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Two major isozyme forms of cyclic AMP-dependent protein kinase (termed protein
kinase I and II according to their order of elution from DEAE-cellulose) were resolved by
DEAE-cellulose chromatography of extracts from human renal cortex and renal cell
carcinoma. The ratio between protein kinase I and protein kinase II in carcinoma extracts
was about twice that in extracts of renal cortex. The total soluble cyclic AMP-dependent
protein kinase activity was similar in extracts from the normal and malignant tissue. Protein
kinase isozymes prepared from renal cortex or carcinoma were highly dependent on cyclic
AMP for activity under appropriate assay conditions, were activated to the same degree by
various concentrations of cyclic AMP, and had similar affinity for the nucleotide, indicating
that the mechanism for regulation of protein kinase activity by cyclic AMP was intact for
the tumor kinases. The kinetics of endogenous phosphorylation of protein kinase II was
similar for enzyme derived from normal or malignant tissue.

The cyclic AMP-dependent protein ki-
nases (ATP-protein phosphotransferase,
EC 2.7.1.37), whose activity is regulated by
the dissociation of the holoenzyme into reg-
ulatory and active catalytic moieties in the
presence of cyclic AMP (1), exist in mam-
malian tissues as two main isozyme forms
termed protein kinase I and protein kinase
II according to their order of elution from
DEAE-cellulose by salt gradients (2).

Recent studies describing either a re-
duced kinase activity (3, 4), an altered iso-
zyme-distribution (5), or lowered respon-
siveness to cyclic AMP (3, 4, 6) in neoplastic
cell lines or experimental tumors, and cor-
relation between the responsiveness of ki-
nases to cyclic AMP and the sensitivity of
tumor growth to cyclic AMP or its ana-
logues (7, 8) point to a potential coupling
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between neoplastic growth and altered pro-
tein kinase also in human tumors. The aim
of the present study was to compare the
isozyme pattern of cyclic AMP-dependent
protein kinases and the regulatory proper-
ties of those enzymes from a human carci-
noma and its normal counterpart. Renal
cell carcinoma was chosen because nontu-
morous renal cortical tissue could be ob-
tained from the tumor-involved Kkidney
upon its therapeutic removal, and because
the dominating cell type of renal cortex is
the proximal tubule epithelial cell, from
which renal cell carcinomas are thought to
originate (9, 10).

EXPERIMENTAL PROCEDURES

Materials. Cyclic ["HJAMP (27 Ci/mmol) and
[’Hladenosine (23 Ci/mmol) were from the Radi-
ochemical Centre, Amersham, Bucks, U. K., whereas
[y-**P]ATP (about 2 Ci/mmol) was prepared by a
modification of the method of Glynn and Chappell
(11), and purified by DEAE-Sephadex (Pharmacia,
Sweden) chromatography. The purity of [y-PJATP
was checked by ascending chromatography on poly-
ethyleneimine-thin-layer sheets (Polygram Cel 300,
from Macherey Nagel & Co., Germany) developed in
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1.2 m LiCl, and by descending paper chromatography
as described by Kleppe et al. (12). The radiochemical
purity was 97% in both systems. The only radiochem-
ical impurity detected cochromatographed with inor-
ganic phosphate. Cyclic AMP, ATP, adenosine, 1-
methyl-3-isobutylxanthine, bovine pancreatic ribonu-
clease (type ITA), hemoglobin (type I), and histone
(type II) were from Sigma Chemical Co., St. Louis.
Erythro-9-(2-hydroxy-3-nonyl)adenine was from Dr.
H. Storck, Boehringer-Mannheim, Germany. DEAE-
cellulose (DE-52), phosphocellulose (P-11), and filter
paper discs (3 MM of 2.3-cm diameter) were from
Whatman Biochemicals Ltd., Maidstone, Kent, U. K.
and Ultrogel (ACA44) from LKB AB, Bromma, Swe-
den. Casein (according to Hammerstein) and trichlo-
roacetic acid were from Merck Chemical Co., Darms-
tadt, Germany.

The biological material was obtained from patients
undergoing nephrectomy (Table I). Immediately after
the kidney had been removed, it was sectioned longi-
tudinally and specimens from macroscopically visible-
tumor tissue and samples from apparently normal
renal cortex were plunged into liquid nitrogen. The
time interval between ligation of the renal artery and
freezing varied from 1 to 15 min. The tissue immedi-
ately surrounding the specimens removed for bio-
chemical investigations was examined histologically

TABLE 1

AGE AND SEX OF PATIENTS FROM WHOM MATERIAL
Was OBTAINED"

Patient Age Sex
(years)
F.C. 55 ?
AN. 81 3
W.L. 70 ?
N.N. 45 ?
E.S. 64 Q
AH. 58 3
J.H. 65 5

