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Enzymatic hydrolysis of the monoester phosphate group
from coenzyme A (CoA) was studied in rat incisor ame-
loblasts by incubating specimens from glutaraldehyde-
fixed teeth in a cytochemical medium prepared with ace-
tyl-CoA as substrate and lead ions as capture agent for
phosphate. Ameloblasts incubated for 1 hr at 37°C and at
pH 5.0 in this medium showed reaction product localized
almost exclusively along the trans (mature) aspect of the
Golgi apparatus within a network of small granules and
interconnecting tubular channels that comprise the GERL
system in this cell. Reaction product was otherwise seen
in trace amounts only within some Golgi saccules, a few
lysosomal dense bodies and, in rare instances, within an
occasional focal area of the endoplasmic reticulum. No
selective staining of the GERL system was seen in control
ameloblasts incubated at either pH 7.2 or pH 9.0 with
acetyl-CoA as substrate, or incubated at pH 5.0 with de-
phospho-CoA as substrate. Control experiments at pH 5.0
also revealed that reaction product selectively stained the

Introduction

Coenzyme A (CoA) is a composite molecule comprised of
portions derived from cysteine, panthothenic acid, and aden-
osine triphosphate (ATP) (15,20,22). Of the three phosphate
groups present within the molecule, two are joined in a py-
rophosphate bridge linking panthothenic acid to adenosine
(15,22). The third phosphate group is attached separately to
the 3'-hydroxyl group on adenosine, and it is added during
a final step in biosynthesis when a precursor form known as
dephospho-CoA becomes phosphorylated to yield the com-
plete CoA molecule (15,20,42,43).
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GERL system in ameloblasts when other molecules resem-
bling CoA were used as substrate (e.g., crotonyl-CoA, 3'-
NADP"), but not when adenosine 3'-monophosphate (3'-
AMP) was used as substrate. That is, ameloblastsincubated
at pH 5.0 with 3'-AMP showed heavy deposits of reaction
product at many sites throughout the cell, including most
lysosomal dense bodies, the Golgi saccules, the GERL sys-
tem, most secretory granules, the nucleus, and extensively
throughout the endoplasmic reticulum. These findings
suggest that the GERL system of ameloblasts contains a
CoA-specific phosphatase activity that may function to
convert CoA to dephospho-CoA at acid pH. Biochemical
studies included with this investigation further indicate
that CoA-Pase activity saturates at exceptionally low con-
centrations of substrate (Ky = 30 uM COA) compared to
other acid-dependent phosphatases.

KEY WORDS: Enamel organ; Ameloblasts, Coenzyme A; Golgi
apparatus; Acid phosphatase; Cytochemistry; Rat.

It is generally believed that cells do not routinely remove
the monoester phosphate group from CoA, since enzymatic
reactions proceed slower, or they are not catalized, when de-
phospho-CoA, rather than the complete molecule, serves as
the acceptor/donor for acyl groups (15,20,22,31). Cells never-
theless are capable of converting CoA to dephospho-CoA, and
current biochemical evidence suggests that this occurs within
lysosomes through nonspecific hydrolysis of the 3'-phosphate
group by acid phosphatase (E.C. 3.1 3.2) during turnover and
degradation of the whole molecule (4,15,34,42).

The purpose of this investigation was to use CoA as a
cytochemical substrate and thereby characterize the various
intracellular sites associated with enzymatic hydrolysis of the
3'-phosphate group from CoA at acid pH within ameloblasts.
The results of this study are of interest not only because they
implicate the GERL system (reviewed in refs. 11,23-25,45),
rather than the lysosomal system, as the primary intracellular
site associated with dephosphorylation of this essential coen-
zyme, but also because they suggest that the 3'-phosphate
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group in CoA is removed by a specific enzyme. This CoA-
Pase activity ultimately provides an enzyme marker, which in
combination with others such as acid phosphatase and thiamine
pyrophosphatase, could be used for probing structural and
functional relationships along the frans (mature) aspect of the
Golgi apparatus (reviewed in refs. 11,23,24, and 45).

Materials and Methods

A total of 68 male Sprague-Dawley rats weighing 169 = 9 g were
used in this investigation.

Cytochemical studies. Rats were anesthetized with chloral hy-
drate (0.4 mg/g body weight) and perfused via the ascending aorta
with a solution containing 2% glutaraldehyde (v/v) and 0.05% calcium
chloride (w/v) in 0.1 M sodium cacodylate buffer, pH 7.3. The per-
fusions were done at room temperature for 10 min at a drip rate of
30 ml fixative/min. The mandibular jaws were removed, cleaned of
adhering soft tissues, and immersed in fresh fixative for an additional
1% to 2 hr at 4°C.

