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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 
in casein phosphorylation is at 3h of incubation time, but in the presence of 100 Ilg/ 
InL and I OIlg/mL theophylline, this is shifted to I.S and 2.S hrs, respectively. Also 
the maximum concentration of cAMP for the control is at 2.S h of incubation time, 
butin the treated samples shifts to 2.15 and LIS hrs, respectively. Inhibitor protein 
content also changes considerably in the presence of IOIlg/mL theophylline. The 
results suggest an effect of theophylline on the function of cAMP-dependent 
protein kinase. 
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INTRODUCTION sites for protein kinasL!s that are necessary for their 
IranscriptionaJ activily.' 

Cyclic AMP-dcpcndenI prolein kinases are a group of 
prole ins in eukaryotic cells whose aelivily arc direclly 
regulaled by cAMP.' Each prole in consists oflwo regulalory 
(uld two catalytic subunits that togelherconstitutean inactive 
holoenzyme. The activation occurs via the binding or 

inIraceliular cAMP 10 Ille regulalory subunils 'Uld subse
quenlly releases Ihe calalytic subunils.' 

It has been shown thal the two free subunits m!!dialC the 
effecl of cAMP on Ihe expression of a number of genes and 
syntilesis of proteins.' The regulalory proleins of cAMP· 
inducible genes have a c1usler of potential phosphorylation 
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Theophylline (1,3-dimethylxamhine) is one of tile natu· 
rally occurring methylxanlhines which is used therapeuti
cally 10 alleviate neonatal apnea lli1d to control asthmaLic 
manifeSlalions. This drug chrulges tile balance between 
cyclic 3',5'-AMP formalion from A 1P and ils degradation 

loward AMP by tile inhibition of cAMP phosphodieslerase.'·' 
II has been reponed Ihat Ihe add ilion of Iheophylline al a 
concenIralion of IO!lgjmL 10 Ihe lung condilioned medium 
enhances gl1Ululocyle-macrophage colony stimulaling fac
lor (CSF) production and aI higher concenIrations shows an 
inhibitory effecl.' In addilion, Ihe Iranscription of Ihe c-fos 
proto-oncogene in CV -\ cells can be regulaled by Iheophyl
line indireclly.' In Ihis sludy we have invesligated Ihe role 
of Iheophylline on cAMP levels and its relaliol1ship 10 tile 
kinetics of cAMP-dependem prolein kinase CaIaJytic sub
unit and its protein inhibitor in lung tissue. 
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Effect of Theophylline on Lung Protein Kinase 

MATERIALS AND METHODS 

Materials: DEAE-Cellulose (DE-32) and QAE-Sephadex 
were obtained from Whaunan Chemical Co. Casein mId 
cAMP were from Sigma. Reagents for tissue culture were 
obtained from Gibco. Inorganic materials were from Merck 
and all reagents were mlalytical grade. B,�b/c mice weighing 
about 40g and 20-25 of either sex were obtained from 
Hesarak Institute(Tehnm)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)and then diluted to the 
desired concentration Witll DMEM before use. 

Normal and treated condition medium: Mice were 
anesthetized by etller and the lungs were removed from the 
chest cavity under sterile conditions. The lungs were washed 
with nonnal ,,�ine, minced ,md incubated in 5mLof Dulbe
cco's Modified Eagle's Medium (DMEM) for 48 huurs at 
37°C in a fully humidified aunosphere uf5% CO, in the air. 
Drug-treated "un pies were made essentially as described 
for nonn'� lung conditioned medium except that after lung 
tissue was minced in DMEM, theophylline at two concen
trations, 10 and 1001lg/mL, was added to tlle cultures ,md 
mixed tllOroughly immediately before incubation. The vol
ume of all smnples 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: 
Cat,�ytic (C) ,md regulatory (R) subunits of protein kinase 
were isulated mId purified employing the method of Schwoch. 
et aP The lung tissue was homogenized in a cold solution 
uf 5mM Tris/HCI, pH 7.0 containing 4 mM-EDTA, with a 
Tenon pestle (4000 r.p.m.) in a glass homogenizer. NaCI 
was added to a final concentration of 140 mM mId tlle 
resolting suspension was centrifuged for 20 min at 20.000g 
(4°C). 111e supernatant nuid was diluted to 15 mM-NaCI. 4 
mM-EDTA, 5mM-Tris/HCI, pH 7.0 and a portion contain
ing the cquiv,�ent of I g of lung tissue was applied to a 
DEAE-cellulose (DE-32) column (0.9 x 6.5cm) pre-equili
brated with tlle same buffer. The proteins were eluted with 
45 mL of huffer and 1.5 mL fractions were collected at a 
flow rate of 17 mL/h at 5°C. To elute the R subunit. a 
gradient of 0.0 1-004 M NaCI was applied. Absorb'Olce of all 
fractions was monitored at 280 nm ::U1d accordingly, curves 
were depicted 'Old the area under the peaks was detennined. 

