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Analogues of NADP'

C.E. SMITH

Quebec, Canada H3A 2B2

The effects of altering the molecular structure of nicotin-
amide adenine dinucleotide phosphate (NADP) on enzy-
matic hydrolysis of the monoester phosphate group was
examined at pH 5.0 in rat incisor ameloblasts using eight
analogues of the oxidized form of the beta-isomer of
NADP (B-NADP") modified in either the nicotinamide
or adenine regions, or at the site for attachment of the
monoester phosphate group to the molecule. Biochemical
studies with whole homogenates of unfixed enamel organs
revealed that the Michaelis-Menten constant (X,,) and the
maximum rate of dephosphorylation (V,,, ) were different
for these analogues relative to values estimated with f-
NADP" as substrate. For example, the K, value was 3-
fold higher and the ¥, value was lower by about'/, with
the reduced form of the molecule as substrate. The K|,
value was about 2-fold higher but the V value was about
the same with an analogue lacking the nicotinamide group
as substrate, while both the K, and the V, __values were

about 2-fold higher with an analogue containing an eth-

Introduction

Numerous biochemical studies have shown that changes in the
position or in the nature of chemical groups attached to nic-
otinamide adenine dinucleotide (NAD) can alter profoundly
the ability of enzymes to bind and to utilize this molecule as
cosubstrate in oxidation/reduction reactions (1,3,10,17,18,
20,21,26,32,34,42,45,55 and others). A typical example of
this effect is illustrated by NAD-specific isocitrate dehydro-
genase (E.C. 1.1.1.41) from bovine heart, which will not accept
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ylene group covalently linked to adenine as substrate. In
contrast, the K, value was markedly reduced (1/15) and
the V, _value was elevated (4-fold) using an analogue as
substrate which contained the phosphate group attached
at the 3'-position (3'-NADP"), rather than the 2'-position
asin 3-NADP " and other analogues. Cytochemical studies
with glutaraldehyde-fixed enamel organs revealed that
reaction product from hydrolysis of 3-NADP " and other
analogues containing the phosphate group attached at the
natural 2'-position was localized within the intermediate
saccules of the ameloblast Golgi apparatus. Reaction prod-
uct from hydrolysis of 3'-NADP", however, was localized
at a different site, that is, within granules and membranous
connections of the GERL system in the cell. Hence, 3'-
NADP" was not hydrolyzed by NADPase but by another
enzyme tentatively identified as Coenzyme A phosphatase.
KEY WORDS: Enamel organ; Ameloblasts; NADP; Golgi appa-
ratus; Acid phosphatase; Phosphomonoesterase; Substrate
specificity; Cytochemistry; Rat.

NAD if 1) the purine ring in adenine is covalently bonded to
an oxygen group rather than the usual amine group (i.e., in-
osine) or 2) a phosphate group is attached to the molecule
(i.e., NADP) (13,16,45).

Selectivity toward the molecular configuration of NAD has
also been demonstrated for NAD kinase (E.C. 2.7.1.23), the
enzyme that converts NAD to nicotinamide adenosine dinu-
cleotide phosphate (NADP) (4,11,57). In most species, cy-
toplasmic NAD kinase catalyzes the phosphorylation of oxi-
dized NAD, that is, it forms oxidized NADP from oxidized
NAD and adenosine triphosphate (ATP) (4,7,8,11,41,57).
However, a NAD kinase (E.C. 2.7.1.86) that specifically con-
verts reduced NAD to reduced NADP has been identified in
yeast mitochondria (4,22).

The purpose of this study was to investigate whether se-
lectivity toward the molecular configuration of the pyridine
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nucleotides also applies to the dephosphorylation of NADP
by NADPase, an acid-dependent enzyme isolated and partially
characterized by Jacob and Sontag (28) from the cytoplasm of
plants and recently localized by cytochemical techniques to
the intermediate saccules of the Golgi apparatus in secretory
ameloblasts of the rat incisor (49) and in spermatids of rat
testis (35). The results of this study are of interest since they
provide biochemical evidence that changes in the molecular
structure of NADP can alter NADPase activity. Furthermore,
this investigation has revealed a cytochemical method that
results in selective staining of the GERL system in the ame-
loblast. This technique offers an alternative approach to meth-
ods that are presently available for distinguishing the GERL
system from the Golgi saccules (23,24,40).

