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Summary 

The formation of biologically active gastrin from glycine-extended processing inter- 
mediates occurs via the action of a peptide ~-amidating enzyme. The observation that 
gastrin exists primarily as unamidated precursors in the pituitary but as amidated gastrin 
in the antrum prompted these studies to examine whether the amidating enzymes in the 
two organs were different in their characteristics. Furthermore, the amidating enzyme 
in the stomach has not previously been characterized in extensive detail. Amidating 
activity was quantified by measuring the conversion of Tyr-Gly-Trp-Met-Asp-Phe-Gly 
(glycine-extended hexagastrin) to Tyr-Gly-Trp-Met-Asp-Phe-NH 2 (amidated hexa- 
gastrin) by radioimmunoassay. The activity of the antral enzyme in both the rat and hog 
had a similar apparent molecular weight (45,000-60,000), cofactor requirements 
(copper, ascorbic acid, and catalase), pH optima (5.5-8,5), and K m (12 #M) as the 
pituitary enzyme. These data suggest that antral and pituitary peptide ct-amidating 
enzymes are the same enzyme, thus it is unlikely that differences in amidating enzymes 
can account for the observed differences in the tissue specific processing of gastrin. 

Introduction 

The structure of gastrin is similar to numerous other polypeptides of the brain and 
gut, in that its carboxyl-terminal amino acid is amidated [ 1 ]. As with most amidated 
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peptides, the amide is an absolute requirement for biological activity [2]. The carboxyl 
terminal phenylalanine ofgastrin is extended by glycine in the structure ofprogastrin [3]. 
Using region-specific antisera, glycine-extended progastrin processing intermediates 
have been identified in antral G-cells as the immediate precursors of amidated 
gastrin [4]. However, there are apparent tissue-specific differences in the post- 
translational processing of gastrin in that pituitary gastrins exist mainly as large 
unamidated gastrin precursors while antral gastrin is mainly fully processed, amidated 
G-17 [5,6]. The peptide ~-amidating enzyme has been extensively characterized in the 
pituitary and is believed to be responsible for the amidation of gastrin [7-10]. In the 
present studies, we sought to characterize the amidation of gastrin in the antrum and 
to compare it to that found in the pituitary to determine if differences in antral amidating 
enzyme(s) could explain the tissue-specific differences in the post-translational process- 
ing of gastrin. 

Materials and Methods 

Preparation of tissue extracts 
Adult male Sprague-Dawley rats (250-300 g) were decapitated and their whole 

pituitaries and stomachs removed. The stomachs were incised, rinsed in 0.9~o NaC1, 
and the antral mucosa carefully scraped with a scalpel. Rat antral and pituitary tissues 
were sonicated in cold 50 mM Tris HCI (pH 7.0) and frozen at - 70 ° C. Frozen hog 
pituitaries purchased from Pel-Freeze Biologicals (Rogers, AR) and hog antra obtained 
from a local slaughterhouse were homogenized in cold 50 mM Tris HCt (pH 7.0) using 
a Polytron homogenizer and frozen at - 70 ° C. The sonicates and homogenates were 
subjected to three cycles of freeze-thawing to lyse secretory vesicles. The rat tissues were 
centrifuged at 40,000 g for 30 min and the hog tissues at 80,000 g for 60 rain in a 
Beckman Type 40 fixed angle rotor at 4 ° C. In order to separate the intrinsic amidated 
gastrin and gastrin precursors from amidating enzyme, the supernatants were partially 
purified on a 2.5 x 120 cm column of Sephadex G-100 (Pharmaeia, Piseataway, NJ), 
eluted with 50 mM Tris HCI (pH 7.0), and 9 ml fractions were collected. 

Enzyme assays 
To assay for amidating enzyme activity, the following peptides were synthesized by 

Peninsula Laboratories, Belmont, CA: Tyr-Gly-Trp-Met-Asp-Phe-NH 2 (G6) and 
Tyr-Gly-Trp-Met-Asp-Phe-Gly (G6-GIy). G6 corresponds to the amidated carboxyl- 
terminal hexapeptide of gastrin and G6-Gly corresponds to deamidated G6 extended 
by glycine. Amidating enzyme activity was quantified by measuring the generation of 
G6 by radioimmunoassay, utilizing G6-GIy as a substrate. G6 can be measured 
accurately by a standard gastrin radioimmunoassay using antibody 5135 (kindly pro- 
vided by R. Rosenquist) that is specific for the amidated carboxyl terminus of gastrin 
and cross-reacts with G6-gly less than 0.05~ (Fig. 1). Aliquots (100-500 #1) of the 
eluted column fractions were incubated at 37 °C with G6-gly (50 pmol), cupric sulfate 
(10- 6 M), ascorbic acid (10 - 3 M), and catalase (100 pg/ml, Sigma) at pH 7.0 for 3-5 h 
in a final volume of 800/~1. Control column samples were always run in parallel without 
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Fig. 1. Crossreactivity ofgastrin 17 ((3), hexagastrin (G6, I-q), and glycine-extended hexagastrin (G6-GIy, 
/x ) with antibody 5135 utilizing ]25I-Leu 15 gastrin" 17 as label. 

