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Abstract—A heat-stable, Ca *-inhibited cyclic nucleotide phosphodiesterase (cPDE) (EC 3.1.4.17) from Neurospora
crassa was 1solated and could be separated into three aggregation forms (ca M, values of 83000, 151000 and
330000400 000) by gel-filtration at 25° in the presence of EGTA, which suggests that the enzyme exists in monomeric,
dimeric and tetrameric forms. Aggregation was temperature dependent; under similar conditions at 6°, a single form of
ca M, 400000 was present. The enzyme was not activated by calmodulin but was nhibited by micromolar
concentrations of Ca?* and could be activated by addition of excess EGTA. Both cyclic AMP and cyclic GMP were
substrates for the enzyme, and kinetic studies indicated that both bound at the same catalytic site The enzyme had
complex kinetics with two K, values. The affinity of the high K,, component for both substrates was the same,
whereas the low K, component had a higher affinity for cyclic GMP than for cyclic AMP Ca?”* was a competitive
mhibitor of the high K, component, whereas mhubition of the low K,, component was of the mixed type, Ca?” caused
an increase 1n both K, values. The specific activity of the enzyme when cyclic AMP was used as a substrate was always
higher than that with cyclic GMP, under all experimental conditions studied. A comparison of the heat-stable cPDE
and cPDE activity in unheated extracts was also carried out using gel-filtration and 10n-exchange chromatography A
working hypothests is presented to account for the results.

INTRODUCTION

Cyclic nucleotides have important roles in ntracellular
and intercellular communication Both cyclic AMP [1]
and cyclic GMP [2, 3] occur in fungi, together with
adenylate cyclase, cyclic nucleotide phosphodiesterase
(cPDE) and cyclic AMP-dependent protemn kinase [1].
Cyclic AMP has been imphicated in a number of func-
tional roles in fungi [1], including the control of mor-
phogenesss, development and the cell cycle [4-7].

A number of fungal cPDEs have been reported [1, 8,
9] In Neurospora crassa there are three intracellular and
extracellular orthophosphate repressible cPDEs that
have low (4 0) pH optima [10], a Mg?* -sttmulated cPDE
present 1n crude mycehial homogenates [10], that may be
the same as the particulate, EDTA-inhibited enzyme
reported earlier [11], and a heat-activated cPDE, also
present 1n crude mycelial homogenates [10]. Two forms
of soluble cPDE from Neurospora have been resolved by
chromatography on DEAE-cellulose [12] and one of
these peaks of cPDE activity 1s activated by calcium and

Abbreviations, cPDE, cychic nucleotide phosphodiesterase;
PMSF, phenylmethylsulphony! fluonide; Vo, void volume, Ve,
elution volume
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calmodulin [13]. A calmodulin stimulated ¢PDE has
also been partially purified from a soluble extract of
Neurospora by affinity chromatography [14] Calmo-
dulin 1s a small heat-stable protein [15-20], and one of 1ts
functions 1s the mediation of the mnteraction between
Ca?* and the enzymes required for the biosynthesis and
degradation of cychic nucleotides. For example, Ca?™
plus calmoduim have been shown to activate both ad-
enylate/guanylate cyclase and ¢cPDEs from a number of
sources [21, 22]. However, a number of different types of
cPDE have been 1solated from various tissues, and not all
of these are regulated by Ca®* and calmodulin [23-27]
In contrast to the results described 1n refs [13, 14], we
have reported the presence in Neurospora of a ¢cPDE
which has the unusual properties of being heat-stable and
inhibited by micromolar concentrations of Ca’* [28]
Furthermore, although calmodulin 1s present in Neuro-
spora [29] there is no evidence that the inhibttion by
Ca?* is mediated by calmodulin [28]

In the present paper, a kinetic study of the inhibition of
the heat-stable Neurospora cPDE by Ca?* 1s reported, as
well as a comparison of the heat-stable cPDE with cPDE
activity i unheated Neurospora extracts.

