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Transient Kinetics of a cGMP-dependent cGMP-specific

Phosphodiesterase from Dictyostelium discoideum

PETER J . M . VAN HAASTERT and MICHIEL M. VAN LOOKEREN CAMPAGNE
Cell Biology and Morphogenesis Unit, Zoological Laboratory, University of Leiden, Kaiserstraat 63,
NL-2311 Leiden, The Netherlands

ABSTRACT

	

Chemotactic stimulation of Dictyostelium discoideum cells induces a fast transient
increase of cGMP levels which reach a peak at 10 s . Prestimulation levels are recovered in
-30 s, which is achieved mainly by the action of a guanosine 3',5'-monophosphate cGMP-
specific phosphodiesterase . This enzyme is activated about fourfold by low cGMP concentra-
tions . The phosphodiesterase has two distinct cGMP-binding sites : a catalytic site and an
activator site . CAMP does not bind to either site; inosine 3',5'-monophosphate (GIMP) binds
only to the catalytic site, whereas 8-bromoguanosine 3',5'-monophosphate (c-b'-GMP) pref-
erentially binds to the activator site . For detailed kinetical measurements we have used [ 3H]
cIMP as the substrate and c-b'-GMP as the activator . c-b e-GMP activated the hydrolysis of
[3 H]cIMP by reducing the Km , whereas the Vmax was not altered .
The hydrolysis of [ 3 H]cIMP was measured at 5-s intervals by using a new method for the

separation of 5'-nucleotides from cyclic nucleotides . The hydrolysis of [ 3H]cIMP by nonacti-
vated enzyme or by preactivated enzyme was linear with time, which indicates that a steady
state is reached at the catalytic site within 5 s after addition of the substrate . In contrast, the
hydrolysis of [ 3H]cIMP immediately after activation by 0.1 AM c-b'-GMP was not linear with
time, but increased in a quasi-exponential manner with a time constant of 21 s . This suggests
that a steady state at the activator site is only reached in 30-45 s after addition of the activator.
The on-rate of activation (k,) was 3 x 105 M-1 5-1 for c-b8-GMP and 1 .4 x 105 M-1S-1 for cGMP.
The off-rate of activation (k-,) was 0.03 s-1 for both c-b'-GMP and cGMP. The significance of
these kinetic constants for the chemoattractant-mediated cGMP response in vivo is discussed .

Chemotaxis has an important function during the life cycle
ofthe cellular slime molds. In the vegetative stage the amoebae
have to find their bacterial food. At this time the amoebae
are chemotactic to folic acid and pterin (13, 14) both ofwhich
are excreted by bacteria. When the food source is exhausted
the amoebae aggregate to form a multicellular slug that dif-
ferentiates into a fruiting body. Cell aggregation is mediated
by chemotaxis (1) . The best studied species, Dictyostelium
discoideum, utilizes pulsatile signals of CAMP (6) ; chemoat-
tractants from other species have been (partially) identified
(4, 17, 19) .

All chemoattractants induce a similar accumulation of
guanosine 3',5'-monophosphate (cGMP)` in sensitive cells .
This increase in cGMP is transitory, peaking at 10 s and

' Abbreviations used in this paper:

	

c-be-GMP, 8-bromoguanosine
3',5'-monophosphate; cGMP, guanosine 3',5'-monophosphate ;
cIMP, inosine 3',5'-monophosphate.
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returning to the basal level by 30 s after stimulation (8, 11,
20, 21, 26, 27) . The involvement ofcGMP in the transduction
of chemotactic signals is further suggested by the isolation of
chemotactic mutants which show an altered cGMP response
(9, 15, 22). Recently, it has been shown that, in addition to
the well-documented nonspecific phosphodiesterase (12), D .
discoideum and other species have an intracellular phospho-
diesterase specific for cGMP (2, 5, 11, 24) . A mutant of D .
discoideum (stm F "streamer" mutant NP368) has been iso-
lated that does not possess the eGMP-specific phosphodies-
terase (15, 22) . In this mutant the increase of cGMP reaches
higher levels than in wild-type cells and attainment of the
peak is delayed until -20 s. Prestimulation levels are not
recovered within 2 min . These mutant cells respond to chem-
otactic signals for a longer period than wild-type cells . In vivo
cGMP levels are mainly degraded by the cGMP-specific phos-
phodiesterase despite the presence of a 100-1,000-fold excess
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of the nonspecific enzyme in a homogenate ofD. discoideum
(22). Clearly there must be compartmentation of phosphodi-
esterase activity.
Experiments on the coupling between extracellular cAMP