the substrate G6-Gly added and peptide ~-amidating enzyme-containing fractions were 
then pooled for further experiments. To obtain an accurate measure of reaction velocity 
for kinetic studies the crossreactivity of G6 was noted to be 4~o in the gastrin radio- 
immunoassay when using ~25I-Leu ] 5-gastrin- 17 as label and unlabeled Met 15_gastrin_ 17 
as standard (Fig. 1). G6-GIy was quantified using antibody 8237 as previously de- 
scribed [ 11 ]. 

The pooled amidation enzyme containing fractions after Sephadex chromatography 
were used to determine the optimal concentrations of Cu 2 +, ascorbic acid and catalase 
which were used in subsequent pH and kinetic experiments. In addition to the cofactors 
the following 150 mM buffers were added to the reactions to adjust the pH as follows: 
acetate (pH 4.0 and 4.5); Mes (pH 5.0, 5.5, 6.0 and 6.5); and Tris (pH 7.0, 7.5, 8.0, 8.5 
and 9.0). Since maximal reaction velocities often varied between preparations and 
between pituitary and antral tissues, results were expressed as percentage of maximal 
velocity in order to permit comparisons between preparations and tissues. Kinetic 
parameters were determined with optimal amounts of cofactors at pH 7.0 and with 
varying concentrations of substrate (0.5-100 #M). The kinetic reactions were per- 
formed in a final volume of 100 #1 at 37 °C for 3-5 h and stopped by the addition of 
100/A of 0.01 M EDTA. Km and Vma x were derived using Eadie-Hofstee plots and the 
best-fit equations were determined by the unweighted least-squares method. Protein 
concentrations for kinetic experiments were determined using the Bradford method 
(Bio-Rad, Richmond, CA) and the velocity results recorded as pmol G6 produced/mg 
protein/h. Samples for kinetic and pH experiments were assayed in duplicate at each 
pH/substrate concentration. All experiments were performed at least three times in the 
four tissues examined. 

Results 

Amidation activity was completely inhibited by boiling the protein (enzyme) contain- 
ing fractions for 15 min prior to incubation and no activity was observed in the absence 
of protein at any concentration of copper and/or ascorbic acid tested. These data 
confLrrn the enzymatic nature of the amidation process. To ensure that substantial 
degradation of either substrate (G6-GIy) or product (G6) did not occur, samples were 
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Fig. 2. Sephadex G-100 elution profile of hog pituitary (C)) and antral (['3) amidating activity. Vo: void 
.volume; Vt: salt peak; and BSA: elution position of bovine serum albumin. Similar elution profiles were 

obtained for the rat pituitary and antrum. too ~~ A 
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Fig. 3. Panel A demonstrates the effect of copper on amidating activity in the presence (O) and absence 
(©) of 10 - 3 M ascorbic acid and 100 #g/ml catalase. Panel B shows the effect of ascorbic acid on enzyme 
activity in the presence of 10 -~ M Cu 2~ and 100/~g/ml catalase. Panel C shows the effect of catalase on 
amidating activity in the presence of 10 -6 M Cu 2+ and 10- 3 M ascorbic acid. Panel D demonstrates the 
effect of pH on enzyme activity under optimal conditions (see text) for the hog pituitary. Error bars 

represent + S.E.M. All experiments were performed at pH 7.0 unless otherwise indicated. 
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also assayed for G6-GIy by radioimmunoassay using antibody 8237 which did not 
crossreact with G6 to any appreciable degree [ 11]. The recovered sum of G6-Gly and 
G6 was always greater than 85~ of the initial G6-Gly immunoreactivity. Amidating 
activity was linear with the amount of protein added and with time over the 3-5 h 
incubation period (data not shown). 

