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Abstract—The extent of binding of 8-[*H]adenosine 3',5-monophosphate (cyclic AMP) to specific sites
was measured in Walker carcinoma cells of tissue culture lines, having different degrees of resistance
to the cytotoxic effects of alkylating agents. When compared with sensitive cells, the resistant lines
showed a loss of binding activity with increasing resistance, when measured at either pH 4.0 or pH
6.5. This applied to cell lines made resistant either to S-aziridinyl-2,4-dinitrobenzamide (CB 1954) or
chlorambucil, aithough the total loss of binding activity was greater in the former cell lines. Scatchard
analysis of binding suggested the presence of two sites in all cell lines with K, ~ -5 x 107° M
and Kpy ~ 3 x 1078 M. The decreased binding activity was not due to an increased cAMP phospho-
diesterase activity in the resistant cell lines, since the activity of the high affinity form of this enzyme
was cither the same as (CB 1954-resistant) or less than (chlorambucil-resistant) that found in sensitive
cells. Walker cells with acquired resistance to either CB 1954 or chlorambucil showed a degree of

cross resistance to the cytostatic effect of cAMP analogues and of other alkylating agents.

Adenosine 3'5'-monophosphate (cyclic AMP), and
agents which elevate the intracellular level of this nu-
cleotide, cause tumour growth inhibition both in
vitro [1-3] and in vivo[4-7]. One of the tumours
which is highly susceptible to growth inhibition by
cAMP is Walker 256 mammary carcinoma [4, 7]. It
has been shown previously that the bifunctional alky-
lating agents cause an increase in the intracellular
level of cAMP in Walker carcinoma cells, and that
this increase is linearly related both to the concen-
tration of the alkylating agent and to the cellular
growth inhibition obtained [8,9]. This increase in
cAMP is thought to be due to an inhibition of the
form of the cyclic nucleotide phosphodiesterase with
a low K,, value, since only this form of the enzyme
is inhibited and only in cells sensitive to the cytotoxic
effect of the alkylating agents[8]. Resistance to
bifunctional alkylating agents is accompanied by an
alteration of this form of the enzyme expressed by
a specific loss of two enzymic forms, a shift in pH
optima and an altered inhibition constant to the
reversible inhibitor theophylline [10]. While the
bifunctional alkylating agent chlorambucil, which is
an effective tumour growth inhibitor, causes an in-
crease in intracellular cAMP in sensitive Walker car-
cinoma cells, the corresponding monofunctional ana-
logue, which is ineffective as a tumour growth inhibi-
tor, has no effect on cAMP levels, even at thirty-six
times the dose of the bifunctional compound. How-
ever, the monofunctional aziridine derivative 5-aziri-
dinyl-2,4-dinitrobenzamide (CB 1954), which is highly
cytotoxic to Walker cells, produces an increase in
cAMP which is comparable to that caused by chlor-
ambucil at equitoxic doses [9]. Walker tumour cells
with acquired- resistance to CB 1954 also showed a

degree of cross-resistance to chlorambucil and vice
versa, implying a common mechanism of action for
the two agents. However, the increase in cAMP pro-
duced in response to CB 1954 was shown not to be
due to an inhibition of the cAMP phosphodiesterase.
The cross-resistance might, therefore, involve a loss
of responsiveness to the rise in cAMP level, which
is an effect common to the two agents, rather than
changes in cAMP synthesis or degradation.

Kuo and Greengard [11] have suggested that all
the effects of cAMP might be mediated through the
phosphorylation of specific proteins by protein
kinases. Since binding of cAMP to a specific receptor
appears to be an initial step in protein kinase acti-
vation, the degree of binding of cAMP to specific
cytosolic proteins has been investigated in both sensi-
tive Walker carcinoma cells and in those resistant to
either chlorambucil or CB 1954.

MATERIALS AND METHODS

8-[*H]Cyclic AMP (sp. act. 27.5 Ci/m-mole) was
purchased from the Radiochemical Centre, Amer-
sham. Cellulose ester filters were obtained from Milli-
pore Corp., London, and N®.O%-dibutyryl cAMP (db
cyclic AMP) and N°-monobutyryl cAMP (mb cyclic
AMP) from Boehringer Corp., London. Scintillation
fluid NE 233 was purchased from Nuclear Enterprises
Ltd., Edinburgh. Chlorambucil and CB 1954 were
synthesized at the Chester Beatty Research Institute,
London.