and the intracellular cGMP accumulation (20) have shown
that the cAMP signal is detected within 2 s . The maximal
cGMP concentration is always reached at 10 s after stimula-
tion . This does not depend on the length of the stimulus (0 .5
s or >10 min) or on the concentration of the stimulus .
Adaptation is involved in the cAMP mediated cGMP re-
sponse. Cells respond to increases ofthe cAMP concentration,
and accomodate within a few seconds to the new concentra-
tion by an adaptation process . Cells "de-adapt" after removal
ofthe stimulus with first order kinetics with a half-life of 1 .5
min (23). Adaptation is also involved in the detection mech-
anism ofchemotactic signals (21) .
To understand the function and action of cGMP during

chemosensory transduction we started to investigate the pro-
teins directly involved in its action : a cGMP-binding protein
(26), guanylate cyclase, and a cGMP-phosphodiesterase .
Changes of cGMP levels after chemotactic stimulation are
fast (seconds) . Therefore, it might well be that the interactions
between cGMP and target proteins never reach a steady state.
This indeed has been shown recently for the cGMP-binding
protein ofD. discoideum (26) . The cGMP-phosphodiesterase
is activated about fourfold by concentrations ofcGMP within
the range of chemotactic stimulation (2, 27) . Activation of
the enzyme by cGMP may require some time so that the
cGMP synthesized by activated guanylate cyclase has at least
a short period to accumulate . After cGMP is degraded, the
activated phosphodiesterase will gradually recover its low
activity form . If cells are stimulated during this recovery
period the synthesized cGMP may not accumulate, because
it is immediately hydrolyzed by the still activated phospho-
diesterase . Therefore, activation of the phosphodiesterase by
cGMP might be involved in the dynamics of the cGMP
response, as well as in the adaptation process .

In this paper we determined the activity of the cGMP-
phosphodiesterase in vitro on a time scale that is proportional
to the rate of cGMP fluctuations in vivo (seconds) . This
revealed that at the catalytic site ofthe enzyme a steady state
is reached in vitro within 5 s after addition of the substrate .
In contrast, activation of the enzyme by cGMP in vitro was
more slow; a steady state is reached only after 30-45 s. The
consequences of these different activation rates for the func-
tion ofthe enzyme in vivo are discussed.

MATERIALS AND METHODS

Materials:

	

cGMP, cyclic inosine 3',5'-monophosphate (cIMP), and 8-
bromoguanosine 3',5'-monophosphate (c-b°-GMP) were purchased from
Boehringer Mannheim Biochemicals (Mannheim, Federal Republic of Ger-
many); reversed phase packing materials (Bondapak C18/Porasil B, 37-75 um)
was obtained from Waters Associates (Millipore Corp., Milford MA), [8'H]-
cGMP (0 .55 TBq/mmol) and [8_3H]cAMP (0.95 TBq/mmol) werefrom Amer-
sham Corp. (Buckinghamshire, Great Britain) . [8-'H]cIMP was synthesized
from [8'H]cAMP according to the method of Casnellie et al. (3), with the
exception that pyridine acetate was replaced by ammonium acetate for the
purification (25) . Immediately before use [8'H]cIMP was purified further. 25
Al was diluted to 400 Al with 10 mM phosphate buffer, pH 7 .0, and applied to
a reversed phase column (6 ID x 18 mm). The column was washed at
atmospheric pressure with 600 Al l % methanol 10 mM phosphate buffer pH
7 .0. [8'H]cIMP was eluted with l ml 50% methanol 10 mM phosphate buffer
pH 7.0. The radiochemical purity was >99.9% . cGMP-phosphodiestemse was
partially purified from D. discoideum NC-4(H) as described previously (2).
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Phosphodiesterase Assays:

	

The assay for steady state experiments
(Figs. l and 2) was essentially identical to the procedure described previously
(2). The incubation mixture for transient kinetics (Figs. 3-5) contained in a
total volume of 150 ul : 10 mM phosphate butler pH 7 .2, l0 -' M [8-'H]cIMP
(-1 KBO, different concentrations cGMP or c-be-GMP, and cGMP-phospho-
diesterase (0.085 ug protein derived from 2 x 10' cells) . The reaction was
terminated by the addition of 100 Al ice-cold 0 .02 M phosphoric acid, which
reduces the pH to 3 .0 . Then 200 Al was applied to a reversed phase column (6
ID x 1 I mm).

