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ABSTRACT

The biochemistry of the lead histochemical technique for demonstrating adenylate
cyclase was studied. The enzyme activity of fat cell plasma membranes, using
5'-adenylyl-imidodiphosphate (AMP-PNP) as substrate, was completely inhibited
at 1 x 10-* M Pb(NO;), and yet at 4 x 10-3 M Pb(NQ,;), precipitate could be
demonstrated by electron microscopy on both sides of plasma membrane vesicles.
No lead-diphosphoimide or lead-phosphate precipitate could be visualized by
electron microscopy when the lead was reduced to a level (2 x 10-5 M) which
caused only 50% inhibition of the enzyme. A solubility product coefficient of 1 x
10-1°* M was found necessary to allow precipitation of lead-phosphate complex in
the adenylate cyclase medium. Varying the ratio of substrate or dextran relative to
the lead failed to protect the inhibition of the enzyme. Increasing concentrations of
B-mercaptoethanol restored the basal and stimulated activity of adenylate cyclase
but also prevented the precipitation reaction. Lead at 2 x 10-* M caused the
nonenzymatic hydrolysis of AMP-PNP, resulting in the production of small but
significant quantities of cyclic AMP and substantial amounts of AMP. This
hydrolysis was inhibited by alloxan but unaffected by dextran or NaF. The
adenylate cyclase activity of pancreatic islet homogenates and of fat pad capillaries
was completely inhibited by lead concentrations equal to or less than those used in
histochemical studies (Howell, S. L., and M. Whitfield. 1972. J. Histochem.
Cytochem. 20:873-879. and Wagner, R. C., P. Kreiner, R. J. Barrnett, and M. W.
Bitensky. 1972. Proc. Natl. Acad. Sci. U. S. A. 69:3175-3179.). The present study
shows that the lead histochemical method cannot be used for localization of
adenylate cyclase because of the inhibition of the enzyme and artifacts produced by
high lead concentrations and the inability to produce a visible precipitate at low
lead concentrations which only partially inhibit the enzyme.

The lead-salt precipitation technique of Wachstein  capillaries from rat epididymal fat pads (27), in
and Meisel (25) has been applied recently in isolated rod outer segment of the retina (26). and
attempts to localize the adenylate cyclase activity  in the rat nephron (24).

in rat pancreatic islets of Langerhans (5), in The main arguments used to support the feasi-
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bility of these methods is the use of a specific
adenylate cyclase substrate, 5'-adenylyl-imidodi-
phosphate (AMP-PNP)! (17, 18), an increase in
the amount of lead precipitate upon addition of
NaF or hormones known to stimulate the enzyme
activity (5, 24, 27), and a decrease in the quantity
of lead deposit resulting from the addition of al-
loxan (27), a specific and potent inhibitor of the
adenylate cyclase in many tissues (1).

However, the validity of this technique has
been previously questioned for other nucleotide
phosphatases, especially ATPase (4, 15). It is
well known that lead is a potent inhibitor of en-
zymes and tissue nucleotide phosphatases. It has
been demonstrated that lgad in the Wachstein
and Meisel medium catalyzes a nonenzymatic
hydrolysis of nucleotide phosphates (13, 16, 18)
and also acts as a chelator of ATP (23). In the
presence or absence of tissue, nucleotides them-
selves can be a significant part of lead precipitate
(19). These problems in the use of lead for his-
tochemical localization of nucleotide phospha-
tase recently have been reviewed in detail (3).

Despite the problems associated with the lead
histochemical technique for phosphatase reac-
tions, none of the studies to date utilizing this ap-
proach for the electron histochemical demon-
stration of adenylate cyclase have investigated the
effect of lead on this system. Using either AMP-
PNP or ATP, the present paper reports biochemi-
cal and histochemical data showing that lead is
a potent inhibitor of the adenylate cyclase, is a
cause of artifacts in the histochemical localiza-
tion of this enzyme due to the nonenzymatic hy-
drolysis of the substrate, and that the adenylate
cyclase activity cannot be visualized by this lead-
salt technique.

MATERIALS AND METHODS

Preparation of Tissues

FAT CELL PLASMA MEMBRANE: Highly purified fat cell
plasma membranes were isolated from isolated fat cells
of 125-150-g male Wistar rats by differential and
discontinuous Ficoll gradient centrifugation as described
previously (14). For histochemical experiments mem-

' Abbreviations used in this paper: ADP-NH,, adenylyl
phosphoramidate; AMP-PNP, 5'-adenylyl-imidodiphos-
phate; cAMP, cyclic adenosine 3'.5’-monophosphate;
c¢GMP, cyclic guanosine 3',5-monophosphate; PDE,
cyclic nucleotide phosphodiesterase; PNP, diphosphoi-
mide; SDS, sodium dodecyl sulfate.
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branes were used immediately after preparation, and for
biochemical assay were used fresh or were frozen in 10
mM Tris-HCl (pH 7.4) and 0.25 M sucrose for no longer
than 1 wk before use which had previously been shown to
be satisfactory for assaying this enzyme (7).