Cell culture. Cell lines were maintained in static
suspension culture in Dulbecco’s modified Eagle’s
medium, supplemented with 109, foetal calf serum,
under an atmosphere of 10% CO, in air. A line of

1831



1832

Walker carcinoma cells, sensitive to alkylating agents,
was established in vitro, as previously described {12].
One series of cell lines resistant to different concen-
trations of chlorambucil, and another series of
CB 1954-resistant lines were developed from the sensi-
tive line (WS) as follows. In the first instance, WS
cells were suspended at 10°/ml in fresh medium and
dispensed into culture flasks. Chlorambucil or
CB 1954 were made up at one hundred times the
required concentration in DMSO and added to the
cells to give a final concentration of 0.1 ug/ml of
chlorambucil or 0.001 ug/ml of CB 1954. These con-
centrations were approximately twice the 1D, concen-
trations for WS cells (see below). The treated cells
were incubated until a dense suspension was
obtained. The suspension was then divided into two
portions and diluted with medium to give 10°
cells/ml. One portion was then treated again with the
first dose, while the other received a 2-fold higher
dose. This process was repeated so that some of the
cells received regularly increasing doses of drug while
others were diverted at each level and subsequently
received the same drug dose every 10 days. In this
way. a large number of lines was obtained. Three
chlorambucil-resistant lines and four CB 1954-resist-
ant lines were used in this study.

Drug sensitivity assays. The sensitivity of the
various cell lines to drug treatment was estimated as
described previously [12]. Cells were suspended in
fresh medium at a concentration of 2 x 10°/ml and
the suspension was dispensed into tubes in 2-ml ali-
quots. Drug solutions were made up at one hundred
times the required concentration and 20 ul were
added to each tube. The cells were plated out, in the
presence of drug, into the wells of a Linbro microtest
plate, which holds 96 separate 200-ul samples. The
plates were incubated and cell counts were made at
24-hr intervals. Growth curves were constructed from
the counts and percentage inhibition of growth rate,
compared with the control, was estimated. Dose—
response curves were then constructed and Ips,
values (dose of drug giving 50 per cent inhibition of
growth) were read off.

Cyclic AMP-binding assay. The binding of cAMP
to proteins was measured by a modification of the
method of Gilman [13]. Cells were removed from tis-
sue culture medium by centrifugation at 300¢g for
3 min, after which they were washed with 0.9% NaCl
and recentrifuged. All operations were then carried
out at 0-4'. The cell pellets were suspended in [0 mM
Tris-HCI, pH 7.6, containing 250 mM sucrose and
1 mM MgCl, and sonicated with a 20-Kc MSE sonic
oscillator (5 sec/ml). Particulate material was removed
by centrifugation at 100,000 g for | hr and the super-
natant fraction was used for the determination of
cAMP-binding activity. Protein was determined by
the method of Lowry er al. [14] using bovine serum
albumin as standard.

The cAMP-binding assay was performed in a final
volume of 0.2 ml with either 50 mM sodium acetate,
pH 4.0, or 50 mM potassium phosphate, pH 6.5, as
buffers. For routine assays the buffers contained
3mM theophylline and 80nM  8-[*H]JcAMP
(75.000 cpm per assay). and binding was allowed to
take place for at least 2hr at 0. Cellular extracts
were added in 0.1 ml of the Tris-sucrose sonicating
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buffer, usually at a protein concentration of
0.3-3 mg/ml (30-300 g per assay). After the binding
reaction had taken place for the desired length of
time, 1 ml of cold 20 mM potassium phosphate buffer,
pH 6.0, was added. After 2 min the contents of the
tube were filtered by suction through a 25-mm cellu-
lose ester filter (0.45 um pore size) which had. been
premoistened with cold phosphate buffer. The tube
was rinsed with 5ml of cold phosphate buffer, which
was also passed through the filter. Finally, the filter
was rinsed with 10 ml of cold phosphate buffer. The
filter containing protein-bound [*H]cAMP was placed
in a scintillation vial and dissolved in | mi of 2-(meth-
oxy)ethanol. After dissolution, the amount of radioac-
tivity was determined in 10 ml of scintillation fluid,
[2-(methoxy)ethanol, 200 ml and 800 ml of a solution
of 8 g of PPO in 1000 ml of toluene] using a Tracer
Lab scintillation counter.