Materials and Methods

A total of 73 male Sprague-Dawley rats weighing 166+9 g was used
in this investigation.

Biochemical Sudies

Tissue preparation. Rats were anesthetized with ether and killed
by decapitation. The mandibular jaws were removed, cleaned of ad-
hering soft tissues, and placed in 0.1 M sodium cacodylate buffer, pH
7.4, containing 4% sucrose (w/v) (CS buffer) at 4°C (51). Working
at 4°C under a stereoscopic microscope in a petri dish filled with CS
buffer, the bony plate covering the labia side of each incisor was
removed with a dental chisel, and the large venous channels under-
neath this plate were teased gently from the labial connective tissue
layer with fine forceps. The portion of the enamel organ comprising
the secretory stage of amelogenesis (59), and adhering connective
tissue layer, was pulled from the enamel surface, blotted lightly on
#50 Whatman filter paper, and placed in a chilled Dounce-type glass
homogenizer tube that contained a 0.25 M sucrose solution. The
amount of tissue required for the enzyme assay was generally 2 enamel
organ specimens (from 2 mandibular incisors) per ml of the sucrose
solution.

Pooled enamel organ specimens were homogenized at 4°C by
making 60 strokes with a tight-fitting glass pestle. Homogenates were
kept at 4°C for 1 hr, then warmed to room temperature just prior to
the enzyme assay.

Enzyme assay. The enzyme assays were generally in progress
within 2 hr of decapitating the rats. Enzyme activity in the homoge-
nates was determined at pH 5.0 and at 37°C in disposible culture
tubes containing the following components:

0.25 M sodium acetate buffer, pH 5.0 0.1 ml
distilled water 0.1 ml
homogenate 0.2 ml
substrate stock solution 0.1 ml
final volume reaction mixture 0.5 ml

Care was taken to vortex the homogenizer tube before dispensing
each aliquot of the unfractionated homogenate.

One of the substrates listed in Table 2 was used for any given
experiment. Substrates were purchased as a sodium salt, or they were
converted to a sodium salt (2'-AMP, Ado) by adding 0.4 ml of 0.1
N sodium hydroxide to the weighed powder before preparing the

substrate stock solution. The substrates were dissolved and/or diluted
in 0.25 M sodium acetate buffer (pH 5.0), and the pH of al substrate
stock solutions was checked and adjusted to pH 5.0, as necessary,
prior to making the reaction mixture.

Experiments consisted of varying either &) the molecular structure
of the substrate (Figure 1, Table 2), b) the concentration of substrate
in the reaction mixture (Figure 2), or c) the length of the incubation
time at fixed concentrations of substrate (data not shown). Appropriate
controls were also included with each experiment in order to correct
the results for background contamination of homogenate and substrate
by free orthophosphate (P) (51). These controls were prepared by
substituting distilled water for substrate and homogenate, respectively,
in the reaction mixture.

Following incubation, the tubes were removed from a reciprocal
shaker water bath and placed in an ice bath. The reaction was stopped
by adding 0.5 ml of 10% trichloroacetic acid (w/v) to each tube. The
tubes were centrifuged for 10 min at 1,000 X g and at 4°C. The tubes
were warmed to room temperature and the concentration of P, in the
supernatant was determined by the procedure of Ames and Dubin
(2) using sodium phosphate monobasic (NaH,PO,-H,0) as standard.
The amount of protein in the homogenates was estimated by means
of the Bio-Rad protein assay kit using bovine serum albumin as stand-
ard.

In the Ames and Dubin procedure, a flocculent precipitate often
formed when the color reagent was added to aliquots of supernatant
taken from tubes where NADP (or an analogue) was used as substrate
above 4 mM final concentration. In most cases the precipitate spon-
taneously dissolved during differentiation of the color reaction at 45°C
(2). Any precipitates that remained thereafter were removed by cen-
trifugation at 1,000 x gfor 5 min at room temperature before making
optical density readings in a spectrophotometer. Control experiments
indicated that the intensity of the color reaction remained proportional
to the concentration of free P, in the supernatant even though some
of the color reagent was lost presumably from complexing with excess
free substrate (data not shown).