ISLETS OF LANGERHANS: Pancreatic tissue from male
Wistar rats (250-350 g) was disrupted by the collagenase
digestion method of Lacy and Kostianovsky (11) and
islets were isolated by centrifugation on a discontinuous
Ficoll gradient (21). 400-500 islets could be obtained
from three rats. The islets were then homogenized in 80
mM Tris-maleate (pH 7.4) containing 2 mM theophyl-
line and 0.25 M sucrose. A 20-ul aliquot of fresh or
boiled tissue was used for adenylate cyclase assay.

capiLLARIES: The distal portion of epidiymal fat
pads from 250- to 300-g male Wistar rats were first
treated with collagenase as described previously in the
preparation of fat cell membranes. After incubation with
the collagenase, capillaries were separated from large
vessels and fat cells by the method described by Wagner
et al. (27). A 10- or 20-ul aliquot of fresh or boiled tissue
was used for adenylate cyclase assay.

The protein content of each tissue preparation was
determined by the method of Lowry et al. (12) using
bovine serum albumin as standard.

Adenylate Cyclase Assay

Formation of cyclic AMP (cAMP) by the different
tissues was measured under similar conditions by a
highly sensitive adenylate cyclase assay as recently
described by Salmon et al. (20). The assay conditions are
specified in legends to Figs. 1-5 and Tables I-VI. The
reaction was started by the addition of appropriate
amounts of tissue to the medium preincubated at 30°C
for 5-10 min and run for S min. The reaction was stopped
by one of two different methods. For fat cell plasma
membranes, 100 ul of *“stopping solution” containing 2%
sodium dodecyl sulfate (SDS), 1 mM cAMP, and 5 mM
ATP were added at room temperature. 800 ul of a
solution containing 1 mM ATP, | mm cAMP, and
10,000 cpm of [*H]JcAMP were added for estimation of
the recovery in the subsequent chromatography on
Dowex S50AG-WX4 and neutral alumina columns (ICN
Pharmaceuticals, Inc., Life Sciences Group, Cleve-
land, Ohio) (20). For the assay of islet homogenate or
fat pad capillaries, the reaction was stopped by adding
200 ul of the stopping solution without SDS. After the
addition of 800 gl of the [*H]cAMP recovery solution,
tubes were boiled for 5 min followed by centrifugation at
2,500 rpm for 10 min. The supernates were processed
through the columns and the final eluates were collected
directly into scintillation vials containing 10 ml of In-
stagel. Duplicate or triplicate samples were counted
for 10 min in a liquid scintillation counter set for separa-
tion of *H and *2P. Results are expressed in picomoles
cAMP formed per milligram protein per minute =+
standard error of the mean.
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Cyclic Nucleotide Phosphodiesterase
(PDE) Assay

The material contained in the neutral alumina column
eluate of the adenylate cyclase assay system was treated
with PDE as previously described (8). Briefly, the 4-ml
eluates containing 100 mM imidazole-HCl buffer (pH
7.4) were made 5 mM MgCl,, 1 x 10-* M AMP, 0.2%
bovine serum albumin and incubated for 10 min at 30°C
in the presence or absence of 60 mU of phosphodiester-
ase. The reaction was stopped by adding 0.2 ml of 0.3 N
ZnSO, and 0.23 ml of 0.3 N BaOH. After centrifugation
at 2,000 rpm for 5 min the zinc-barium precipitation
procedure was repeated. 10 m! of Instagel were added to

4 ml of the second supernate for measurement of the
remaining radioactive cAMP.

Nucleotide Paper Chromatography

The 3-ml water eluate of the Dowex column of the
adenylate cyclase assay system was evaporated to dry-
ness by N, stream at 50°C and resuspended in 50 ui of
H,0. The nucleotides present were separated on What-
man 3 MM chromatography paper, using 95%
ethanol-1.0 M ammonium acetate (7:3 and made pH 6.6
with 1 M acetic acid) as a solvent during 9 h of ascending
migration. Quantities of 50 nmol! standards of ATP,
[v**P]JAMP-PNP, ADP, [*H]JAMP, and [*H]cAMP
were located by ultraviolet light absorption and/or by
radioactive determination. The respective R;s of these
compounds were 0.04, 0.04, 0.09, 0.24, and 0.42. The
AMP-PNP also showed another spot detected by both
ultraviolet light absorption and radioactivity measure-
ment which migrated between ADP and AMP, having an
R, of 0.13. The paper was cut into 1-cm pieces and eluted
with 5 ml of water by gentle agitation for 30 min in
scintillation vials. The paper was removed and 10 mi of
Instagel were added for counting the radioactive nucleo-
tides.

Measurement of Lead-Phosphate
Interactions

The interaction of Pb(NQ,), with the incubation
medium of the adenylate cyclase assay and with added
phosphate was quantified by measuring the light scatter-
ing of the solution in a Farrand photoelectric fluorometer
(Farrand Optical Co., Inc., Valhalla, N. Y.) using only a
primary filter. The composition of the incubation mix-
ture is described in legends to Tables I-VI. The optical
density resulting from the refraction of light due to the
particles in the solution was read relative to buffer alone
before addition of lead and after addition and incubation
with radioactive phosphate. Tubes were then centrifuged
for 10 min at 3,000 rpm and an aliquot of the supernate
was counted in 4 ml of water and 10 mg of Instagel for
quantification of the nonprecipitated labeled phosphate.