“ All patients had normal renal function as judged
from serum concentration of creatinine and other kid-
ney function tests when performed. The size of the
tumors varied from 2.5 X 2.5 X 25 cm to 4 X 4 X 4 cm,
except for one large, locally invasive tumor (W.L.)
compressing the remaining part of the kidney, so no
sample of normal renal cortex was obtained. Another
patient (N.N.), supposed to have a malignant tumor,
appeared to have a non-neoplastic cyst, so only normal
renal cortex was studied. The other patients had well
defined tumors confined to one of the two poles of the
kidney. One of the patients (J.H.) had cerebral and
pulmonal metastases, the other patients had no rec-
ognized tumor metastasis at the time of operation.
One of the tumors (F.C.) was classified as a “‘dark cell”
carcinoma (13). The others were classified as “clear
cell” carcinomas (13).
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and the tumor specimens were found, in all cases, to
be surrounded by renal carcinoma tissue which was
homogeneous except for the scattered occurrence of
small, necrotic foci. The specimens of renal cortex
were surrounded by renal cortical tissue without overt
pathological alterations.

Preparation of tissue extract. The frozen tissue was
thawed in homogenization buffer (10 mm Tris-HCI,
pH 7.8, containing 1 mM EGTA,” 0.1 mm EDTA, 0.25
M sucrose, and 20 mM 2-mercaptoethanol), and ho-
mogenized (Yo, w/v) in an emulsifier (Silverson Mach.
Ltd., Waterside, Bucks., U. K.) operated at full speed
for 2 x 30 s, followed by two strokes at 465 rpm in a
glass/Teflon (Thomas type C) homogenizer. The pH
of the homogenate was adjusted to 7.6 by the addition
of 1.6 M Tris-HCI, pH 8.8, and a high speed superna-
tant obtained by spinning at 20,000g for 20 min. Such
supernatants, either obtained from carcinoma or cor-
tex, contained 7 to 8 mg of protein/ml. In some prelim-
inary experiments, the homogenization (%, w/v) was
performed in 15 mm Tris-HC], pH 7.65, containing 10
mM EDTA, 0.25 M sucrose, and 20 mmM 2-mercaptoeth-
anol. In one case, whole blood (with added EDTA)
from one of the patients (A.H.) undergoing nephrec-
tomy was centrifuged at 5000g for 10 min, the super-
natant (plasma) saved, and the sediment (formed ele-
ments) resuspended in the homogenization buffer, ho-
mogenized, and a high speed supernatant obtained.
All handling of tissue extracts was in the cold (0-4°C).

Preparation of isozymes of cyclic AMP-dependent
protein kinase. Protein kinase I and protein kinase II
were separated by DEAE-cellulose chromatography.
The high speed supernatant (20 ml) was diluted with
1 vol of an aqueous solution of 1 mM EGTA, 0.1 mm
EDTA, pH 7.6, and applied to a DEAE-cellulose col-
umn (20 X 1 em) equilibrated with 15 mM Tris-HC],
pH 7.6,0.1 mm EDTA, 20 mM 2-mercaptoethanol. The
column was washed with 0.5 liter of the same buffer
and the enzyme activities eluted with a linear gradient
(0.3 liter of 0-350 mM NaCl) in the equilibration buffer.
The peak fractions of protein kinase I and II were
pooled separately, passed through phosphocellulose
columns (1 X 2 cm) equilibrated with 15 mM Hepes-
NaOH, pH 7.0, 1 mm EDTA, 20 mM 2-mercaptoetha-
nol, and precipitated with 55% saturated ammonium
sulfate. The pellets so obtained were dissolved in 15
mM Hepes-NaOH, pH 7.0, 1 mm EDTA, 20 mm 2-
mercaptoethanol, and desalted by passage through
Sephadex G-25 columns equilibrated with the same
buffer. The preparations had binding capacities rang-
ing from 35 to 75 pmol of cyclic AMP/mg of protein.

Measurement of cyclic ['HJAMP binding. Bound
and free nucleotide were separated by ammonium
sulfate precipitation as described (14). In the presence

* Abbreviations used: EGTA, ethylene glycol bis(8-
aminoethyl ether)N,N’-tetraacetic acid; Hepes, 4(2-
hydroxyethyl)-1-piperazineethanesulfonic acid.
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TABLE 11

EFFECT oF INCUBATION CONDITIONS ON THE AMOUNT OF CycLic ['"H]JAMP BouND AND STATE OF
ACTIVATION OF PROTEIN KINASE IsozymMES"

