanent association with R subunits

even at saturating concentrations of cAMP.

Abbreviations

C, catalytic subunit; CRE, cAMP-regulated element; NT2, NTera-2; PBL, peripheral blood leukocyte; PKA, protein kinase A; R, regulatory

subunit; TBST, NaCl ⁄ Tris with 0.1% Tween-20.
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(PKA)-autophosphorylation site at Ser10 [9–11]. Based

on the fact that Ca1 and Cb1 have identical amino

acid sequences where the modification takes place, it is

expected that Cb1 is modified in the same way as Ca1.
Despite this, Ca1 has a three- to five-fold lower Km for

certain peptide substrates than does the Cb1, in addi-

tion to a three-fold lower IC50 for inhibition by PKI

and regulatory subunit (R) IIa [12], implying that

other domains different from the N-terminus may

influence C subunit features.

None of the other known C splice variants are

encoded with the same N-terminus as Ca1 and Cb1
and it is not expected that they undergo the same type

of modifications. Thus, they may harbor different fea-

tures than those of Ca1 and Cb1. This has been dem-

onstrated for the Ca splice variants in that CaS, but
not Ca1, regulates sperm motility [13,14]. Moreover,

the N-terminal end has been suggested to play a role

in regulating enzyme activity and protein stability, as

well as subcellular targeting of the C. The latter has

recently been demonstrated in that the N-terminal resi-

dues 1–39 are required for localization of A-kinase

interaction protein in the nucleus [15]. Despite these

reports, specific functions associated with the various

N-terminal ends of the PKA C subunits are elusive.

Alternative splicing of the Ca and Cb genes appears

to be tissue specific in that Ca1 and Cb1 are ubiqui-

tously expressed, whereas CaS is only expressed in

sperm cells [2,3,16]. Cb2 appears to be expressed

mainly in lymphoid tissues, whereas the Cb3 and Cb4
and their abc variants are expressed primarily in the

central nervous system [5,6,17,18].

In the present study, we show that human NTera2-N

(NT2-N) cells, which are differentiated by retinoic acid

for 4 weeks from NT2 cells to NT2-N cells with charac-

teristics of post-mitotic neurons of the central nervous

system [19], express six novel mRNA species of the

PKA Cb gene; these variants lack exon 4. The Cb
forms lacking exon 4 were detected in nerve cells of

human and Rhesus monkey. The novel splice variants

were shown to be catalytically inactive because they did

not phosphorylate PKA substrates either in vitro or

in vivo. Finally, we established that the Cb variants

lacking the exon 4 were able to interact with the PKA

R subunits in a cAMP-insensitive manner.

Results

We have previously demonstrated that a number of

different Cb splice variants are induced in NT2 cells

during retinoic acid-dependent differentiation for

4 weeks into NT2-N cells [6]. A search in the expressed

sequence tag database revealed the sequence of Cb3ab

lacking the 99 bases of exon 4 (accession number

AK091420). To verify the existence of Cb splice vari-

ants lacking exon 4, we performed RT-PCR using dif-

ferent primers pairs (Fig. 1A). To determine whether

exon 4 skipping occurs both for Ca and Cb, we

applied two primer pairs spanning exon 4, recognizing

all Ca (Ca common primer pair; upper and lower

primers annealing in exons 3 and 6, respectively) or Cb
(Cb common primer pair; upper and lower primers

annealing in exons 3 and 9, respectively) isoforms.

Furthermore, we used Cb splice variant specific upper

primers, as described previously [6], but in combina-

tion with lower primers corresponding to Cb-specific
sequences in exons 8 or 9 to investigate whether exon

4 exclusion occurs for all known Cb splice variants.

Figure 1B shows that the PCR reaction using the Cb
common primer pair yielded two visible bands (lane

2), whereas the PCR reaction using the Ca primer pair

produced only one band (lane 1), suggesting that the

exon 4 exclusion is Cb specific. Figure 1C demon-

strates that the Cb splice variant specific primer pairs

all yielded at least two detectable bands. The PCR

products were cloned, sequenced and the sequences

aligned with the published PKA Cb sequences, reveal-

ing six novel PKA Cb splice variants lacking the 99 bp

encoded by exon 4. They were designated Cb1D4,
Cb2D4, Cb3D4, Cb3abD4, Cb3abcD4 and Cb4abD4.
To establish that the CbD4 variants existed as full-

length transcripts, we performed RT-PCRs with the

Cb specific upper primers (Table 1) combined with a

lower primer in exon 10 (results not shown). The

nucleotide sequence of Cb3D4 was translated to the

amino acid sequence and compared with the full-length

Cb3 amino acid sequence (Fig. 2). This demonstrated

that Cb3D4 lacks the 33 amino acids encoded by

exon 4.

The fact that the CbD4 variants were expressed in

NT2-N cells prompted us to investigate whether these

variants are found in other human Cb-expressing
tissues, such as brain [20] and immune cells [5,18].