RESULTS AND DISCUSSION

Previously we reported that a Neurospora cPDE 1s
heat-stable and inhibited by Ca?* [28]. In the present
study, we have investigated the mechanism of Ca?*
mhibition of the heat-stable cPDE using a kinetic ap-
proach and have also characterized some of 1ts prop-
erties.
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We used the heated 113000 g supernatant to investig-
ate the kinetic mechamism of Ca?* mhibition of cPDE,
because the manipulations required for further purifi-
cation resulted mn a dechine in the ability of Ca®* to
inhibit the enzyme. Figure 1 shows Lineweaver—Burk
plots of ¢cPDE using cyclic AMP as substrate in the
presence of Ca®* or Ca?™ plus an 8-fold molar excess of
EGTA In Fig la, the effect of substrate concentrations
above 02 uM 1s shown, Fig 1b 1s an expansion of the
area close to the intersection of the axes of Fig. 1a and
shows the effect of substrate concentrations above
200 uM

There 1s a discontinuity 1n the Lineweaver—Burk plot
at a cychc AMP concentration of about 1 uM 1n the
presence of Ca’*, and at about 025 uM 1n the presence
of Ca’?* plus an 8-fold molar excess of EGTA We
obtamed similar results with cyclic GMP as substrate
The calculated K,, and V,,, values for two substrate
concentration ranges are summarized m Table 1 The
enzyme had two apparent K,, values and therefore two
kinetic components. Such Lineweaver—Burk plots have
been interpreted as being due to negative cooperativity
[30], or to the presence of multiple forms of cPDE with
different K,, values [31, 32].

In Fig la, the two plots (dashed lines) intercept the
[S]° ! axis at different points Thus, the low K, value was
raised by Ca® " and was calculated to be 2 2 uM (Tablel)
On the other hand, the V,,,, value, as determined by the
mtercept of the ¥~ axis, was fowered by Ca®** When
high substrate concentrations were used (Fig 1b), Ca?”
ratsed the high K, value, but did not significantly change
the V.., Similar results were obtamed for both ketic
components when cyclic GMP was used as a substrate
(Table 1). However, the specific activity of the enzyme
with cyehc AMP as substrate was always greater than
that for cyche GMP under all conditions studied

There are conflicting reports regarding the nature of
the activaion of cPDE by calmodulin and Ca’', 1e.
whether the K,, or V,,, (or both) of the enzyme 1s
affected [22] In the present paper, we have shown that
Ca?* mhibition of Neurospora cPDE can be due to an
affect on erther the K,, or the K,, and V,,,, depending on
the substrate concentration used

Figure 2 shows the results of determinations in which
cyclic AMP conversion was measured with cychc GMP
present 1n the mcubations and vice versa In both cases,
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Fig [ Lmeweaver-Burk plots of ¢cPDE activity using cyclic
AMP as a substrate showing two different ranges of substrate
concentration {(a) 02 40 um cyclic AMP, (b) 200 um-2 mM
cychic AMP  Assays werc done using heat-stable cPDE
(113000 g supernatant, heated 80, 5 mn), and the substrate
concentration in the assays was varted as previously described
[14] (@ - @)} concentration in the assays of Ca?*, 25 uM,
{O-  -) concentration n the assays of Ca’*, 25uM and
EGTA, 200 uM Lines were fitted to experimental points by
linear regression analysis (using poimnts at more substrate
concentrations than shown n the figure) Standard deviation 1s
indicated by the error bars

Ca?* was also present Both cyclic AMP and cyclic
GMP competitively mhibrted the hydrolysis of the other,
re each raised the K,, for the other, but did not sig-
nificantly affect the V., The nset in Fig 2 shows the

Table | Heat-stable cyclic nucleotide phosphodiesterase from Neurospora summary of kinetic
determinations

Kinetic K, Vimax (nmol/min/

Substrate Additions component (1M) mg protein)
cyclic AMP Ca?* High affinity 22 006