Enzyme activity was expressed as nanomoles of P, released per
microgram of protein in the homogenate per hour of incubation (nmol
P./ug protein/hr). The reproducibility of the dissection technique as
well as the assay procedure is examined in Table 1.

Cytochemical Sudies

Tissue preparation. Rats were anesthetized by intraperitoneal
injection of chloral hydrate (0.4 mg/g body weight) and perfused via
the ascending aorta with a solution containing 2.5% glutaraldehyde
(viv) and 0.05% calcium chloride (w/v) in 0.1 M sodium cacodylate
buffer, pH 7.3. The perfusion was done at room temperature for
about 15 min at adrip rate of 25 ml fixative/min. The mandibular jaws
were removed, cleaned of adhering soft tissues, and immersed in fresh
fixative for an additional 2 hr at 4°C. After fixation, the jaws were
washed for about 6 hr at 4°C in frequent changes of CS buffer. The
bony plate covering the enamel organ along the labia side of each
incisor was removed, and the jaws were placed in gauze bags and
suspended in an aqueous solution of 4.13% ethylenebis-oxyethylene-
nitrilo-tetraacetic acid (EGTA) (w/v), pH 7.2, for 5 days at 4°C under
continuous agitation. The partially decalcified jaw specimens were
removed from the EGTA and washed for 2 days at 4°C in frequent
changes of CS buffer. The portion of the intact enamel organ com-
prising the secretory stage of amelogenesis (59) was dissected together
with the enamel layer from the labial surface of each tooth (31). The
isolated enamel organ specimens were embedded in a 7% agar solution
(w/iv) and sectioned along their anterior/posterior length at 75 pm
thickness on a Sorvall TC-2 tissue chopper.
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Incubation procedure. The tissue chopper sections were washed
several times in cold CS buffer and rinsed for about 40 min at room
temperature in frequent changes of 0.1 M sodium acetate buffer, pH
5.0, containing 6% sucrose (w/v) (AS buffer). Sections were then
incubated for 1 hr at 37°C under agitation in a medium prepared as
follows using one of the substrates listed in Table 4 for any given
experiment:

substrate 1 mM (final concentration)
distilled water 10 ml
0.1 M sodium acetate buffer, 10 ml
pH 5
sucrose 1.25 g (4%)

0.02 M lead acetate (0.76%) 5 ml (4 mM final concentration)
Components were added to the medium in the order listed, and the
lead acetate was added slowly after the substrate and sucrose had
dissolved completely. In cases where P-5-P was used as substrate, 0.63
g of dextran (80,000 molecular weight) (2%) was used instead of the
sucrose (15). All substrates were utilized as a sodium salt (purchased
as such or converted to a sodium salt with sodium hydroxide). The
pH ofthe complete medium was checked and adjusted to pH 5.0, as
necessary, and the medium was filtered through 2 sheets of #50
Whatman paper prior to incubation.

Incubation media generally remained stable following addition of
the lead acetate, but massive precipitates formed when 2',5'-ADP or
2'-AMP were used as substrate. In each case the precipitates could
be dissolved by lowering the pH of the medium with a few drops of
concentrated hydrochloric acid. The pH of a medium containing 2'-
AMP as substrate could then be gradually elevated to pH 5.0 with 1
N sodium hydroxide without further precipitation. However, with
2',5'-ADP as the substrate, a precipitate-free medium was impossible
above pH 3.9. Hence, the results listed in Table 4 for 2',5'-ADP are
based on incubations carried out at pH 3.9 instead of pH 5.0 as with
all other substrates.

Controls consisted of incubating tissue chopper sections in dupli-
cate media prepared a) without a substrate or b) with a molecule
lacking a monoester phosphate group as substrate (e.g., NAD was a
control for NADP, ADP-ribose the control for ATP-ribose, and Ado
the control for AMP, Tables 2 and 4).