Human brain and peripheral blood leukocyte (PBL)

cDNA was PCR amplified using the Cb common pri-

mer pair (Table 1, primers V and VII) and NT2-N

cDNA was included as a control. This revealed that a

shorter Cb fragment co-migrating with the shorter

band seen in NT2-N cells is present in brain, but not

in PBL (Fig. 3A, lanes 2 and 3). To examine whether

the CbD4 variants were expressed in different parts of

the brain as well as in fetal brain, PCR was carried

out using the Cb common primer pair on cDNA from

hippocampus, amygdala and cerebral cortex of human

adult brain, and on cDNA from human fetal brain.

Cb was barely detectable in fetal brain (Fig. 3B, lane 1)
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whereas a higher level of expression was apparent in

all adult brain sections examined (Fig. 3B, lanes 2–5).

To diminish the possibility that PBL express CbD4
variants at levels below the detection limit of normal

PCR, we developed a more sensitive method for CbD4
mRNA detection. In this method, the Cb variants were

amplified by PCR using the Cb common primer pair

as described above. To increase the probability of

detecting any CbD4 variants, the amplified DNA was

treated with the restriction enzyme SspI, which has a

unique restriction site in the human Cb exon 4

sequence. SspI activity cleaves the full-length fragments

containing exon 4, but leaves the CbD4 fragments

intact. When the SspI-digested reaction is re-amplified

by PCR, only the remaining CbD4 variants will be

amplified. Figure 4 shows the results of experiments

with cDNA from NT2-N cells, human adult brain and

PBL after applying this method. A PCR product

Table 1. Primers used for PCR amplification (all Sigma-Genosys Ltd, noncommercial; roman numbers in parenthesis refer to primers indi-

cated in Fig. 1A).

Primer pair Upper primer (5¢- to 3¢) Lower primer (5¢- to 3¢)

Ca common, human CGGGAACCACTATGCC GTAGCCCTGCTGGTCAATGA
Cb common, human ACACAAAGCCACTGAA (V) TTCCGTAGAAGGTCCTTGAG (VII)

Cb1, human CCCTTCTTGCCATCG (I) TTCCGTAGAAGGTCCTTGAG (VII)

Cb2, human GCCGGTTATTTCATAGACAC (II) CCTAATGCCCACCAATCCA (VI)

Cb3, human AAGACGTTTAGGTGCAAT (III) TTCCGTAGAAGGTCCTTGAG (VII)

Cb4, human CCCTTTGCTGTTGGAT (IV) TTCCGTAGAAGGTCCTTGAG (VII)

Cb common, Rhesus monkey TGCCATGAAGATCTTAGA CTAATCTATGAAATGGCAG
Cb common, mouse TGAGCAGTACTACGCCATGA TCCACCGCCTTATTGTAACC
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Fig. 1. Exon 4 exclusion occurs for Cb, but not for Ca. Complementary DNA was generated from NT2-N cell total RNA and used as tem-

plate in PCR reactions with primers recognizing all Cb and Ca variants (Cb common and Ca common, respectively) and splice variant specific

primers amplifying Cb1, Cb2 and the various Cb3 and Cb4 variants. PCR products were separated on a 1% agarose gel and visualized by

ethidium bromide staining. Arrows indicate migration of the DNA standards. Negative control reactions, in which cDNA was not added

yielded no detectable PCR fragments (data not shown). (A) A schematic representation of the human PKA Cb gene structure. Location of

the Cb primers used in RT-PCR is indicated and refers to primers listed in Table 1. The SspI restriction site in exon 4 is also shown. (B) The

common primers for Cb yielded products of 630 and 531 bp (lane 2) whereas the common primers for Ca resulted in one product of 343 bp

(lane 1). (C) Cb1 and Cb2 primers yielded products of 838 and 739 bp, and 808 and 709 bp, respectively (lanes 1 and 2). Cb3 and Cb4 variant

primer pairs resulted in several bands with lengths between 888 and 732 bp (lanes 3 and 4).
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corresponding to the CbD4 variants is observed in

NT2-N cells and brain after SspI treatment (Fig. 4,

lanes 4 and 8, respectively), but not in PBL (Fig. 4,

lane 12). A weak upper band representing incomplete

SspI digestion of the exon 4-containing fragments is

present in lane 8. Negative control samples in which

cDNA was omitted, with (+) and without ()) SspI

treatment were also performed (lanes 1, 2, 5, 6, 9 and

10). Taken together, these results suggest that CbD4
variants are not expressed in human PBL.