To determine the effect of pH on binding activity,
the conditions were as described with 50 mM buffers
(pH 3.6-57, sodium acetate and pH 7.0-8.0,
Tris-HCl). The protein-bound cyclic AMP was
assayed on Millipore filters with 20mM buffers of
the same pH.

Two types of corrections were used for non-specific
binding. The ‘filter blank’ was obtained by measuring
the amount of [ H]cAMP bound to the filter in the
absence of protein. A correction for non-specific
¢AMP-binding was made which was similar to that
used by Daniel et al. [15]. In this case specific binding
was calculated by subtracting the radioactivity
retained by the filter in the presence of | mM unla-
belled cAMP.

Assay of phosphodiesterase activity. The determina-
tion of phosphodiesterase activity has been previously
described [16]. Incubations were carried out at 35°
for a time interval which gave less than 10 per cent
hydrolysis of the substrate. 8-[*H]Cyclic AMP and
8-[*H]5AMP were separated by a thin-layer chroma-
tographic procedure and radioactivity was deter-
mined in NE 233 scintillation fluid.

Cyclic AMP assay. Cyclic AMP was determined
as previously described [8]. The ether extracted, lyo-
philized TCA supernatant was purified on a column
of Dowex 50W-X8 200-400 mesh resin in the H
form, and the amount of cAMP in the eluate was
determined using a Radiochemical Centre assay kit.
A standard curve was performed for each determina-
tion.

RESULTS

Druy sensitivity of cell lines. The cell lines used in
this work are listed in Table 1, along with their D5,
values for chlorambucil, CB 1954 and db cyclic AMP.
WS is extremely sensitive to CB 1954 and consider-
ably less so to chlorambucil. Comparatively large
concentrdtions of db cyclic AMP are required to in-
hibit growth. The chlorambucil-resistant series Wy,
1 to 3 had received their maximum dose as shown
at least ten times before they were used. Despite this,
none of the lines was unaffected by this dose, and
their Ds, values were lower than might have been
expected. This suggests that either survival after treat-
ment was largely due to recovery over a longer period
than was used in the sensitivity assay, or that resistant
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Table 1. Cell lines used and their sensitivities to chlorambucil, CB 1954 and dibu-
tyryl cyclic AMP

Maximum dose

previously D5, pg/ml

survived
Cell line {ug/ml) Chlorambucil CB 1954 db cAMP
WS 0.045 0.0005 32

Chlorambucil

W 1.6 1.9 0.002 48
Wi » 6.4 4.6 0.005 100
Wins 25 9.0 0.008 150

CB 1954
Wy, 0.016 0.3 0.016 57
Wy 0.064 1.5 0.03 70
Wy 0.5 1.4 0.35 50
Wi 2.0 1.6 1.9 56

cells rapidly lost resistance after surviving each treat-
ment. As shown in the table, these lines also showed
a degree of resistance to CB 1954 and to db cyclic
AMP, which increased with increasing chlorambucil
resistance.

The D5, values for the CB 1954 resistant lines Wy
1 to 4 show a closer correspondence with the concen-
trations with which the lines had repeatedly been
treated. Cross-resistance to chlorambucil and db cyc-
lic AMP were also shown by these lines.