Processing of tissue for electron microscopy. After incubation,
the tissue chopper sections were washed for about 30 min in frequent
changes of AS buffer and rinsed for about 30 min in frequent changes
of CS buffer at room temperature. They were then treated for 1 min
with a 1% solution of ammonium sulfide (v/v) in CS buffer, washed
thoroughly in several changes of CS buffer, and postfixed for 1 hr at
4°C in an aqueous solution of 1% OsO, and 1.5% potassium ferro-
cyanide (w/v) (33). The sections were dehydrated in graded alcohol
and propylene oxide, and embedded in Epon 812. Thin sections were
cut on a Reichert Omu4 ultramicrotome and examined without grid
staining in a Seimens 101 electron microscope.

Estimating optical density of lead deposits. For each substrate
listed in Table 3 a total of 10 randomly selected fields were photo-
graphed at x16,000 magnification using thin sections cut at about 60
nm thickness from two or more tissue blocks. Following exposure and
development under similar conditions, each negative was placed in a
Durst point-source enlarger and projected at x3 magnification (x
48,000 final magnification; identical to the prints shown in Figure 4).
Several optical density readings ("Densichron”, Sargent-Welch Sci-
entific Co.; 5 mm diameter access aperture) were taken over "reactive”
structures (e.g., intermediate Golgi saccules) as well as over "unreac-
tive" structures (e.g., saccule at cis face of the Golgi apparatus), and
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these data were pooled to calculate a single mean value for optical
density at reactive and unreactive sites in each negative. The mean
values determined in each of the 10 negatives was then pooled to
calculate one final mean for optical density at reactive and unreactive
sites. The optical density of lead deposits at reactive sites was consid-
ered to represent the difference between these two final means.

Suppliers

Glutaraldehyde and osmium tetroxide were obtained from J.B. EM
Services Inc., Montreal, Canada; all substrates, sodium cacodylate, and
bovine serum albumin from the Sigma Chemical Co., St. Louis, MO;
lead acetate ("Suprapur") from BDH Chemicals, Toronto, Canada;
the Bio-Rad protein assay kit from Bio-Rad Laboratories, Mississauga,
Canada. All other chemicals were purchased from Fisher Scientific
Co. Ltd., Montreal, Canada.

Results

Biochemical Studies

Enzyme activity toward f-NADP” in homogenates of
the enamel organ. Hydrolysis of P, from B-NADP" was
detected at pH 5.0 in unfractionated homogenates of the en-
amel organ (Tables 1 and 2, Figure 1). Enzyme activity toward
B-NADP" was about 10-fold greater than the amount ob-
served with B-NAD" as substrate (Table 2), and between 2-
and 15-fold less than the amount observed with other, smaller
molecules such asB-NMN", 2' 5'-ADP, 5'-AMP, 2'-AMP,
P-5-P, or SGP as substrate. Lineweaver-Burk plots (Figure 2)
indicated that both the maximum rate of dephosphorylation
(V...) and the Michaelis-Menten constant (K,) for 5-NADP"
were lower than for smaller molecules such as 2'-AMP or
SGP (Figure 2; Tables 1 and 2).

Enzyme activity toward analogues of S-NADP".
Structural modifications within the nicotinamide, adenine,
or phosphate regions of 5-NADP" (Figure 1) resulted in no-
ticeable alterations in enzyme activity (Table 2, Figure 2). The
rate of dephosphorylation was higher with a-NADP", Thio-
NADP", or Etheno-NADP" as substrate, lower with
NADPH, APADP", or 2',3"-cyclic NADP" as substrate, but
relatively unchanged with Deamino-NADP" or ATP-Ribose
as substrate (Table 2; relative activity or relative V). The
apparent K, value, however, was higher with NADPH,
APADP’, Deamino-NADP", Etheno-NADP", or ATP-ri-
bose as substrate, and slightly lower with a-NADP" or Thio-
NADP" as substrate (Table 2; K,). The most profound
changes in kinetic parameters (V,, and K,) were observed
with 3'-NADP" as substrate (Table 2; Figure 2). This molecule
was hydrolyzed at a 4-fold faster rate, but the K, value was
about 15-fold lower compared to B-NADP" (Table 2).