Next, we searched for these splice variants in the

brain of other species. Rhesus monkey brain and

mouse brain cDNAs were PCR amplified using the

human and mouse Cb common primers (Table 1),

respectively. The resulting DNA fragments were trea-

ted or not treated with SspI (monkey) or PstI (mouse)

before being re-amplified with the same primers. This

yielded two DNA bands of the expected sizes from

monkey brain cDNA, but not for mouse cDNA (data

not shown). To verify that the lower band represents

PKA Cb, the PCR products were cloned and

sequenced. Because no Rhesus monkey PKA C sub-

unit sequences have been published, we compared this

sequence with the human Cb sequence. This revealed

two nucleotide differences between the two species

(Fig. 5) and the 99 bases of exon 4 were missing. The

variation in nucleotides was not revealed at the amino

acid level (see Supplementary Material, Fig. S1). In

conclusion, these results demonstrate that CbD4 vari-

ants are expressed in Rhesus monkey brain but proba-

bly not in mouse brain.

As depicted in Fig. 6A, exon 4 encodes an a-helix in

the outer border of the catalytic domain in Ca1 (yel-

low line), suggesting that deletion may notably affect

the catalytic activity of the CbD4 variants. Expression

plasmids for native Cb1, Cb1D4, Cb3ab and Cb3abD4
were made and transfected into 293T cells. The cell

lysates were monitored for in vitro PKA-specific phos-

phorylation activity using the PKA-specific substrate

kemptide and the endogenous PKA substrate histone

H1. All plasmids expressed immunoreactive C subunits

above mock levels (Fig. 6B, upper panel). Figure 6B

demonstrates that Cb1D4 and Cb3abD4 are catalyti-

cally inactive against kemptide (middle panel) and his-

tone (lower panel) compared to the catalytic activity

monitored in cells transfected with Cb1 and Cb3ab.
Furthermore, Cb1, Cb1D4, Cb3ab and Cb3abD4 were

tested for the ability to induce a cAMP-regulated

element (CRE)-regulated promoter in the in vivo luci-

ferase reporter assay. 293T cells were co-transfected

with a CRE-luc reporter plasmid, a b-galactosidase
control plasmid and each of the Cb expression vectors.

Fig. 2. Comparison of Cb3 and Cb3D4 amino acid sequences. RT-PCR products using Cb3-specific primers were cloned, sequenced and

shown to contain both short and long nucleotide products. The DNA sequences of the short product was translated to amino acid sequence

(lower line) and compared with the published PKA Cb3 sequences (upper line). The shorter DNA shows 100% identity to Cb3, but lacks the

33 amino acids encoded by exon 4 (bold).
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All Cb variants were expressed, as determined by

immunoblot analysis (Fig. 6C, upper panel), and none

of the CbD4 variants were able to induce luciferase

activity above background (mock) level, whereas the

normal Cb variants induced activity far above mock

levels (Fig. 6C, lower panel). Taken together, the

results in Fig. 6B and C suggest that the PKA CbD4
variants are catalytically inactive.

In living cells, cAMP levels regulate the association

of the R and C subunits to form PKA holoenzymes

[21]. To explore whether the CbD4 containing holo-

enzymes display altered cAMP sensitivity, we co-

expressed RIa with either Cb1 or Cb1D4 in 293T cells

followed by measurements of PKA-specific phospho-

transferase activity against kemptide at increasing con-

centrations of cAMP. To correlate cAMP sensitivity

between PKA holoenzymes containing Cb1 or Cb1D4,
we ensured approximately equal expression levels of

RIa, Cb1 and Cb1D4 in each experiment based on

immunoblot analysis. This demonstrated that RIa was

expressed at equal levels and that Cb1 was expressed

at a comparable level relative to Cb1D4 (Fig. 7A,

inserts). When monitoring C subunit activity, we

observed an expected dose-dependent increase in cata-

lytic activity for Cb1 by cAMP which was more than

four-fold above the maximum levels of endogenous C

subunit activity monitored in mock-transfected cells at

the same cAMP concentrations (Fig. 7A). It should be

noted that C subunit activity in Cb1 transfected cells

was comparable to mock activity at low cAMP
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Fig. 3. Cb splice variants lacking exon 4 are expressed in several

compartments of the human brain. (A) Complementary DNA pre-

pared from NT2-N cells, human brain and human peripheral blood

leukocytes were used as templates in PCR reactions using the Cb

common primers (upper primer in exon 3 and lower primer in exon

9). PCR products were separated by 1% agarose gel electrophore-

sis and stained with ethidium bromide. PCR reactions yielded prod-

ucts of 630 and 531 bp for both the NT2-N and human brain cells

(lanes 1 and 2) and a 630 bp product for human peripheral blood

leukocytes (lane 3). Arrow indicates migration of the DNA standard.

(B) PCR ready cDNA from human fetal brain, human adult brain,

human adult hippocampus, amygdala and cerebral cortex were

used as templates in PCR reactions with the Cb common primers.

