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A trypsin-like enzyme has been partially purified from bovine adrenal chro- 
maffin granules through the us 
tion was able to generate 

qof affinity chromatography. 
met 

This enzyme preparg- 
-enkephalin from endogenous substrate(s). Met - 

enkephalin production was not inhibited by sulfhydryl reagents such as p-chloro- 
mercuriphenyl sulfonate nor stimulated by dithiothreitol, suggesting that this 
enzyme is not a lysosomal enzyme such as cathepsin B. Enzymatic activity was 
strongly inhibited by several trypsin inhibitors including soybean trypsin inhibi- 
tor, aprotinin, and diisopropylfluorophosphate. These results imply that this 
adrenal enkephalin-generating enzyme is a serine protease. 

INTRODUCTION 

The adrenal medulla has recently been shown to contain large quantities of 

high molecular weight forms of enkephalin (1-6). There is strong evidence to 

suggest that at least some of these high molecular weight enkephalin-like peptides 

represent precursors to met5- and leu5 -enkephalin. Recent studies suggest that 

adrenal met 5 -enkephalin can be secreted into the bloodstream (7,8); plasma levels 

of this peptide increase following splanchnic nerve stimulation (8). Since adrenal 

enkephalin-like peptides are concentrated in chromaffin granules (6,9), it is 

probable that the enzymes responsible for the conversion of high molecular weight 

enkephalin-like peptides to the pentapeptides are present within the granule. 

Tryptic digestion of many of the high molecular weight enkephalin-containing pep- 

tides is able to release free met*-enkephalin as well as arginine- and lysine- 

extended peptides (3). These results suggest that a trypsin-like enzyme may act to 

Abbreviations: TLCK, tosyl ly yl chloromethylk tone; 
FT tor; DTT, dithiothreitol; met -enk, 5 

STI, soybean trypsin inhibi- 
methionine -enkephalin; IR, immunoreactivity; 

DFP, diisopropylfluorophosphate; APLC, high pressure +iquie chromatography; PCMS, 
p-chloromercuriphenyl sulfonate; enk, enkephalin; arg met enk, arg-tyr-gly-gly- 
phe-met. 
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generate met5 -enkephalin in vivo. -- We have previously shown that a soluble protein 

fraction prepared from chromaffin granules contains the enzymatic activity and the 

substrate(s) required for the production of met5- and leu5-enkephalin (10,ll). 

This enzymatic activity was described as trypsin-like on the basis of the potent 

inhibition observed by trypsin inhibitors such as soybean trypsin inhibitor (STI) 

and aprotinin. In this report, we describe the partial purification of this enzyme 

and show that the partially purified enzyme retains the ability to produce met5- 

enkephalin from endogenous high molecular weight substrate(s). 