Protein kinase assay: The metllOd of Torphy, et aI. was 
used." The assay was started by the addition 01'25 J.LL of the 
purified C subunit solution to a 200 J.LL reaction mixture 
containing 40 mM Tris/HCI pH 7 A, 20 mM magnesium 
aceUite, 0.2 mM ATP ,md 2 mg/mL casein as a subslJ'ate. 
After incubation at 30°C for 20 min, the reaction was 
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Fig I: The effect of theophylline on catalytic subunit content in 

lung tissue at different incubation time intervals. (x----x) 100 

�g/mL. (0---0) 10 �g/Il1L. (.---� coniioi. Mean ±SIJ of 
four experiments. 
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Fig. 2: SOS-polyacrylamide gel electrophoresis of phosphory

lated casein by catalytic subunit. Incubation limes were 35 min 

(A) and 20 min(S). phosphorylation by a mixture of R and C 

subunits at 20 min incubation (C). standard casein (D). 

stopped witll 10% trichloroacetic acid (TCA). Precipiwted 
proteins were dissolved in SDS-smnple solvent and loaded 
onto S DS-polyacrylanlide gel electrophoresis (S DS-PAGE). 

R and C subunit interaction: Interaction was carried out 
according to tlle method of Hofm'Oln, et aI." The smnples 
containing C and R subunits were dialyzed overnight against 
10 mM potassium phosphate buffer, pH 704. Reaction was 
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Fig. 3: The effector inhibitor prolein on casein phosphorylation as 

determined by SDS-polyacrylamide gcl cicctrophoft!sis. Ex

tracted inhibitor protein (A), standard cuscin (B), catalytic 

subunit (e), phosphorylation of casein by cataJytic subunit in 

the abscnl,;c (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 

�g/01L, (o.---OJ I 00 �g/mL. M
'
ean ±SD of five experimenls. 

carried out in 5U 10M Tris/HCI, 10 10M MgCI" rutd 10 10M 
mercaptoethrutol. Alier 20 min incubation at 37'C the 
reaction was stopped by the addition ofTCA solution to 7% 
and the precipitated proteins were subjected to 
electrophoresis. 

Purification of protein inhibitor: The meOlOd of Walsh, et 
al. was used." The lung tissue was homogenized in 2 
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volumes of buffer A (4 10M EDT A, 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 lOld brought to 95°C over a 20 min period. The 
resultmn suspension was cooled to 10'C in rut ice bath rutd 
cenuifuged at 2000g for 10 min. The supematrutt fluid was 
made 15% TCA WiOI respect to 100% TCA rutd after 
cenuifugation the precipitate was resuspended in 25 mL of 
0.05 M glycerol-phosphate buffer, pH 6.8 containing 2 10M 
EDTA. The resultant turbid solution was dialyzed exhaus
tively against 110M EDTA rutd 5mM potassium phosphate 
buffer, pH 7.0. The retentate was cenuifuged at 34,OOOg for 
20 min rutd the supernatrutt 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 1OJ.l.g of Ole protein, 
electrophoresis was carried out at 180 V(RT), the gels were 
stained with coomassie brillirutt blue (R-250) rutd destained 
in 7% acetic acid and 45% methanol in water. 

Extraction and measurement of cAMP: Cyclic AMP 
from Ole control rutd theophylline-treated smnples was 
purified by ion exchrutge resin column chromatography as 
described by Schultz, et  l�.19 The lung tissues were rapidly 
homogenized in a cold solution of 0.1 M zinc acetate rutd 
0.1 M disodium carbonate pH 7.0 rutd alier incubation in 
boiling water for 2 min, it was cenuifuged at 20,000g for 5 
min. The clear supemaUtnt fluid was loaded onto a QAE
Sephadex column (0.7x1O cm) in its fonnate form. After 
application of 10 mL of distilled water followed by 6mL of 
0.1 M mnmonium fonnate, pH 9.0, cAMP rutd cGMP were 
eluted with 0.1 M mnmonium formate pH 6.0. The fractions 
(2 mL) were collected rutd their absorbrutce measured at 260 
nm. The concentration of cAJV1P was estimated using a 
strutdard curve. 