A 630 bp product was detected in all reactions after 30 PCR cycles

(lower panel). However, 38 PCR cycles were necessary to obtain a

clear dense band representing Cb in fetal brain (upper panel, lane

1). Thirty to 32 cycles was sufficient to produce a 531 bp product

in human adult brain, hippocampus, amygdala and cerebral cortex

(lanes 2–5, respectively). Arrow indicates migration of the DNA

standard.

1 2 3 4 5 6 7 8 9 10 11 12

Cell type
tested:

NT2-N cells Human brain cells Human PBL

– + – + – + – + –
– –– –

+ – +
++++– – ++

SspI:
cDNA:

500 bp

1000 bp

Fig. 4. CbD4 variants are expressed in human nerve cell tissue,

but not in human peripheral blood leukocytes. Complementary DNA

from NT2-N cells, human brain and peripheral blood leukocytes

were PCR amplified using the Cb common primers. DNA from the

first PCR reaction was either left untreated ()) or treated (+) with

SspI to digest exon 4-containing products and re-amplified in a sec-

ond PCR reaction (see Experimental procedures) using the Cb com-

mon primers. Parallel reactions without cDNA served as negative

controls (lanes 1 and 2, 5 and 6, 9 and 10). In re-amplified reactions

not treated with SspI, a 630 bp DNA fragment was detected for all

cell types tested (lanes 3, 7 and 11). In reactions treated with SspI,

a 531 bp fragment was identified for NT2-N and human brain cells

(lanes 4 and 8), but not for PBL (lane 12). A weak 630 bp band

detected in lane 8 represents incomplete digestion of exon 4 con-

taining fragments in this reaction. Arrows indicate migration of the

DNA standard.
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concentrations (0.005 lm) implying that all transfected

Cb1 was in the holoenzyme form. When RIa was co-

transfected with Cb1D4, we did not detect an altered

maximum kinase activity compared to mock-transfect-

ed cells even at the highest cAMP concentrations

(15 lm) and despite that Cb1D4 appeared to be

expressed at comparable levels to Cb1 (Fig. 7A, upper

insert). This confirms our findings of an inactive CbD4
and also indicates a complete and continuous associa-

tion of RIa and Cb1D4 because neither cAMP sensitiv-

ity nor maximum activity of the endogenous PKA

holoenzymes appeared to be affected by the relative

high levels of transfected PKA subunits. The presence

of a cAMP-insensitive R and CbD4 interaction is sub-

stantiated by the fact that this was evident even at high

concentrations of cAMP (15 lm). To further investi-

gate the latter observation, 293T cells were transfected

with RIa or RIIa in conjunction with one of the fol-

lowing C subunits: Cb1, Cb1D4, Cb3ab or Cb3abD4.
Twenty to twenty-four hours post-transfection, cell

lysates were immunoprecipitated with either anti-RIa
or anti-RIIa sera, depending on the transfected R sub-

unit. Immunoblots using anti-C serum showed that

both the exon 4-containing and the exon 4-lacking Cb
variants were precipitated by anti-R serum (Fig. 7B,

lanes 1 and 5), implying that both RIa and RIIa asso-

ciates with the novel CbD4 subunits in vivo. To test

whether the interactions are cAMP sensitive, the

immunoprecipitates were incubated in the absence ())
and presence (+) of 1 mm cAMP, and pellet and

Fig. 5. CbD4 variants are expressed in Rhe-

sus monkey brain. Complementary DNA

from Rhesus monkey brain was PCR ampli-

fied using the Cb common primers. Separa-

tion of PCR products by 1% agarose gel

electrophoresis and visualization by ethidium

bromide staining revealed two bands of the

expected sizes. Both bands were cloned

and sequenced. The DNA sequence of the

short PCR product from monkey brain was

compared with the human Cb sequence

(monkey, capital letters and human, lower

case). Note that the 99 bp corresponding to

exon 4 is lacking in monkey Cb sequence.

The human exon 4 sequence is shown in

bold. Primers used in PCR reactions are

boxed and in italic. Two nucleotides in the

monkey sequence that are different from

the human sequence (A – g and C – a) are

underlined and shown in bold.
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Fig. 6. CbD4 variants are catalytically inactive. (A) Three dimensional structure of Ca1. The exon 4 encoded sequence is outlined in yellow

and indicated by a thin arrow. The thick arrow indicates the catalytic cleft. Adapted from [27], using the CN3D software, version 4.1 (National

Centre for Biotechnology Information, Bethesda, MD, USA). (B) Expression and catalytic activities of Cb1, Cb1D4, Cb3ab and Cb3abD4. Cell

extracts of 239T cells, either mock transfected or transfected with expression vectors for Cb1, Cb1D4, Cb3ab and Cb3abD4, were analysed

by immunoblotting using a pan-C antibody (upper panel). Immunoreactive PKA C subunits of approximately 40 kDa are clearly recognized in

