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ABSTRACT

We have investigated the effect of theophylline on the kinetics of the catalytic
subunit of protein kinase and related factors in lung tissue. The results show that
the point of highest concentration of the C subunit of protein kinase which is active
incaseinphosphorylationis at 3h of incubation time, butin the presence of 1001g/
mL and 10ptg/mL theophylline, thisis shifted to 1.5 and 2.5 hrs, respectively. Also
the maximum concentration of cCAMP for the controlis at 2.5 h of incubation time,
butinthe treated samples shiftsto2.15and 1.15 hrs, respectively. Inhibitor protein
content also changes considerably in the presence of 10jig/mL theophylline. The
results suggest an effect of theophylline on the function of cAMP-dependent
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INTRODUCTION

Cyclic AMP-dcpendent protein kinases are a group of
proteins in eukaryotic cells whose activity are directly
regulated by cAMP.' Each protein consists oftworegulatory
and twocatalytic subunits that togetherconstitutean inactive
holoenzyme. The activation occurs via the binding of
intracellular cAMP to the regulatory subunits and subse-
quently releases the catalytic subunits.?

It has been shown that the two free subunits mediate the
effect of cAMP on the expression of a number of genes and
synthesis of proteins.* The regulatory proteins of cAMP-
inducible genes have a cluster of potential phosphorylation
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sites for protein kinases that are necessary for their
transcriptional activity.*

Theophylline (1,3-dimethylxanthine) is one of the natu-
rally occurring methylxanthines which is used therapeuti-
cally to alleviate neonatal apnea and to control asthmatic
manifestations. This drug changes the balance between
cyclic 3°,5"-AMP formation from ATP and its degradation
toward AMP by the inhibition of cAMP phosphodiesterase.>*
It has been reported that the addition of theophylline at a
concentration of 10pg/mL to the lung conditioned medium
enhances granulocyte-macrophage colony stimulating fac-
tor (CSF) production and at higher concentrations showsan
inhibitory effect.” In addition, the transcription of the c-fos
proto-oncogene in CV-1cellscan be regulatedby theophyl-
line indirectly.® In this study we have investigated the role
of theophylline on cAMP levels and its relationship to the
kinetics of cAMP-dependent protein kinase catalytic sub-
unit and its protein inhibitor in lung tissue.
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MATERIALS AND METHODS

Materials: DEAE-Cellulose (DE-32) and QAE-Sephadex
were obtained from Whatman Chemical Co. Casein and
cAMP were from Sigma. Reagents for tissue culture were
obtained from Gibco. Inorganic materials were from Merck
andallreagentswere analytical grade. Balb/cmice weighing
about 40g and 20-25 of either sex were obtained from
Hesarak Institute (Tehran) and used for thelung conditioned
medium and biological assay respectively. Theophylline
(Boehringer-Ingelheim) was freshly dissolved in distilled
wateras astock solution (2.5 mg/mL)andthen diluted to the
desired concentration with DMEM before use.

Normal and treated condition medium: Mice were
anesthetized by ether and the lungs were removed from the
chestcavityunder sterile conditions. The lungs were washed
with normal saline, minced and incubated in SmLof Dulbe-
cco’s Modified Eagle’s Medium (DMEM) for 48 hours at
37°Cin a fully humidified aunosphere of5% CO, in the air.
Drug-treated saunples were made essentially as described
for normal lung conditioned medium except that after lung
tissue was minced in DMEM, theophylline at two concen-
trations, 10 and 100pg/mL, was added to the cultures and
mixed thoroughly immediately before incubation. The vol-
ume of all samples was kept constant. At the end of each
time interval, lung tissues were used for assays and extrac-
tions.