Comparison of the activity of cyclic AMP-binding
proteins in sensitive and resistant cells. The 100,000 ¢
supernatant fractions from both sensitive and resist-
ant Walker cells contain components which bind
¢cAMP. The presence of phosphodiesterase in these
fractions makes it impossible to measure binding at
physiological pH except by using high concentrations
of theophylline. This problem has been circumvented
by using lower pH values at which to assess activity.
Thus binding activity has been measured at both pH
6.5, which is close to physiological values, but at
which the phosphodiesterase has minimal acti-
vity [10] and at pH 4.0 at which binding shows a
maximum (Fig. 1). At both pH values the reaction
was linear with protein concentrations between 30
and 300 ug per assay. The specific activity at these
two pH values for both sensitive Walker cells and
those resistant to either CB 1954 or chlorambucil is
shown in Table 2. For all resistant cell lines and at
both pH values, there is a loss of cAMP-binding pro-
tein. Since binding activity is proportionate to protein
concentration and since both sensitive and resistant
cells have similar protein contents (250 + 10 ug/10°
cells), it is assumed that the decreased binding activity
in resistant cells represents a decreased concentration
of binding protein per cell. This effect is most pro-
nounced for Walker cells with acquired resistance to
CB 1954 where there is a gradual loss of binding acti-
vity with increasing resistance, such that Wy, only
has 30 per cent of the binding protein found in sensi-
tive cells when measured at either pH value.

To discover if the lowering of the activity of specific
cAMP binding in the resistant cells is due to the pres-
ence of an endogenous inhibitor, the effect of com-
binations on the binding activity has been measured.
The results presented in Table 3 show some lowering
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of binding activity when sensitive and CB 1954 resist-
ant cell cytosols are combined in equal proportions.
There is little difference in binding activity at either
pH value when sensitive and chlorambucil resistant
cytosols are mixed. This suggests the possibility of
an inhibitor to cAMP binding in CB 1954-resistant
Walker cell cytosols.

When examining binding in unpurified extracts, the
presence of endogenous cAMP must be considered.
Such unlabelled cAMP would dilute the radioactive
compound used to detect binding and might also
mask some binding sites. The effect of dialysis on
cAMP binding was therefore examined. The results
presented in Table 4 show little difference in binding

pmole/mg protein

Bound cAMP,

L 1 _ | )
%

pH
Fig. 1. The effect of pH on the binding of cAMP by cyto-
solic proteins from sensitive and resistant Walker cells.
o—@ WS, O——-0 Wepys V V Wens; O o
Wens; B B We,.
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Table 2. Specific activity of cyclic AMP-binding protein
(pmole/mg protein) in Walker cells sensitive (WS) or resist-
ant to either CB 1954 (W}) or chlorambucil (W)

Binding activity (pmole/mg protein)

Cell line pH 4.0 pH 6.5

WS 133+ 07 11.6 + 0.6
Wi, 75+ 04 6.3 + 0.7
Wy, 47 +£ 0.6 52406
Wes 44 + 0.7 39+ 05
Wiy 42 + 08 33+ 01
Wins 7.8 £ 05 85+ 05
W2 75405 51+04
Wens 6.9 + 0.6 6.7+ 05

activity after 1 day’s dialysis at either pH 4.0 or pH
6.5. After dialysis for 4 days, there is an appreciable
loss of binding activity when measured at pH 4.0,
but little difference at pH 6.5. Thus it appears that
the endogenous cAMP makes little difference to the
binding results as presented in Table 2. Differences
in endogenous cAMP being responsible for the lower-
ing of specific cAMP-binding activity in resistant cells
can also be ruled out by the results presented in Table
5, which shows that the resistant cells either have the
same or a lowered basal intracellufar level of cAMP.

The possibility of quantitative differences in cAMP-
binding proteins between sensitive and resistant cells
was further investigated by an examination of the in-
fluence of pH on the binding of cAMP. The results
presented in Fig. | show that binding by both sensi-
tive and resistant cytosol has a pH optimum of about
4.0 at a ligand concentration of 100nM. A similar
pH optimum is shown for binding at | nM cAMP.

Comparison of phosphodiesterase activity in sensitive
and resistant Walker cells. Since decreased binding of
[*H]cAMP could result from an increased rate of hy-
drolysis, the activity of cAMP phosphodiesterase has
been measured in sensitive and resistant cells. This
enzyme in both sensitive and resistant Walker cells
has previously been shown to exist in two forms dif-
fering in K,, values; a low affinity form with
K, ~8 M and a high affinity form with
K, ~ 1.0 uM [16]. The activity of this enzyme has
therefore been determined at either 1 mM cAMP
(which measured mainly the high K, form of the
enzyme) and at 5 uM cAMP (for the low K,, form).

