ACTIVATION OF

3/.5"-CAMP PHOSPHODIESTERASE

Activation of 3’,5’-Cyclic Adenosine Monophosphate
Phosphodiesterase by Calcium Ion and a Protein Activator?
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ABSTRACT: 3/,5-cAMP phosphodiesterase was partially
purified from bovine cerebral cortex. A heat-stable activat-
ing factor was separated from the enzyme by chromatogra-
phy on DEAE-cellulose. The enzyme in crude ammonium
sulfate fractions was stimulated by 5 mm CaCl,. This stim-
ulation was reversed by the calcium chelator EGTA. The
main phosphodiesterase peak obtained by DEAE-cellulose
chromatography was not stimulated by Ca2*. Upon addi-
tion of column effluent containing a heat stable factor,
Ca?* activation was restored. Protein activator was inactive
when endogenous contaminating Ca?* was complexed with

Recently considerable attention has been directed toward
elucidating the regulatory properties of 3’,5-cAMP phos-
phodiesterase (EC 3.1.4.17) (phosphodiesterase!). In a
number of tissues this enzyme exists in multiple molecular
forms having different catalytic properties (Brooker et al.,
1968; Jard and Bernard, 1970; Thompson and Appleman,
1971; Uzunov and Weiss, 1972). A heat-stable protein was
found to be capable of activating phosphodiesterase from
bovine brain (Cheung, 1970). This factor could be sepa-
rated from phosphodiesterase by chromatography on
DEAE-cellulose (Cheung, 1971). A similar protein activa-
tor has been purified from bovine heart (Teo et al., 1973).
Kakiuchi and Yamazaki (1970a,b) have shown that phos-
phodiesterase present in crude fractions of rat brain was
stimulated by minute amounts of Ca* when Mg?* was
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! Abbreviations used are: phosphodiesterase, 3/,5cAMP phosphodi-
esterase; cAMP, adenosine 3°,5'-cyclic monophosphate; cGMP, gua-
nosine 3’,5-cyclic monophosphate; cNMP, nucleoside 3',5’-cyclic mo-
nophosphate; EGTA, ethylene glycol bis(3-aminoethy! ether)-N,NV'-
tetraacetate; S, substrate; P, product; E, enzyme; A, activator; Ap, pro-
tein activator; Ca, Ca?*; ES, enzyme-substrate complex; EAp, en-
zyme-protein activator complex; ECa, enzyme-Ca?* complex; ApCa,
protein activator-Ca?* complex; EApCa, enzyme-protein activator-
Ca?* complex; EApCaS, enzyme-protein activator-Ca?*-substrate
complex; K,, activator constant; K, dissociation constant of S from ES
(=[E][S]/[ES]); Kap+ca, dissociation constant of Ca from ApCa
(=[Ap}[Ca)/[ApCa]); Kapcs, dissociation constant of ApCa [rom
EApCa (=[E][ApCa]/[EApCa]}; Kap. dissociation constant of Ap
from EAp (=[E}[Ap]/[EAPp]); Kca. dissociation constant of Ca from
ECa (=[E][Ca]/[ECa]); Ka,/, dissociation constant of Ap from
EApCa (=[ECal{Ap]/{EApCal); Kc.'. dissociation constant of Ca
from EApCa (=[EAp][Ca]/[EApCa]): Vi, maximal velocity in ab-
'sence of either or both activators; V5, maximal velocity in the presence
of both activators.

EGTA. It was concluded that activation of phosphodiester-
ase requires the presence of both protein activator and
Ca?*. From an analysis of activation of cGMP hydrolysis a
kinetic model for the interaction of Ca2* and protein acti-
vator with the phosphodiesterase was developed. Heterotro-
pic cooperativity between the binding of Ca?* and protein
activator to the phosphodiesterase was observed, /.e., Ca2*
decreased the apparent dissociation constant for protein ac-
tivator and protein activator decreased the apparent disso-
ciation constant for Ca?*.

present in the assay. They found that Ca?* stimulation was
enhanced by a nondialyzable factor present in the extract
(Kakiuchi et al., 1970c). The factor was heat stable and re-
sembled the protein activating factor described by Cheung
(1971). While the present work was in progress, the activa-
tion of phosphodiesterase has been shown to require the
presence of both the protein activating factor and calcium
ions simultaneously (Teo and Wang, 1973; Teshima and
Kakiuchi, 1974). In this paper experiments are presented
which concur with the finding that activation of phosphodi-
esterase has this dual requirement. Kinetic data presented
reveal a possible heterotropic cooperativity between Ca?*
and protein activating factor in the activation of the cAMP-
cGMP phosphodiesterase from bovine cerebral cortex.