EGTA High affinity 075 015

Ca?* Low affinity 2151 43

EGTA Low affinity 224 34
cyclic GMP Ca’* High affinity 12 0017

EGTA High affinity 016 0024

Ca?* Low affinity 2144 21

EGTA Low affinity

257 23

*The Ca’* concentration in those determinations labelled *Ca?*" was 25 uM, whereas in those
determinations labelled ‘EGTA’, the Ca®* concentration was 25 uM and the EGTA concentration

was 200 uM
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Fig 2 Lineweaver-Burk plots showing cyclic AMP inhibition
of cychc GMP hydrolysis and cyclic GMP ihibition of cyclic
AMP hydrolysis Assays were done using heat-stable cPDE
(113000 g supernatant, heated 80°, S5min) The substrate
concentrations of cyclic AMP (closed symbols) and the substrate
concentrations of cyclic GMP {open symbols) were varied. [8-
3H] cyclic AMP was added to the incubations in the former case
and [8-*H] cyclic GMP 1n the latter The concentration of cyclic
GMP added as ‘mhibitor’ was zero (@—@), 500 uM (A ——
A), or 2000 uM (H——W) The concentration of cyclic AMP
added as ‘inhibitor’ was zero (O——O) 500 um (A——A) or
2000 uM (O0——0) In all incubations, the concentration of
Ca? was 25 uM In the inset, open circles indicate that cychc
AMP was used as an inhibitor in the assays with cycic GMP as
substrate, and closed circles the reverse

same plus additional results replotted (slope of
Lineweaver-Burk plot versus ‘inhibitor’ concentration)
to give the inhibitor constants (K,) of cyclic AMP and
cyclic GMP. Both had similar K, values, 2000 uM for
cyclic AMP, and 2400 uM for cyclic GMP. These values
correspond approximately to their K,, values (high K,
component) in the presence of Ca* (see Table 1). There-
fore, cyclic AMP and cyclic GMP probably competed for
the same catalytic site on the enzyme

Properties of the heat-stable cPDE

The results of gel-filtration, at 6° in the presence of
EGTA, of a heated cPDE extract (113 000 g supernatant,
heated 80°, 5 min) are presented in Fig. 3. There was a
major peak of cPDE activity which corresponded to a M,
value of ca 400000, and this activity was inhibited by the
addition to the assays of a molar excess of Ca?* (relative
to EGTA). When a heated cPDE extract was chromato-
graphed on a DEAE-Sephadex column 1n the presence of
Ca’*, a major peak of activity, which can catalyse the
hydrolysis of either cyclic AMP or cyclic GMP, eluted at
about 0075 M NaCT (Fig 4). A mmnor peak of activity
was also observed which varied 1 size from preparation
to preparation, but was never larger than the one shown
1n Fig. 4 The activity in both peaks was stimulated when
assayed 1n the presence of a molar excess of EGTA
(relative to Ca*™), but activity 1n the main peak was not

1283

-a
-+ o
-
H

Phosphodiesterase activity {pmol/min /ul )

1 t i i i ) I |
60 80 100 120

Elution volume (mt)

Fig 3 Elution profile of heat-stable cPDE activity from a Bio-
Gel A-15m column Heat-stable cPDE (113000 g supernatant,
heated 80°, 5 min) was concentrated to a protein concentration
of 10 mg/ml by ultrafiltration One ml of concentrated extract
was chromatographed on a Bio-Gel A-1 5 m column at 6° with
05mM EGTA 1n the elution buffer Assays were done
as described [28] with cyclic AMP as substrate (200 uM)
(O——0O) EGTA concentration 350 uM, (@—@)
EGTA concentration 350 M and Ca?* concentration
1000 uM. The elution positions of the M, standards are indi-
cated by the arrows (a) blue dextran, (b) ferntin, (c) phycoery-
thrin, (d) catalase, (e) aldolase, (f) carbonic anhydrase

stimulated 1n the presence of Ca?* plus either bovine
calmodulin (0.25 umts per assay) or a crude Neurospora
calmodulin preparation (5 ul per assay, [28]) (results not
shown)