Cb1 and Cb3ab transfected cells (lanes 2 and 4) whereas a 35 kDa band is recognized in the CbD4 transfected cells (lanes 3 and 5). Appar-

ent molecular masses are indicated by arrows. The same cell extracts were monitored for PKA-specific kinase activity using c-[32P]ATP and

the PKA substrates kemptide (middle panel) and histone (lower panel). Relative kinase activities were compared with PKA activity in mock

transfected cells and are presented as the mean ± SEM from three representative experiments. (C) 239T cells were co-transfected with a

CRE-luciferase reporter plasmid, a b-galactosidase control plasmid and one of the following expression vectors: Cb1, Cb1D4, Cb3ab and

Cb3abD4. Mock samples were transfected with the CRE-luciferase reporter plasmid and b-galactosidase control plasmid only. Cell lysates

were analyzed for C subunit expression levels by immunoblotting using a pan-C antibody (upper panel). A 40 kDa immunoreactive band is

clearly recognized in Cb1 and Cb3ab transfected cells (lanes 2 and 4). A 35 kDa immunoreactive band is detected in lanes 3 and 5. Arrows

indicate apparent molecular masses. The cell lysates were monitored for luciferase activity (lower panel). The relative levels of luciferase

activity were compared with the activity in mock transfected cells and are presented as the mean ± SEM from three representative experi-

ments with luciferase activity adjusted according to b-galactosidase-indicated transfection efficiency.
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supernatants analyzed for C subunit immunoreactive

proteins. This demonstrated that Cb1 and Cb3ab are

released into the supernatant fraction after cAMP

treatment (Fig. 7B, lanes 4 and 8) implying that they

are released from the R subunit. This was not the case

with Cb1D4 and Cb3abD4 which remained in the pellet

fraction after treatment with saturating concentrations

of cAMP (Fig. 7B, lanes 3 and 6), implying that their

association with the R subunit is insensitive to cAMP.

Control experiments were performed by immunopre-

cipitating with irrelevant IgG (not shown). Taken

together, these findings demonstrate that CbD4 sub-

units form cAMP insensitive PKA type I and type II

holoenzymes.

Discussion

The human genome is now completely sequenced and

the number of protein-coding genes is estimated to

between 20 000 and 25 000 [22]. Humans generate a

considerably larger number of proteins than the num-

ber of available genes; post-translational modifications,

RNA editing, alternative polyadenylation and multiple

start sites of transcription contribute to generating

diversity, but alternative splicing is the major mecha-

nism by which this is achieved [23]. In the present

study, we have identified and characterized six novel

PKA Cb subunits that lack the sequence encoded by

the exon 4 of the PKA Cb gene. The novel Cb variants

were designated CbD4. They were identified in NT2-N

cells, human and Rhesus monkey brain, but not in

human PBL or mouse brain, suggesting that skipping

of exon 4 in the Cb gene may only take place in nerve

cells of higher primates. The CbD4 variants were

devoid of catalytic activity both in vitro and in vivo.

Moreover, CbD4 variants associated with RI and RII

in a cAMP-insensitive fashion.

Alternative splicing is an excellent means for diversi-

fying the properties of a protein and can give each

splice variant specific and fine-tuned characteristics.
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arrows. The cell extracts were monitored for PKA-specific kinase activity against kemptide using c-[32P]ATP and increasing concentrations of

cAMP. Relative increase in kinase activities were compared to PKA activity in mock transfected cells and are presented as the mean ± SEM

from three representative experiments. (B) 293T cells co-transfected with RIa or RIIa and one of the C subunits Cb1, Cb1D4, Cb3ab and

Cb3abD4 were homogenized and cell lysates immunoprecipitated with anti-RIa (left panel) or anti-RIIa (right panel) sera depending on the

transfected R subunit, or irrelevant IgG (not shown). Immunoprecipitated proteins were untreated ()) or treated (+) with 1 mM cAMP, and

the pellets (P) and the supernatants (S) were analyzed by immunoblotting using a pan-C antibody. Note that none of the CbD4 variants are
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The Cb gene has been shown to encode a variety of

splice variants that are differentially spliced at the

N-terminal end [5,6]. Our experiments demonstrated

the presence of six Cb mRNAs produced by the dele-

tion of the 99 bases encoded by exon 4. This type of

alternative splicing may be restricted to the Cb gene

because we were unable to detect exon skipping for Ca
and it has not been described for any of the other

PKA genes.

In an attempt to investigate the distribution of the

novel Cb splice variants, we developed a screening

method that enabled us to specifically detect low levels

of CbD4 mRNAs. The method takes advantage of a

unique SspI restriction site in the Cb exon 4 sequence.