Cytochemical Studies

Distribution of reaction product in ameloblasts with
analogues S-NADP" as substrate. Specimens incubated
with a-NADP", NADPH, Thio-NADP", APADP", Deam-
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Table 1. Biochemical studies: Reproducibility of method for determining enzyme activity at pH 5.0 in unfixed enamel organs
(secretory stage of amelogenesis) using B- NADP" as substrate

Enzyme activity at pH
5.0 using B-NADP* at:

Vmax and Ky for hydrolysis
of B-NADP* estimated from
Lineweaver-Burk plots’

Number Body Number of ug Protein V max
of rats weight* enamel organs in 0.1 ml of {1 mM} {4 mM} (nmol P/ug Kn
Experiment used (8) taken homogenate (nmol P,/ug protein/hr) protein/hr) (mM)
1 4 154+4 8 21 0125 0180 0210 07
2 4 1767 8 25 0121 0196 0238 06
3 4 1644 8 23 0152 0202 0227 05
4 4 174+6 8 26 0135 0184 0200 05
5 4 170+3 8 25 0215 0290 0333 05
6 4 176+5 8 28 0 140 0205 0233 06
7 4 170+3 8 29 0139 0179 0200 04
Total 28 56
Mean * standard error 170%2 25=*1 01470012 0205+0015 0234+0017 05+004

“Mean + standard deviation
*Illustrated 1n Figure 2

Table 2. Summary of biochemical studies (pH 5.0): Relative enzyme activity, V.

m

o and K, with various substrates — Unfixed

Enamel Organs
Kinetic data‘
Relative activity® Relative Ky
Substrate® Abbreviation using substrate at {1 mM} Vomax® (mM)
GROUP 1
B-Nicotinamide adenine dinucleotide, oxidized B-NAD* 01 ND* ND
Adenosine 5’'-diphosphoribose ADP-Ribose 02 ND ND
Adenosine Ado 0 ND ND
GROUP 2A
B-Nicotinamide adenine dinucleotude phosphate, oxidized B-NADP* 1 1 05
a-Nicotinamide adenine dinucleotide phosphate, oxidized a-NADP* 18 15 04
B-Nicotinamide adenine dinucleotide phosphate, reduced NADPH 04 07 16
B-Thionicotinamide adenine dinucleotide phosphate, oxidized Thio-NADP* 20 16 03
B-3-Acetylpyridine adenine dinucleotide phosphate, oxidized APADP* 07 08 09
GROUP 2B
B-Nicotinamide hypoxanthine dinucleotide phosphate, oxidized Deamino-NADP* 10 11 07
B-Nicounamuide 1,N%etheno-adenine dinucleotide phosphate,
oxidized Etheno-NADP* 16 19 12
GROUP 2C
B-Nicotinamide adenine dinucleoude 2',3’-cyclic
monophosphate, oxidized 2',3'-Cyclic NADP* 05 ' ND ND
B-Nicotinamide adenine dinucleotide 3'-phosphate, oxidized 3'-NADP* 49 44 003
GROUP 3
2'-Monophospho-adenosine 5'-diphosphoribose ATP-Ribose 09 12 12
B-Nicotinamide mononucleotide, oxidized B-NMN* 19 84 68
a-Nicotinamide mononucleotide, oxidized a-NMN* 46 124 34
B-Nicotunamide mononucleotide, reduced B-NMNH 74 124 13
Adenosine-5'-monophosphate 5'-AMP 99 112 09
D-Ribose-5-phosphate R-5-P 60 154 32
Adenosine 2',5'-diphosphate 2',5'-ADP 145 ND ND
GROUP 4
Adenosine 2'-monophosphate 2'-AMP 122 147 08
Adenosine 2’,3'-cyclic monophosphate 2',3"-cAMP 19 ND ND
Adenosine 3'-monophosphate 3'-AMP 155 159 04
GROUP 5
Pyridoxal-5-phosphate P-5-P 109 127 08
Glycerol-2-phosphate BGP 42 94 25

“GROUP 1 Lack the monoester phosphate group present in NADP, ATP-Ribose, and AMP respectively

GROUP 2 Natural or synthetic analogues of B-NADP* altered 1n the (A) nicounamide, (B) adenine, or (C) phosphate region of the molecule