Isolation and measurement of protein kinase subunits:
Catalytic (C) and regulatory (R) subunits of protein kinase
wereisolatedand purifiedemployingthemethodof Schwoch,
et al.’ The lung tissue was homogenized in a cold solution
of SmM Tris/HCI, pH 7.0 containing 4 mM-EDTA, with a
Teflon pestle (4000 r.p.m.) in a glass homogenizer. NaCl
was added to a final concentration of 140 mM and the
resulting suspension was centrifuged for 20 min 2t 20,000g
(4°C). The supematant fluid was diluted to 15 mM-NaCl, 4
mM-EDTA, SmM-Tris/HCI, pH 7.0 and a portion contain-
ing the equivalent of 1 g of lung tissue was applied to a
DEAE-cellulose (DE-32) column (0.9 x 6.5cm) pre-equili-
brated with the same buffer. The proteins were eluted with
45 mL of buffer and 1.5 mL fractions were collected at a
flow rate of 17 mL/h at 5°C. To elute the R subunit, a
gradientof 0.01-0.4 M NaCl wasapplied. Absorbance of all
fractions was monitored at 280 nm and accordingly, curves
were depicted and the areaunder the peaks was determined.

Protein kinase assay: The method of Torphy, et al. was
used.’” The assay was started by the addition of 25 UL of the
purified C subunit solution to a 200 pL reaction mixture
containing 40 mM Tris/HC] pH 7.4, 20 mM magnesium
acetate, 0.2 mM ATP and 2 mg/mL casein as a substrate.
After incubation at 30°C for 20 min, the reaction was
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Fig 1: The effect of theophylline on catalytic subunit centent in
lung tissue at different incubation time intervals. (x----x) 100
ng/mL, (O---O) 10 pg/mL, (@----@) control. Mean +SD of
four experiments.
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Fig. 2: SDS-polyaciylamide gel electrophoresis of phosphory-
lated casein by catalytic subunit. Incubation times were 35 min
(A) and 20 min(B), phosphorylation by a mixture of R and C
subunits at 20 min incubation (C), standard casein (D).

stopped with 10% trichloroacetic acid (TCA). Precipitated
proteins were dissolved in SDS-sainple solvent and loaded
onto S DS-polyacrylamide gel electrophoresis (SDS-PAGE).

R and C subunit interaction: Interaction was carried out
according to the method of Hofmann, et al."" The sainples
containing C and R subunits were dialyzed overnight against
10 mM potassium phosphate buffer, pH 7.4. Reaction was
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Fig.3: Theeffectofinhibitor protein oncasein phosphorylation as
determined by SDS-polyacrylamide gel electrophoresis. Ex-
tracted inhibitor protein (A), standard casein (B), calalytic
subunit (C), phosphorylation of casein by catalytic subunit in
the absence (D) and presence (E) of inhibitor protein.
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Fig. 4: The effect of theophylline on cAMP concentration in lung
tissue at different time intervals. (X----x) control, (@----@®) 10
ng/mL, (C----O) 100 g/mL. Mean +SD of five experiments.

carried out in 50 mM Tris/HCI, 10 mM MgCI,, and 10 mM
mercaptoethanol. After 20 min incubation at 37°C the
reaction was stopped by the addition of TC A solutionto 7%
and the precipitated proteins were subjected to
electrophoresis.

Purification of proteininhibitor: The method of Walsh, et
al. was used.'? The lung tissue was homogenized in 2

volumes of buffer A (4 mM EDTA, 0.5 M glycerol phos-
phate pH 6.8). Then the pH was adjusted to 7.0 by the
addition of 6M ammonium hydroxide. The neutral solution
was heated and brought to 95°C over a 20 min period. The
resultant suspension was cooled to 10°C in an ice bath and
centrifuged at 2000g for 10 min. The supematant fluid was
made 15% TCA with respect to 100% TCA and after
centrifugation the precipitate was resuspended in 25 mL of
0.05 M glycerol-phosphate buffer, pH 6.8 containing 2 mM
EDTA. The resultant turbid solution was dialyzed exhaus-
tively against 1mM EDTA and 5SmM potassium phosphate
buffer, pH 7.0. The retentate was centrifuged at 34,000g for
20 min and the supernatant fluid containing the inhibitor
protein was retained.