After fixation, the jaws were decalcified in ethylenebis-oxyethyl-
enenitrilo-tetraacetic acid (EGTA) for 5 days, and then enamel organ
specimens from the secretory stage of amelogenesis (44) were re-
moved, chopped, incubated, and processed for electron microscopy
according to procedures described previously (36,39).

Tissue chopper sections of the enamel organ (75 um-thick) were
incubated for 1 hr at 37°C and at either a) pH 5.0, b) pH 7.2, or ¢)
pH 9.0 in cytochemical media prepared as described previously (36).
All substrates were used at a 1 mM concentration, and they included
one of the following for any given experiment: (1) the sodium salt of
CoA, dephospho-CoA, acetyl-CoA, succinyl-CoA, 3'-NADP", 3', 5'-
ADP, 3", 5'-cCAMP, 3'-AMP, 5'-AMP, 5'-CMP, or BGP; 2) the lithium
salt of crotonyl-CoA; or 3) the potassium salt of oleoyl-CoA (abbre-
viations are explained in Table 1). Substrates were purchased from
the Sigma Chemical Co. (St. Louis, MO). Structural formulas for CoA,
3'-NADP", and 3'-AMP are shown in Figure 1.

Media prepared at pH 5.0 with acetyl-CoA, crotonyl-CoA, 3'-
NADP', 3', 5-cAMP, 3'-AMP, 5'-AMP, 5'-CMP, or BGP as sub-
strate usually remained stable after lead acetate was added slowly to
the incubation medium. Media prepared with CoA, succinyl-CoA,
oleoyl-CoA, dephospho-CoA, or 3', 5'-ADP as substrate usually pre-
cipitated, however, in the presence of lead ions. Little improvement
in the stability of these media was obtained by using dextran (5).
Lowering the pH of these media also did not appear to improve their
stability (39), except in the case of 3', 5'-ADP, where a precipitate-
free medium was obtained below pH 3.9. Insoluble precipitates also
formed when other acyl-CoA derivatives were tried as cytochemical
substrates (see Table 2).

Biochemical studies. In some experiments, rats were anesthe-
tized with ether and killed by decapitation. The mandibular jaws were
removed, cleaned of soft tissues, and enamel organ specimens from
the secretory stage of amelogenesis were removed and homogenized
in 0.25 M sucrose according to procedures described previously
(38,39).

In other experiments, rats were anesthetized with chloral hydrate
and perfused via the ascending aorta with the 2% glutaraldehyde
fixative solution (as above under cytochemical studies) for 10 min at
a drip rate of 30 ml fixative/min. The mandibular jaws were removed
and immersed in fresh fixative for 50 min at 4°C after which they
were washed at 4°C under continuous agitation for 24 hr in frequent
changes of cacodylate buffer (0.1 M sodium cacodylate and 0.15 M
sucrose, pH 7.4). Enamel organ specimens from the secretory stage
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of amelogenesis were then removed and homogenized in 0.25 M
sucrose as described previously (38).

Gross enzyme activity in homogenates of unfixed and fixed enamel
organs was determined at pH 5.0 and at 37°C using one of the sub-
strates listed in Tables 1 and 2 for any given experiment. Reaction
mixtures were prepared, and incubation procedures carried out, ac-
cording to methods described previously (38,39). The amount of tissue
required for the enzyme assays in this study was 1 unfixed or 2 fixed
enamel organ specimens from the secretory stage of amelogenesis per
ml of the homogenizing solution.

All substrates (Table 1 and 2) were purchased from the Sigma
Chemical Co. (St. Louis, MO). They were ordered, where possible,
as a sodium salt or they were converted to a sodium salt (Ado, de-
phospho-CoA, lauroyl-CoA, myristoyl-CoA, palmitoyl-CoA, arachi-
doyl-CoA) with sodium hydroxide when preparing substrate stock
solutions. Other substrates were available from the supplier only in
the form of a lithium salt (CoA-CoA, propionyl-CoA, malonyl-CoA,
butyryl-CoA, crotonyl-CoA, glutaryl-CoA) or a potassium salt (oleoyl-
CoA).

CoA and all derivatives of CoA (including 3'-NADP") were in-
cubated at concentrations varying from 4 uM to 4 mM substrate
(Tables 1 and 2; Figures 8 and 10). The other molecules were incu-
bated at concentrations varying from 0.25 to 10 mM substrate (Table
1; Figures 8 and 10).