Materials and Methods

[’H]cAMP (24 Ci/mmol} and [*H]cGMP (4.3 Ci/
mmol) were purchased from New England Nuclear. Etha-
nol was evaporated under reduced pressure before solutions
were prepared for use.

Phosphodiesterase Assay. Each incubation tube con-
tained 50 mM imidazole (pH 7.0), 5 mM MgSOy, 30 uM
cAMP or 3 uM ¢cGMP (5 X 10° dpm/assay), enzyme frac-
tion, and water or other addition as required to a final vol-
ume of 200 ul. The reaction was started by the addition of
substrate. After incubation at 30° for 10 min when cGMP
was the substrate, and 30 min when cAMP was used, 25 ul
of glacial acetic acid was added to stop the reaction; an ali-
quot (200 ul) was spotted along with appropriate carriers
(0.05 umol of 3,5-NMP, 5-NMP, and nucleoside) on
Whatman 3MM paper and chromatographed (descending)
for 16-18 hr using 1 M ammonium acetate-95% ethanol
(3:7 v/v). After drying the papers, areas containing 5’-
NMP, 3’,5-NMP, and nucleoside were cut out and the ra-
dioactivity was determined by scintillation spectrometry.
Reaction velocity was calculated from the per cent conver-
sion of 3/,5-NMP to 5’-NMP and nucleoside.

When determining kinetic parameters, protein concen-
tration in the assay was held constant. This was necessary
since endogenous activator could be present in the enzyme
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FIGURE |: Activation model! for phosphodiesterase. Each double head-
ed line indicates a rapid equilibrium step with the dissociation constant
indicated. Each heavy single headed arrow indicates an irreversible
rate-limiting step with the rate constant indicated alongside.

preparation. Variation of protein concentration would alter
the amount of activating factor (as well as endogenous
Ca?*) which could alter the reaction velocity in a nonlinear
manner. Due to the fixed level of phosphodiesterase used,
up to 35% hydrolysis of substrate occurred in some assay
tubes. In order to compensate for this somewhat high level
of conversion, the average substrate present during the
assay was determined and this value was used in the kinetic
analysis (Lee and Wilson, 1971). All lines for v vs. v/[S]
and v vs. (v — vg)/[A] plots were determined by least-
squares fitting on a duplex IBM 360/67 computer. A stan-
dard routine for the analyses was obtained from the Univer-
sity of British Columbia Computing Center general library.
Enzyme Preparation. Phosphodiesterase was partially
purified from bovine cerebral cortex, the starting material
being an acetone powder prepared and stored at —20°. The
dried powder was homogenized in 20 volumes of 5 mm Tris-
HC! (pH 7.5). Following centrifugation at 37,000g for 30
min, the residue was suspended in 10 volumes of buffer and
centrifuged as above. The combined supernatant fluid was
brought to 40% saturation by the addition of solid ammo-
nium sulfate, the pH being maintained at 7 by the dropwise
addition of 2 N KOH. After 1 hr at 4°, the suspension was
centrifuged at 37,000g for 30 min, and the peliet was dis-
solved in 5 mM Tris-HCl (pH 7.5) and exhaustively di-
alyzed against this buffer. An aliquot (800 mg of protein)
was applied to a DEAE-cellulose column (2 X 30 c¢m) pre-
viously equilibrated with 5 mM Tris-HCI (pH 7.5) and the
column was washed with this buffer until a washout protein
peak had been removed. Protein was then eluted using a lin-
ear gradient of 0-500 mM potassium phosphate (pH 7.0) (i
1. of each); 10-ml fractions were collected. Tubes containing
phosphodiesterase activity were combined, dialyzed against
5 mM Tris-HC! (pH 7.5), concentrated using an Amicon
PM-10 ultrafilter, and stored at —20°. The snzyme hydro-
lyzed both cAMP (K, 30 uM) and cGMP (Ky,, 3 uM) with
each nucleotide inhibiting the hydrolysis of the other. In the
experiments to be described, cGMP was used as the sub-
strate. Similar results were obtained using cAMP. Protein
was determined by the method of Lowry et al. (1951).
Determination of Activator Dissociation Constants. In
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Figure 1, a model for the activation of an enzyme with basal
activity by two activating factors is depicted. Rate equa-
tions for this model, and two additional ones, were devel-
oped using the method of Cha (1968). The derivation of
rate equations for the other models is similar to that shown
for the model in Figure 1. Since this model was later found
to fit the data, only the rate equations describing it are pre-
sented. The other two models are discussed further in Re-
sults. Inherent in the derivation by the method of Cha
(1968) is the assumption of either a rapid equilibrium be-
tween the various enzyme species or a combined steady
state and rapid equilibrium system. Two other simplifying
assumptions were made both of which are confirmed in the
Results section: {1) the K, of the enzyme for cGMP does
not change in the presence of protein activator and/or
Ca?*, The maximal velocity, however, increases in the pres-
ence of both protein activator and Ca2*; (2) the apparent
activator constant for protein activator does not change as
the substrate concentration is varied.