When the major peak of activity from the DEAE-
Sephadex column was concentrated and subjected to gel-
filtration (6°, 0.5 mM EGTA in the eluting buffer), a
single peak corresponding to a M, value of ca 400000
+ 34000 (n=3) agam resulted [Fig 5(1)] However, when
the same procedure was carried out at 25°, there were
three distinct peaks with M, values of ca 330000 + 37000
(n=2), 151000+0 (n=2) and 83000+0 (n=2) [Fig 5
(1))] which indicated that the aggregation state of the
enzyme was temperature dependent. The sharpness of the
peaks suggested that the cPDE either dissociated 1n the
sample before application, or very rapidly afterwards,
and the M, values suggested that the enzyme could exist
m monomeric, dimeric and tetrameric forms

Gel filtration was also carried out at 6° or 25° with
Ca?*, but no EGTA 1n the eluting buffer [Fig. 5(ii), (iv)].
cPDE activity was spread across a wide range of molecu-
far weights, and at 67 (Fig S(in) ] cPDE was still eluted at
a volume of 120 ml which corresponded to an apparent
M, of 23000 At 25° [Fig 5(1v)], elution of cPDE activity
was retarded to an even greater extent

When all the fractions containmg ¢PDE activity from
gel-filtration at 67 with CaZ™ 1n the butfers [Fig. S(ui)]
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Fig 4 Elution profile of heat-stable ¢cPDE activity from a
DEAE-Sephadex A-50 column Heat-stable cPDE (113000 ¢
supernatant, heated 80°, 5 mn) was chromatographed on a
DEAE-Sephadex A-50 column at 6° Assays were carried out as
previously described [28] with cyclic AMP as substrate
(200 uM) 1n part a, and cyclic GMP as substrate (200 uM) 1n
partb (@-- --@® and M—— M) concentration in the assays of
Ca?* 25 uM), (CG— -7 and ([1  — [J) concentration in the
assays of CaZ* (25 uM) and EGTA (200 uM)

were pooled, concentrated and rechromatographed by
gel-filtration at 6° with EGTA in the buffers, a single
peak with a M, value of ca 400000 again resulted (not
shown). This result implied that the various forms of
heated cPDE activities seen on gel-filtration were mter-
convertible Heat affects the interconversion of multiple
forms of cPDE from human platelets [33], and 1t has been
shown recently [34] that temperature can affect the
allosteric and catalytic properties of the cyclic GMP
stimulated cPDE from calf liver. It is possible that tem-
perature may have similar effects on the heat stable
Neurospora enzyme, m addition to affecting 1ts aggre-
gation state This remains to be investigated

Comparison of ¢PDE actwity in heated versus unheated
extracts

When the unheated 113000 g supernatant was chro-
matographed by gel-filtration at 6° 1n EGTA (F1g. 6), a
similar peak of activity to that shown by the heated
extract (Fig 3) was seen, except that the peak had a
slightly higher average M, ca 440000) and was a little
broader. cPDE activity n both peaks was inhibited when
a molar excess of Ca?* was added to the assays
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Fig 5 Elution profile of heat-stable cPDE activity from Bio-
Gel A-1 5m columns chromatographed at 6 versus 25 and
eluted with erther an excess of EGTA or Ca’* in the buffer
Heat-stable ¢cPDE (113000 ¢ supernatant, heated 80°, S min)
was chromatographed on DEAE-Sephadex A-50 The mamn
peak of cPDE activity (see Fig 4) was pooled. concentrated to a
protein concentration of 1 5 mg ml by uitrafiltration and frozen
Aliquots (1 ml) of this fraction were chromatographed on Bio-
Gel A-1 5 m columns at either 6 [parts (1) and ()] or 25 [parts
() and (1v)] and with either 0 S mM EGTA [parts (1} and (1) ] or
01mM Ca®" [parts (1) and (1v)] in the elution buffer In parts
(1) and (1), the concentration of EGTA in the assays was 125 uM
In parts () and (1v), the concentration of Ca** in the assays was
25uM The concentration of substrate (cyclic AMP) was
200 uM 1n all cases The elution positions of the M, standards
are indicated by the arrows as described m Fig 3
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Fig 6 Elution profile of cPDE activity obtained by chromato-
graphy of an unheated extract (113000 g supernatant) on a Bio-
Gel A-15m column The unheated extract was concentrated to
a protein concentration of 75 mg/ml by ultrafiltration and a 1 ml
aliquot chromatographed on a Bio-Gel A-1 Sm column at 6°.
The elution buffer contained 0 5 mM EGTA Assays were car-
ried out as previously described [28] with cychc AMP as
substrate (200 uM) (O-——O) concentration 1n the assays of
EGTA (350 uM), (@ ——@) concentration in the assays of
EGTA (350 uM) and Ca?* (1000 uM). The elution positions of
the molecular weight standards are indicated by the arrows as
described 1in Fig 3