Agent added

Tsozyme form Concentra- 15 min of incubation 120 min of incubation

of protein ki- tion of cyclic

nase present  ["HJAMP
AMP bound AMP bound
(fmol/ml) (fmol/ml)
1 1.5 nMm 4 0.03 14 0.08
800 mMm NaCl 85 0.85 119 1.00
II 1.5 nM 31 0.25 66 0.31
800 mm NaCl 26 0.27 74 0.30
Histone (2 mg/ml) 45 0.48 94 0.61
NaCl/histone 29 0.29 75 0.32
u 15 nm 50 047 114 0.58
800 mMm NaCl 49 0.28 156 0.43
Histone (2 mg/ml) 183 0.64 413 0.94
NaCl/histone 107 0.33 227 0.49

“ Protein kinase I (diluted finally to a binding capacity for cyclic ["THJAMP of 0.12 pmol/ml and a protein
concentration of 3.4 pg/ml) and protein kinase II (binding capacity, 0.48 pmol/ml, protein concentration, 7.4
pg/ml) were incubated at 0°C in 15 mM Hepes-NaOH, pH 7.0, 1 mm EDTA, 20 mM 2-mercaptoethanol in a
volume of 4 ml. The incubations contained either histone, histone and NaCl, serum albumin (0.5 mg/ml), or
serum albumin and NaCl. The concentrations (final) of cyclic ['HJAMP, histone, and NaCl are indicated in the
table. Duplicate samples (0.6 ml) were removed for determination of cyclic ["HJAMP bound and (0.1 ml) for
determination of protein kinase activity ratio (ratio of kinase activity in the absence and presence of 2 uM cyclic
AMP). The data shown were obtained with preparations of isozyme from renal carcinoma, but the results were
similar for isozymes from renal cortex. In this particular experiment, the incubation time was 15 min and the
blank values varied from 0.02-0.04% of the added (10° cpm) radioactivity, depending upon the concentration of
salt and histone in the incubations. The percentage of the added radioactivity incorporated into substrate varied
from 0.008% (protein kinase I assayed in the absence of cyclic AMP) to 1.0% (protein kinase II assayed in the

presence of cyclic AMP).

of 800 mM NaCl and 1.5 nm cyclic ["HJAMP, protein
kinase I was near saturated with the nucleotide and
completely dissociated after 2 h of incubation at 0°C,
whereas protein kinase Il showed only a modest degree
of activation and saturation (Table II).

When cyclic ["HJAMP binding preferentially to
cyclic AMP-dependent protein kinase isozyme type I
was to be assayed, the incubations contained 50 mm
Hepes-NaOH, pH 7.2, 800 mMm NaCl, 30 mm EDTA,
20 mM 2-mercaptoethanol, 0.1 mm 1-methyl-3-isobu-
tylxanthine, 10 uM adenosine, 10 uM erythro-9-(2-hy-
droxy-3-nonyl)adenine, 1.5 nmM cyclic ["HJAMP, and
bovine serum albumin (0.5 mg/ml). Adenosine was
present to prevent the binding of cyclic ['H]JAMP to
binding proteins not related to cyclic AMP-dependent
protein kinase (15-17), and 1-methyl-3-isobutylxan-
thine and erythro-9-(2-hydroxy-3-nonyl)adenine (18)
was present to prevent the degradation of cyclic
["H]AMP and adenosine, respectively.

In the presence of histone (2 mg/ml), 15 nM cyclic
["H]AMP was sufficient to give more than 90% satu-
ration (and activation) of both protein kinase II (Table
II) and 1 (data not shown).

When binding of cyclic ["HJAMP to both isozymes
was to be measured, the incubations contained 15 mm
Hepes-NaOH, pH 7.2, 1 mm EDTA, 20 mM 2-mercap-

toethanol, 0.1 mM 1-methyl-3-isobutylxanthine, 10 pm
adenosine, 10 pM erythro-9-(2-hydroxy-3-nonyl)ade-
nine, 30 nM cyclic ["HJAMP, and histone (2 mg/ml).

The reactants were routinely allowed to incubate
for 2 h at 0°C in a volume of 0.4 ml. The final
concentration of binding sites during the incubations
was kept below 0.5 pmol/ml, and linearity of amount
of bound nucleotide versus sample concentration was
then observed for all samples measured. For one ex-
periment, the binding of cyclic "HJAMP was deter-
mined under the conditions for the assay of protein
kinase activity.

Assay of protein kinase activity. This was routinely
performed in 15 mM Hepes-NaOH, pH 7.0, containing
10 mM Mg(CH,COO),, 0.1 mMm EGTA, 30 um EDTA,
30 uM [y-PPJATP (about 3 uCi/ml), histone (0.67
mg/ml), and (when added) 2 pm cyclic AMP. In some
experiments, the concentration of ATP and histone
was varied. Casein was substituted for histone as sub-
strate, or various concentrations of salt were present.
The incubations were conducted at 30°C in a volume
of 0.15 ml, and terminated by pipetting samples (100
ub) on dry filter paper disks (19, 20) which had been
presoaked in aqueous 10 mm Na,PO,, 10 mM Na,P.O,,
1 mm ATP. After 1 min, the disks were dropped into
ice cold aqueous 5% (w/v) trichloroacetic acid (10
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ml/disk) containing 10 mM Na;PO,, 10 mM Na,P,0,.
The filter disks were washed for 15 h in the cold (2°C)
with one change of the trichloroacetic acid-phosphate
solution, and then for 2 h at room temperature with
two changes of the same solution.