EXPERIMENTAL PROCEDURES 

Enzyme preparation 

Approximately fifty fresh bovine adrenal glands were obtained from a local 
slaughterhouse and kept chilled on ice until all the medullae were dissected. 
Chromaffin granules were prepared as described by Bartlett and Smith (12) and were 
lysed by freezing followed by thawing at 4'C in 5 ml of 5 mM Tris-HCl buffer, pH 
7.4. Following centrifugation at 59,360 x g for 1 hr, proteins in the clear 
supernatant were precipitated by the addition of ammonium sulfate to 75% satura- 
tion. The membranes were reextracted by homogenizing with an additional aliquot of 
buffer and subjected to another freeze-thaw cycle. Following centrifugation, 
proteins in the supernatant were again precipitated with ammonium sulfate. The 
ammonium sulfate precipitates were combined by dissolving in 4-5 ml of 50 mM Tris- 
HCl, pH 7.4, and dialyzed overnight against 4 liters of the same buffer at 0-4'C to 
remove ammonium sulfate and endogenous low molecular weight enkephalin-immunoreac- 
tive substances (10). The dialyzed material was centrifuged at 20816 x g for 20 
min to remove insoluble material and assayed for protein by the Lowry method (13). 
Typically, 70-100 mg protein were obtained from 50 adrenal glands. One to two 
hundred rag of protein were pumped through a 5.5 x 0.9 cm column of soybean trypsin 
inhibitor coupled to Sepharose-4B (Pierce Chemical Co.) at 0-4'C with a flow rate 
of 0.4 ml/min; 1.6 ml fractions were collected. The column was washed for approxi- 
mately one hour with 50 mM Tris-HCl, pH 7.4. The material retained on the column 
was then eluted with 0.25 M acetic acid, pH 3.0. The pH of this eluate was 
immediately raised to approximately 7 with 1 M Tris, and the protein-containing 
fractions were pooled and concentrated by ultrafiltration at 4'C through an Amicon 
dialysis unit containing a PM-10 filter. The retained material was washed by 
dilution with 50 mM Tris-HCl, reconcentrated, stored frozen in aliquots, and used 
as the enzyme source. The material that was not retained by the ST1 column was 
pooled and concentrated by the addition of ammonium sulfate to 75% saturation. The 
precipitate was dialyzed overnight at 4'C against 50 mM Tris-HCl, pH 7.4, and the 
protein concentration measured (15-20 mg/ml). This fraction was stored frozen in 
aliquots and used as the substrate for the production of enkephalin-IR peptides. 
The purity of the chromaffin granule preparation was assessed by using acid phos- 
phatase as a lysosomal marker (14); the granule pellet was found to contain 11% of 
the acid phosphatase activity recovered from the sucrose density gradient. Cathep- 
sin B activity of the soluble protein fraction applied to the ST1 column was 
measured by the method of Barrett (15) using Bz-arg-napthylamide as substrate. 
Hydrolyzing activity was found to be at the limit of detection of the assay (c 5 
nmol) even after a two-hour incubation of up to 600 ug protein. 

Enzyme assay 

The substrate fraction was heated at 95'C for 5 minutes before use to destroy 
possible enzymatic activity. Triplicate samples containing various amounts of 
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substrate and enzyme protein (as stated in table and figure legends) were incubated 
in a total volume of 100 lil of 0.1 M Tris-HCl, pH 7.5 at 37'C for l-3 hours. 
Control samples containing the same amounts of substrate and enzyme protein were 
not incubated but heated immediately at 100°C for 5 minutes; controls with heated 
enzyme as well as without enzyme were carried out. Incubations were terminated by 
heating in a boiling water bath for 5 minutes. The samples were then chilled in an 
ice bath, frozen, and lyophilized. Low molecular weight enkephalin-immunoreactive 
peptides were extracted from the lyophilized reaction mixtures by vortexing or 
brief sonication with 1 ml of absolute ethanol. Following centrifugation at 4810 x 
g for 30 minutes, 0.8 ml of the clear supernatant was removed. This procedure 
results in the selective extraction of low molecular weight enkephalin-IR peptides 
(10). Aliquots of the ethanol extract were dried under vacuum in a Speed-Vat 
concentrator and resuspended in radioimmunoassay buffer (0.10 M sodium phosphate, 
pH 7.4, containing 0.1% each of bovine serum albumin, sodium azide, and 2-mercapto- 
ethanol). Trypsin inhibitors were obtained from Sigma. 

Radioimmunoassay 

The met-enkephalin radioimm wassay5was carried out according to a previously 
published prfcedure (16) using [ I]met -enk and antiserum raised in this labora- 
tory to met -enkephalin-hemocyanin conjugate (17); the sensitivity of the assay 
was5approximately 50 fmol.l Thig antiserum exhibits total cross-reactivity with 
met -enk sulfoxide and arg -met -enk;6howe er, 

s the cross-reactivity to carboxyl 
terminal extended peptides such as arg -met -enk is extremely low (~0.5%). 

HPLC 

The dried ethanol extracts were dissolved in 350 pl of water containing 0.1% 
2-mercaptoethanol and 200 ~1 were applied to a 250 x 4 mm reverse phase BioSil ODS- 
10 column (Biorad) equilibrated with 34% methanol in 0.1% trifluoroacetic acid. 
The column was eluted at a flow rate of 1 ml/min and 1 ml fractions were collected. 
Following 35 minutes of isocratic elution, the methanol concentration was raised to 
60% in ten minutes and this concentration maintained for an additional ten minpes. 

f;$f;;;;r; a~~-~~~~n~=~~t~~e~~~i~~~~~~et~~en~bso~~u~~~n~t ,‘n’” nm 60f 

enk (Peninsula). In addition, 
f arg -ph?Lrn,? 

internal standards of [ H]lmet -enkephalin were 
also employed. Recovery of immunoreactivity, as estimated by the immunoreactivity 
in the sample applied to the column and the sum of the immunoreactive peaks eluted, 
was 80-100%. 