RESULTS 

To study the effect of theophylline on the kinetics of 
protein kinase, two concentrations of drug used were 10 rutd 
100J.l.g/mL. The reason for the selection of these two con
centrations was based on our previous results obtained from 
the effect of theophylline on colony stimulating factor 
(CSF) production by lung tissue.' We have shown Omt 
theophylline enhances CSF production during 48h of incu
bation rutd at higher concentrations (e.g. 100 J.l.g/mL) shows 
rut inhibitory or toxic effeCl 

For this purpose, theophylline was first added to the lung 
conditioned media rutd at different time intervals the final 
supernatants were extracted as described in the "Methods" 
section rutd loaded onto a DEAE-<:ellulose 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 flg/mL, (0----0) 10 

llg/mL. Mean ±SD of four experiments. 

maximum points of the elution promes of C-subunits were 
dmwn against the incubation time. The results from the 
control and smnples treated with 10 and 100 fig/mL tlleo
phyJline are shown in Fig I. It is seen that Witll progression 
along Ole incubation lime intervru axis. the concentration of 
C subunit in the normal s�'te (control) remains at about 
baseline value until2h of incubation but reaches a maximum 
valueat3h and then declines. In comparison, in drug-treated 
samples, this value is shifted to 2.5h and 1.5h with IOfig/mL 
and 100 fig/mL theophylline, respectively. According to 
these results, when theophylline exists at 100 fig/mL in the 
media, C subunit would have more time to affect protein 
synUlesis in comparison to Ule control in the lung tissue. 

To see whethenhe peaks eluted from U,e column corre
sponded to Ule ca�'lIytic subunit of the protein kinase, the 
phosphorylation of casein was carried out in the presence 
and absence of C subunit. Fig. 2 demonstrates tllese results. 
It is 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 fonn of casein witll its higher negative 
charge causing higher mobility on the gel. 

Fig. 3 shows that phosphorylation of casein by the 
catalytic subunit can be suppressed in the presence of a heat 
stable inhibitor protein. Inhibitor protein extracted from the 
lung tissue as described in the "Methods" section shows a 
single band with a low mobility on the 50S-gel as 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 oU,er which could be clearly seen on the 
50S-gel electrophoresis pallem (data not shown). These 
results indicate that the eluted peaks correspond to the 
ca�'lIytic subunit of protein kinase. 

Fig. 4 iUustrates 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 100fig/mL drug-treated samples 
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it is reduced to 2.15 h and 1.15 h, respectively. Calculation 
of the area under Ule peaks reveals that the areas of catalytic 
subunit in Ule drug-treated smnples are greatly increased 
from 8.17 cm' to 10.65 cm' for IOOfig/mL theophyUine 
which is equivalent to 1.31 fold of the nonnal. 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 tlle value of protein inhibitor so 
that its content is considerably decreased when 100fig/mL 
theophylline is used as compared to Ule control and 
IOfig/mL of the drug. 

DISCUSSION 

Cyclic AMP, an intraceUular regUlatory agent, has long 
been considered to play a role in the control of cell 
proliferation and differentiation in various cell types" mld 
exens its effect on euk.1ryotes by binding to regUlatory 
subunits of cAMP-dependent protein kinases."·17 A number 
of results clearly show that theophylline exens its biological 
effect on many metabolic paUlIvays tllrough cAMP and 
recently many reports have indicated its involvement in tilt.! 
control of ceJlularprotein synthesis and genome activity."" 
111e identification of specific regulatory proteins and the 
modification of the activity of cAMP-dependent protein 
kinase at the ceUular level contribute to the underst'Ulding of 
the mechanisms for these effects. According to all experi
ments perfonned, 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 thllil one external slimulus,I9 
Cyclic AMP responds to various haemopoietic regulators 
implying its participation in the regulation ofCFU-S prolif
emtion." It appears that cAMP activation of tr'Ulscription 
occurs through the regulation of the phosphorylation activ
ity of C subunit." In tllis repon, we have investigated U,e 
kinetic role of the three most imponant elements in the 
pathway that lead to the regulation of protein synthesis. 
Preliminary results suggesl that in the lung lissue, the level 
of cAMP is increased as a function of theophylline concen
tration. As is seen, at high concentrations of drug (100 fig/ 
mL), this increment is more significant 'Uld the peak appears 
earlier than 10 fig/mL and normal profiles. The measure
ment of C subunit in the presence and absence of tlleophyl
line shows that its elevation corresponds to cAMP elevation 
in the lung in both drug-treated and control groups. This is 
desirable since it confUlTls the role of cAMP in tlle release 
ofC subunit from the protein kinase complex. When I 00 �g/ 
mL and 10 fig/mL theophylline are used, a broad range of 
time is provided, a time in which the free subunit will be able 
to elevate the basal synthesis of cenain proteins, depending 
however on feasibility of conditions. On the other hand, the 
effect of partially purified inhibitor protein which blocks 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 flg/mL, (0----0) 10 

llg/mL. Mean ±SD of four experiments. 