GROUP 3 Portions of NADP molecule

GROUP 4 Contain a monoester phosphate group attached to adenosine as in NADP, 2',3'-cyclic NADP, and 3'-NADP, respectively

GROUP 5 Other phosphorylated molecules
enzyme activity detected with substrate

‘Relative activity =
¥ enzyme activity detected with B-NADP*

‘Obtained from Lineweaver-Burk plots (Figure 2)
V max fOr substrate
Rel = i DL SUSTETE
clauve V Ve for BNADP"
‘ND = not determined
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Figure 1. Structural formulas for some of the high
molecular weight (a) and low molecular weight (b)
substrates used in this study: (a) 3-NADP" and ana-
logues; (b) "portions" of the NADP molecule. The
drawing at the top left corner illustrates the arrange-
ment of groups in the oxidized form (+) of the natural
beta-isomer of NADP (3-NADP"); the pyridine ring
of the nicotinamide group projects "above" the plane
of ribose, and the monoester phosphate group (arrow)
is attached at the 2'-position on ribose in the adenosine
region of the molecule. The boxed area (top middle)
illustrates modifications in the nicotinamide (A), ad-
enine (B), or phosphate (C) region of the molecule

SMITH

ATP-Ribose

HO—P—0—CH, O

H

0\’ /O !') OH
0? ™ on "O_E_M
2,3-Cyclic NADF" 3-NADF

represented by various analogues. For example, De-
amino-NADP" has the same structure as 5-NADP",
but the purine ring in the adenosine region contains
a hydroxyl group rather than the usual amine group.
ATP-Ribose (top right corner) does not contain a nic-
otinamide group. P-5-P (boxed area, lower right cor-
ner), a different coenzyme involved in transamination
reactions, was used as a "control" substrate since this
molecule contains a pyridine ring as part of its molec-
ular structure. Names of the substrates are listed in
Table 2.

ino-NADP", Etheno-NADP", 2'3'-cyclic NADP", or ATP-
ribose as substrate showed reaction product selectively local-
ized within the intermediate saccules of the Golgi apparatus
in ameloblasts, as observed using S-NADP " as substrate (Fig-
ures 3-5; Tables 3 and 4). Quantitative measurements (Table
3) indicated that the average optical density of lead deposits
formed within the intermediate Golgi saccules was slightly
higher with Thio-NADP" orEtheno-NADP" assubstrate and
slightly lower with a-NADP", NADPH or Deamino-NADP"
as substrate, but these differences were not significant com-
pared to f-NADP"'. The density of deposits formed within
the intermediate Golgi saccules ofameloblasts incubated with
2'3'-cyclic NADP" or ATP-ribose was, however, about '/z
the amount observed with B-NADP" as substrate (Table 3;
Figures 4, 5). Furthermore, ameloblasts incubated with ATP-
ribose showed no significant difference in the average density
of deposits formed within the intermediate Golgi saccules
compared to elements of the GERL system (Table 3; Figure
5). Light deposits of reaction product also were sometimes
observed within the cisternae of the endoplasmic reticulum
(Figure 5) and an occasional secretory granule within the core
of Tomes' process (Table 4, ATP-ribose).

Distribution of reaction product in ameloblasts with
3'-NADP" as substrate. incubated with 3'-
NADP" showed little reaction product associated with the
intermediate Golgi saccules (Figure 6; Tables 3 and 4). Re-
action product instead selectively stained the granules and the

Specimens

LN on

AN cu.—o—e.o
| o
cily ~wF

membranous connections ofthe GERL system (Figure 6; Table
3). Some light deposits of reaction product were also seen
within an occasional lysosomal dense body and within a few
secretory granules in the core of Tomes' process (Table 4).
Traces of reaction product were sometimes seen within the

Figure 2. Comparison by Lineweaver-Burk plots (double reciprocal
plots) of enzyme activity (Uv) toward B-NADP™ (e), 3'-NADP*
(m), 2'-AMP (A), and BGP (¥) at pH 5.0 in unfractionated homog-
enates of the enamel organ at various concentrations of substrate (1/
[sD. Vmax = Y-intercept™!; Ky = X-intercept™'.