Table 1 

PURIFICATION OF ENKEPHALIN-GENERATING ENZYMATIC ACTIVITY 

Step Protein Specific Activity Total Activity Purification - Yield 
(mg) (pm01 mets-enk-IR (pmol mete-enk-IR (fold) 

generated& prot/hr) generated/hr) 

Granule 
preparation 110 106 11660 -- -- 

STI-Sepharose 0.24 21920 5220 207 45% 

Approximately 0.5 mg protein of granule preparation or 0.5 mg hea_ted substrate fraction + 
2.5 pg enzyme fraction were incubated in triplicate for 3 hrs at 37°C. Following termination 
of the reaction by boiling, low molecular weight enkephalin-IR peptides were extracted from 
the reaction mixtures using ethanol as described in the text. The mean value for control 
samples (reaction 

"5 
'xture heated immediately) was subtracted from the incubated samples to 

yield the total met -enk-IR generated. 
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Table 2 

RECONSTITUTION OF AFFINITY-PURIFIED ENZYME AND SUBSTRATEa 

Condition Control 

- 

Incubated Net Met5-Enk-IR 
Production 

Heated Substrate 9.7 4.1 0 

Enzyme 3.2 3.0 0 

Heated Substrate + 
Enzyme 11 100 a9 

?alues are expressed as pmol met' -enk equivalents/3 hr incubation 
period; 500 ug of heated substrate protein and 2.6 pg protein of enzyme 
preparation were used. 

RESULTS AND DISCUSSION 

The purification of enkephalin-IR-generating activity achieved by affinity 

chromatography on STI-Sepharose, approximately 200-fold, is shown in Table 1. The 

most important accomplishment of this step is the separation of enzymatic activity 

from substrate (Table 2). When aliauots of the heated substrate fraction were 
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1. Figure Reverse-phase HPLC of met5-enk-IR generated by enzyme preparation. 
Heated substrate (200 ug protein) was combined with 1.1 pig protein from the enzyme 
fraction and the mixture incubated for 1 hr at 37 C (shaded bars) or heated 
immediately (open bars). 
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Time (minutes) 

Figure 2. Time course of met5-enk-IR production by enzyme preparation. -, 
enzyme + heated substrate; A, substrate alone; A, enzyme alone; l , heated enzyme. 
Triplicate samples containing 0.5 mg heated substrate protein were incubated with 
the enzyme preparation (2.6 ug protein). 

incubated in the absence of enzyme, no low molecular weight enkephalin-immunoreac- 

tive materials were produced. Similarly, incubation of enzyme alone did not result 

in an increase of immunoassayable enkephalin. However, when material from the two 

peaks obtained from the affinity column were incubated together, a ten-fold in- 

crease in met5-enkephalin-IR was observed (Table 2). The immunoreactive material 

produced by the enzyme reaction was characterized by HPLC. As shown in Figure 1, 

immunoreactive peaks which were increased after incubation at 37'C for one hour 

included met5-enkephalin and a peak eluting in the position of argl-met 
6 -enkepha- 

lin; further characterization of this later-eluting peak was not performed. These 

results indicate that the partially purified enzyme preparation is able to generate 

met5-enkephalin from endogenous substrate(s). The enzyme preparation has little 

or no enkephalin-degrading activity; after a three hour incubation of [3H]met5-enk 

with the enzyme and substrate at 37'C, 88% of the radioactivity migrated at the 

position of met5-enkephalin on HPLC (data not shown). 