[8 'H]5'IMP was eluted with 800 Al 1 % methanol 10 mM phosphate buffer
pH 3.0, and subsequently [8'H]cIMP was eluted with I ml 50% methanol 10
mM phosphate buffer pH 3 .0 . The blankof the assaywas determined by adding
the termination buffer to the substrate before the addition ofenzyme; the blank
was -0.1% (20 cpm) of the total radioactivity (20,000 cpm) . Details on this
separation procedure including conditions for CAMP and cGMP separation
will be published elsewhere (25).

RESULTS

Previous results (2, 24) revealed that the cGMP-specific phos-
phodiesterase from D. discoideum contains two different
cGMP-binding sites, which may be represented by:

Steady State Kinetics

E + cGMP k~

	

E - cGMP
k-,

V'
cGMP Km 5'GMP cGMP Km' 5'GMP.

The enzyme Ewith low catalytic activity is activated by cGMP
to an enzyme-cGMP-complex (E - cGMP) with high catalytic
activity ; k, is the on-rate of activation, k_, is the off-rate of
activation, V is the Vmax, and a prime denotes the activated
species . It would be convenient if the activation site and the
catalytic site could be regulated and measured independently.
This requires a radioactive substrate that does not activate,
and a cGMP-derivative that is a potent activator but does not
bind to the catalytic site. Previous experiments (2, 24) sug-
gested that [8-3H]cIMP and c-bB-GMP are suitable candidates
for, respectively, the substrate and the activator.

The hydrolysis ofdifferent concentrations cIMP and cGMP
is shown in an Eady-Hofstee plot in Fig. ] . The hydrolysis of
cGMP has the typical concave curve as shown before (2). The
hydrolysis ofcIMP by nonactivated enzyme E (filled symbols)
follows normal Michaelis-Menten kinetics with an apparent
Vm~, V = 1,200 pmol min- ' mg protein- , and an apparent
Km, Kn = 28 AM. The hydrolysis of cIMP in the presence of
activator c-b8-GMP (open symbols) also follows normal Mi-
chaelis-Menten kinetics with the same V., but with a lower
apparent Km (Km' = 6 .5 AM). These data show that cIMP is
a good substrate without activating properties. Furthermore,
activation by c-b8-GMP implies a reduction of Km whereas V
remains the same.
The activation ofthe hydrolysis of [8'H]cIMP by different

concentrations of cGMP or c-b1-GMP is shown in Fig. 2 . In
this figure the intercept on the abscissa equals -K.- ' (see
Appendix). The activation constant (Ke) for c-b'-GMP (0.07
AM) closely corresponds to the activation constant for cGMP
(0 . ] 2 AM), which suggests that c-b'-GMP can be used as
activator. However, the intercepts on the ordinate, which
represent the maximal fold activation, are not identical :
cGMP activates about threefold, and c-b'-GMP about five-
fold . The microscopic reaction mechanism (see Appendix, a
in mechanism II or III) might explain why c-b'-GMP con-
sistently (2, 24) shows more activation than cGMP.
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FIGURE 1

	

Eady-Hofstee plot of the hydrolysis of [ 3H]cGMP and
[ 3H]cIMP under steady state conditions after an incubation period
of 30 min . +, hydrolysis of different concentrations (10 -a-10-' M)
of cGMP; ", hydrolysis of cIMP ; O, hydrolysis of cIMP in the
presence of 0 .3 AM c-b'-GMP .

cpm°
cpm-cpm °

Transient Kinetics

1.5-

1 .0-

0.5, E

-10

	

0

	

10

	

20

[activator] - (Am)`

FIGURE 2

	

Hydrolysis of 0.1 AM ['H]cIMP in the presence of dif-
ferent concentrations cGMP (9) or c-b'-GMP (O) after an incubation
period of 30 min ; cpm° is the radioactivity hydrolyzed in the
absence of cGMP or c-b'-GMP, and cpm is the radioactivity hydro-
lyzed in the presence of these nucleotides (see Appendix, Eq . 6) .
The data shown are the means of three experiments .