In the model presented, four enzyme-activator species
(E, EAp, ECa, and EApCa) are capable of existing. There
are three simultaneous pathways to arrive at EApCa from
E + Ap + Ca’*. These are E — ECa — ECaAp, E — EAp
—> EApCa, and E — EApCa. Rate equations for all three
pathways were derived by the method of Cha (1968) and
found to be identical. Equation 1 represents the pathway E
~> ECa — ECaAp, while eq 2 represents the pathway E -»
EAp —~ EApCa. The equation representing the third path-
way (E — EApCa) is not presented but as mentioned, pro-
duced equations identical with 1 or 2. In order to determine

ViK' ca(BagKca + Kg.lAp)] +
(s] > KalCa)) + VyKc,[Ap][Cal
+ [S] K’Ap(KApKCE. + K@{Ap] +
KAp[Ca]) + Kc,lAp][Cal

(1)

v= (5

ViK'Ap(KAgKCa + KCa[Ap] +
v = ( [S] ) KAD[Ca]) + VZKAR[Ap]lca]
’ Kg + [S] Ky K apKea + KclAp] +
KallCal, + K, lAp][Cal

the Kg for substrate, eq 1 can be rearranged into a form
analogous to the Eadie formulation of the Michaelis-Men-
ten expression:

VlK’Ca(KApKCa. + KCa[Ap] +

= I{An[ca]) + VIKCa[Ap]lca] _ I_K (3)
K'c (Kahca + KcalAp] + s]™s
KylCa]) + Kc,lAp](Ca]

For analysis of plots in which the activators were varied, a
velocity (vp) is defined as the velocity at a given substrate
concentration in the absence of one or both of the activators
{eq 4). Equation | can then be rearranged into the form

vy = Vy[S)/ (&g + (8] (4)
L UKy + VouglCa)/Vy
vE K,Ca. + [Ca]

[ ) KADK'Ca.(KCa + [Ca]) (5)
< [Ap] KeolB'ca + [Ca))

In a similar manner eq 2 can be rearranged into the form

L UoK'ay ¥ VoulAp)/V,
K’Ap + [Ap]
(v - L‘o> Ko K WKy + |AD) ()
[Ca] KAp(K,Ap + [Ap])

(2)
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Table I: Effect on Reaction Velocity of Combining Pro?ein from Ca2+ Se;lrsﬁitive Peak of DEAE Column with Main Peak.¢

Enzyme EGTA Ap
Assay Source {1um) Vo Vet Ap Source (ug) Vas Vapecal

1 Tube 40 100 3.75 3.7 Tube 80 3.0 7.0 47.5

2 Tube 44 100 4.90 4.8 Tube 80 3.0 7.6 42.4

3 Tube 48 100 4.80 4.7 Tube 80 3.0 7.5 39.0

4 Peak I 0 20.8 21.2 Boiled 35.0 22.5 118
peak I

5 Peak I 250 22.2 22.0 Boiled 35.0 105 119
peak II

@ Tube numbers refer to fractions of the DEAE column shown in Figure 2; peak I refers to an aliquot (3.8 ug of protein) of
the concentrated main phosphodiesterase peak as described in the text. Peak II refers to the concentrated minor Ca2+ sensi-
tive peak of Figure 2. EGTA was present, at the concentrations indicated. Substrate was 3.0 uM CGMP. Abbreviations used
are: Vj, velocity determined with no further additions; Vca2*, velocity with 5 mM CaCl, present; Vap, velocity when Ap was
present as indicated; Vap+ca?*, velocity in presence of Ap and 5 mM CaCls. Velocities are expressed as pmol /min.