10

B-NADP*
L]

s BGP

17v (nmol P, /pg protein/hr)”
(-]
'\

3-NaDP* .
o a— o awp
A
/‘—-I'—'fb‘—. . - . " N
-4 -2 o 2 4 6 8

17[8) (mm)™
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cisternae of the endoplasmic reticulum and the nucleus as well
(Table 4, 3'-NADP").

Distribution of reaction product in ameloblasts with
low molecular weight molecules as substrate. Specimens
incubated with 3-NMN*, a-NMN", 5'-AMP, R-5-P, 2',5'-
ADP, 2'-AMP, 2',3'-cAMP, 3'-AMP, P-5-P, or BGP as sub-
strate showed reaction product localized at many sites through-
out the cell (Figures 7-10; Table 4). In general, the heaviest
and most homogeneous deposits were seen within lysosomal
dense bodies and within the granules and the membranous

Figure 3. Supranuclear region of ameloblasts incubated for 1 hr at
pH 5.0 with 1 mM B-NADP™ as substrate; no grid staining. Bar =
0.5 ym in (a) and = 0.25 ym in (b). The micrograph in (a) is rep-
resentative of the distribution of reaction product observed in ame-
loblasts with most NADP analogues as substrate (Figure 4). Heavy
deposits of reaction product stain two or three of the saccules (GS)
in the wall of the tubular Golgi apparatus. Light deposits of reaction
product are occasionally seen in the innermost saccule toward the core
of the Golgi apparatus, developing granules (IG), as well as focal areas
of the GERL system (not shown well in this figure). Most lysosomal
dense bodies (DB) are unreactive but a few, such as the one shown
in (b), sometimes contain uniform, light deposits of reaction product.
The plasma membrane (PM), endoplasmic reticulum (ER), and cy-
toplasm are unreactive. Inset (outlined in black): 1 um thick Epon
section from a routine preparation of ameloblasts stained with tolui-
dine blue showing the tall, columnar ameloblasts in relation to the
forming enamel layer (E) and the cuboidal cells of the adjacent stratum
intermedium layer (SI). The Tomes' process (TP), Golgi apparatus
(GA), nucleus (N), and mitochondrial compartment (M) of the ame-
loblast are indicated (Bar =10 gm).

connections of the GERL system (Figures 7—10; Table 4).
Heavy deposits of reaction product were also seen within se-
cretory granules, tubular structures, and multivesicular bodies
in the core of Tomes' process (Figure 7; Table 4). Spotty
deposits of reaction product were usually seen within the Golgi
saccules (Figures 7—9; Table 4), but ameloblasts incubated
with 3'-AMP, P-5-P or BGP showed heavy deposits of reaction
product throughout the Golgi saccules (Figure 10; Table 4).
Spotty deposits of reaction product were also seen within the
cisternae ofthe endoplasmic reticulum as well as in the nucleus
(Figures 7—10; Table 4), and cytoplasmic deposits poorly lo-
calized to any structure were consistently observed in this
material (Table 4). As illustrated in Table 4, ameloblasts ap-
peared to show the greatest reactivity at all sites with 3'-AMP
as substrate and the least reactivity with S-NMN "' or 2',3'-
cAMP as substrate (at 1 mM concentration).

Controls. Sections incubated in media lacking a substrate
showed no deposits of reaction product. Specimens incubated
with B-NAD" or ADP-ribose as substrate showed some light
deposits of reaction product within lysosomal dense bodies
and, less consistently, at other sites within the cell (Table 4,
ADP-ribose).

Discussion

The results of this study have supported three conclusions
reached in a previous investigation (49). First, secretory ame-
loblasts contain a NADPase activity that could hydrolyze in-
tracellular NADP to NAD at acid pH. Second, most of the
NADPase activity in the cell is situated within the intermediate
saccules of the Golgi apparatus. Third, the oxidized form of
NADP (B-NADP") likely constitutes the preferred, natural
substrate for this enzyme. This study has further shown that
structural changes in the nicotinamide and adenine regions of
NADP can alter the saturation constant (K,,) and rate of hy-
drolysis (V,,.)) of NADP by NADPase. Moreover, NADPase

max

will not accept NADP as a substrate if the monoester phos-
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phate group is attached at the 3'-position, rather than the
natural 2'-position, on the molecule.