One unit of the kinase activity is defined as the
activity incorporating 1 pmol of phosphate into accep-
tor protein (histone at 0.67 mg/ml or casein at 3
mg/ml) per min at 30°C. The protein kinase activity
ratio is defined as the ratio of phosphate incorporated
in the absence and presence of added (2 pm) cyclic
AMP.

Very low kinase activities had to be measured in
the experiment of Table II due to the presence of
inhibitory concentrations of salt (21, 22) in some in-
cubations and the low expression of kinase activity in
the absence of added cyclic AMP in other incubations
(see legend to Table II). For the accurate measure-
ment of low activity of protein kinase, it was found
desirable to explore the effects of incubation time,
ionic strength, and type and concentration of substrate
protein on the magnitude of the assay blanks. The
blank values increased rapidly when the assay mixture
(without added enzyme} was incubated at 30°C, prob-
ably because of electrostatic interaction between [y-
“PJATP and the basic protein histone, since the blank
values were considerably lower at high ionic strength
and when the acid protein casein was substituted for
histone (Table III). To obtain low blank values, the
[v-*PJATP was added to the incubation mixture im-
mediately before the reaction was started by the ad-
dition of enzyme, and the concentration of histone in
the assays as well as the reaction time kept low. The
samples were routinely assayed at two or more differ-

TABLE III
EFFECT OF THE TYPE AND CONCENTRATION OF
ACCEPTOR PROTEIN ON THE RADIOACTIVITY OF
ENzYME BLANKS"

Accep- KCl Blank value
tor pro- {(mM) (% of total radioactiv-
tein ity)
(mg/ml)
None — — 0.0118 = 0.00058
— 150 0.0123 = 0.00045
Casein 7 — 0.0305 + 0.00053
7 150 0.0179 + 0.00028
Histone 0.7 — 0.0179 % 0.00064
0.7 150 0.0128 + 0.00015
Histone 7 — 0.0533 + 0.00072
7 150 0.0251 + 0.00081

“ The [y-*P]JATP (30 uM) was incubated for 5 min
in the presence of casein (7 mg/ml), histone (0.7 mg/
ml or 7 mg/ml), or in the absence of substrate protein.
All incubations were performed both in the absence
and presence of 150 mM KCI. The results are given as
mean = S.D. (n = 4).
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ent concentrations to ensure linearity of kinase activ-
ity with respect to enzyme concentration. The samples
were diluted so that the reaction rate (in the presence
of 2 um cyclic AMP) was linear with respect to time
for at least 10 min. The reaction time was routinely 5
min.

Endogenous phosphorylation of protein kinase I1I.
The incubation conditions were essentially those de-
scribed by Rangel-Aldao and Rosen (23) for autophos-
phorylation of protein kinase II. The preparations of
protein kinase II were incubated in 15 mm Hepes-
NaOH, pH 70, containing 0.1 mM EGTA, 30 um
EDTA, 5 mM Mg(CH;COO)., 5 um [y-*PJATP, 20 mm
2-mercaptoethanol, and serum albumin (0.5 mg/ml) at
0°C in a volume of 0.32 ml. In some cases, 30 mM
EDTA was present in the incubations. For determi-
nation of the amount of radioactive phosphate incor-
porated, samples (50 pl) were applied to Sephadex G-
25 columns (0.4 X 6 c¢m) equilibrated with 15 mm
Hepes-NaOH, pH 7.0, containing 100 mm EDTA, 100
mM NakF, 100 um ATP, 20 mm 2-mercaptoethanol, and
albumin (0.5 mg/ml). Protein kinase Il was eluted
quantitatively in a volume of 0.2 ml and precipitated
with 10% (w/v) ice cold trichloroacetic acid. The re-
sulting precipitate was collected on membrane filters
and counted.

Sucrose density gradient centrifugation. Linear
(5-20% w/v) sucrose gradients (10 ml) were overlay-
ered with sample (0.15 ml) and spun for 18 h at 40,000
rpm in the SW 40 ti. rotor of a Beckman L2-65B
ultracentrifuge. Fractions (0.55 ml} were collected.
Bovine pancreatic ribonuclease and bovine hemoglo-
bin were used as markers for S value determination.
Hemoglobin was determined by its absorbance at 411
nm. Ribonuclease activity was determined by measur-
ing the decrease in trichloroacetic acid-precipitable
[‘HIRNA.