maximum points of the elution promes of C-subunits were 
dmwn against the incubation time. The results from the 
control and smnples treated with 10 and 100 fig/mL tlleo
phyJline are shown in Fig I. It is seen that Witll progression 
along Ole incubation lime intervru axis. the concentration of 
C subunit in the normal s�'te (control) remains at about 
baseline value until2h of incubation but reaches a maximum 
valueat3h and then declines. In comparison, in drug-treated 
samples, this value is shifted to 2.5h and 1. 5h with IOfig/mL 
and 100 fig/mL theophylline, respectively. According to 
these results, when theophylline exists at 100 fig/mL in the 
media, C subunit would have more time to affect protein 
synUlesis in comparison to Ule control in the lung tissue. 

To see whethenhe peaks eluted from U,e column corre
sponded to Ule ca�'lIytic subunit of the protein kinase, the 
phosphorylation of casein was carried out in the presence 
and absence of C subunit. Fig. 2 demonstrates tllese results. 
It is 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 fonn of casein witll its higher negative 
charge causing higher mobility on the gel. 

Fig. 3 shows that phosphorylation of casein by the 
catalytic subunit can be suppressed in the presence of a heat 
stable inhibitor protein. Inhibitor protein extracted from the 
lung tissue as described in the "Methods" section shows a 
single band with a low mobility on the 50S-gel as 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 oU,er which could be clearly seen on the 
50S-gel electrophoresis pallem (data not shown). These 
results indicate that the eluted peaks correspond to the 
ca�'lIytic subunit of protein kinase. 

Fig. 4 iUustrates 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 100fig/mL drug-treated samples 
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it is reduced to 2.15 h and 1.15 h, respectively. Calculation 
of the area under Ule peaks reveals that the areas of catalytic 
subunit in Ule drug-treated smnples are greatly increased 
from 8.17 cm' to 10.65 cm' for IOOfig/mL theophyUine 
which is equivalent to 1.31 fold of the nonnal. 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 tlle value of protein inhibitor so 
that its content is considerably decreased when 100fig/mL 
theophylline is used as compared to Ule control and 
IOfig/mL of the drug. 

DISCUSSION 

Cyclic AMP, an intraceUular regUlatory agent, has long 
been considered to play a role in the control of cell 
proliferation and differentiation in various cell types" mld 
exens its effect on euk.1ryotes by binding to regUlatory 
subunits of cAMP-dependent protein kinases."·17 A number 
of results clearly show that theophylline exens its biological 
effect on many metabolic paUlIvays tllrough cAMP and 
recently many reports have indicated its involvement in tilt.! 
control of ceJlularprotein synthesis and genome activity."" 
111e identification of specific regulatory proteins and the 
modification of the activity of cAMP-dependent protein 
kinase at the ceUular level contribute to the underst'Ulding of 
the mechanisms for these effects. According to all experi
ments perfonned, 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 thllil one external slimulus,I9 
Cyclic AMP responds to various haemopoietic regulators 
implying its participation in the regulation ofCFU-S prolif
emtion." It appears that cAMP activation of tr'Ulscription 
occurs through the regulation of the phosphorylation activ
ity of C subunit." In tllis repon, we have investigated U,e 
kinetic role of the three most imponant elements in the 
pathway that lead to the regulation of protein synthesis. 
Preliminary results suggesl that in the lung lissue, the level 
of cAMP is increased as a function of theophylline concen
tration. As is seen, at high concentrations of drug (100 fig/ 
mL), this increment is more significant 'Uld the peak appears 
earlier than 10 fig/mL and normal profiles. The measure
ment of C subunit in the presence and absence of tlleophyl
line shows that its elevation corresponds to cAMP elevation 
in the lung in both drug-treated and control groups. This is 
desirable since it confUlTls the role of cAMP in tlle release 
ofC subunit from the protein kinase complex. When I 00 �g/ 
mL and 10 fig/mL theophylline are used, a broad range of 
time is provided, a time in which the free subunit will be able 
to elevate the basal synthesis of cenain proteins, depending 
however on feasibility of conditions. On the other hand, the 
effect of partially purified inhibitor protein which blocks the 
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activity of free C subunit was measured in the presence and 
absence of drug. According to Ule results, it is indicated that 
at low concentrations of theophylline (I 0 llg/mL) the change 
in inhibitor protein almost overlaps with control peak with 
approximately the same magnitude, but by using 100 llg/mL 
of drug, a considerable change occurs, producing no peak in 
this position. The results suggest U,at 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 this study are consistent with the proposed, 
role of cAMP-dependent protein kinase as the intracellular 

mediator of the mechanical response to Uleophylline. 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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