The objective of this study is to measure the activity and
fluctuations of activity of this enzyme on a time scale that is
important for its function in in vivo . Chemotactic stimulation
of D. discoideum cells induces an increase of cGMP levels
within 2 s; a maximal concentration is reached at 10 s, and
prestimulation levels are recovered at -30 s after stimulation
(8, 11, 20, 27) . This requires the analysis of phosphodiesterase
activity duringthe first 30 softhe incubation ; thiswas possible
with a new separation procedure for cyclic nucleotide and 5'-
nucleotides (25).
The accumulation of product is linear with time after the

nonactivated enzyme was mixed with the substrate (Fig. 3A) .
The same was true if the enzyme preactivated by c-bl-GMP
was mixed with the substrate (Fig . 3A). This indicates that
within 5 s after the onset of the enzymatic reaction a steady
state is reached at the catalytic site of either the activated or
nonactivated enzyme . In contrast, product accumulation is
not linear with time afterthe nonactivated enzyme was mixed

with substrate and activator (c-b'-GMP). Apparently, activa-
tion ofthe enzyme is a relatively slow process approaching a
new steady state only after 30-45 s .
Two methods may be used to determine the reaction con-

stants k, and k_ t ; both methods depend on the determination
of the relaxation time T (see Appendix) . In the intersection
method (Fig . 3A) T equals the time coordinate of the inter-
section point of the two lines that represent respectively the
activity of the nonactivated enzyme (open symbols), and the
activity ofthe transiently activated enzyme under steady state
conditions (dashed line) . The experiment of Fig. 3A yielded
T = 22 s. In the logarithmic method (Fig. 3B) the data points
before the attainment of a new steady state are transformed
by making use of Eq . 12 (see Appendix) . The observation that
this procedure yielded a straight line through the origin (Fig .
3B) confirms the assumption that activation of the enzyme
is a single quasi-exponential process that is adequately de-
scribed by the mass law of action. According to Eq . 12 the
slope in Fig. 3 B equals T_' which yields T = 21 s .

In Fig. 4 the relaxation times for different concentrations
of c-b'-GMP were determined by the intersection method .
Since T- ' = k, [c-b'-GMP] + k_, a plot of T' versus the
concentration of c-b'-GMP should yield a straight line from
which the rate constants can be easily determined (Fig . 5 ; k,
=3x10'M-'s',k_,=0.03 s', K.=0.1AM).

In Fig . 2 it was shown that activation by cGMP and by c-
bR-GMP are not identical . Therefore, the relaxation times for

20 30

FIGURE 3 Transient kinetics of the hydrolysis of [ 3H]cIMP by
cGMP-phosphodiesterase. The enzyme was rapidly mixed with 0 .1
AM [3H]cIMP. The reactions were terminated at the times indicated,
and the reaction mixture was chromatographed on small reversed
phase columns . (A) O, [ 3H]5'IMP formed after mixing nonactivated
enzyme with [;H]cIMP ; " , the enzyme was preincubated with 0.5
AM c-b'-GMP for 5 min . At t = 0 the activated enzyme was mixed
with [ 3H]cIMP and 0.5 AM c-b'-GMP ; +, the enzyme was not
preactivated by c-b'-GMP. However, activation was started at t =
0 by mixing the nonactivated enzyme with [ 3H]cIMP and 0 .1 AM c-
bb-GMP . A blank of 25 cpm was substracted from all data . (8) The
data from the transiently activated enzyme in Fig. 3A (+ symbols)
are linearized by using Eq . 12 (see Appendix). ,D and 0 are respec-
tively the slope (4, = 23.89 cpm/s) and the intercept on the ordinate
(0 = -400 cpm) of the dashed line in Fig. 3A ; t is the time in
seconds, and P(t) is the radioactivity formed at time t (+ symbols in
Fig. 3A) . The data shown are the means of triplicate determinations
of a single experiment . Two duplicate experiments gave similar
results .
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FIGURE 4 Transient activation of the hydrolysis of ['H]CIMP by
different concentrations of c-b'-GMP . At t = 0 s the nonactivated
cGMP-phosphodiesterase was mixed with 0.1 AM ['H]GIMP and
different concentrations c-b'-GMP. At the times indicated the re-
actions were terminated, and the reaction product was purified by
reversed phase chromatography . The concentrations of c-b8-GMP
are ", 0 AM ; O, 0.02 AM; A, 0.05 PM; A, 0.08 AM ; " , 0.12 AM ; 0,
0.16 AM; +, 0.20 uM . The data shown are the means of duplicate
determination of a single experiment . Two duplicate experiments
gave similar results .
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Determination of the rate constants k, and k_ 1 of the
cGMP-phosphodiesterase . The relaxation times (r) were measured
for different concentrations of c-b'-GMP (O) or cGMP (0) by the
intersection method (see Fig. 4) . According to the equation i ' =
k, [activator] + k_1 , the slope of the curve equals k,, and the
intercept on the ordinate equals k_, . The data shown are the means
of three determinations .