Protein. This was measured by the method of
Klungsgyr (24) using bovine serum albumin as the
standard.

RESULTS

Behavior of protein kinase isozymes of
renal extracts on DEAE-cellulose chro-
matography: effect of extraction-condi-
tions. The tissue specimens from the first
two pairs of renal cortex/carcinoma inves-
tigated were homogenized (%, w/v) in 15
mM Tris-HCl buffer containing 10 mm
EDTA. DEAE-cellulose chromatography
of such extracts produced a minor peak of
cyclic AMP-dependent histone kinase ac-
tivity with associated high affinity cyclic
[*H]AMP binding activity and a major peak
associted with binding activity of lower af-
finity, corresponding to protein kinases I
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and II, respectively (Fig. 1a). Cyclic AMP-
independent kinase activity in the flow-
through fractions and high affinity cyclic
[PHJAMP binding activity eluted between
protein kinase I and II probably repre-
sented the free catalytic and regulatory
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Fic. 1. DEAE-cellulose chromatography of var-
iously prepared extracts of renal cell carcinoma. a, the
carcinoma tissue (W.L.) was homogenized (1/4, w/v)
in 15 mM Tris-HCl, pH 7.65, containing 10 mM EDTA,
20 mM 2-mercaptoethanol, and 0.25 M sucrose. The
high speed supernatant of the extract was diluted with
ice cold water to 5 times its original volume, and
DEAE-cellulose chromatography performed as de-
scribed under Experimental Procedures. 8, a sample
from the high speed supernatant (referred to above)
was dialyzed for 24 h against 5 mM sodium phosphate
buffer, pH 6.5, containing 0.1 mM EDTA and 20 mm 2-
mercaptoethanol, with several changes of the buffer.
The dialyzed solution was mixed with 4 vol of column
equilibration buffer and chromatographed as above. ¢,
a specimen from the same tumor was extracted (1/10,
w/v) and chromatographed on DEAE-cellulose as de-
scribed under Experimental Procedures. Fractions of
15 ml were collected. Protein kinase activity was as-
sayed under standard conditions (see Experimental
Procedures) in the absence ({(3——J) and presence
(l—) of (2 uM) cyclic AMP. The binding of cyclic
[’HJAMP (O---0) was assayed under conditions
(high ionic strength, 1.5 nM cyclic ["HJAMP favoring
the selective binding of the nucleotide to the binding
moiety ui piotein kinase I. The activities are given pes
ml of fracuui.
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moieties of protein kinase I since a prepa-
ration of that isozyme, after its dissociation
by cyclic ["HJAMP, gave rise to similarly
chromatographing catalytic activity and
binding activity. An experiment (Fig. 1b)
was set up to see if prolonged dialysis
against dilute phosphate buffer could afford
the recombination of the subunits of pro-
tein kinase I in the tissue extract. The di-
alysis did not affect the total assayable
kinase activity of the extract, but the sedi-
mentation velocity (4.5 to 6S) of the kinase
activity in sucrose gradients was lower than
for freshly prepared extracts (5.5 to 7S),
and the kinase activity was eluted from
DEAE-cellulose at an ionic strength (Fig.
16) intermediate between that required to
elute protein kinase I and protein kinase 11
from freshly prepared extracts (Fig. la).
Aging of tissue extracts resulted in a pro-
gressive reduction of protein kinase I with
the concomitant appearance of a new peak
of cyclic AMP-dependent protein kinase
activity between protein kinase I and IL
The new peak was associated with the high
affinity cyclic [P"HJAMP binding character-
izing protein kinase I. On prolonged aging
of the extract, protein kinase II eluted at
lower ionic strength, approaching the newly
formed peak of kinase activity, resulting in
an incomplete separation of the isozymes.

In another experiment, the homogeniza-
tion conditions were chosen to minimize
dissociation of protein kinase I and prote-
olysis. Such conditions did favor the hol-
oenzyme form of protein kinase I (Fig. 1c)
and were, therefore, used for the rest of the
study on isozyme distribution. The amount
of histone kinase activity in the flow
through fractions (to be ascribed to the free
catalytic moiety of the protein kinases) was
always less than 3% of the total activity,
and 85 to 95% of the total activity eluted as
expected for protein kinases I or II, while
the remaining activity (probably represent-
ing partially proteolyzed protein kinase I)
was eluted between the two major isozyme
peaks.