Crude homogenates ofthe enamel organ provided the most
convenient solution to the problem of working with a tissue
that is tedious to isolate and where only small amounts of
material can be obtained from any given animal. While not
ideal, this approach proved reproducible (Table 1) and it was
possible to detect gross, as well as subtle, differences in K,
and V,,,
molecules (Table 2). However, it should be noted that the
homogenates were not "pure” preparations ofameloblasts but

values for enzymatic dephosphorylation of different

contained a percentage of enzymes, presumed to be small,
derived from other epithelial cell layers of the enamel organ
as well as from mesenchymal cells in the peripheral labial
connective tissue layer (59). Some of these cells, in particular
the stratum intermedium and stellate reticulum cells and the
fibroblasts, showed NADPase activity in Golgi saccules as well
as hydrolytic activity toward most of the substrates examined
in this study. Furthermore, it should be kept in mind that the
K, and V,

max

values in Table 2 do not represent "absolute”
values, but they represent "average" values for all enzymes
that were capable of hydrolyzing the substrate in a specific
and nonspecific manner.

Based on the data in Tables 2, 3, and 4, it appears likely
that at least six different enzyme activities were monitored in
this study. They include: 1) NADPase, presumed responsible
for hydrolyzing the monoester phosphate group in 3-NADP"
and in all analogues, including ATP-ribose, where this phos-
phate group was attached at the 2'-position (28,49); 2) nu-
cleotide pyrophatase (E.C. 3.6.1.9) and/or NAD pyrophos-
phatase (E.C. 3.6.1.22), presumed responsible for hydrolyzing
some of the pyrophosphate bridges in 8-NAD", 3-NADP",
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ADP-ribose, and ATP-ribose (thereby producing S-NMN ",
5'-AMP, R-5-P, or 2',5'-ADP) (25,39,58); 3) 2',3"-cyclic nu-
cleotide 3'-phosphodiesterase (E.C. 3.1.4.37) and/or 2',3'-
cyclic nucleotide 2'-phosphodiesterase (E.C. 3.1.4.16), pre-
sumed responsible for hydrolyzing one of the two diester
bonds in 2',3'-cAMP and 2',3'-Cyclic NADP" (thereby pro-
ducing 2'-AMP or 3'-AMP, and 8-NADP" or 3'-NADP")
(19,36,38,52,54); 4) acid nucleotidase (E.C. 3.1.3.31), pre-
sumed responsible for hydrolyzing the monoester phosphate
group in 2'-AMP, 3'-AMP, 5'-AMP, 2',5'-ADP, and proba-
bly, to some extent, most of the other low molecular weight
molecules used in this study (9,56); 5) acid phosphatase (E.C.
3.1.3.2), presumed responsible for hydrolyzing the monoester
phosphate group in SGP, P-5-P, NM N (all forms), and prob-
ably to some extent AMP (all forms) as well (5,6,14,15,27,
32,53); and 6) an enzyme, tentatively identified as Coenzyme
A phosphatase, presumed responsible for hydrolyzing the
monoester phosphate group in 3'-NADP" (50). While de-
tailed discussions of these enzyme activities are beyond the
scope of this report, it is noteworthy that the amount of nu-
cleotide pyrophosphatase activity and 2',3'-cyclic nucleotide
phosphodiesterase activity in the enamel organ homogenates
was small compared to the others. As well, higher rates of
dephosphorylation for a-NMN" and NM NH compared to
B-NMN", and for 3'-AMP compared to 2'-AMP, 5'-AMP,
R-5-P, and BGP (Table 2) have been reported by investigators
in other tissues (27,32,56). The K, value for S-NADP" of
between 0.4 to 0.7 mM (Table 1) and the finding ofa 30 to
50% reduction in relative activity toward NADPH compared
to S-NADP" (Table 2) are also consistent with observations
reported byJacob and Sontag (28) for NADPase activity ("2'-
nucleotidase”) isolated from the cytoplasm of H. brasilensis.

Table 3. Cytochemical studies: Relative amount of reaction product formed within Golgi saccules and the GERL system of ameloblasts
(secretory stage) at pH 5.0 with various substrates—Quantitative evaluation