Amidation enzyme activity eluted from the Sephadex G-100 column in a broad peak 
with an apparent molecular weight of 45,000-60,000 in both the pituitary and antral 
tissues studied (Fig. 2). The separation of amidation enzyme activity from intrinsic 
gastrin and gastrin precursors was efficient in that there was no gastrin or G6-GIy 
immunoreactivity in the enzyme containing fractions. 

Amidating activity was then characterized in the pooled fractions and could be 
inhibited completely by the divalent cation chelators, diethyldithiocarbamate and 
EDTA. Cu 2+ increased the reaction velocity, although the optimal concentration 
(10 -6 M) varied between tissues and preparations in the presence of ascorbic acid 
(Fig. 3A). Cu + 2 also stimulated activity in the absence of ascorbic acid, but the optimal 
concentration (10 -4 M) was higher than in the presence of ascorbic acid (Fig. 3A). 
Although ascorbic acid increased the reaction velocity at optimal concentrations 
(10 - 3 M), it also inhibited the reaction at higher concentrations and amidating activity 
was noted in the absence of added ascorbic acid (Fig. 3B). Catalase increased the 
reaction velocity (optimal concentration 100 #g/ml) in the presence of ascorbic acid, but 
was also inhibitory at higher concentrations (Fig. 3C). Optimal cofactor concentrations 
were similar in all four tissues studied and were used for kinetic and pH experiments. 
The amidating enzyme was active across a wide pH range with two peaks of optimal 
activity noted at pH 5.5 and 7.0 in the rat and hog pituitary and rat antrum (Fig. 3D). 
The hog antrum exhibited consistently high levels of activity from pH 5.0 to 9.0 (data 
not shown). 

Amidating activity obeyed Michaelis-Menten kinetics (Fig. 4) and no differences in 
Km were observed in any of the four tissues studied although the Vmax was higher in 
the pituitary than the antrum when results were expressed as pmol G6 produced/mg 
protein/h (Table I). 

TABLE I 

Michaelis-Menten constants and maximum reaction velocity values in hog and rat pituitary and antrum 

Urn ~max 
(#M) (pmol G6 produced/rag protein/h) 

Rat antrum 10.2 45 
Hog antrum 15.0 63 
Rat pituitary 7.8 122 
Hog pituitary 14.3 204 
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Fig. 4. Typical plot of substrate concentration versus reaction velocity for the hog pituitary (upper panel) 
and the subsequent Eadie-Hofstee plot (lower panel) from which the K m and Vma x were derived. Similar 

plots were obtained in all four tissues examined (n > 3). 

Discussion 

The crucial importance of the amidation reaction for the activation of gastrin has been 
established in studies demonstrating the markedly reduced potency of G6-Gly in 
biological assays when compared to gastrin [ 12,13]. Although an enzyme capable of 
conducting this reaction in the pituitary has been extensively studied, the enzyme in the 
gastric antrum has not been characterized. Furthermore, since antral gastrin is mainly 
amidated and fully processed G-17 while in the pituitary gastrin exists mainly as large 
unamidated precursors [5,6], we hypothesized that there may be tissue specific dif- 
ferences in the peptide ~-amidating enzyme which could account for the observed 
differences in gastrin post-translational processing. Our studies indicate that antral 
amidating activity is quite similar to pituitary amidating activity in both the hog and rat. 
The antral enzyme eluted from Sephadex G-100 in the same broad peak (molecular 
weight: 45,000-60,000) as that found in the pituitary, suggesting that the antral and 
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pituitary enzymes were of similar molecular weight. This is consistent with the approxi- 
mate molecular weight found by other investigators in a variety of tissues [7,9,10,14], 
although the antral enzyme has been reported by one investigator [ 15] to be much larger 
(200,000). Antral and pituitary amidating enzymes were also quite similar with respect 
to their cofactor optima. As with the pituitary enzyme, antral amidating activity was 
enhanced by the presence of ascorbic acid and catalase, although both substances could 
inhibit activity at higher concentrations. Amidating activity was also noted in the 
absence of either ascorbic acid or catalase in all four tissues studied indicating that the 
requirements of the enzyme for these cofactors was not absolute in our partially purified 
preparation. In contrast, the activity of both the pituitary and antral enzymes was 
completely inhibited by EDTA and diethyldithiocarbamate, suggesting that a divalent 
cation was essential for optimal activity. Indeed, optimal concentrations of Cu 2+ 
enhanced enzyme activity in all four tissues studied in the presence or absence of 
ascorbic acid. As noted by others [ 16], we detected minor differences in the optimal 
copper concentrations between preparations and tissues. These differences probably do 
not reflect intrinsic differences between enzymes of the various tissues, but may reflect 
differences in endogenous enzyme inhibitors, copper chelators encountered in the 
partial purification process, or changes in the purity of the water used. 