Electron Histochemical Techniques

The incubation conditions for the localization of the
adenylate cyclase on purified fat cell membranes are
described in legends to Figs. 1-5. The reaction was
stopped by adding 1 ml of cold 3% glutaraldehyde in 25
mM Tris-HCI, pH 7.4, and 0.9% NaCl. After fixation for
at least 30 min, membranes were centrifuged at 18,000
rpm (40,000 g) in an IEC centrifuge (model B-20,
Damon/IEC Div., Damon Corp., Needham Heights,
Mass.) for 20 min. Pellets were washed with 0.1 M
cacodylate buffer, pH 7.4, and cut into small pieces with
a razor blade. Tissue pieces were postfixed in 1% osmium
tetroxide in 50 mM cacodylate buffer and stained en bloc
with 1% uranyl acetate in 0.9% NaCl. The tissue was
dehydrated in a graded ethanol series followed by toluene
and embedded in Epon 812. Thin sections were cut on a
Sorvall Porter-Blum MT-2 ultramicrotome (DuPont
Instruments, Sorvall Operations, Newtown, Conn.). Un-
stained sections were photographed with a Philips 200
electron microscope operating at 60 kV.

Materials

Male Wistar rats were bought from National Animal
Laboratories, St. Louis, Mo. Biochemical products were
purchased from the following sources: AMP-PNP,
[*?P]JAMP-PNP (1-5 Ci/mmol), [*?P]ATP (50-100 Ci/
mmol), **P (285 Ci/mg P): ICN Corp., Chemical &
Radioisotopes Div., Irvine, Calif.; all other nucleotides,
PDE, and dextran (mol wt 250,000): Sigma Chemical
Co., St. Louis, Mo.

RESULTS

Inhibition of Adenylate Cyclase Activity
by Lead

Since lead is a potent inhibitor of ATPase and of
many other enzymes, it was first of interest to
measure the adenylate cyclase activity of purified
fat cell plasma membranes in the presence of
increasing concentrations of lead. As shown in Fig.
1, the enzyme with AMP-PNP as substrate is very
sensitive to low concentrations of lead. A signifi-
cant 35% inhibition is already observed at | x 10-°
M Pb(NOj;), and there is less than 5% of the
activity remaining at 1 x 10-4* M Pb(NOy), . The
apparent K; is 4 x 10-* M. With ATP as
substrate, a similar curve was observed (data not
shown) and sometimes inhibition greater than 50%
was observed at 1 x 10-* M Pb(NO,),.

Adenylate Cyclase Histochemistry at High
Lead Concentration

In a first attempt to localize the adenylate
cyclase activity, fat cell plasma membrane histo-
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FiGure 1  Effect of increasing concentrations of lead on

the basal adenylate cyclase activity of fat cell plasma
membrane. 25 ug of membrane protein were incubated in
100 ul of 25 mM Tris-HCI buffer, pH 7.4, containing S
mM MgCl,, 0.5 mM AMP-PNP, 130 mM NacCl, and
increasing concentrations of Pb(NOQj),. The reaction was
stopped by adding 100 1 of SDS stopping solution, and
cAMP formed was measured as described in Materials
and Methods.

chemistry was performed under Howell’'s and
Whitfield’s incubation conditions (5). After 30 min
of incubation of purified plasma membranes in the
adenylate cyclase medium containing 4 x 10~* M
Pb(NOQOs), and 5 x 10-* M AMP-PNP as sub-
strate, lead precipitate was found on almost every
vesicle, as clearly shown in Fig. 2. A heavier
concentration of precipitate was found on the
outside surface of the vesicles than on the inside.
The same phenomenon was observed with isolated
liver cell plasma membranes (data not shown).
Yet, as shown in Fig. 1, adenylate cyclase activity
is completely inhibited at 5 x 10-* M lead.
Alloxan, 1 x 102 M, completely inhibits the
basal or NaF-stimulated activity of purified fat cell
plasma membrane (data not shown). After incuba-
tion of the membranes in the presence of 1 x 10-?

M alloxan, many vesicles appear to be free of
coarse lead precipitate but still have very fine lead
deposits (Fig. 3). However, in other parts of the
preparation there are still coarse precipitates as
well as large aggregates of lead deposits, mainly on
the outer surface of the vesicles. Fig. 4 shows that
under similar incubation conditions in the presence
of buffer and lead but without substrate or Mg++,
one can still see a fine deposit localized on both
sides of all plasma membrane vesicles.