Table 3. Effect of combinations of cytosolic protein from
sensitive and resistant Walker carcinoma on the activity
of the cyclic AMP binding protein at pH 4.0

Binding activity (pmole/mg protein)

Combination* Observed Expected
WS + Wg, 8.8 + 0.5 10.4
WS + W, 7.4 + 04 9.0
WS + Wes 73404 8.8
WS + Wg, 6.9 + 0.6 8.7
WS + Wepr, 12.1 % 0.7 9.7
WS + Wey, 1.5+ 05 10.4
WS + Weys 11.7 £ 0.6 11.5

* Cytosolic fractions of sensitive and resistant cells were
mixed in equal proportions.
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Table 4. Effect of dialysis on the cyclic AMP-binding pro-
tein of sensitive Walker carcinoma

Time (days)

pH 0 1 4
Activity 4.0 13.8 134 5.2
(pmole/mg protein) 6.5 11.6 13.6 10.5

The specific activity of the enzyme expressed as
nmoles of SAMP formed/min/milligram of protein in
total cell sonicated suspensions of sensitive and resist-
ant cells is shown in Table 6. When assayed at | mM
cAMP, the specific activity of the enzyme is approxi-
mately constant in both sensitive and resistant cells
within the limits of experimental error. However,
when assayed at low substrate concentration there is
a gradual decrease in the specific activity of the low
K, form of the enzyme with increasing resistance to
chlorambucil. A similar loss of this form of the
enzyme has previously been found in cells resistant
to melphalan [8, 16]. For Walker cells with acquired
resistance to CB 1954, there is no loss of the high
affinity form of the phosphodiesterase with increasing
resistance. Since the activity of the cAMP phospho-
diesterase in resistant Walker cells is either the same
or lower than that of the sensitive cells, decreased
availability of the added [*H]cAMP does not account
for the differences in binding protein activity.
Comparison of Scatchard plots for cyclic AMP bind-
ing. To compare the binding components in sensitive
and resistant cells more thoroughly, the amount of
[*H]cAMP bound has been measured as a function
of total ligand concentration and the data has been
used to construct Scatchard plots[17]. A wide range
of cAMP concentrations was employed in order to
look for potential heterogeneity in the binding. The
Scatchard plots shown in Fig. 2 can be interpreted
as showing two non-interacting binding sites in both
sensitive  and  resistant  Walker cells  with
Kp~1-5x107°M and Ky, ~3 x 1078M. The
dissociation constants for both sensitive and resistant
cells at pH 6.5 are shown in Table 7. In all cell types,
the high affinity binding site is quantitatively the most
important. Only Wy, 5 cells lack the low affinity
binding site (Fig. 2). The results could equally be in-
terpreted as being one site showing negative coopera-
tivity. The specific binding of cAMP by cytosolic frac-
tions from sensitive and resistant Walker cells at
various cAMP concentrations is shown in Fig. 3. This
indicates that there is a gradual loss of binding acti-
vity at pH 6.5 with increasing resistance at all cAMP

Table 5. Cyclic AMP content of sensitive and resistant
Walker cells

Cell line Cyclic AMP (pmole/mg protein)
WS 42 + 2.0
W s 40 + 2.0
Wena 37+20
Wi 34+ 20
Wiy 43 + 2.0
W 42 +£ 20
Wes 43 + 20
Wea 51+ 20
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Table 6. Cyclic AMP phosphodiesterase activities of sensi-
tive and resistant Walker carcinoma

Cyclic AMP phosphodiesterase activity
(nmole/min/mg protein)

Cell line High K,, activity* Low K,, activityt
WS 1.68 + 0.05 0.26 + 0.01
Wi, 1.66 + 0.05 0.25 £ 0.03

R2 [.70 £ 0.05 0.25 + 0.05
Wi 1.61 + 0.05 0.24 + 0.02
Wia 1.69 + 0.05 0.255 £+ 0.005
W 1.67 + 0.05 0.22 4+ 0.004
Wentz 1.65 + 005 0.14 £ 0.02

Rk 1.68 + 0.0 0.094 + 0.001

* Measured at | mM cAMP.
+ Measured at 5 uM cAMP.

concentrations greater than ~ 10nM, such that
WS > Wey g > Wen, > Wiy > Wes > Wy, >
Was. A similar loss of binding activity with increasing
resistance was also observed at pH 4.0. These results
therefore suggest that resistant cells contain fewer
cAMP receptors than do sensitive cells.