It should be noted that in the absence of one or both activa-
tors eq 1, 2, and 3 reduce to the simple Michaelis-Menten
formulation of reaction velocity

v = Vi[s]/(&s + [S])
and
v =V, - (V/[S]K;s

Equations 5 and 6 contain combinations of constants in
the components of the equations representing the intercepts
and slopes. Individual dissociation constants can be derived
from replots of the slopes and intercepts of graphs obtained
by varying one activator at several fixed concentrations of
the other. By rearrangements, it can be shown that the in-
tercept (ay) of eq S is represented by the expression

Vou a, — v
a, = 2 Y 1 1

— I3
v, ~ lcal e o
A similar equation can be obtained for the values of the in-
tercept (a;) of eq 6

Vyvu ay — v
- 270 _ f___ 0 g
a2 Vl Ap] K Ap (8)

It is apparent that a replot of the intercepts of eq S or 6 can
be used to obtain the values of Kc,” and Ka/, respectively.
The use of the slopes to obtain Ka, and Kc, requires a
somewhat different rearrangement. The slope of eq 6 (5;) is
given by the expression

Ko K'caKs, + [Ap)
KppK'ca T Ke a[Ap])

by, =
which can be rearranged to the form
-1 1 (Ap] ( 1 1
2 = + . 9
KAp b2 K’Ca) ( )

b2 B KCa
A similar rearrangement can be performed on the slope ex-
pression of eq S (), and results in the equation

oAl L)
by K, Ko \by K¢,
These equations require that the value of the constant K¢,’

be known. This constant can be obtained from eq 7 fol-
lowing a suitable analysis.

(10)

Results

In accord with previous findings (Kakiuchi and Yamaza-
ki, 1970b), phosphodiesterase was inhibited by the calcium

v (pmoles / min)
Absorbance {280 nm)

Tube Number

FIGURE 2: DEAE-cellulose column chromatography of ammonium
sulfate fraction of bovine cerebral cortex. Conditions are described in
the text. Phosphodiesterase was measured in’the absence (O) and pres-
ence (a) of 5 mM CaCls; (O) OD 280 nm. The substrate was 3 uM
cGMP.

chelator EGTA; enzyme activity in the ammonium sulfate
fraction was inhibited 50% when 0.5 mM EGTA was pres-
ent in the assay. When 5 mM CaCl;, was present, activity
was increased sixfold above the EGTA inhibited state. The
ammonium sulfate fraction was subjected to chromatogra-
phy on DEAE-cellulose; selected fractions were dialyzed
against 5 mM Tris-HCI (pH 7.5) and assayed in the pres-
ence and absence of 5 mM CaCl,. When assays were per-
formed in the absence of Ca?*, a single peak of phosphodi-
esterase activity (peak I) with a tailing edge was evident
(Figure 2). When Ca?* was present in the assay, enzyme
activity in the main peak was not increased; however, a sec-
ond peak of activity (peak II) now appeared being eluted
between tubes 75 and 90 (Figure 2). Assays were performed
in which aliquots from peak II (tube 80) were added to as-
says from peak I (tubes 40, 44, and 48). The results are
shown in Table I (assays 1-3). When S mM CaCl, was
present activity in tubes from peak I was not increased
(compare ¥V, and Vc,2+). When similar assays were supple-
mented with small amounts (3 ug) of protein from peak II
(tube 80, CaCl, absent) there was only a modest increase in
activity (¥ ap) possibly caused by residual phosphodiester-
ase in this fraction. When both CaCl; and an aliquot from
peak Il were present, activity in tubes from peak 1 was in-
creased tenfold (compare Vy and Vap+ca2+). When a por-
tion of the solution from peak II was placed in a boiling
BIOCHEMISTRY, VOL. 671
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WICKSON, BOUDREALU, AND DRUMMOND

160
o)
€
E
N 120
£
9
e
a
o 80
E
~
7]
°
o
g 40r,
c
> /

{

160
//)
et
-
[o]
120 o o/(
o
> sop §°
40 A
2}
A i A A
10 20 30 a0 sq

cyclic GMP (uM)

1

10

20 30 40

Yeyclic GMP (M)