Phosphate Precipitation and Adenylate
Cyclase Histochemistry at Low
Lead Concentration

The above data indicate that at high lead
concentrations the adenylate cyclase activity is
markedly inhibited, yet large quantities of lead
precipitation were observed in the electron histo-
chemical studies. Experiments were performed to
test the feasibility of performing the electron
histochemistry using lead concentrations low
enough not to completely inhibit the enzyme.
Using the light scattering and radioactive phos-
phate technique for measuring lead-phosphate pre-
cipitation, it was found that, by varying the lead
and phosphate concentrations in standard incuba-
tions, the product of the lead and phosphate
concentrations had to be equal to or exceed 1 x
10-* M before precipitation could be measured.
Thus, a concentration of lead must be chosen to
allow maximum enzyme activity so that the con-
centration of diphosphoimide (PNP) produced
would be enough to exceed the solubility product.
Theoretically, with lead at 2 x 10-° M, the enzyme
activity of the fat cell plasma membrane should be
at least half maximal and, based on data in Fig. !,

FiIGURE 2 Fat cell plasma membranes were incubated for 30 min at 30°C in 500 ul of medium
containing 500 ug of membrane protein, 80 mM Tris-maleate, pH 7.4, 0.5 mM AMP-PNP, 2
mM MgSO, , 2 mM theophylline, 5 mM NaF, 8% dextrose, and 4 mM Pb(NO;), . The reaction
was ended by fixation in cold glutaraldehyde, and the membranes were processed for electron
microscopy as described in Materials and Methods. Large and small arrows indicate lead
deposits on the outside and on the inside surfaces of the vesicles. respectively. Scale bar is 0.25

um in all micrographs. x 47,150.

FIGURE 3 Fat cell plasma membrane incubated as in Fig. 2, but with added 10 mM alloxan.
Large and small arrows indicate the lead deposits on the outside and inside surfaces of the

vesicles, respectively. x 34,650.

FIGURE 4 Fat cell plasma membrane incubated as in Fig. 2, but without substrate and Mg**. x

79,200.
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this would be around 150 pmol/mg protein/min.
This activity would yield, at best, about 1-5 x 10-#
M PNP during the standard incubation for histo-
chemistry. This would give a product of 1 x 10-1°
M and therefore be at the lowest concentration
where precipitation occurred. Other considerations
that would prevent attainment of the solubility
product would include permeability of the mem-
branes, that the PNP is being produced over an
extended period and not all at once, etc. This
experiment was actually performed with 2 x 10-3
M Pb(NOy),, 5 x 10-* M AMP-PNP as sub-
strate, and 1.5 mg plasma membrane protein/mi.
The electron micrographs of the plasma mem-
branes failed to reveal any lead precipitate despite
the fact that the enzyme activity assayed at the
same time was 150 pmol/mg protein/min. These
negative results stimulated further attempts to find
a method which would protect the enzyme from
lead inhibition at at the same time allow specific
precipitation by lead.

Effect of ATP on the Inhibition of
Adenylate Cyclase by Lead

It has been shown by Tice (23) that lead chelates
ATP and that ATPase activity, inhibited under
conditions of high lead-ATP ratio, was overcome
by increasing ATP concentrations. Fig. 1 illus-
trates that the adenylate cyclase activity is inhib-
ited at concentrations of lead lower than concen-
trations of substrate used. However, one might
postulate that higher concentrations of ATP would
protect the enzyme and allow the use of higher
amounts of lead. cAMP formation has been
measured in the presence of 2 x 107* M Pb(NO,),
and increasing ATP concentrations from 0.25 to
2.5 mM. The mean control enzyme activity was
313 + 24 pmol/mg of protein/min in contrast to
the composite activity of 12 + 2 from all the ATP
concentrations tested in the presence of lead,
showing that no protection of adenylate cyclase
occurred.

Effect of Dextran on the Inhibition of
Adenylate Cyclase by Lead

Dextran has been shown to be useful in avoiding
the precipitation of lead in a reaction medium (22).
Wagner et al. (27) have used dextran in their
studies on the localization of adenylate cyclase in
fat pad capillaries. When fat cell plasma mem-
branes were incubated in Wagner’s medium con-
taining 0.6 mM AMP-PNP, 6% dextran, and 2
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FIGURE 5 Fat cell plasma membranes were incubated
for 30 min at 30°C in 500 ul of medium containing 400
ug of membrane protein, 80 mM Tris-maleate, pH 7.4,
0.6 mM AMP-PNP, 5 mM theophylline, 4 mM MgSO,,
6% dextran, and 2 mM Pb(NO,),. The reaction was
ended by fixation in cold glutaraldehyde, and the mem-
branes were processed for electron microscopy as de-
scribed in Materials and Methods. Arrows indicate lead
deposits. x 61,200.

mM Pb(NQ,),, subsequent electron microscope
examination revealed virtually no reaction product
(Fig. 5). Only a few small dots of lead can be seen.
No significant change in this small amount of
precipitate was noted when incubations were per-
formed in the presence of 1 x 10-% M epinephrine,
S mM alloxan, or in the absence of substrate.
(Data not shown.)

The possibility existed that dextran, while pre-
venting lead precipitation in the medium, could
also protect adenylate cyclase from inhibition by
Pb(NQ,;), and that the small quantity of precipi-
tate seen in Fig. 5 was related to the location of the
enzyme. The molar ratio of dextran to Pb(NOQOj;),
in Wagner’s medium was 0.12. A set of experi-
ments using 0.5 mM ATP and dextran (mol wt
250,000) in five concentrations varying from 0.01
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to 1% yielded, from all the incubation conditions, a
mean adenylate cyclase activity of fat cell plasma
membranes of 193 + 5 pmol/mg protein/min in
the absence of Pb(NOQ;), and 102 + 3 in the
presence of | x 10-3 M Pb(NQ;), . Thus, dextran
itself had no effect on the adenylate cyclase activity
nor did it alter the degree of inhibition of the
enzyme by lead when the molar ratio of dextran to
lead was increased from 0.01 to 4.0.