DISCUSSION

Cyclic AMP is believed to activate cAMP-depen-
dent protein kinases by binding to the regulatory
subunit of the inactive holoenzyme form (RC) causing
a dissociation into the regulatory subunit-cAMP
complex (R. cAMP) and the active catalytic subunit
(C)[18-20]. Dissociation constants ranging from
0.5nM [21] to 110 uM [22] have been reported for
the binding of cAMP to RC. The present results with
Walker carcinoma cells sensitive and resistant to
alkylating agents suggest at least two types of cytoso-
lic cAMP-binding sites as revealed by Scatchard
analysis; a high affinity site with K, ~ 1-5 x 107°M
and a low affinity one with K, ~ 3 x 1078 M, the
former being quantitatively the most important.

Daniel, Litwack and Tomkins[15] have shown
that mouse lymphosarcoma cells resistant to the cyto-
toxic effect of db cyclic AMP contain less cytoplasmic
cAMP binding proteins and decreased cAMP stimu-
lated protein kinase activity compared with the sensi-
tive line. They suggested that cytosol from the sensi-
tive cells might contain two types of cAMP binding
sites and that with the acquisition of resistance, there
was a loss of the lower affinity sites and a decreased
concentration of the higher affinity sites. We have
shown a similar decrease in the specific cAMP bind-
ing sites in Walker carcinoma with acquired resist-
ance to both the monofunctional alkylating agent,
CB 1954, and also to the difunctional agent, chloram-
bucil, although the loss of binding activity is more
pronounced in the former cell lines. These cells also
show a degree of cross-resistance to db cyclic AMP.
However, Wy, which requires 3600 times as much
CB 1954 as WS does to give 50 per cent growth inhi-
bition, only requires three times as much db cAMP.
This is surprising in view of the 70 per cent loss of
binding protein in this cell line.

Cho-Chung has separated two cell populations of
Walker carcinoma, one responsive and the other un-

1835
1.8~
Q
2
E
~
he)
[~
3
Q
m
1 J
] 4 8 12 6 20 24 28

Bound, nM

Fig. 2. Scatchard plots for the binding of cAMP by cytoso-
lic proteins from sensitive and resistant Walker cells shown
in Fig. 3. @——@ WS; 0——0 Wy ; V-V Wep,s

responsive to db cyclic AMP [23]. Both tumours re-
spond to treatment with a doubling of cAMP
levels [4]. The unresponsiveness to cAMP in the re-
sistant tumour has been correlated with an altered
cAMP binding by the tumour cytosol [24]. The resist-
ant tumour has only 50 per cent of the specific cAMP-
binding activity of the sensitive line and a higher K,
for cAMP binding. This particular line of the Walker
tumour which is sensitive to cAMP only possesses
the high affinity binding sites, while the unresponsive
tumour only has the low affinity sites.

It has been reported previously [10] that Walker
cells resistant to the bifunctional alkylating agent,
nelphalan, show an alteration of the cAMP phospho-
diesterase, which is manifested by a change in pH
optimum and a decreased contribution of the high
affinity form of the enzyme to the total activity. This
loss of the high affinity form of the phosphodiesterase
with increasing resistance is also seen in Walker cells
resistant to chlorambucil. There is not, however, a
loss of this form of the enzyme in cells resistant to

Table 7. Dissociation constants K, of cyclic AMP binding
to cytosolic proteins of sensitive and resistant Walker cells

at pH 6.5

Cell line Kpx107°M K, x 1078M
VA 1.3 +05 31 +05
Wi 39 + 04 3.1+ 05
We» 1.6 + 0.5 39+ 04
Wes 15 £ 0.5 3.5+ 04
Wes 20 + 0.4 56+ 0.6
Wen, 46 + 0.4 30+ 0.7
Wernt 2 39 + 06 3.6 + 04
Wens 50+ 0.6 -
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Fig. 3. Specific cAMP binding by cytoplasmic extracts from sensitive and resistant Walker celis at

various cAMP concentrations. @—@ WS; 0——0 W¢ 5 V
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CB 1954. This is in accord with the observation that
chlorambucil causes an elevation of intracellular
CAMP by inhibiting the phosphodiesterase with a low
K., value, whilst CB 1954 has no effect on the activity
of this enzyme at a time when cAMP levels are ele-
vated [8].