When the unheated 113000 g supernatant was chro-
matographed on 1on-exchange and assayed either with
cychic AMP (Fig. 7a) or cyclic GMP (Fig. 7b) as sub-
strates, three major peaks (I, II, III) and several minor
peaks of cPDE were eluted This is in contrast to the
results obtained using the heated 113000 g supernatant
where only one major peak of activity was eluted (Fig. 4)
and mn a volume close to that of peak I in Fig. 7. The
activity of each peak shown m Fig. 7(a, b) was stimulated
when assayed 1n the presence of a molar excess of EGTA.
The same was true for the major peak of activity shown
in Fig. 4, and in both cases no appreciable stimulation of
any of the cPDE peaks of activity occurred when Ca?*
plus calmodulin (bovine heart, 0.25 units) were added to
the assays (results not shown) When cPDE activity in
each of the main peaks shown 1n Fig. 7 was heated at 80°
for 5 min 1n the presence of Ca®* [28], peaks I and II
retained more than 90% of therr activity, whereas peak
III retained 60% of 1ts activity. When ¢cPDE activity in
each of the main peaks was pooled, concentrated and
subjected to gel-filtration (6°, EGTA), peaks I and II each
gave rise to a single peak with a M, of 400000, whereas
peak Il gave a major peak of ca M, 400000, plus a
leading shoulder with a height of ca half of the main peak
and with a M, of ca 440 000-500 000 (not shown). These
results suggest that the majonty of cPDE activity in
peaks I and II, and over half the cPDE activity in peak
IIT are constituents of the heat-stable, Ca2*-imhibited
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cPDE, and that the same enzyme is the major form of
cPDE activity in unheated soluble extracts from Neuro-
spora myceha.

Summary and working hypothesis

To account for the properties of the Neurospora heat-
stable, Ca*-inhibited cPDE, the following proposal 1s
presented The enzyme can bind Ca?* to negatively
charged sites, and as a result inhibition of activity occurs.
This effect can be reversed by addition of a molar excess
of EGTA which removes the bound Ca2* In ref. [28] we
showed that Ca?* conferred additional thermal stability
on the heat-stable Neurospora cPDE. This may also be a
consequence of the binding of Ca?* to the enzyme. We
also propose that binding of Ca®* causes the enzyme to
become more hydrophobic for the foillowing reasons In
the gel-filtration expenments shown i Figs 3 and 5, we
included NaCl (01 M) 1n the gel-filtration buffers to
reduce non-specific 1onic interactions between the gel
matrix and proteins [35]. However, some proteins are
subject to hydrophobic interaction with the gel matrix on
gel-filtration [35, 36]. The progress of such proteins
down gel-filtration columns is retarded to a greater ex-
tent than therr true M, values would suggest. Conse-
quently, they elute in a volume corresponding to an
apparently lower M, value than their true M, value.
These effects are strengthened by increased temperature
and ionic concentratton [35] We therefore suggest that
the smearing and retardation of cPDE activity seen 1
Fig. 5(iii and 1v), when Ca?* was present in the buffers
was due to non-specific hydrophobic interaction between
the enzyme and the gel matrix Since these effects were
not seen when EGTA was present i the buffers, we
propose that Ca?* induced a conformational change n
the enzyme, with a resultant increase 1n 1ts hydrophobic
nature.