Electrophoresis: 15% SDS-polyacrylamide slab gel (15%)
electrophoresis of the eluted proteins was carried out as
described by Laemmli." After loading 10j1g of the protein,
electrophoresis was cairied out at 180 V(RT), the gels were
stained with coomassie brilliant blue (R-250) and destained
in 7% acetic acid and 45% methanol in water.

Extraction and measurement of cAMP: Cyclic AMP
from the control and theophylline-treated samples was
purified by ion exchange resin column chromatography as
described by Schultz, et al.'® The lung tissues were rapidly
homogenized in a cold solution of 0.1 M zinc acetate and
0.IM disodium carbonate pH 7.0 and after incubation in
boiling water for 2 min, it was centrifuged at 20,000g for 5
min. The clear supematant fluid was loaded onto a QAE-
Sephadex column (0.7x10 cm) in its formate form. After
application of 10 mL of distilled water followed by 6mL of
0.1 M ainmonium fornate, pH 9.0, cAMP and cGMP were
eluted with 0.1 M ammonium formate pH 6.0. The fractions
(2mL) were collected and their absorbarice measured at 260
nm. The concentration of cAMP was estimated using a
standard curve.

RESULTS

To study the effect of theophylline on the kinetics of
protein kinase, two concentrations of drug used were 10and
100j.g/mL. The reason for the selection of these two con-
centrations was based on our previousresultsobtainedfrom
the effect of theophylline on colony stimulating factor
(CSF) production by lung tissue.” We have shown that
theophylline enhances CSF production during 48h of incu-
bation and at higher concentrations (e.g. 100 ptg/mL) shows
an inhibitory or toxic effect.

For this purpose, theophylline was firstadded to the lung
conditioned media and at different time intervals the final
supernatants were extracted as described in the "Methods”
section and loaded onto a DEAE-cellulose column. The
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Fig. 5: Change in inhibitor protein content in lung tissue at
different time intervals in the presence and absence of theo-
phylline. (x----x) Control, (@----@) 100 pg/mL, (O----O) 10
pg/mL. Mean £SD of four experiments.

maximum points of the elution profiles of C-subunits were
drawn against the incubation time. The results from the
control and samples treated with 10 and 100 pig/mL theo-
phylline are shown in Fig 1. [tis seen that with progression
along the incubation time interval axis. the concentration of
C subunit in the normal state (control) remains at about
baseline valueuntil2hof incubation but reachesa maximum
valueat 3h and then declines. In comparison, in drug-treated
samples, this value is shifted to2.5hand 1 .5h with [Opg/mL
and 100 pg/mL theophylline, respectively. According to
these results, when theophylline exists at 100 pg/mL in the
media, C subunit would have more time to affect protein
synthesis in comparison to the control in the lung tissue.

To see whether the peaks eluted from the column corre-
sponded to the catalytic subunit of the protein kinase, the
phosphorylation of casein was carried out in the presence
and absence of C subunit. Fig. 2 demonstrates these results.
Itis shown that when C subunit is incubated with casein for
20 or 35 min, a new band running slightly faster than casein
appears on the gel. This band corresponds to the
phosphorylated form of casein with its higher negative
charge causing higher mobility on the gel.

Fig. 3 shows that phosphorylation of casein by the
catalytic subunitcan be suppressedin the presence of a heat
stableinhibitor protein. Inhibitor protein extracted from the
lung tissue as described in the *Methods" section shows a
singleband witha low mobility onthe SDS-gelas compared
to casein and C subunit. On the other hand, addition of
cAMP to the mixture of C and R subunits released the
subunits from each other which could be clearly seen on the
SDS-gel electrophoresis pattern (data not shown). These
results indicate that the eluted peaks correspond to the
catalytic subunit of protein kinase.

Fig. 4 illustrates the cAMP concentration of the lung
tissue conditioned media in the presence and absence of
theophylline as a function of incubation time. As is ob-
served, the maximum concentration of cAMP for the con-

trol is 2.5h, but for 10 and 100pg/mL drug-treated samples
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itisreduced to 2.15 h and 1.15 h, respectively. Calculation
of the area under the peaks reveals that the areas of catalytic
subunit in the drug-treated sanples are greatly increased
from 8.17 cm? to 10.65 cm® for 100pg/mL theophylline
which s equivalent to 1.31 fold of the nornal. Fig. 5 shows
the changes of protein inhibitor content of the conditioned
medium in the presence and absence of drug. As indicated,
theophylline also affects the value of protein inhibitor so
that its content is considerably decreased when 100pg/mL
theophylline is used as compared to the control and
10pg/mL of the drug.