By using this method, we found that the CbD4 vari-

ants may be restricted to nerve cells because they were

not identified in human PBL despite the fact that these

cells express relatively high levels of the Cb variants

Cb1 and Cb2 [5,17,18]. Nevertheless, based on these

results, we cannot rule out the possibility that CbD4
variants may be expressed at low levels in other Cb
expressing tissues and an expressed sequence tag clone

representing CbD4 in placenta (accession number

DA854574) indicates that this phenomenon may not

be restricted to nerve cell tissues. However, all other

human CbD4 expressed sequence tags originated from

brain (accession numbers DA495136, DA217168,

DA216689, DA126431, DA502730, DC305863 and

DC310086) and several of the CbD4 variants contained

sequences encoded by the exons a, b and c in the Cb
gene that are only transcribed in nerve cells [6]. In

addition, the brain is the tissue with the highest fre-

quency of alternative splicing by exon skipping [24].

This prompted us to search for CbD4 variants in the

brain of other species. By applying our screening

method, we detected CbD4 variants in Rhesus monkey

but not in mouse brain cDNA. In the latter species,

several studies demonstrate at least three Cb splice

variants exist [20,25,26]. Based on these results, it may

be hypothesized that Cb exon 4 skipping is a nerve cell

specific phenomenon taking place in the brain of

higher primates. However, as stated above, we cannot

completely rule out the possibility that extremely low

levels of CbD4 variants are expressed in mouse brain

as well.

When we positioned the exon 4 encoded amino acids

into the Ca 3D protein structure [27], we found that

the sequence encodes a crucial component of the cata-

lytic cleft. Based on this information, we expected that

all C subunits lacking this sequence would have altered

catalytic activity. Indeed, all in vitro as well as in vivo

testing of expressed CbD4 variants revealed that they

were incapable of phosphorylating the two well-charac-

terized PKA substrates, kemptide and histone H1 [28–

30], as well as inducing a CRE-regulated promoter

regulating a luciferase reporter gene. Together, these

results suggest that lack of the exon 4 induces a struc-

tural change in the catalytic cleft, rendering the CbD4
variants inactive.

When stimulating with increasing concentrations of

cAMP or washing with high concentrations of cAMP

after immunoprecipitation with anti-RI and anti-RII

sera of cells co-transfected with the respective R sub-

unit and either full-length or exon 4-lacking C sub-

units, it appeared that the association of CbD4 variants

with the R subunits is insensitive to cAMP. Whether

cAMP insensitive CbD4 results from an aberrant splic-

ing error without biological significance, or whether

expression of exon 4-lacking C subunits contributes to

a more complex cAMP and PKA signalling pathway

in higher primates compared to other species, remains

to be seen. It should, however, be mentioned that neu-

ronal expression of RIb represents a means of chang-

ing PKA holoenzyme sensitivity to cAMP [31]. This is

probably not the case for CbD4 because it did not alter

the cAMP sensitivity of the endogenous holoenzymes

in 293T cells even when expressed at higher levels com-

pared to endogenous C, as judged by the levels of

immunoreactive protein. We also conclude that the

association and dissociation of the endogenous holoen-

zymes appeared to be unaffected by the co-expression

of RIa and Cb1D4. This is suggestive of a continuous

and complete association of newly synthesized RIa
and Cb1D4, further implying that Cb1D4 does not

compete to displace full-length C from the endogenous

PKA holoenzymes. Again, this suggests that free CbD4
does not have a higher affinity for the R subunits than

for the full-length C subunits. Finally, this may

indicate that CbD4 variants can regulate the availabil-

ity of newly synthesized R and thus influence PKA sig-

nalling in vivo by regulating cAMP sensitivity.

Experimental procedures

Cell cultures

293T cells were maintained in RPMI 1640 (Sigma-Aldrich,

Oslo, Norway) containing 10% fetal bovine serum (Sigma-

Aldrich), 2 mm l-glutamine (Sigma-Aldrich), 0.1 mm

non-essential amino acids (Gibco BRL, Invitrogen,

Oslo, Norway), 1 mm sodium pyruvate (Gibco BRL) and

penicillin-streptomycin (Sigma-Aldrich) 50 UÆmL)1 and

50 lLÆmL)1, respectively. The cells were subcultured by

splitting in a ratio of 1 : 5 three times a week.

NT2 cells were maintained in DMEM (Sigma-Aldrich)

containing 10% fetal bovine serum (Sigma-Aldrich), 2 mm
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l-glutamine (Sigma-Aldrich) and penicillin-streptomycin

(Sigma-Aldrich) 50 UÆmL)1 and 50 lLÆmL)1, respectively.

The cells were subcultured by trypsination and differenti-

ated by retinoic acid to neuronal cells as described earlier

[6,19].

RT-PCR

Total RNA from NT2-N cells was isolated using the

RNeasy Mini Kit (Qiagen, Qiagen Nordic, Solna, Sweden).