different cGMP concentrations were also determined by the
intersection method. This is less accurate than for c-b8-GMP,
since cGMP is a less potent activator resulting in the intersec-
tion oftwo curves with a small angle . Nevertheless, the result
is quite satisfactory, yielding a straight line for cGMP (Fig. 5) .

The macroscopic kinetic parameters ofthe eGMP-depend-
ent eGMP-specific phosphodiesterase in vitro for the hydrol-
ysis on a seconds time scale are summarized in Table I .

Computer Simulations of Transient Kinetics In
Vivo
Chemotactic stimulation ofD. discoideum cells induces a

transient accumulation of cGMP levels that reach a peak at
10 s ; prestimulation levels are recovered within -30 s after
stimulation . To understand the functioning of the cGMP-
phosphodiesterase in vivo we have to combine the pace of
intracellular fluctuations of cGMP levels with the transient
kinetics of the cGMP-phosphodiesterase . Fluctuations of
cGMP levels are slow if compared with the time required for
the attainment of a steady state at the catalytic site . This
suggests that the catalytic activity of the two enzyme species
in vivo is adequately described by a Michaelis-Menten equa-
tion . In contrast, fluctuations of intracellular cGMP levels are
fast if compared with the time required for the attainment of
a steady state at the activator site. During the transient cGMP
accumulation in vivo a steady state will not be reached at the
activator site of the enzyme. Therefore, the proportioning of
the two enzyme species, E and E - cGMP, should be de-
scribed by a differential equation (see Appendix, Eq. 2).

dh = k,[cGMP](1 - h) - k_,h
dt

where h is the fraction of enzyme with high activity, and
[cGMP] is the intracellular cGMP concentration after chem-
otactic stimulation . Recently, we obtained a similar equation
for the kinetics of a cGMP-binding protein ofD. discoideum
in vivo (23) .

Calculations on the activity ofthe cGMP-phosphodiesterase
during and after the transient cGMP accumulation in vivo
are shown in Fig . 6 . Phosphodiesterase activity is maximal at
-20 s afterthe onset ofthe cGMPaccumulation, and declines
thereafter to prestimulated activity with a half-life of -30 s
(Fig . 6B) . The peak concentration ofcGMP required for half-
maximal activation of phosphodiesterase activity is -1 AM;
this is produced by stimulation of aggregative D. discoideum
cells with ~ 10-8 M cAMP (8) .

TABLE I

Macroscopic Kinetic Properties of the cCMP-Phosphodiesterase

from D . discoideum

Numbers between parentheses indicate the figures from which the data
were derived . ND, not detectable because cGMP and c-b° -GMP activate
the enzyme .

* Estimated from the rate of hydrolysis at 10-` M and the apparent K, of 150
AM. Data is from Bulgakov and Van Haastert (2).

= Estimate from the concentration of c-b°-GMP required to induce 50%
inhibition of the hydrolysis of cGMP by the activate enzyme. Data is from
Bulgakov and Van Haastert (2) .

e cIMP does not activate the enzyme .

Param-
eter Units

Cyclic nucleotide

cGMP clMP c-b'-GMP

v pmol min- ' (mg pro- 1,200 (1) 1,200 (1) -750*
tein) - '

Km AM ND 28(l) ND
Km ' AM 5.4 (1) 6.5(l) ;:z50*
Ka AM 0.12 (2) 9 0.07(2)

0.21 (5) -5 0.10(5)
k, (AM-IS, 0.14(5) s 0.30(5)
k-, s' 0.03(5) 5 0.03(5)
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FIGURE 6 Calculations on the activation of cGMP-phosphodies-
terase activity by cGMP after a chemoattractant mediated cGMP
response . Activation of the phosphodiesterase was calculated by
numerical solution of Eq. 2 . Integration was done in steps of 1 ms .
(A) The transient cGMP accumulation was presented as a triangle
with a top concentration at t = 10 s ([cGMP1, o ), and basal levels
before 0 s and after 25 s . (B) Calculations for different values of
[cGMP], o; k, = 0.14 (jM) - 's - ' ; k_, = 0.03 s' . (C) Calculations for
different values of k, ; [cGMP1, o = 1 juM ; k_, = 0.03 s' . (D)
Calculations for different values of k_, ; [cGMP1, o = 1 1AM ; k, = 0.14
(AM)-'s-'.