The concentration of free orthophosphate (P)) in the supernatant
of reaction mixtures was determined by the procedure of Ames and
Dubin (1) using sodium phosphate, monobasic, as standard. The
amount of protein in homogenates from unfixed enamel organs was
estimated with the Bio-Rad protein assay kit (Bio-Rad Laboratories,
Mississauga, Ontario, Canada) using bovine serum albumin as stan-
dard.

Enzyme activity in unfixed enamel organs was expressed as na-
nomoles of P, released per microgram of protein in the homogenate
per hr of incubation (nmol P/ug protein/hr) (Figure 8). Enzyme ac-
tivity in fixed enamel organs compared to unfixed enamel organs was
expressed relative to the amount of P, released per enamel organ
specimen per hr of incubation (Figure 10).

Results

Localization of CoA-Pase Activity to the GERL
System

One-micrometer thick Epon sections (unstained) from enamel
organ specimens incubated at pH 5.0 with acetyl-CoA as sub-
strate, and treated with ammonium sulfide, revealed little un-
der the light microscope. Electron microscopic preparations
of the same material, however, showed reaction product lo-
calized almost exclusively along the trans (mature) aspect of
the ameloblast Golgi apparatus (Figure 2) within small granules
and membranous channels running between and intercon-
necting the granules (Figures 3, 4). Besides these structures,
which comprise the GERL system of the ameloblast (17,35),
reaction product was otherwise seen only within an occasional
lysosomal dense body or focal area of the endoplasmic retic-
ulum (Figures 2-4), or it was lightly scattered within the lu-
mens of the Golgi saccules (Figure 4).

Both the granules and interconnecting membranous chan-
nels of the GERL system appeared to be stained with reaction
product along most of the length of the Golgi apparatus (Fig-
ures 2-4). However, not all ameloblasts within the depth of
the 75-um-thick tissue chopper section showed reaction prod-
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Table 1. Biochemical studies: Relative enzyme activity at pH 5.0 with various molecules as substrate— Unfixed Enamel Organs

Relative activity”?

Substrate Abbreviation using substrate at {1 mM}
Dephospho-coenzyme A Dephospho-CoA 7
B-Nicotinamide adenine dinucleotide, oxidized B-NAD* 3
Adenosine Ado 0
Coenzyme A CoA 100
Coenzyme A, oxidized CoA-CoA 115
Acetyl-coenzyme A Acetyl-CoA 102
B-Nicotinamide adenine dinucleoude 3'-phosphate, 3'-NADP* 151
oxtdized
Adenosine 3',5'-diphosphate 3',5'-ADP 201
Adenosine 3',5'-monophosphate 3',5'-cAMP 0
Adenosine 3’-monophosphate 3'-AMP 406
Adenosine 5’-monophosphate 5'-AMP 251
B-Nicotinamide adenine dinucleotide phosphate, oxidized B-NADP* 25
B-Nicotinamide mononucleotide, oxidized B-NMN* 45
Pyridoxal-5-phosphate P-5-P 278
Flavin mononucleotide FMN 116
Thiamine monophosphate ThMP 73
Cytidine 5'-monophosphate 5'-CMP 145
Glycerol-2-phosphate BGP 107

enzyme activity with substrate
“Relative activity = X 100
enzyme activity with CoA

®Determined from mean values of three or more separate experiments

uct within the GERL system; usually ameloblasts situated in
deeper regions of the tissue chopper section were more con-
sistently reactive than those at the outer edges (Figure 2).
Furthermore, there were cases where none of the ameloblasts
within the depth of the tissue chopper section appeared re-
active.

Figure 1. Structural formulas for
CoA, 3'-NADP’, and 3'-AMP. Note
that each molecule contains a mon-
oester phosphate group attached at the
3'-position to adenosine (arrowheads).
CoA derivatives (Table 2) have addi-
tional groups bonded to the thiol
group (SH) at the 'end' of the mole-
cule. The common form of NADP is
B-NADP’ (see Ref 36), which has the
monoester phosphate group attached
at the 2'-position rather than the 3'-
position as in 3'-NADP”

(l) OH
HO-ﬁ—OH

COENZYME A

(CoA)

Source of P, in the Lead Capture Reaction

The origin of the P, precipitated by lead ions within the GERL
system (Figures 2-4) was investigated by using dephospho-
CoA as a substrate in place of acetyl-CoA. Ameloblasts in-
cubated at pH 5.0 with dephospho-CoA showed some spotty
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Table 2.  Biochemical studies: Relative engzyme activity at pH