The time course of met5-enkephalin-IR production is shown in Figure 2. Enke- 

phalin-IR production reached a plateau at approximately 2 hours. A 60 minute 

incubation period was chosen to study the dependence of enkephalin production on 
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pg substrate protein 

Figure 3. Dependence of met5-enk-IR production on substrate concentration. 
Varyiv amounts of heated substrate and 1.7 ug enzyme were incubated in triplicate 
at 37 C for one hour; control samples were heated immediately. Results are 
expressed as the difference of the means of boiled and incubated samples; 
triplicates typically exhibited a variation of less than 15%. 

substrate concentration (Fig. 3). Under these conditions, enkephalin-IR produc- 

tion was maximal using 200 ng protein of the substrate fraction. The dependence of 

enkephalin-IR production on substrate concentration and incubation time are compa- 

tible with an enzymatic production of met5-enkephalin; the data given in Table 3 

provide further support for this suggestion. As orginally found using a protein 

fraction prepared from whole granule lysate (lo), ST1 was a highly potent inhibitor 

of enkephalin generation; at a concentration of 0.1 mg/ml, ST1 suppressed enkepha- 

lin-IR production by 80%. HPLC of reaction mixtures incubated in the presence of 

ST1 indicated inhibition of both the met5-enk as well as the later-eluting peak. 

Since the addition of PCMS and leupeptin failed to suppress enkephalin-IR produc- 

tion (Table 3), the enzymatic activity described here is not likely to be due to a 

lysosomal enzyme such as cathepsin B (14). The fact that the levels of Bz-arg- 

napthylamide hydrolyzing activity in the granule lysate were extremely low further 

supports this conclusion. Since complete inhibition was not obtained using TLCK 

(10s3M) and p-aminobenzamidine (10m3M), this enzyme probably is not identical to 
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Table 3 

INHIBITION OF MET*-ENKEPHALIN-IR PRODUCTIONa 

Substance Final Cone. I Control 

ST1 1 n&ml 0 

0.1 &ml 16.8 
Aprotinin 1 u&ml 22.6 

TLCK IttIM 60.0 

p-Aminobenzamidine 1DlM 80.9 

o-Phenanthroline 1IDM 87.4 
Leupeptin 1 ug/ml 89.8 

PCMS II&l 89.8 

Dithiothreitol 2mM 94.0 

Calcium 2mM 91.6 

Sodium 20 mM 98.8 

DFPb 1UlM 25.8 

a Triplicate samples containing 200 ug of heated substrate pro- 
tein and 1.7 pg of enzyme preparation were incubated for 60 
minutes; results are expressed as the percentage of immunoreac- 

b tive enkephalin generated in the absence of inhibitors. 
The enzyme preparation was preincubated with 5 mM DFP at 4'C for 
10 minutes before addition to the reaction mixture. 

trypsin (18,19). The inhibition observed in the presence of DFP indicates however 

that the enzyme falls into the class of serine proteases. 

Prohormone converting activity has recently been described in rat pituitary 

secretory granules (20) as well as secretory granules prepared from anglerfish 

pancreatic islets (21). Unlike the enzymatic activity reported here, these arginyl 

proteases appear to be thiol-dependent and are strongly inhibited by p-chloromer- 

curibenzoate and leupeptin (20,211. A protease specific for paired basic residues 

has been purified from pig pituitary glands (22). This enzyme exhibits some 

similarities to the enkephalin-generating activity described here in that it could 

be inhibited by DFP; however, partial inhibition by sulfhydryl reagents was also 

seen (22). It is of interest to note that similar paired-basic cleavage activity 

was observed in lysates prepared from beef anterior pituitary granules (22). 

The results of these experiments thus provide evidence for a novel trypsin- 

like medullary enzyme which is capable of producing met5-enkephalin from endoge- 

nous substrate(s). The existence of such an enzyme is further substantiated by a 

additional report describing the presence of trypsin-like enzymatic activity in 

bovine chromaffin granules (23). Previous workers have proposed a biosynthetic 
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pathway for met5-enkephalin involving first a trypsin-like cleavage to produce 

arginine- and lysine-extended met5-enkephalins, followed by carboxypeptidase B- 

like cleavage to yield free met 5-enkephalin (4,241. The results presented here 

indicate that at least in vitro, a portion of granule 5 met -enkephalin may be 

synthesized with only trypsin-like enzymatic activity. Whether this medullary 

trypsin-like enzyme operates in vivo to generate met5-enkephalin remains to be -- 

established; we are currently attempting to purify this enzyme and characterize its 

substrate(s) in an effort to answer this question. 
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