The effects ofthe on-rate ofactivation (k,) and the off-rate
ofactivation (k_,) on the activity of the phosphodiesterase are
shown respectively in Fig . 6, C and D. As was shown previ-
ously for the nonequilibrium kinetics of a cGMP-binding
protein in vivo (23) the k, determines the sensitivity of the
enzyme for activation by cGMP, whereas k_, determines the
rate at which the enzyme recovers the low activity form once
cGMP has been removed .

The cGMP-dependent cGMP-specific phosphodiesterase has
two binding sites for cGMP: an activator site and a catalytic
site. Binding of cGMP to the activator site increases the
affinity (Km) ofthe catalytic site, while the hydrolytic activity
ofthe catalytic site (V) is unaltered . The enzyme and cGMP
reach a steady state at the catalytic site within 5 s after the
addition ofa constant substrate concentration . In contrast, a
steady state is approached at the activator site only at 30-45
s after the addition of an activator. The combination of these
kinetic data of the phosphodiesterase with the chemoat-
tractant-mediated transient cGMP accumulation in vivo sug-
gests that the cGMP-phosphodiesterase in vivo is transiently
activated after chemotactic stimulation (Fig. 6) . This may
indicate that activation of the cGMP-phosphodiesterase by

cGMP has an important function during chemosensory trans-
duction .
An attempt was made to show activation of cGMP-phos-

phodiesterase activity in vivo by stimulation of cells with
cAMP, rapid homogenation followed immediately by the
detection of cGMP-phosphodiesterase activity during 10 s.
This was not successful, due to the presence of a 100-1,000-
fold excess of nonspecific phosphodiesterase activity in ho-
mogenates ofaggregative D. discoideum cells. The nonspecific
phosphodiesterase can be inhibited by dithiothreitol and ex-
cess cAMP, which does not inhibit the cGMP-phosphodies-
terase . However, the nonspecific phosphodiesterase became
sensitive to these inhibitors only a few minutes after prepa-
ration of the homogenate (unpublished observations) . There-
fore, it was not possible to detect specifically the activity of
the cGMP-phosphodiesterase within a few seconds after dis-
ruption of the cells .

Recently it was shown that adaptation is involved in the
transduction of chemotactic signals (18, 20) . Cells that are
stimulated at 0 s do not respond again with a cGMP accu-
mulation to an identical stimulus applied at 30 s. At 30 s after
chemotactic stimulation the cGMP concentration has re-
turned to basal levels, but the cGMP-phosphodiesterase is still
partially activated (Fig . 6B) . Cells that are restimulated at 30
s might again start to synthesize cGMP, but this cGMP might
not accumulate, because the phosphodiesterase is still acti-
vated. Thus, activation of cGMP-phosphodiesterase might be
responsible for the adaptation process . This hypothesis de-
mands that the rate of "de-adaptation" is equal to the rate at
which the activated phosphodiesterase decays to the low ac-
tivity form (k_,). The rate constant of deadaptation is 7 x
10-3 s - ' (20), whereas the k_, = 3 x 10-2 s - ' ; thus at 100 s
after chemotactic stimulation the cGMP-phosphodiesterase
has returned to the low activity form, while cells are still
adapted by 50% . This leads to the conclusion that the cGMP-
phosphodiesterase is not responsible for the adaptation proc-
ess, and, consequently, that adaptation is localized at orbefore
the guanylate cyclase.