DISCUSSION

Cyclic AMP, an intracellular regulatory agent, has long
been considered to play a role in the control of cell
proliferation and differentiation in various cell types' and
exeris its effect on eukaryotes by binding to regulatory
subunits of cAMP-dependent protein kinases.'*'” A number
of results clearly show thattheophylline exerts its biological
effect on many metabolic pathways through cAMP and
recently many reports have indicated its involvement in the
control of cellularprotein synthesis and genome activity.*"*
The identification of specific regulatory proteins and the
modification of the activity of cAMP-dependent protein
kinase at the cellular level contribute to the understanding of
the mechanisms for these effects. According to all experi-
ments perforined, different processes may exist by which
genes are regulated by AMP since different regulatory
agents have been described and some cAMP-induced genes
are under the control of more than one extemal stimulus.'
Cyclic AMP responds to various haemopoietic regulators
implying its participation in the regulation of CFU-S prolif-
eration.” It appears that cAMP activation of transcription
occurs through the regulation of the phosphorylation activ-
ity of C subunit.?' In this report, we have investigated the
kinetic role of the three most important elements in the
pathway that lead to the regulation of protein synthesis.
Preliminary results suggest that in the lung tissue, the level
of cAMP is increased as a function of theophylline concen-
tration. As is seen, at high concentrations of drug (100 pg/
mL), thisincrement is more significant and the peak appears
earlier than 10 pg/mL and normal profiles. The measure-
mentof C subunitin the presence and absence of theophyl-
line shows thatits elevation correspondsto cAMP elevation
in the lung in both drug-treated and control groups. This is
desirable since it confirms the role of cAMP in the release
of C subunit from the protein kinase complex. When 100 pg/
mL and 10 pg/mL theophylline are used, a broad range of
timeis provided, atime in which the free subunit will be able
to elevate the basal synthesis of certain proteins, depending
however on feasibility of conditions. On the other hand, the
effectof partially purified inhibitor protein which blocksthe
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Fig. 5: Change in inhibitor protein content in lung tissue at
different time intervals in the presence and absence of theo-
phylline. (x----x) Control, (@----@) 100 pg/mL, (O----O) 10
pg/mL. Mean £SD of four experiments.

maximum points of the elution profiles of C-subunits were
drawn against the incubation time. The results from the
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20 or 35 min, a new band running slightly faster than casein
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to casein and C subunit. On the other hand, addition of
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line shows thatits elevation correspondsto cAMP elevation
in the lung in both drug-treated and control groups. This is
desirable since it confirms the role of cAMP in the release
of C subunit from the protein kinase complex. When 100 pg/
mL and 10 pg/mL theophylline are used, a broad range of
timeis provided, atime in which the free subunit will be able
to elevate the basal synthesis of certain proteins, depending
however on feasibility of conditions. On the other hand, the
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activity of free C subunit was measured in the presence and
absence of drug. According to the results, itis indicated that
atlow concentrations of theophylline (10 ptg/mL) the change
in inhibitor protein almost overlaps with control peak with
approximately the same magnitude, butby using 100 pg/mL
of drug, a considerable change occurs, producing no peak in
this position. The results suggest that at higher concentra-
tions of drug, a great deal of the inhibitor protein binds to the
C subunit and prevents subunit activity completely, in
contrast to low drug concentrations.

The results of thisstudy areconsistent with the proposed
role of cAMP-dependent protein kinase as the intracellular
mediator of the mechanical response to theophylline. Fur-
ther investigations are needed to elucidate the actual role of
cAMP-dependent protein kinase in protein synthesis in the
presence of methylxanthines such as theophylline.
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