Comparison of the protein kinase iso-
zyme distribution in renal cortex and car-
cirome. Beth protein kinase 1 and protein
kinase II were present in ti.c extracis of
renal curtex (Fig. 2) and carciiioma (Fig. 3)
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Fic. 2. DEAE-cellulose chromatography of renal
cortex extract. Apparently normal renal cortex from
the lower pole of a kidney (J. H.) with a renal cell
carcinoma at its upper pole, was extracted and chro-
matographed as described under Experimental Pro-
cedures. One hundred-forty one milligrams of protein
were loaded on the column. Fractions of 5 ml were
collected. a, cyclic ["H]JAMP binding activity
(@- - -@) was measured under conditions (histone, 30
nM cyclic ["HJAMP) when both isozyme forms of
cyclic AMP-dependent protein kinase were saturated
with the nucleotide. b, the phosphotransferase activity
of desalted fractions was measured with histone as the
substrate in the absence (O—J) and presence
(B—M) of (2 yM) cyclic AMP or with casein (6
mg/ml) as the substrate in the presence of 150 mm
KCl (A—A).

analyzed by DEAE-cellulose chromatogra-
phy. The ratio of protein kinase I to protein
kinase II varied from 0.18 to 0.28 in renal
cortex and from 0.36 to 0.91 in renal carci-
noma. In the three pairs of renal
cortex/carcinoma studied, the proportion
of protein kinase 1 to protein kinase Il was
about two times higher in the extracts of
carcinomas than in the renal cortex extracts
(Table IV).

For the two first pairs (F.C. and A.N.) of
renal cortex/carcinoma (homogenized un-
der conditions resulting in dissociation of
protein kinase I, and not included in Table
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Fic. 3. DEAE-cellulose chromatography of renal
carcinoma extract (139 mg of protein). A specimen
from the renal cell carcinoma of the kidney (J.H.)
referred to in the legend to Fig. 2 was prepared for
chromatography and measurement of binding and ki-

nase activities as described in the legend to Fig. 2.

TABLE IV

PROTEIN KINASE Is0ZYME DISTRIBUTION IN RENAL
CORTEX AND CARCINOMA®

/11
Renal Cortex (E.S.) 0.18 (0.28)
Renal carcinoma (E.S.) 0.36 (0.53)
Renal cortex (A.H.) 0.17 (0.28)
Renal carcinoma (A.H.) 0.38 (0.54)
Renal cortex (J.H.) 0.25 (0.36)
Renal carcinoma (J.H.) 0.54 (0.80)
Renal cortex (N.N.) 0.28 (0.33)
Renal carcinoma (W.L.) 0.90 (1.11)
Renal carcinoma (W.L.) 0.92 (1.22)

“The conditions for preparation of tissue extracts
and DEAE-cellulose chromatography were as de-
scribed under Experimental Procedures. The histone
kinase activity (in the presence of 2 uM cyclic AMP)
of the DEAE-cellulose fractions was plotted on graph
paper, the areas corresponding to protein kinase I,
protein kinase II, and the kinase activity eluted be-
tween the two major isozymes cut out and weighed.
The ratio between the activity ascribed to protein
kinase I and II is given for each tissue extract. One of
the renal carcinomas (W.L.) was chromatographed at
two different occasions. The ratio between protein
kianse I + kinase activity eluted at intermediate ionic
strength and protein kinase II is given in parentheses.



378

1V), the free cyclic AMP binding activity
was higher for the carcinoma extracts (Fig.
3a) than for the cortex extracts, suggesting
that protein kinase I was relatively more
abundant also in those carcinomas. Fur-
thermore, a specimen from a large locally
invasive tumor contained relatively more
protein kinase I than a specimen of normal
cortex from a noncarcinomatous kidney
(Table IV). Since the kinase activity eluted
between the two main protein kinase iso-
zymes probably represented partially pro-
teolysed protein kinase I (see preceeding
section), the ratio between the sum of those
two kinase activities and the activity due to
protein kinase II was calculated (numbers
in parentheses in Table IV). The ratios so
obtained were also higher for the carcino-
mas than normal renal cortex. There was
thus no indication that protein kinase I was
more extensively proteolyzed in renal cor-
tex than in the carcinomas. No detectable
kinase activity was eluted by DEAE-cellu-
lose chromatography of human serum, and
very low activity, mainly protein kinase 1I,
by chromatography of an extract of the
formed elements of blood. The possibility
that the protein kinase I activity in renal
extracts was due to stagnant blood in the
tissue could thus be ruled out. The recovery
of cyclic AMP-dependent protein kinase
activity from the DEAE-cellulose columns
was 35-50% of the kinase activity recovered
on sucrose density gradient centrifugation,
raising the possibility that selective insta-
bility of protein kinase II from tumor on
DEAE-cellulose chromatography might ex-
plain the high ratio of protein kinase 1
relative to protein kinase II in that tissue.

Tissue extract from two of the pairs of
renal cortex/carcinoma (A.H., J.H.) were
analyzed by sucrose density gradient cen-
trifugation. The cyclic AMP-dependent
protein kinase activity and the cyclic AMP
binding activity co-sedimented at 6-7S.
Comparison of the ratio of cyclic ["H]AMP
binding activity in the sucrose gradient
fractions under conditions favoring binding
to protein kinase I (high ionic strength, low
nucleotide concentration) and conditions
saturating both isozymes with the nucleo-
tide (see Table II), indicated that the tumor
extracts had a higher concentration of pro-
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tein kinase I than had the renal extracts
(data not shown), suggesting that the ob-
served isozyme patterns were not due to
artifacts during DEAE-cellulose chroma-
tography.