Despite an apparent difference in the mechanism
by which the two drugs cause an elevation of cAMP,
loss of binding activity could explain the cross-resist-
ance observed between chlorambucil and CB 1954,
assuming that binding is important in the manifes-
tation of the effects of cAMP.

Daniel et al. [25] found a lower level of phospho-
diesterase activity in mutant mouse lymphoma cells
resistant to db cAMP, and postulated that the lower
level of enzyme activity was related to a deficiency
of cAMP binding activity. In the present investiga-
tion, although a loss of both binding activity and of
the high affinity form of the phosphodiesterase was
observed in Walker cells resistant to chlorambucil,
no loss of this form of the enzyme was observed in
Walker cells resistant to CB 1954 although they have
a much greater loss of binding activity.

Since the presently identified function of the cAMP
receptor 1s the regulation of cAMP-dependent phos-
phokinase. variations in the stimulation of this
enzyme in Walker cells sensitive and resistant to alky-
lating agents are currently under study.

Acknowledgements-—The authors wish to thank Professor
L. Young for his interest. M. J. Tisdale wishes to acknow-
ledge the receipt of a research grant from the Cancer
Research Campaign.

REFERENCES

1. M. L. Heidrick and W. L. Ryan, Cancer Res. 30, 376
(1970).

[N

V. Wennas B—0 Weuss
V Wys.

. P. Elker. J. Cell Sci. 16, 301 {1974).

3. A. Oler, P. M. Innaccone and G. B. Gordon. In vitro

9. 35 (1973).

. Y. S. Cho-Chung, Cancer Res. 34, 3492 (1974).
. M. J. Seller and P. F. Benson, Eur. J. Cancer 9. 525

(1973).

. Y. S. Cho-Chung and P. M. Gullino, Science 183. 87

(1974).

. R. Keller. Life Sci. 11. 485 (1972).
. M. 1. Tisdale and B. J. Phillips, Biochem. Pharmac.

24, 211 (1975).

. M. J. Tisdale and B. J. Phillips. Biochem. Pharmac.

24. 1271 (1975).

. M. I. Tisdale, Biochim. Biophys. Acta 397, 134 (1975).
. J. F. Kuo and P. Greengard, J. biol. Chem. 244, 3417

(1969).

. B. J. Phillips. Biochem. Pharmac. 23. 131 (1974).
. A. G. Gilman, Proc. natn. Acad. Sci. U.S.A. 67. 305

(1970).

. O. H. Lowry. N. J. Rosebrough, A. L. Farr and R.

J. Randall, J. biol. Chem. 193, 262 (1951).

. V. Daniel, G. Litwack and G. M. Tomkins, Proc. natn.

Acad. Sci. U.S.A. 70, 76 (1973).

. M. J. Tisdale and B. J. Phillips. Biochem. Pharmac.

24. 205 (1975).

. G. Scatchard, Ann. N.Y. Acad. Sci. 51. 660 (1949).
. G. N. Gill and L. D. Garren, Biochem. biophys. Res.

Commun. 39, 335 (1970).

. M. Tao, M. L. Salas and F. Lipmann, Proc. natn. Acad.

Sci. U.S.A. 67, 408 (1970).

. J. Erlichman, A. H. Hirsch and O. M. Rosen, Proc.

natn. Acad. Sci. U.S.A. 68. 731 (1971).

. C. W. Mackenzie and R. H. Stellwagen. J. hiol. Chem.

249. 5763 (1974).

. M. Pierre and J. E. Loeb. Biochimic 83. 727 (1971).
- Y. 8. Cho-Chung and T. Clair, Biochem. biophys. Res.

Commun. 64, 768 (1975).

. V. Daniel, H. R. Bournc and G. M. Tomkins, Nature.

New Biol. 244, 167 (1973).