FIGURE 3: Effect of protein activator and Ca?* on the K and Viax for cGMP. Phosphodiesterase (3.8 ug of protein) was assayed in the absence
(&) and presence (O) of protein activator (1.4 ug of protein) plus CaCls (5 mMm).
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FIGURE 4: Activation of phosphodiesterase by protein activator and
Ca2*. Phosphodiesterase and protein activator were purified as in Fig-
ure 3. cGMP (3 uM) was the substrate. (A) Protein activator was pres-
ent at varying concentrations and assay tubes were supplemented with
CaCls at concentrations (in mM) indicated by the numbers on each
curve. (B) CaCl; was varied in the presence of fixed concentrations of
protein activator (in pg). Control tubes (no added activator (A) and no
added Ca?* in (B)) contained 100 uM EGTA.

water bath for 5 min and a similar aliquot of the heated su-
pernatant added to the assay of tubes from peak 1, the small
increase in activity in the absence of added Ca2* was no
longer present. In the presence of both Ca?* and an aliquot
of heated supernatant from peak I, a sixfold stimulation of
activity in peak I tubes was still in evidence. Thus, it seemed
that the second peak which appeared to be Ca’*-sensitive
phosphodiesterase was, in fact, due to the presence of the
heat-stable protein activator (which had been largely re-
solved from phosphodiesterase) acting on phosphodiesterase
tailing through the final column fractions. Phosphodiester-
ase in peak Il was destroyed by boiling, leaving the heat-
stable factor intact. The data suggested that neither Ca2*
nor the protein activator was capable of stimulating phos-
672
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phodiesterase alone, but together were highly effective.
Cheung (1970, 1971) has not described a Ca?* requirement
for the protein activator. In his studies he employed some-
what larger amounts of protein activator (20-50 ug) than
were present in the experiments just described. Experiments
were then performed using higher concentrations of activa-
tor protein obtained from peak Il of a DEAE-cellulose col-
umn fractionation. The peak 1l tubes were combined and
concentrated in an Amicon PM-10 ultrafilter assembly; the
solution was placed in a boiling water bath for 5 min (to de-
stroy phosphodiesterase) then stored at —20°. When phos-
phodiesterase (DEAE-cellulose column eluate) was assayed
in the presence of 35 ug of protein activator in the absence
of added CaCl,, a strong activation occurred (Table I,
assay 4, compare ¥y with V) which was almost equivalent
to that produced by activator protein plus 5 mM CaCl,
(Vap+ca2+). When 250 uM EGTA was present in the assay,
this amount of protein activator caused no stimulation
(Table I, assay S, compare Vy with Vap). This suggested
that stimulation by protein activator in the first instance
was due to contaminating Ca2*. Indeed, the concentration
of this cation in the assay mixture as determined by atomic
absorption spectrophotometry was found to be 5 uM. This is
sufficient (see later results) to greatly increase phosphodies-
terase activity when activator protein is present.

In order to clarify the mechanism of interaction of acti-
vating factor and Ca?* with the phosphodiesterase, a kinet-
ic analysis of cGMP hydrolysis was undertaken. In Figure 3
the kinetics of cGMP hydrolysis by the DEAE-cellulose pu-
rified enzyme is presented. Protein activator (1.4 ug) in the
presence of CaCl, (5 mM) was found to increase the Vi,
of the reaction while leaving the Michaelis constant unaf-
fected. Data not shown indicated that the K., for cGMP of
the enzyme in the ammonium sulfate precipitate was not al-
tered by the addition of EGTA (0.25 mMm). Linear 1/v vs.
1/[S] piots were observed both with and without EGTA. In
order to further characterize this activation, the enzyme
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v (nmoles ./ mg protein /min)

(v=v,) / Protein Activator (pg)

FIGURE 5: Effect of cGMP on affinity of phosphodiesterase for pro-
tein activator. Phosphodiesterase (3.8 ug of protein) was assayed in the
presence of 1.13 ug of protein activator and 5 mM CaCls. cGMP con-
centrations (in uM) are indicated on each curve.