One lg of NT2-N total RNA was used to make first-strand

cDNA by the Reverse Transcription system (Promega,

Madison, WI, USA), which was used as template in PCR

reactions with the human Ca and Cb common primer pairs

and the Cb splice variant specific primer pairs listed in

Table 1 and Fig. 1A (all from Sigma-Genosys, The Wood-

lands, TX, USA). PCRs were run with the following cycle

conditions: 95 �C for 2 min; 95 �C for 30 s, 60 �C for 30 s,

72 �C for 2 min (30 cycles if not otherwise specified in the

figure) and 72 �C for 10 min. Amplification of full-length

Cb and CbD4 was achieved with upper primers listed in

Table 1, but with lower primer 5¢-CCTTCCCTTCAAA

TATCACGTAGC-3¢ and under the conditions: 94 �C for

1 min; 94 �C for 30 s, 55� for 30 s, 72 �C for 3 min (30

cycles) and 72 �C for 5 min. All PCR products were sub-

jected to 1% agarose gel electrophoresis with ethidium bro-

mide (0.25 lgÆlL)1) in TBE buffer. The NT2-N cell PCR

products were cloned into the TOPO TA vector pCR2.1

(Invitrogen) and sequenced (Medigenomix GmbH, Martins-

ried, Germany).

Whereas cDNA from human PBL was prepared by RNA

isolation and reverse transcription as described above,

cDNA (2.5 ngÆlL)1) from human fetal brain, human adult

hippocampus, cerebral cortex and amygdala was purchased

from BioChain Institute (Hayward, CA, USA) as PCR

Ready First strand cDNA. Total RNA from human adult

brain (1.1 lgÆlL)1) was purchased from Stratagene (La

Jolla, CA, USA) and used with the Reverse transcription

system (Promega). In all cases, cDNA was PCR amplified

using the Cb common primers and the results were analy-

sed by agarose gel electrophoresis.

Screening for Cb variants lacking exon 4

NT2-N cell, human PBL, human brain and mouse brain

cDNA was obtained as described above and Rhesus mon-

key cDNA was purchased from BioChain Institute. The

cDNAs were used as templates in PCRs using the Cb com-

mon primers for the respective species (Table 1). PCR con-

ditions were: Cb common human: 95 �C for 2 min; 95 �C
for 30 s, 60 �C for 30 s, 72 �C for 2 min (20 cycles) and

72 �C for 10 min; Cb common Rhesus monkey: 94 �C for

2 min; 94 �C for 30 s, 60 �C for 30 s, 72 �C for 2 min (20

cycles) and 72 �C for 10 min; Cb common mouse: 95 �C
for 1 min; 95 �C for 30 s, 60 �C for 30 s and 72 �C for

1 min (20 cycles) and 72 �C for 5 min. Five lL of the PCR

mixtures were incubated with SspI (human and monkey

cDNA) or PstI (mouse cDNA) at 37 �C overnight and

re-amplified under identical conditions, except that the

number of cycles was increased to 35. The resulting frag-

ments were analyzed by agarose gel electrophoresis. If

restriction digestion was insufficient, as judged by the inten-

sity of the different bands, the mixture was re-digested and

re-amplified under identical conditions.

Generation of expression vectors

C subunit expression plasmids: NT2-N cDNA was used as

template to clone the different Cb splice variants (Pfu

Ultra system; Stratagene). Upper primer 5¢-CACCGCCG

CCACCATGGGATTGTCACGCAAATCATCAGATGC

ATCT-3¢ and lower primer 5¢-TTAAAATTCACCA

AATTCTTTTGCACATT-3¢ yielded Cb3ab and Cb3abD4,
distinguished by different migration in a 1% agarose gel.

The PCR products were cloned into pENTR D-TOPO (In-

vitrogen). Cb1 was cloned by the same method, but by

using upper primer 5¢-CACCGCCGCCACCATGGGG

AACGCGGCGACCG-3¢. The inserts were transferred to

the mammalian expression vector pEF DEST51 (Invitro-

gen). Cb1D4 was created by deletion of exon 4 from Cb1 in

pENTR D-TOPO (ExSite mutagenesis kit; Stratagene) with

upper primer 5¢-GATAATTCTAATTTATACATGGT-3¢
and lower primer 5¢-CTTCTGCTTATCTAAGATCTTCA-

3¢ and further recombined into pEF DEST51 (Invitrogen).

R subunit expression plasmids: A pENTR 221 vector

with RIa insert (clone ID: IOH25740 PRKAR1A; Invitro-

gen) was recombined into pEF DEST51 (Invitrogen). RIIa
in vector pBluescriptSK+ [32] was transferred to pEx-

change 6A (Stratagene) by EagI and NotI restriction

enzyme cutting followed by ligation.