Enzyme activity exhibited a broad pH optimum in all four tissues studied, with two 
peaks of activity (pH 5.5 and 7.0) in the rat antrum, rat pituitary and the hog pituitary. 
The hog antrum exhibited amidating activity across a broad pH range from 5.0 to 9.0. 
It is of great interest to note that amidating activity was present at pH 5.5 since it is 
believed that amidation occurs in the intracytoplasmic secretory vesicle where the pH 
is approximately 5.5 [ 17,18]. On the other hand, amidating activity has been detected 
in serum and cerebral spinal fluid [19,20] as well, where the pH optima of 7.0 could 
provide some level of advantage. Although the finding of two distinct peaks of enzyme 
activity may reflect two pH optima of a single enzyme it may also reflect two molecular 
forms of the enzyme with a similar molecular weight. 

Enzyme activity obeyed Michaelis-Menten kinetics in all four tissues studied and the 
K m for the gastrin precursor G6-Gly was similar in the pituitary and the antrum 
suggesting that the antral and pituitary amidating enzymes had the same affinity for 
G6-Gly under the optimal conditions studied. Furthermore, the K m for the pituitary 
enzyme using G6-GIy as a substrate was similar to the published K m of approximately 
9/~M for D-Tyr-Val-Gly in the rat anterior pituitary in the presence of ascorbic acid and 
catalase [21]. When expressed as pmol G6 produced/mg protein/h, the Vma x for the 
pituitary enzyme was greater than that of the antral enzyme. This difference could be 
accounted for by the presence of less enzyme/mg protein in the antrum than in the 
pituitary, although an intrinsic difference in the antral and pituitary enzymes cannot be 
excluded on this basis alone. Previous studies of the amidating enzyme in the pituitary 
have utilized synthetic tripeptides such as, D-Tyr-Val-Gly or D-Tyr-Phe-Gly [7,8,22], 
or the TRH precursor, pGlu-His-Pro-Gly [23] as substrates, however for our studies 
we felt that a natural substrate for the gastric enzyme, G6-GIy would be more appro- 
priate. Moreover, the ability to study the reaction by radioimmunoassay has greatly 
improved the sensitivity of the enzyme assay. Our studies demonstrate that the amida- 
tion of gastrin in the pituitary and antrum is quite similar to the amidation of other 
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peptide substrates in the pituitary with respect to cofactor and pH optima, as well as 
K m, regardless of the substrate utilized. 

It is of note that to measure peptide ~-amidating activity we utilized for our substrate 
the synthetic peptide Tyr-Gly-Trp-Met-Asp-Phe-Gly in contrast to the smaller tri- 
peptide substrates used by other investigators [7,8,22]. In light of the reported wide 
distribution of enkephalinase and other endopeptidases which could potentially degrade 
our substrate [23,24], we were gratified to note that the substrate was stable for 3-5 h 
under the conditions of study. We presume that this resulted from the fact that we 
partially purified our enzyme preparation prior to assaying its activity, Moreover, we 
utilized a cytosol-derived fraction for our enzyme source instead of the membranous 
fraction from which endopeptidases are usually extracted [25]. The extraordinary 
advantage that we gained from the use of our substrate was that the product could be 
quantified by radioimmunoassay to levels as low as 1 fmol/ml. 

In conclusion, we have shown that pituitary and antral amidating activities in the hog 
and rat are similar with respect to apparent molecular weight, copper and ascorbic acid 
dependence, enhancement with catalase, pH optima, and Km. Furthermore, these 
characteristics are similar or identical to those previously described in the pituitary and 
thyroid [26] and suggest that the antral amidating enzyme may be the same as pituitary 
enzyme. It is therefore unlikely that the observed tissue-specific differences in the 
post-translational processing of gastrin can be explained solely by differences in 
amidating enzymes, although further studies to elucidate the structure of antral amidating 
enzyme will be necessary to confirm this hypothesis. Other possible mechanisms for the 
tissue specific differences in the post-translational processing of gastrin include differ- 
ences in tissue concentrations of cofactors and differences in the activity of the 
processing enzymes responsible for generating glycine-extended processing inter- 
mediates from progastrin. These possibilities are currently under investigation. 
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