was assayed at a fixed substrate concentration while the
concentration of Ca2* and activator protein was varied. In
Figure 4A the activation produced by varying the amount
of protein activator in the presence of several fixed concen-
trations of CaCl; is presented. Ca 2*can clearly be seen to
be essential for increasing the reaction velocity by the acti-
vating factor. In Figure 4B, the activation produced by
varying the concentration of CaCl; in the presence of sever-
al fixed concentrations of protein activator is presented.
Once again, an absolute requirement for both factors was
observed, Ca?* having no effect in the absence of the pro-
tein activating factor. The data in Figure 4A indicated that
increasing Ca2* concentration tended to decrease the acti-
vator constant for the protein activating factor while in-
creasing the reaction velocity. Figure 4B indicated a recip-
rocal lowering of the activator constant for Ca?* with in-
creasing concentrations of protein activator. In Figure 4,
only a fraction of the total data is presented to avoid clutter
especially at the lower concentrations of activator and
Ca?*, Actually 100 determinations were made and the ex-
periment represents one of duplicate experiments. In order
to further quantify these effects, a graphical analysis of the
kinetics of dual activation of an enzyme with basal activity

was developed. This analysis, which is outlined in Methods,
involves the plotting of v vs. (Vactivated — Vbasal)/ [activator],
ie., (vvs. (v — w)/[A]). The slopes of such plots will be
proportional to the negative value of the activator dissocia-
tion constant. This analysis was applied to determine the ef-
fect of varying the'cGMP concentration on the affinity of
the phosphodiesterase for protein activator. CaCl, (5 mM)
was present in all determinations. Figure 5 indicates that
the affinity of phosphodiesterase for the protein factor (the
negative value of the slope) was constant at different sub-
strate levels. This finding simplified the derivation of rate
equations for the kinetic models. Data such as that in Fig-
ure 4A and B can now be subjected to a more rigorous ki-
netic analysis using the procedure outlined in Methods. Fig-
ure 6A is a replot of data from an experiment analogous to
that in Figure 4A using the v vs. (v — vo)/[A] linearization.
This figure indicates that the apparent dissociation constant
for the protein activator decreased in the presence of in-
creasing concentrations of Ca2*, A similar treatment of the
data from an experiment analogous to that in Figure 4B
was applied and the results are shown in Figure 6B. As pre-
viously suggested, the apparent dissociation constant for
Ca?* was seen to decrease as the amount of protein activa-
tor was increased. Both figures were found to have variable
intercepts as well as variable slopes. This effect on the inter-
cepts would indicate that the maximal velocity also in-
creases as the concentration of Ca?* and protein activator
increase.

As mentioned under Methods, rate equations were also
derived for two additional models differing from the one il-
lustrated in Figure 1. The method of Cha (1968) was also
used in these derivations. These models represented differ-
ent routes of forming EApCa from E and, thus, have differ-
ent numbers of possible enzyme species: (1) E + ApCa =
EApCa; (2) E + Ap = EAp, EAp + Ca = EApCa; (3) E
+ Ca = ECa; ECa + Ap = ECaAp. When the rate equa-
tions for these models are derived, none of them predict the
variable intercepts and slopes observed in Figure 6A and B.

Using the rate equation derived for the model given in
Figure 1, we can obtain estimates of the individual dissocia-
tion constants of the two activators. When the intercepts of
the lines in Figure 6A and 6B were plotted as outlined

120

v (nmoles,”mg protein /min)

1

1 1

8 16 24

(v-vo)./ Protein Activator (ug)
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A .2 3
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FIGURE 6; (A) The effect of Ca?* on the apparent K, for protein activator. Phosphodiesterase (3.8 ug of protein) was assayed in the presence of
fixed concentrations (in mM) of CaCl;, which are indicated on each curve. Protein activator was varied. (B) The effect of protein activator on the
apparent K, for Ca?*. Phosphodiesterase (3.8 ug) was assayed in the presence of fixed amounts (in ug) of protein activator, which are indicated on

each curve. CaCl, was varied. Substrate was 4.9 uM ¢cGMP,
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Table II: Kinetic Parameters Derived from Slope and
Intercept Replots of Figure 6.2

Parameter Value Parameter Value
Ky, 4 g K, 80.0 /im
 ao 0.2 ug N, 3.0 um

o All slope and intercept replots were straight lines. Ad-
ditional data than that presented in Figure 6 were used in
the calculations.

under Methods (eq 7 and 8) straight lines were obtained.
The negative value of the slope of the replot of the inter-
cepts from Figure 6A represents K¢,”. This dissociation
constant for Ca2* was found to be 3.0 uM. When the inter-
cepts of the lines in Figure 6B were similarly plotted, an es-
timate of 0.2 ug for the values of K4’ was obtained.