A minor peak of kinase activity prefer-
entially phosphorylating casein eluted like
protein kinase [, whereas two major peaks
eluted from DEAE-cellulose at slightly
higher ionic strength than did protein ki-
nase II (Figs. 2 and 3). The two main peaks
were stimulated (about 100%) by the inclu-
sion of 150 mm KCl in the incubations, but
not by 2 uM cyclic AMP. The bulk of the
casein kinase activity of both renal extracts
and tumor extracts sedimented at about
10S, with a minor peak at 4S. The cyclic
AMP dependence of the histone kinase ac-
tivity in the DEAE-cellulose fractions con-
taining protein kinase I was often less than
the cyclic AMP dependence of protein ki-
nase I (Figs. 2 and 3), but the preparations
of protein kinase I after phosphocellulose
chromatography were highly dependent on
cyclic AMP for histone kinase activity (Ta-
ble 1I).

Comparison of the amount of soluble
cyclic AMP-dependent protein kinase ac-
tivity in the extracts of cortex and carci-
noma was done by measurement of the
activity sedimenting at 4-8S in sucrose gra-
dients loaded with renal cortex or carci-
noma extracts. The histone kinase activity
(measured in the presence of 2 um cyclic
AMP) per mg of tissue extract protein ap-
plied, differed by less than 5% for the two
cases (A.M. and J.H.) investigated.

Linearity of protein kinase activity ver-
sus concentration of sample measured, en-
sured that the heat-stable protein kinase
inhibitor did not influence the assay (25).

Cyclic AMP-dependence of the protein
kinase isozymes: correlation with binding
of eyclic AMP. When tested at low enzyme
concentrations (about 50 units/ml), the
preparations of protein kinase I were more
cyclic AMP-dependent than those of pro-
tein kinase II. At higher enzyme concentra-
tions (about 300 units/ml), both prepara-
tions were activated at least 20-fold by 2
uM cyclic AMP under standard phospho-
transferase assay conditions.

In the experiment of Fig. 4, protein kinase
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FiG. 4. Activity ratio and amount of cyclic "[HJAMP bound to protein kinase I and II from
renal cortex and renal cell carcinoma. Cyclic AMP-dependent protein kinases type I and II were
prepared from normal renal cortex and renal cell carcinoma as described under Experimental
Procedures, and incubated under standard phosphotransferase assay conditions in the presence of
the concentrations (total) of cyclic ["H]JAMP indicated on the abscissa. After 10 min of incubation,
samples (200 pl) were removed for the determination (in duplicate) of the amount of cyclic ["H]-
AMP bound (O- - -O) and other samples (100 ul) for the duplicate measurement of protein kinase
activity in the absence and presence of added (2 um) unlabeled cyclic AMP for calculation of
activity ratio (l——l). The presence of tritiated nucleotide in the assay mixture did not affect
the measurement of phosphate-incorporation into histone. The contribution of P trapped on the
Millipore-filters to the counts per min in the *H channel of the scintillation counter was corrected
for to determine the amount of cyclic ["H]JAMP bound. a, protein kinase I from renal cortex (final
binding capacity for cyclic AMP, 1.2 pmol/ml); b, protein kinase I from renal cell carcinoma (1.7
pmol/ml}; ¢, protein kinase II from renal cortex (1.8 pmol/ml); d, protein kinase II from renal cell
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carcinoma (1.4 pmol/ml).

was incubated in the presence of various
concentrations of cyclic [*fHJAMP under
protein kinase assay conditions and ali-
quots removed 5 min (not shown), 10 min
{Fig. 4), and 15 min (not shown) after the
start of the incubations, for the determina-
tion of the amount of cyclic ["H]JAMP
bound and the degree of activation of the
kinase. No difference in the concentration
of cyclic ["THJAMP needed to half-maxi-
mally activate the kinase activities or half-
maximally saturate the binding sites was
noted at any time point between kinase
derived from normal renal cortex or renal
cell carcinoma. Protein kinase I from both
sources required higher concentrations of
cyclic AMP than protein kinase I1 to reach
a certain degree of activation or saturation
(Fig. 4).