In wild-type D. discoideum cells the cGMP concentration
always reaches a peak at 10 s after stimulation, and basal
levels are recovered in -30 s . A mutant has been isolated that
does not have the cGMP-phosphodiesterase and that shows
an altered cGMP response (15, 22): cGMP reaches higher
levels after stimulation, the attainment of the peak is delayed
to 20 s, and prestimulated levels are recovered in only 2-3
min . These mutantcells show an altered chemotactic response
during cell aggregation that does not terminate after 100 s as
in wild-type cells, but which can last as long as 500 s (15).
These observations suggest that the eGMP-phosphodiesterase
is involved in the dynamics ofthe cGMP response and in the
dynamics ofchemoaaxis.
The cGMP response is the result ofmodulation ofguanylate

cyclase and cGMP-phosphodiesterase activity . Mato and Mal-
chow (10) have shown that chemotactic stimulation induces
an activation of guanylate cyclase in vivo. This activated
guanylate cyclase is not stable in vitro, but decays to the
prestimulated activity with a half-life of-20-30 s. The cGMP
response may be described qualitatively by the following
events : chemotactic stimulation of D. discoideum cells leads
to a fast activation ofguanylate cyclase activity, cGMP levels
will accumulate, since phosphodiesterase activity is low during
the first few seconds (see Fig. 6 B). As time proceedsguanylate
cyclase activity decreases, whereas phosphodiesterase activity
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increases. At some moment cGMP levels will not increase
further. After longer times (10-30 s) guanylate cyclase activity
drops to prestimulated levels, whereas eGMP-phosphodiester-
ase activity is maximally active ; this results in a decrease of
the cGMP concentration to prestimulated levels . After a still
longer period the cGMP-phosphodiesterase decaysto prestim-
ulated levels. In this description the decay rate oftheguanylate
cyclase and the on-rate of the cGMP-phosphodiesterase de-
termine the dynamics of the cGMP response . A quantitative
description can be given only if the exact modulation of
guanylate cyclase activity after chemotactic stimulation in
vivo is known . This requires the detection of enzyme activity
at different times, but within 30 s after chemotactic stimula-
tion . These experiments are in progress .

APPENDIX : MATHEMATIC DESCRIPTION OF
TRANSIENT KINETICS OF cGMP
PHOSPHODIESTERASE

Reaction Mechanism

The cGMP-dependent cGMP-specific phosphodiesterase
from D. discoideum has two cGMP binding sites, one for
activation and one for hydrolysis. The macroscopic reaction
mechanism may be described as mechanism I .

k,
E+A ~ E'A

k_,

S Km P

	

S K;� P

In this equation, E is the enzyme with low activity, A is the
activator, S is the substrate, P is the product, and V is the
Vmax ; a prime denotes the activated species .
A microscopic reaction mechanism is required to derive a

rate equation for the hydrolysis ofcGMP. The reaction mech-
anism for nonessential activated enzymes has been presented
as mechanism II (see page 227 ofreference 16).

E + S K~ ES
ky

E + P

A A

Kajr jraK .

EA+ S
aKs

E'AS
0k

° Ei4+ P
Activation of the enzyme in the absence of substrate is given
for this mechanism by E + A ;r± E'A. However, we have
observed that several physical manipulations of the enzyme
may lead to (partial) activation in the absence ofthe activator.
Such treatments are brief warming of the enzyme at 35°C or
incubation at alkaline pH (2). This suggests that activation of
the enzyme proceeds via a more complex mechanism :

aK
EA ~_ EA

Thus, the activator stabilizes the existence of the activated
enzyme species . Combining this activation mechanism with
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the substrate leads to mechanism III, which is probably the
most simple microscopic reaction mechanism of the cGMP-
phosphodiesterase. This mechanism can be written in simpli-
fied notation as

Assumptions

E A,7-

The steady state rate equation for mechanism III can beThe steady state rate equation for mechanism III can be
derived with the King-Altman method (7, 16) ; however, the
equation is of little practical value, because it is not possible
to obtain experimental data for the high number of micro-
scopic rate constants involved in this mechanism .

Analysis of cGMP phosphodiesterase activity reveals that a
steady state at the activator site is only reached after -30--45
s . Therefore, a rate equation describing presteady state kinetics
has also to be derived; to our knowledge such an equation
cannot be solved for mechanisms II and III .
The aim of this study is to derive a mathematical descrip-

tion applicable to the in vivo situation in which cGMP levels
change on a seconds time scale . It would be sufficient to
obtain macroscopic rate constants that are correct on a sec-
onds time scale. The approach to use mechanism I implies
that apparent rate constants are obtained, and that the de-
scription is probably not correct on a millisecond time scale .