Using the value of K¢,” obtained above, the slopes of the
lines in Figure 6A and B can be analyzed using eq 9 and 10
(see Methods). The slope replots of Figure 6A or B pro-
duced similar results when subjected to their corresponding
analyses. The average value for K, determined from the
two linear slope replots was 4 ug. The average value of K¢,
was estimated to be 80 uM. All of the dissociation constants
determined depended upon the purity of the protein activa-
tor and enzyme. Extraneous Ca?* binding to the phosphadi-
esterase or the presence of other proteins in the protein acti-
vator preparations would alter the absolute values of the pa-
rameters. The values of the constants obtained are present-
ed in Table II. An important relationship can be seen in the
values of the constants, namely, Kap > Kap' and Kca >
Kc.'. This relationship may be indicative of a heterotropic
cooperativity between protein activator and Ca?* for their
binding to the enzyme.

Discussion

These studies provide further evidence that the stimula-
tion of the cAMP-cGMP phosphodiesterase by protein ac-
tivating factor is completely dependent on low concentra-
tions of Ca”*. Phosphodiesterase present in ammonium sul-
fate fractions of bovine cerebral cortex was inhibited 50%
by EGTA and strongly stimulated by Ca?*. When such ex-
tracts were chromatographed on DEAE-cellulose, the
major peak of phosphodiesterase was no longer stimulated
by Ca?* nor was it inhibited by EGTA. A second peak of
Ca?* sensitive phosphodiesterase was found to represent a
mixture of heat-stable protein activator and tailing phos-
phodiesterase activity from the major peak. Comparatively
large amounts of protein activator stimulated phosphodies-
terase in the absence of added Cu?*. This stimulation was
no longer observed if EGTA (250 uM) was included in the
tubes. The activation observed in the absence of added
Ca’t was traced to an assay mixture contamination of 5 uM
Ca®*. Since protein activator decreased the apparent K, for
Ca??, the addition of large amounts could cause stimulation
of phosphodiesterase at very low Ca’t concentrations.
These facts could account for the apparent lack of a Ca?*
requirement for the activator in other studies (Cheung
1970, 1971).

A kinetic mode] for the activation of phosphodiesterase
was developed and it is possible that other models may exist
which fit the observed data equally well. However, using the
data obtained certain models can be ruled out. One such
674
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model is the simple binding of Ca?* to the activator protein
to form a complex which then binds to the enzyme (Teshi-
mia and Kakiushi, 1974). Such a model would predict that
the lines in both Figure 6A and B would have a common in-
tercept. Using the model which fits the observed data (Fig-
ure 1) various kinetic constants were determined. The rela-
tionship between the constants, Ky, > Kap” and K¢o' >
Kca. is indicative of heterotropic cooperativity between
Ca’* and protein activator for their binding to the enzyme.
The physiological interpretation of such behavior is that the
binding of Ca“* is enhanced in the presence of protein acti-
vator and the binding of protein activator is enhanced in the
presence of Ca’*. A possible limitation in these results
could arise if the concentration of the activator protein ap-
proached that of the enzyme resulting in activator deple-
tion. We feel that this is unlikely. The activator protein is
purified about tenfold greater than the enzyme preparation
and the molecular weight of the activator is about one-fifth
that of phosphodiesterase (Teshima and Kakiuchi, 1974).
The activator is, therefore, at least 50 times more concen-
trated on a molar basis than the enzyme. Since the prepara-
tions used were not pure, the constants determined are ap-
proximations, but it is their relative vajues which lead to the
indication of positive heterotropic cooperativity.

The determination of the constants Kxp, K¢a, Kap', and
K¢, in the context of the model presented in Figure 1 does
not ensure that all these binding steps have physiological
significance. The constants determined predict only that if
these steps do occur, then the dissociation constants will be
the ones given. As for most kinetic analysis, the results do
not preclude the possibility of more complex mechanisms
which may come to light after extensive purification of
phosphodiesterase.

Recent developments during the course of this investiga-
tion have strengthened the possibility of the model present-
ed. The binding of Ca2* to protein activator has been mea-
sured (Teo and Wang, 1973b). Using **CaCl; and a puri-
fied protein activator from bovine heart, the above authors
have determined a dissociation constant of 2.9 uM for the
binding of Ca?* to the high affinity site of the protein acti-
vator. Thus, the binding of Ca?* to the protein activator is
known to occur. Teshima and Kakiuchi (1974) have shown
that protein activator can bind to the enzyme in the pres-
ence of Ca?*. This result was demonstrated using gel exclu-
sion chromatography. The enzyme was shown not to bind
significant amounts of protein activator in the presence of
EGTA. However, the technique was possibly not sensitive
enough to determine if a very small amount of EAp can
form in the absence of Ca?*. Such a complex has been
shown to have a relatively high dissociation constant in this
presentation and would be difficult to detect by the rather
insensitive method of the above authors.