Effect of 8-Mercaptoethanol on the
Inhibition of Adenylate Cyclase
and the Precipitation of Phosphate
by Lead

In another attempt to prevent the inhibition of
the adenylate cyclase by Pb(NO;),, the effect of
B-mercaptoethanol was studied on the activity of
the enzyme in the presence of 2 x 1075 M
Pb(NO;),. At that concentration, as reported in
the experiment in Table I, basal adenylate cyclase
is only 20% of the control and the NaF- and

epinephrine-stimulated activity is only about one-
third of the basal and one-tenth of the stimulated
activity without lead. Increasing the concentra-
tions of B-mercaptoethanol progressively restores
the basal and stimulated state of the enzyme. At 10
mM of the reducing agent, there is 80% recovery of
the basal activity and about 60% of the NaF and
epinephrine stimulation. Full recovery is observed
at 2 x 10?2 M B-mercaptoethanol.

In view of this protecting effect of the 8-mercap-
toethano! on the adenylate cyclase activity, it was
of interest to study the effect of the reducing agent
on the precipitation of phosphate by lead. As
shown in Table II, at 1 x 10-2 M and higher
concentrations of §-mercaptoethanol, there is no
reaction product detected by light scattering upon
addition of phosphate. The same concentrations of
the reducing agent also prevent precipitation of 3?P
which is almost completely recovered in the super-
nate. The increasing optical density observed in the
presence of Pb(NQ,), and NaH,PO, with 1.0 and
5 x 102 M B-mercaptoethanol is probably related

TaBLE 1

Effect of Increasing Concentrations of 3-Mercaptoethanol on the Basal and NaF- and Epinephrine-Stimulated
Adenylate Cyclase Activity of Fat Cell Plasma Membrane in the Presence and Absence of Lead

B-Mercaptoethanol Pb(NO;), NaF L-Epinephrine
1 x10°M 2x107*M 5x 10-*M 1 x10-*M Adenylate cyclase
pmol cAMP/mg
protein/ml
0 - 19 £ 11
0 + 26 + 1
5 - 113 = 8
S 48 + 7
10 - 105 + 4
10 + 80 = |
20 - 17 £3
20 + 119 + 5
0 - + 343 + 8
0 + + 385
5 - + 351+ 10
5 + + 218 £ 2
20 - + 390 + 7
20 + + 384 =+ 7
0 - + 434 + 30
0 + + 35+ 4
5 - + 466 + 4
5 + + 291 = 8
20 - + 509 + 17
20 + + 504 + 4

24 ug of membrane protein were incubated for 5 min at 30°C in 100 u1 of 10 mM Tris-HCl buffer, pH 7.4, containing 5
mM MgCl;, 0.25 M sucrose, 0.5 mM ATP, various concentrations of 8-mercaptoethanol, with or without 5 mM NaF
or 1 x 10-* M L-epinephrine, and in the presence and absence of 2 x 10-> M Pb(NO;),. The reaction was stopped by
adding 100 gl of SDS stopping solution, and cAMP formed was measured as described in Materials and Methods.
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TasBLE 11
Effect of Increasing Concentrations of
B-Mercaptoethanol on the Precipitation Reaction in
the Adenylate Cyclase Medium

Optical density after

B-Mercapto- addition of
ethanol Supernate
I x10°*M Pb(NO,), NaH,PO, 32p
cpm
— — 0.10 9,200
— 0.11 0.13 4,250
1 0.13 0.18 4,550
5 0.10 0.22 6,060
10 Q.10 0.10 8,950
IS 0.10 0.10 8,900
25 0.10 0.10 8,910

1 ml of medium containing 10 mM Tris-HCI (pH 7.4),
0.5 mM ATP, 5 mM MgCl,, various concentrations of
B-mercaptoethanol, and 2 x 10-* M Pb(NO;), was
incubated for 30 min at 30°C in the presence of 2 x 10-*
M 22P, The optical density and counts in the supernate
were measured as described in Materials and Methods.

TasLe 111

Effect of Lead on the Basal and NaF-Stimulated
Adenylate Cyclase Activity of Pancreatic Islet
Homogenate

NaF +

Control NaF Pb(NO;), PH(NO;)2

pmol cAMP[mg protein/min

Boiled tissue 0.56 0.58 0.56 0.55
Fresh tissue 1.1 24 0.62 0.62
Net activity 0.54 1.72 0.06 0.07

100 ug of islet homogenate protein were incubated for 5 min at
30°C in 100 ul of 80 mM Tris-maleate buffer, pH 7.4, containing
0.5 mM ATP, 4 mM MgCl,;, 2 mM theophyliine, 0.25 M sucrose
with or without 10 mM NaF, and in the presence or absence of
0.5 mM Pbh(NQ,),. As a control, part of the homogenate was
boiled for 7 min before incubation. The reaction was stopped by
adding 200 1 of stopping solution, and the cAMP formed was
measured as described in Materials and Methods.

to the increasing ratio of NaH,PO, to non-8-mer-
captoethanol complexed Pb(NQ;), , resulting in an
alteration of the light scattering. At 1 x 1072 M
B-mercaptoethanol the quantity of noncomplexed
lead is so low as not to allow any precipitation as
shown by the 2P and optical density data.