Both the activity ratio and the amount
of cyclic AMP bound increased from 5 to
15 min of incubation at concentrations of
the nucleotide giving intermediate degrees

of kinase activation. Whereas the measure-
ment of bound cyclic [’HJAMP represents
the amount bound at the end of the incu-
bation period, the phosphotransferase ac-
tivity measured represents the accumu-
lated phosphate incorporation into sub-
strate during the whole incubation period,
the degree of activity of the kinase being
lower in the first part of the period. The
slight discrepancy between the degree of
saturation of cyclic ["HJAMP binding sites
and the activity ratio at subsaturating con-
centrations of the nucleotide (Fig. 4) thus
does not indicate a dissociation of the abil-
ity of cyclic AMP to bind to and to activate
protein kinases.

Endogenous phosphorylation of protein
kinase II. Endogenous phosphorylation
was found to occur in preparations of pro-
tein kinase II from all the pairs of renal
cortex/carcinoma investigated (J.H., E.S.,
A H)), whether the preparation was from
the first, middle, or last part of the peak of
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protein kinase II eluted from DEAE-cellu-
lose. A typical time pattern of the reaction
is shown in Fig. 5, which also demonstrates
the Mg** dependence of the reaction (com-
plete inhibition of phosphate incorporation
when EDTA was added). Sucrose gradient
centrifugation of the endogenously phos-
phorylated mixture showed co-sedimenta-
tion of protein-bound *P and cyclic AMP-
dependent protein kinase activity. The con-
comitant shift of cyclic [FTHJAMP binding
activity and protein-bound **P on a gra-
dient containing cyclic AMP (2 um) strongly
suggested that the regulatory moiety of pro-
tein kinase was the main substrate for the
endogenous phosphorylation. Similar shifts
were observed when the endogenously
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Fic. 5. The endogenous phosphorylation in prep-
arations of protein kinase II from renal cortex and
carcinoma. Protein kinase II was incubated at 0°C in
the presence of 5 uM [y-"*P]JATP and Mg®* with
(- -0O) or without (M—M) EDTA, and the
amount of trichloroacetic acid-precipitable P deter-
mined (see Experimental Procedures) after the periods
of time indicated on the abscissa. The upper part of
the figure shows the time course of endogenous phos-
phorylation of a preparation of protein kinase II from
renal cortex. The lower part of the figure shows the
phosphorylation of protein kinase II from renal carci-
noma.
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phosphorylated preparations were chro-
matographed on Ultrogel in the absence
and presence of cyclic AMP.

DISCUSSION

Any consistent alteration of the protein
kinase isozyme pattern under certain phys-
iological or pathological conditions may
give clues to the biological significance of
the presence of two discrete (2, 26, 27)
isozymes.

Altered distribution of the two main iso-
zyme forms of cyclic AMP-dependent pro-
tein kinase has been noted during develop-
ment (28), in various phases of the cell cycle
(29), in response to estradiol (30), and in
cardiac hypertrophy (31). The complete ab-
sence of protein kinase I and its associated
high affinity binding protein in hepatoma
cell lines (5, 32, 33) contrasts with the pres-
ence of that isozyme in hepatocytes (34)
and rat liver (5, 35, 36), and raised the
question whether human tumors may show
similar isozyme aberrations. The present
study revealed a higher concentration of
protein kinase I in all the human renal cell
carcinomas investigated than in nontumor-
ous renal cortex (Table IV). Protein kinase
I was only apparent (Fig. 1¢) when homog-
enization conditions were such as to pre-
vent dissociation of the holoenzyme into
subunits (Fig. la) and retard proteolysis
(Fig. 1b). An extract of the formed elements
of blood contained mostly protein kinase 11,
reducing the likelihood that protein kinase
I of tumor extracts stems from trapped
blood or from cells derived from the blood
(granulocytes, lymphocytes, macrophages)
and known to be present in appreciable
quantities in solid tumors (37, 38).

The properties of the protein kinase iso-
zymes from normal and carcinoma tissue
were remarkably similar, regarding cyclic
AMP dependence of the kinase activity and
the concentration of cyclic AMP needed to
give half-maximal activation and saturation
of the enzymes (Fig. 4). There was thus no
indication of abnormal interaction between
cyclic AMP and protein kinases from renal
cell carcinoma in vitro. Recent studies (T.
M. Fossberg and S. O. Dgskeland, unpub-
lished observations) have demonstrated an
elevated intracellular degree of activation
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of the cyclic AMP-dependent protein ki-
nase activity from carcinomas with ele-
vated cyclic AMP levels, indicating that
cyclic AMP activates the protein kinases of
tumor cells also in vivo. The time course of
the endogenous phosphorylation of protein
kinase II was the same whether the enzyme
preparation had been obtained from renal
cortex or renal cell carcinoma, and was
similar to that reported for protein kinase
II from bovine beart (23) indicating that
protein kinase II of tumor origin is subject
to autophosphorylation like protein kinase
II from several nonmalignant tissues (39,
40). The present study thus failed to dem-
onstrate any impairment of the enzymes
carrying out cyclic AMP-dependent phos-
phorylation in renal carcinomas.
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