Results presented to date are therefore not inconsistent
with a model in which E, EAp, ECa, and EApCa are all ca-
pable of being formed. The question still remains as to
which sequences of combination of E, Ap, and Ca?* to pro-
duce activation of phosphodiesterase have physiological sig-
nificance. The possibility that long term countrol of cellular
homeostasis could be maintained by regulating the level of
protein activator and short term control by regulating the
intercellular Ca’* concentration definitely exists.
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Proton Magnetic Resonance Studies of Carbohic Anhydrase.

I. Identification of Histidine Resonances’

John Michael Pesando*

ABSTRACT: Nuclear magnetic resonance (nmr) spectra of
human carbonic anhydrase B recorded in deuterium oxide
reveal seven discrete single proton resonances between 7
and 9 ppm downfield from sodium 2,2-dimethyl-2-silapen-
tane-5-sulfonate. Simplification of spectra by use of
Fremy’s salt, comparison of peak widths at intersections,
and evaluation of the results of inhibition and modification
experiments permit determination of the pH dependencies
of these resonances. Five of these peaks change position
with increasing pH; three move upfield by approximately
95 Hz and two move downfield by 10 and 23 Hz. The first
three reflect residues with pK values of 7.23, 6.98, and 6
and can be assigned to the C-2 protons of histidines. The
two remaining pH dependent resonances reflect groups with
pK values of 8.2 and 8.24. Their line widths and T, values

Carbonic anhydrase is a zinc metalloenzyme of approxi-
mately 29,000 molecular weight found throughout the plant
and animal kingdoms where it catalyzes the reversible hy-
dration of carbon dioxide. The enzyme consists of a single
polypeptide chain with one tightly bound Zn(11) (Lindskog
and Malmstrom, 1962) that is essential for catalytic activi-
ty and binding of anion and sulfonamide inhibitors. Zn(I1)
can be replaced by a number of divalent transition metal
cations without changing the conformation of the enzyme,
but only the cobalt derivative is catalytically active (Link-
skog and Malmstrom, 1962; Linkskog et al., 1971; Cole-
man, 1967). Two major forms of carbonic anhydrase in
man and other higher organisms (Nyman, 1961; Rickli et
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are comparable to those of the first group, and they also ap-
pear to reflect C-H protons of histidines. Despite the struc-
tural and functional similarities of the B and C isozymes of
human carbonic anhydrase, few of the low field resonances
appear to be common to both. Six histidine C-2 protons are
observed in the C enzyme and reflect groups with pK values
of approximately 7.3, 6.5, 5.7, 6.6, 6.6, and 6.4. A seventh
peak contains two protons ahd moves upfield with increas-
ing pH without titrating. A final resonance to low field
moves downfield with increasing pH and reflects a group
with a pK between 6 and 7. Its behavior resembles that of
peak 1 of the human B enzyme, and it also appears to be a
histidine C-H proton. This peak may reflect a conserved
residue in the two isozymes that plays an important role in
enzymatic function, as discussed in the following paper.

al., 1964) have different activities and are designated the B
and C isozymes. They are thought to possess similar three-
dimensional structures (Lindskog et al., 1971; Andersson et
al., 1972; Coleman, 1971) and active sites (Lindskog and
Nyman, 1964; Lindskog et al., 1971; Khalifah, 1971). They
demonstrate comparable binding strengths for Zn(Il)
(Lindskog and Nymari, 1964) and for inhibitors (Taylor et
al., 1970; Verpoorte et al., 1967), and the general features
of the visible absorption spectra of their cohalt derivatives
are nearly identical in the free and inhibited states (Lind-
skog and Nyman, 1964; Taylor et al., 1970). Both enzymes
also catalyze hydration of certain aldehydes (Pocker and
Meany, 1965, 1967) and hydrolysis of various esters (Ver-
poorte et al., 1967; Pocker and Stone, 1967), though at
much lower rates.

The pH dependencies of the turnover number of carbonic
anhydrase and of the visible absorption spectrum of its co-
balt derivative, both of which describe sigmoidal curves
with points of inflection near neutrality, are thought to re-
flect ionization of a group on or near the metal ion control-
ling catalytic activity (Khalifah, 1971; Kernohan, 1964). A
2-A crystallographic study of the human C enzyme shows
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