Phosphotransferase assay

293T cells were either mock transfected (Lipofectamine

2000 only; Invitrogen), transfected with Cb1, Cb1D4,
Cb3ab or Cb3abD4 alone, or co-transfected with Cb1 and

RIa or Cb1D4 and RIa. After 20–24 h, the cells were har-

vested, washed 3 · NaCl ⁄Pi and lysed for 30 min in 50 mm

Tris pH 7.4 containing 0.5% Triton X-100, 100 mm NaCl,

5 mm EDTA, 50 mm NaF, 50 mm NaPP, 1 mm poly-

methanesulfonyl fluoride, 1 mm Na3VO4 and protease

inhibitor cocktail (Sigma-Aldrich). Lysates were cleared

by centrifugation at 16 000 g for 30 min at 4 �C and

protein concentration determined (Bradford protein assay;

Bio-Rad Laboratories Ltd, Hemel Hempstead, UK). The

samples were adjusted to equal protein concentrations.

PKA phosphotransferase activity was measured against

the substrates kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly,

Sigma-Aldrich) and histone H1 (Sigma-Aldrich) using

c-[32P]ATP (Amersham Biosciences, Oslo, Norway) in a
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reaction mixture described by Roskoski et al. [33]. Ten lL
of cell extract was incubated in the reaction mixture at

30 �C for 9 min and the reaction stopped by spotting

onto P81 phosphocellulose paper (Whatman, Clifton, NJ,

USA) and washed in 75 mm phosphorus acid 4 · 15 min

at room temperature. The filters were washed once for

10 min in 96% ethanol and air dried. Phosphotransferase

activity was measured by liquid scintillation in 3 mL of

Opti-fluor (Packard BioScience, PerkinElmer, Waltham,

MA, USA).

Luciferase reporter assay

293T cells were transfected with a CRE-luciferase reporter

plasmid, a b-galactosidase control plasmid and the appro-

priate C subunit expression vector using Lipofectamine

2000 (Invitrogen). Cells were harvested and lysed in Repor-

ter lysis buffer (Promega) by vortexing. Cell debris was

pelleted by centrifugation at 16 000 g for 3 min. Ten lL of

lysate was mixed with 100 lL of luciferase assay mix

[470 lm luciferin (SynChem Inc., Des Plaines, IL, USA),

0.1 mm EDTA, 3.74 mm MgSO4, 20 mm tricine, 33.3 mm

dithiothreitol, 530 lm ATP (Boehringer Ingelheim GmbH,

Ingelheim, Germany), 270 lm coenzyme A (Boehringer),

pH 7.8] and the emission of photons was measured in

a luminometer (Turner Designs, Sunnyvale, CA, USA).

The b-galactosidase level in each sample was estimated

by comparison to a b-galactosidase standard curve to

adjust luciferase activity in relation to the transfection

efficiency.

Immunoprecipitation

293T cells were co-transfected with C and R subunit

expression plasmids (Lipofectamine 2000, Invitrogen) were

harvested after 20–24 h, washed 3 · NaCl ⁄Pi and resus-

pended in immunoprecipitation buffer (150 mm NaCl,

50 mm Tris pH 7.4, 0.5% Triton X-100, 1 mm poly-

methanesulfonyl fluoride, 1 mm Na3VO4 and protease

inhibitor cocktail; Sigma-Aldrich), vortexed thoroughly and

incubated on ice for 30 min. Lysates were cleared by centri-

fugation at 16 000 g for 30 min at 4 �C, protein concentra-

tions determined (Bradford protein assay; Bio-Rad) and

samples adjusted to equal protein concentrations. Lysates

were pre-cleared with Protein G coated beads (Dynabeads;

Invitrogen). Irrelevant rabbit IgG, anti-RIa [34] or anti-

RIIa rabbit IgG [35] sera (1 : 100 dilutions) were added to

the proper samples and incubated with rotation at 4 �C
overnight followed by incubation with Protein G beads for

1 h at 4 �C. Beads were pelleted and washed three times

with immunoprecipitation buffer. The pellets were resus-

pended in immunoprecipitation buffer with or without

1 mm cAMP (Sigma-Aldrich) for 5 min followed by

SDS ⁄PAGE for immunoblot analysis of the pellets and

supernatants.

Immunoblotting

Cell lysates separated by SDS ⁄PAGE (Bio-Rad) were trans-

ferred to polyvinylidene difluoride membranes (Millipore,

Oslo, Norway) followed by blocking in 5% skimmed milk

powder in NaCl ⁄Tris with 0.1% Tween-20 (TBST) for 1 h

at room temperature or overnight at 4 �C. The blot was

then incubated at room temperature with primary antibody

PKAC (BD Transduction Laboratories, cat # 610981; BD

Norge AS, Trondheim, Norway) or anti-RIa serum [34]

diluted 1 : 500 in TBST for 1 h, washed 6 · 10 min in

TBST and further incubated with horseradish peroxidase-

conjugated secondary antibodies (MP Biomedicals, Irvine,

CA, USA) diluted 1 : 2000 in TBST. After a final wash of

6 · 10 min, immunoreactive proteins were visualized using

SuperSignal� West Pico Chemiluminescent (Pierce Biotech-

nology, Rockford, IL, USA).
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