5.0 with various CoA derivatives as Substrate— Unfixed

enamel organs

Relative activity”’

Derivative using substrate at [0.25 mM]
CoA 100
Acetyl-CoA 93
Propionyl-CoA 111
Malonyl-CoA 121
Butyryl-CoA 108
Acetoacetyl-CoA 111
Crotonyl-CoA 103
Succinyl-CoA 93
Glutaryl-CoA 88
Glutathione-CoA 75
Lauroyl-CoA 101
Myrisroyl-CoA 36
Palmitoyl-CoA 43
Stearoyl-CoA 77
Arachidoyl-CoA 80
Oleoyl-CoA 16

aiation aciivity » enzyme activity with derivative x 100.

enzyme activity with CoA

‘Determined from mean values of three separate experiments.

Figures 2 and 3. Supranuclear region
of ameloblasts incubated for 1 hr at
pH 5.0 with 1 mM acetyl-CoA as sub-
strate; 0.3-um-thick sections; no grid
staining (bar = 1 ym in both electron
micrographs). Under low magnifica-
tion (Figure 2) reaction product ap-
pears selectively localized to small
granules (IG) within the core (C) of
the ameloblast Golgi apparatus
(A,—A,). Higher magnifications (Fig-
ure 3) reveal, however, that reaction
product is deposited not only within
granules (IG) but also within a network
of membranous channels (MO that
run between and interconnect the
granules along the inner aspect of the
Golgi saccules (GS) and across the core
(C) of the tubular Golgi apparatus.
These reactive structures (IG + MC)
constitute the GERL system in the am-
eloblast. Note also that lysosomal
dense bodies (DB) show few, or no,
deposits of reaction product (Figures
2, 3). Inset (outlined in black): 1-um-
thick Epon section of ameloblasts
stained with toluidine blue showing
the forming enamel layer (E), the
Tomes' process (TP), Golgi apparatus
(GA), nucleus (N), and mitochondrial
compartment (M) of the ameloblast,
and,-adjacent cells of the stratum in-
termedium layer (SI) (bar = 10 ym
in this light micrograph).
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deposits of reaction product scattered throughout the cyto-
plasm ofthe cell but little reaction product selectively localized
to the GERL system (Figure 5). Biochemical studies (Table
1) confirmed that enzyme activity toward dephospho-CoA in
homogenates of the enamel organ was only about 7% of the
gross amount detected with acetyl-CoA or CoA alone. Taken
together, these results indicated that removal ofthe monoester
phosphate group attached at the 3'-position on the CoA mol-
ecule (Figure 1) likely constituted the source for reaction prod-
uct visualized in Figures 2—4.

Specificity

The specificity of the GERL-associated phosphatase activity
for the CoA molecule was assessed by incubating ameloblasts
with four classes of structurally different substrates; that is, a)
with various CoA derivatives (e.g., crotonyl-CoA), b) with
molecules resembling CoA in size and configuration of the
monoester phosphate group (e.g., 3'-NADP"), ¢) with aden-
osine derivatives containing a phosphate group attached at the
3'-position (3'-AMP; 3', 5'-ADP; 3', 5'-cAMP), and d) with
other small molecules containing a single monoester phos-
phate group (e.g., 5'-AMP, SGP).




Figure 4. Golgi apparatus of amelo-
blasts incubated for 1 hr at pH. 5.0
with 1 mM acetyl-CoA as substrate;
0s0,-potassium ferrocyanide postfix-
ation; no grid staining (bar = 0.5 pm
for 4a-c). In the GERL system, the
granules (IG) sometimes appear to
contain heavier and more uniform de-
posits of reaction product compared
to the membranous channels (MC) (a
and b). Faint deposits of reaction prod-
uct are aso found within the lumens
of the Golgi saccules (S), but the out-
ermost saccules at the cis face (S)) is
usualy unreactive. Lysosomal dense
bodies (DB) are generaly unreactive
(b), but in some cases moderately
heavy deposits of reaction product are
occasiondly found within dense bod-
ies (DB), aswell aswithin the cisternae
of focal areas of the endoplasmic re-
ticulum (ER) (c). Note in these micro-
graphs that components of the GERL
system (IG, MC) appear closely ap-
posed and/or intertwined with foca
areas of the endoplasmic reticulum
within the core (a) and aong the trans
face (S5) (b) of the Golgi apparatus.
Note aso that some granules in the
core of the Golgi apparatus are un-
reactive (a, arrowheads).
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