The following assumptions are made to derive mathemati-
cal equations : (a) The cGMP-phosphodiesterase exists in only
two conformations with low and high catalytic activity. (b)
The enzyme is activated because ofa decrease ofapparent Km
rather than an increase of apparent V (see Fig. 1). (c) The
substrate does not activate the enzyme (cIMP; see Fig. 1 and
references 2 and 24) . (d) The activator of the enzyme does
not compete with the substrate for the catalytic site (c-bR-
GMP at concentrations below 1 IAM and cGMP at concentra-
tions below 0.1 uM; see references 2 and 24). (e) The substrate
concentration remains constant . (The experiments were done
in such a way that not more than 15% of the substrate was
hydrolyzed.) (f) The activator concentration remains con-
stant . (The enzyme concentration is probably much smaller
than the activator concentration, and the activator is not
significantly degraded during the incubation.) (g) A steady
state is always reached between substrate and catalytic site
(see Fig . 3) . (h) Activation of the enzyme is described by the
mass law of action with the simple equation :

E + A
k~

E'A

	

(1)
1 - h

	

a k_, h,

where h is the fractions of enzyme in E'A and a is the
concentration of activator .

E
K E.

A A

K.Jr 16 aKa
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Rate Equations
These assumptions lead to the following set of equations:

where p is the concentration ofthe product, Vis the apparent
Vmax ofthe enzyme, s is the substrate concentration,Km is the
apparent Km of enzyme E, and Km' is the apparent Km of
E'A .

Steady State Kinetics

where Ka is the activation constant ; Ka = k-,/k, . Substitution
of Eq . 4 in Eq. 3, and taking s << Km and s << Km' results in

This equation is rearranged to

_V

Km

	

_

	

cpmo

	

_ ~ 1 +

	

~

	

Km'
v - V

	

cpm - cpm °	a

	

Km -Km ' J'
S Km

where cpm° is the radioactivity of [3H]5'IMP formed in the
absence of activator, and cpm in the presence of activator.
The expression, cpm° (cpm - cpm°)-' versus a- ', should yield
a straight line with an intercept on the abscissa equal to -
Ke' and an intercept on the ordinate equal to Km ' (Km -
Km,)-1.

Transient Kinetics
The solution of h in Eq . 2 yields

where

where

dh = k,a(1 - h) - k_,h,

	

(2)
dt

v

	

dp = E 1 - h(t)lV s +sKm
+ h(t)V s + Km,

	

(3)

Eq . 2 is solved for d = 0 yielding

h =

	

a

	

,

	

(4)a + Ka

V _ _V _

	

a

	

_V _ _V
s

	

Km

	

a + Ka IKm '

	

Km

a
h(t) =

	

jl -e 'a + Kta

S

For large t Eq . 9 is simplified to

Activation starts at t = 0. Substitution of Eq. 7 in Eq . 3,
followed by integration yields

a + K.

	

t~+ K.' - s + Kmi.
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s + Km

+ Xt t - XT .

	

(11)

This asymptotic function is used to determine the time con-
stant T, which contains the important rate constants k, and
k_, . T can be determined in two different ways.
Intersection Method: The product accumulation curve of
the nonactivated enzyme (Eq . 9, X = 0) crosses the asymptote
of the transiently activated enzyme at large t (Eq. 11) in a
point with a time coordinate equal to T .

Logarithmic Method:

	

The asymptote of the transiently ac-

tivated enzyme at large t (Eq . 11) has a slope +~ = V
s

S+Km'
+ X, and an intercept on the ordinate 0 . Substitution ofthese
parameters in Eq. 9 and rearrangement yields

1 - p(t) - >Gt l = t
T"

(12)

>,G and ¢ are determined graphically; expression of the left
hand ofEq . 12 versus time should yield a straight line through
the origin with a slope equal to T- ' . The rate constants k, and
k_, are determined graphically by the expression of 'r -' versus
the activator concentration a . According to Eq . 8 this should
yield a straight line with slope equal to k,, intercept on the
ordinate equal to k_,, and an intercept on the abscissa equal
to - Ka.
The intersection method has the advantage that T is deter-

mined relatively accurately, and that experiments are rela-
tively easy to perform . However, this method does not con-
firm the assumption that activation is a single quasi-exponen-
tial process (assumption h) . Thejustification ofthis important
assumption, which, in fact, justifies the use of mechanism I,
can only be provided by the logarithmic method.
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