The effect of the sulfhydryl agent was studied on
the histochemistry of § x 10-* M AMP-PNP, | x
10-* M Pb(NO;); and 5 or 10 x 10-°* M B-mer-
captoethanol. Simultaneous biochemical determi-
nation of the adenylate cyclase activity under
similar conditions showed that the enzyme activity
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was 9% of the control 5 x 10-* M B-mercaptoetha-
nol and more than 60% of the activity was
recovered at 10 x 10-* M. (Data not shown.)
However, under these conditions no precipitation
was observed on electron micrographs.

Effect of Lead on Adenylate Cyclase
Activity of Islets of Langerhans
and Fat Pad Capillaries

The inhibitory effect of lead on adenylate cyclase
has not been reported in other tissues in which
studies have been performed in an attempt to
localize the enzyme by the lead-salt technique
(1-5). It was felt imperative to verify the effect of
lead on the adenylate cyclase'in these tissues under
similar conditions used for histochemical studies.

To study the effect of lead on adenylate cyclase
activity of islets of Langerhans, fresh or boiled
homogenates were incubated in the presence of 5 x
10-* M Pb(NQ;); and 5 x 10-*M ATP. As shown
in Table III, basal activity is 0.54 pmol/mg
protein/min and goes up to 1.72 pmol/mg pro-
tein/min with 1 x 10-2 M NaF. However, in the
presence of lead, the basal activity is negligible and
does not respond to fluoride stimultion.

When adenylate cyclase activity was measured
on freshly prepared fat pad capillaries in the
presence of 5 x 10-* M ATP, 6% dextran, and 2 x
10-2 M Pb(NO,),, there was a complete inhibition
of the basal fluoride-stimulated activity (Table
IV). Although the boiled tissue controls did not
have any significant basal or stimulated activity,
addition of 2 x 10~ M Pb(NO;), to the denatured
enzyme repeatedly resulted in the formation of a
cAMP-like compound. When this boiled tissue
control value 1s subtracted from the fresh tissue
activity, the net activity is virtually zero in the
presence of lead.

Identification of cAMP and AMP Formed
from AMP-PNP by Lead in the
Absence of Tissue

The finding of an elevated level of a cAMP-like
compound in the presence of 2 x 107 M
Pb(NO?), in the boiled tissue controls (Table 1V)
suggested that this high concentration of lead
might cause a nonenzymatic formation of cAMP.
It has been shown previously that such concentru-
tions of lead can cause the hydrolysis of ATP to
other nucleotides resulting in the artifactual pro-
duction of lead phosphate precipitates (13, 16, 18).
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It seemed imperative to determine if lead in the
absence of tissue could cause nonenzymatic hy-
drolysis of AMP-PNP to various other nucleotides
including cAMP.

The first approach was to show that lead can
cause the formation of a compound in the adenyl-
ate cyclase system which elutes from the neutral
alumina as cAMP and is equally susceptible as
standard cAMP to PDE. Table V (part A) shows
that 2 x 10-®* M lead with [*?P]JAMP-PNP as
substrate caused a significant increase in the
counts per minute of a compound which chromato-
graphed on columns as [**P]JcAMP. Neither 6%
dextran nor | x 10-? M NaF affected the
formation of this compound by lead, whereas, 1 x

10-2 M alloxan almost completely abolished its
production. Furthermore, this compound which
was isolated along with a [*H]cAMP recovery
marker was degraded to the same extent as the
[*H]JcAMP by PDE as shown in Table V (part B).
The next approach was to paper chromatograph
the less pure material isolated in the Dowex water
eluate after incubations performed as above, in-
cluding [*H]JcAMP or [*H]JAMP as recovery
markers. The quantity of material found in the
cAMP region of the chromatograph of the control
was truly negligible and was only demonstrable
due to the calculation process (Table VI). Lead
caused a significant formation of CAMP, account-
ing for 0.03% of the original AMP-PNP. In

TaBLE IV
Effect of Lead on the Basal and NaF-Stimulated Adenylate Cyclase Activity of Capillaries from Fat Pad Tissue

Control NaF Pb(NO,), NaF + Pb(NO,),
pmol cAMP/mg protein/min
Boiled tissue 0.4 + 0.03 0.4 + 0.04 33 £ 0.13 2.9 = 0.04
Fresh tissue 1.2 + 0.16 6.0 = 1.3 34 +0.14 2.8 + 03
Net activity 0.8 5.6 0.1 ~0.1

180 pg of purified capillary protein were incubated for 5 min at 30°C in 100 ul of 80 mM Tris-maleate buffer. pH 7.4,
containing 0.5 mM ATP, 4 mM MgCl,, 7 mM theophylline, 6% dextran with or without 10 mM NaF, and in the
presence or absence of 2 mM Pb(NO,),. As a control, capillaries were boiled for 10 min before incubation. The
reaction was stopped by adding 200 ul of stopping solution, and the cAMP formed was measured as described in
Materials and Methods.