The proposed Ca’*-binding sites on the heat-stable
¢PDE could be on catalytic polypeptide subunits of the
enzyme or on a tightly bound regulatory polypeptide.
This latter possibility raises the question as to whether
such a polypeptide could be calmodulin. We cannot
unequivocally rule out such a possibility even though we
have shown [28] that chlorpromazme, a compound
which binds to calmodulin and prevents 1t from activat-
ing ¢PDE, did not block the Ca?* inhibition of heat-
stable Neurospora cPDE An analogous example may be
rabbit skeletal muscle phosphorylase kinase which con-
tamns tightly bound calmodulin [37]. In that case, the
calcium dependent activity of the enzyme 1s unaffected by
addition of trifluoperazine.

The unheated enzyme extract contains several forms of
Ca?*-mhibited cPDE as indicated by the results ob-
tamed by 1on-exchange chromatography (Fig. 7). As dis-
cussed earlier, these forms (especially peaks I and II)
upon heating appear to be converted to the heat-stable
Ca?*-inhibited cPDE. This may be due to thermal cleav-
age of parent PDE species to give an active lower mol-
ecular weight species, 1n an analogous way to the pro-
teolytic cleavage of calmodulin dependent cPDE [38]
and the low K, cyclic AMP PDE from yeast [8] which
also result in active cleavage products. More research
will be necessary to determine the relationship between
each of the Ca’*-inhibited forms of cPDE which have
been demonstrated in this investigation. In [28] we
speculated about the possible presence of Ca?* inhibited
¢PDEs m animal tissues similar to the ¢PDE we had
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Fig 7 Elution profile of cPDE activity obtamed by chromatography of an unheated extract (113000 g super-
natant) on a DEAE-Sephadex A-50 column Assays were carried out as previously described [28] with 200 uM
cyche AMP as substrate (part a) and 200 uM cyche GMP as substrate {part b) (@ — @ and B - — )

concentration in the assays of Ca?* (25 uM), (O—

O and 3 —T) concentration m the assays of Ca®”*

(25 uM) and EGTA (200 uM).

found in Neurospora. Since then we have found a paper
[39] which reports Ca?* inhibition (at 250 uM) of sev-
eral cPDE species from bovine superior cervical ganghia
Furthermore, inhibition by Ca?* (20 uM) of a cyclic
GMP PDE has also been reported [40] The authors of
ref [397 raise the possibility of CaZ*-inhibited cPDEs 1n
animal tissues being overlooked due to the routine addit-
1on of calmodulin to all assays in some studies

In our investigation we could not demonstrate any
activation of Neurospora cPDE by calmodulin plus
Ca?* However, such an effect was reported [13, 14]
Furthermore, excess EGTA present during the incu-
bation prevented the activation of the enzyme of Ca?*
and calmodulin [14] For the Neurospora ¢cPDE de-
scribed 1n our mvestigation, excess EGTA stimulated the
enzyme activity and Ca®* inhibited. However, the data
m ref [14] are not incompatible with the results of the
present study because: (i) the calmodulin-stimulated
c¢PDE present in Neurospora extracts may be a minor
component and, therefore, masked m our study (e g. for
the results presented in Fig. 7, endogenous calmodulin
could have saturated the calmodulin dependent form, so
that when we added calmodulin no more stimulation of
that form was seen) and (i1) the authors of ref [14] used a
calmoduhin-Sepharose affinity column in therr purifi-
cation procedure. Thus they were selecting for an enzyme
which binds to calmodulin,

However, our results ([28], and this paper) do disagree
n several respects with those in refs [12] and [13] We
have shown that unheated Neurospora extracts can be

resolved on DEAE-sepharose into three major peaks of
cPDE activity, each of which is largely heat-stable, 1n-
hibited by Ca?”, and not activated by Ca? ' plus calmo-
dulin Overall our results lead us to conclude that the
heat-stable Ca* " -inhibited cPDE forms the majority of
soluble ¢cPDE activity in Neurospora mycelia On the
other hand, in ref. [13] cPDE was separated into two
peaks of activity on DEAE-cellulose, and the enzymes in
the main peak of activity was stimulated by Ca?* plus
calmodulin, especially after rechromatography on
DEAE-cellulose It would be conjecture to attempt to
explain the differences between the two studies at present
We therefore conclude that the complete 1solation and
characterisation of the Ca®*-mhibited and calmodulin-
stimulated forms of cPDE n Neurospora will be necess-
ary to explain the differences between our work and that
reported in ref [13] Nevertheless, taken together all the
studies so far on ¢PDEs in Neurospora do indicate the
complexity of form and control of this enzyme, and will
serve as a basis for further research