TABLE V

Formation of cAMP in the Adenylate Cyclase Assay in the Presence and Absence of Lead and Its Degradation
by Phosphodiesterase

cAMP
Substances Pb(NO,),
added 2x 10 M -PDE +PDE Degradation
cpm
A. [**P]JAMP-PNP
None - Sx2 2+1 —
None + 505 + 33 186 + 17 63.2
6% dextran + 567 + 26 239 + 12 57.9
10 mM NaF + 508 + 11 225 = 10 56.8
10 mM alloxan + 40 + 9 18 + 1 —
B. [*H]cAMP + 9,558 + 119 3,117 = 174 67.4

100 ul of adenylate cyclase medium containing 10 mM Tris-HCI, pH 7.4, S mM MgCl,, and 0.5 mM
[a-**P]JAMP-PNP (4 Ci) were incubated for 30 min at 37°C with or without 2 mM Pb{NQ,), and in the presence or
absence of substances to be tested. The reaction was stopped by dilution with | ml of 5§ mM ATP solution containing
20,000 cpm [*H]cAMP for estimation of nucleotide recovery on subsequent column chromatography as described in
Materials and Methods. The aluminum oxide column eluates were then incubated in the presence or absence of
phosphodiesterase as described in Materials and Methods. Results are expressed as the mean + SEM of triplicate
counts of [a-**PJcAMP recovered in the supernate after the ZnSO,-BaOH precipitation (part A). The [*H]cAMP
figures represent the composite recovery from all the 15 experimental samples (part B) and are the mean + SEM.

A. LEMAY AND L. JARETT Adrtifacts in Adenylate Cyclase Histochemistry 47



TaBLE VI
Chromatographic ldentification of cAMP and
AMP Formed in the Adenylate Cyclase Assay in the
Presence or Absence of Lead

Substances Pb(NO,),
added 2x 103 M cAMP AMP
pmol
None - 4 348
None + 28 2653
Alloxan - 4 368
Alloxan + 5 736

200 ul of the adenylate cyclase medium containing 10
mM Tris-HCl, pH 7.4, 5§ mM MgCl; and 0.5 mM
[22PJAMP-PNP (9 uCi) were incubated for 30 min at
30°C with or without 10 mM alloxan and in the presence
or absence of 2 mM Pb(NQ;),. The incubation was ended
by adding 1 ml of either [*H]JcAMP (20,000 cpm) or
[*H]JAMP (35,000 cpm) for estimation of the recovery on
the subsequent chromatographic procedures. The nucleo-
tides recovered in the Dowex eluates of the adenylate
cyclase assay were then isolated by paper chromatogra-
phy as described in Materials and Methods. 32P counts
found in the corresponding [*H}cAMP and [*H]JAMP
regions were corrected for recovery and transformed to
picomoles of nucleotides. Each number represents the
mean of duplicate samples which did not differ by more
than 5%.

contrast, the AMP found in the control accounts
for over 0.3% of the original AMP-PNP and the
addition of lead increased the nucleotide by eight-
fold or to 2.6% of the original material. Alloxan, in
effect, completely inhibited the formation of
cAMP by lead but blocked only 84% of the AMP
formation attributable to the lead. The remaining
AMP was still significantly above the control.

Experiments similar to the above were per-
formed using [*?P]ATP as substrate. Lead caused
a significant formation in the adenylate cyclase
assay of a PDE-sensitive material which migrated
as cAMP on paper chromatography. The quan-
tities produced were similar to those found using
[*?P]AMP-PNP as substrate. Alloxan also
blocked this lead induced formation of cAMP
from ATP. (Data not shown.)

DISCUSSION

The present study demonstrates that lead is a
potent inhibitor of adenylate cyclase. The concen-
tration of lead, giving an almost complete inhibi-
tion of the enzyme in the fat cell plasma mem-
brane, is 21-40 times less than the concentration
used for the histochemical localization of adenyl-
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ate cyclase. Indeed no residual enzyme activity was
found in fat pad capillaries or pancreatic islet
homogenates when assayed in media similar to
those previously used for the electron histochemi-
cal localization of the adenylate cyclase in these
tissues (3, 27).

In view of the inhibition of the adenylate cyclase
activity by the lead, experiments performed to test
the feasibility of doing the electron histochemistry
using lead concentrations low enough to inhibit the
enzyme only partially showed that at low concen-
tration of lead a precipitate would not occur. It
was demonstrated that the product of the lead and
phosphate concentrations must exceed 1 x 10-1°
M in order to cause precipitation and that under
the best of conditions for the enzyme this appar-
ently did not occur since no precipitate was found
on electron micrographs of the plasma mem-
branes. The major reason is that the activity of
adenylate cyclase is quite low compared to that of
other enzymes being localized by histochemistry
and would not produce enough PNP from the
substrate to exceed the solubility product. For
example, the adenylate cyclase activity of fat cell
plasma membranes is less than 1/3,000th com-
pared to the ATPase activity of the same mem-
branes (14). When compared to that of islet
homogenates and fat pad capillaries (Tables 111
and 1V), the adenylate cyclase activity of the fat
cell plasma membranes is easily 100 times greater
than is found with these whole tissues making it ali
the more unlikely for enough PNP to be produced
to exceed the solubility product coefficient.

Several attempts were made to protect the
adenylate cyclase activity and at the same time to
allow the use of higher concentrations of lead.
ATP has been shown to chelate Pb**+ and to
protect ATPase against inhibition by lead (23).
However, even at a ratio of ATP to lead of 10, the
inhibition of the adenylate cyclase by a small
concentration of lead was not prevented, showing
that the enzyme is sensitive to very low concentra-
tions of free lead.

It seemed practical to determine if a sulfhydryl
reducing agent could protect the adenylate cyclase
from lead inhibition. Increasing concentrations of
B-mercaptoethanol prevented the inactivation of
the enzyme and restored the response to NaF and
epinephrine. The sulfhydryl reagent similarly pre-
vented the 3P precipitation. No lead precipitate
was observed on micrographs of fat cell plasma
membranes incubated in the presence of 8-mercap-
toethanol, although the enzyme activity was pro-
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tected. The protection offered by the 8-mercapto-
ethanol on the adenylate cyclase activity and the
prevention of a precipitation reaction as shown by
3P and electron microscope studies can probably
be best explained by the sulfhydryl reagent reduc-
ing the free lead concentration.

Another important finding was that lead caused
the nonenzymatic hydrolysis of AMP-PNP to
AMP and cAMP and of ATP to cAMP. It has
been shown previously that similar concentrations
of lead can cause the production of various nucleo-
tides from ATP (18). Cook et al. (2) have reported
that barium hydroxide caused the formation of a
compound from ATP which was characterized as
cAMP. Kimura and Murad (10) have recently
demonstrated the formation of cyclic GMP
(cGMP) from GTP in the presence of various
divalent cations excluding lead. It is possibie that
lead caused the formation of other nucleotides
such as adenylyl phosphoramidate (ADP-NH,)
or ADP and of adenosine, but no attempts were
made to document their production.

The electron microscope studies concerning
adenylate cyclase histochemistry must be inter-
preted in the light of the above biochemical data.
Since it has been clearly shown that the enzyme
itself is inactive, the precipitate observed cannot be
related to adenylate cyclase localization. The elec-
tron histochemical findings in this study can be
explained in this manner. The quantity of precipi-
tate seen on sections of fat cell plasma membranes
incubated in the complete adenylate cyclase me-
dium described by Howell and Whitefield (5) can
be accounted for by the lead-phosphate com-
pounds resulting from the nonenzymatic hydrol-
ysis of AMP-PNP (Fig. 2). AMP would be of
greater significance in this respect than cAMP
since the production of the former was 100 times
greater than the latter and represented a conver-
sion of at least 2.6% of the total substrate. Previous
studies in this laboratory (6, 9) have shown that
most of these vesicles are right-side-out vesicles so
that the location of the majority of precipitate on
the outside of the fat cell plasma membrane
vesicles was inconsistent with the supposed locali-
zation of the enzyme on the inner aspect of the
membrane. When both substrate and Mg*+ were
removed from the medium, a small quantity of fine
precipitate remained which car. Ye explained by the
direct precipitation of lead on the membrane,
which has been described by others (19).

Wagner et al. (27) in their studies on fat pad
capillaries have used 6% dextran in an attempt to

prevent or reduce nonspecific lead precipitation.
The use of dextran did reduce the amount of
precipitate associated with fat cell plasma mem-
branes as well. Yet biochemical studies showed
that dextran did not protect the plasma membrane
adenylate cyclase from inhibition by lead even
when present far in excess of the ratio of dextran to
lead used in the histochemical technique. Thus, the
precipitate visualized in the presence of the concen-
trations of lead used for histochemistry must be
nonspecific.

Alloxan, a known inhibitor of adenylate cyclase
(1), markedly reduced the lead precipitate in the
studies of Wagner et al. (27). The same effect was
found with fat cell plasma membranes (Fig. 3).
Biochemical studies clearly showed that alloxan
prevented the majority of nonenzymatic hydrolysis
of AMP-PNP by lead. This would explain the
reduced precipitate seen in the histochemical stud-
ies and is not related to the fact that alloxan can
inhibit adenylate cyclase since the enzyme was
already inactivated. The remaining precipitate
could be accounted for by the remaining lead
hydrolysis of AMP-PNP, which still represents
over 0.3% of the total substrate, or possibly by
other nonenzymatic hydrolysis products not docu-
mented in this study.

This study has shown that the lead histochemical
approach to the localization of adenylate cyclase
cannot be utilized. The enzymatic activity is com-
pletely inhibited at the lead concentrations usually
employed for other enzyme histochemistry. At low
concentration of lead allowing reasonable enzyme
activity, the amount of PNP formed by a prepara-
tion of fat cell plasma membrane having a high
specific activity as compared to whole tissue is too
low to exceed the lead-phosphate solubility prod-
uct coefficient. Moreover, at high concentrations,
lead causes a significant nonenzymatic hydrolysis
of AMP-PNP to AMP, cAMP, and possibly other
nucleotides. The large quantities of precipitate
reported by others (5, 24-27) as demonstrating
adenylate cyclase activity must be artifact. It is
essential that the biochemistry of any histochemi-
cal approach be thoroughly investigated with each
tissue studied before the morphological observa-
tions are interpreted.
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