EXPERIMENTAL

Materials Proteins for calibrating the gel-filtration columns
were obtamed from Sigma and Nutritional Biochemicals, with
the exception of phycoerythrin, which was provided by Dr E
Gantt of this Laboratory, [8-*H] cychic AMP (26 0 Ciymmol)
and [8->HJ cyclic GMP (18 3 Ci/mmol) were from the Amer-
sham Corporation, TLC sheets from E Merck (Darmstadt,
FR G), scntillation fluid (Ultrafluor) from National Diagnos-
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tics, blue dextran and DEAE-Sephadex A-50 from Pharmacia,
Bi10-Gel A-1.5m, 200-400 mesh, was from Bio-Rad Labora-
tories.

Bovine heart calmodulin and calmodulin deficient bovine
cPDE were from Sigma, and a crude preparation of Neurospora
calmodulin was prepared as i ref [28] One unit of calmodulin
activity 1s defined as that amount which would stimulate 0016
units of calmodulin deficient bovine heart cPDE to 50% of
maximum activity at pH 7 S and 30° when saturated with calmo-
dulin and 10 uM Ca?*. One unit of bovine heart cPDE was
equivalent to the conversion of 1 umol/min of substrate to
product at pH 75 and 30°

Preparation of cPDE extracts Wild-type Neurospora crassa
(stramn 74A, Fungal Genetics Stock Center, number 987) was
grown, harvested, and 113000 g supernatants prepared as pre-
viously described [28] Preparation of heat-stable cPDE from
the 113000 g supernatant (heated 80°, 5 mun) was also carried
out as described 1n ref [28] ¢PDE assays cPDE assays were
carried out as 1n ref [28] The concentrations of Ca’** and
EGTA used 1n the assays will be indicated For the determi-
nation of kinetic values, conditions were selected so that reac-
tion rates were linear with respect to incubation time, and
substrate conversion did not exceed 20% of the inmitial substrate
concentration

lon-exchange chromatography A 2 5 x 28 0 cm bed of DEAE-
Sephadex A-50 was equilibrated with buffer containing 100 mM
Tris-HCI (pH 7 4), 1 mM PMSF, 2 mM benzamidine, 0 { mM
CaCl,, and 50 mM NacCl (buffer A) The PMSF and benzami-
dine were included to prevent proteolysis which can readily
occur . Neurospora extracts if precautions. are not taken
After loading the sample, the column was washed with buffer A
until the absorbance at 280 nm of the column effluent was zero
Bound protemn was eluted with a linear NaCl gradient. The
initial eluent was buffer A, and the final eluent (buffer B) was
identical to buffer A except that the NaCl concentration was
400 mM The flow rate was 40 ml/hr, and 10 ml fractions were
collected For subsequent gel-filtration chromatography, peaks
of activity were pooled and concentrated with an Amicon ultra-
filtration apparatus equipped with a type YM 5 membrane.

Gel-filtration chromatography Columns of Bio-Gel A-1 5m
200-400 mesh (1 25 x 90 cm) were used The elution buffer was
100 mM Tris-HCl (pH 74), 1 mM PMSF, 2 mM benzamidine,
100 mM NadCl, and either 0 1 mM CaCl, or 0 5 mM EGTA as
mdicated Void volumes were determined using blue dextran,
and the following standards were used to calibrate the column
fernitin (M, 440000), phycoerythrin (M, 280000), catalase (M,
232000), aldolase (M, 158 000), carbonic anhydrase (M, 31 000)
Samples were loaded 1n a volume of 1 ml, the flow rate was
5 mi/hr, and 2 ml fractions were collected Estimates of the M,s
of cPDE were made using a plot of Ve over Vo of protein
standards vs logM, and when more than one determination was
made, the results are expressed +s.d , where n equals the number
of determinations
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