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A post-proline endopeptidase (EC 3.4.21.26) was isolated from pig kidneys using a modified
method described earlier. The enzyme was further purified by ion exchange chromatography
on DEAE-Sephacel. The final product contained about 959 of post-proline endopeptidase.
The enzyme molecule consisted of one peptide chain with a relative molecular mass of 65 600 to
70 000, containing a large proportion of acidic and alifatic amino acids (glutamic acid, aspartic
acid and leucine) and the N-terminus was formed by aspartic acid or asparagine. In order to pre-
vent losses of enzyme activity, thiol compounds had to be added.

*“Proline-specific endopeptidases” (EC 3.4.21.26) are serine proteases with a high degree of speci-
ficity for catalysing the hydrolysis of the peptide bond between a proline residue, localised inside
a peptide chain, and the following amino acid. In the course of the first decade since the dis-
covery of the endopeptidase in the human uterus’, the enzyme has been found in other tissues
of many vertebrate species and even in some strains of bacteria (c/f. reviewz).

Nowadays, attention is mainly paid to the possible involvement of post-proline endopeptidase
in the catabolism of proline-containing peptide hormones. For instance, it has been reported
that bradykinin (Argl-Proz-Pr03-Gly4-PheS-Ser6-Pro7-Phc8-Arg9)* is inactivated in the rabbit
brain‘*; a proline-specific enzyme splits the bond between Pro” and Phe® and also, though at a lo-
wer rate, the bond between Pro> and Gly4. Thyroliberin (< Glu-His-Pro-NH,) is inactivated
in the bovine brain’® by specific deamidation of the C-terminal proline amide. A comparison
was made of enzymes that were isolated from different tissues of the same animal species(’.
The possible role of the enzyme in lung physiology and pathology was also investigated7. Most
post-proline endopeptidases catalysed the hydrolysis of peptide bonds between proline and the
following amino acid residue when localised inside a peptide chain, regardless of the type of amino
acids in the vicinity of the hydrolyzed peptide bond. Only one exception has been described
so far, i.e. a post-proline endopeptidase from bovine brain® that catalysed the hydrolysis of peptide
bonds after a proline residue only if a basic amino acid (such as histidine, lysine or arginine)
preceded proline in the peptide chain.

In our previous communications®-!® we presented a method for purifying post-pro-
line endopeptidase from pig kidneys and described some properties of the isolated

* The nomenclature and symbols are in accordance with the published recommendation®.
All optically active amino acids are of L-configuration. Additional abbreviations used: dansyl,
5-dimethylaminophthalene-1-sulfonyl; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylen-
diaminetetraacetate; DTT, dithiothreitol, B-ME, 2-mercaptoethanol.
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enzyme. In the present paper we report on some further physico-chemical properties
of the enzyme.

EXPERIMENTAL

Material

Sephadex G-25 was purchased from Pharmacia (Uppsala, Sweden); the same firm kindly supplied
us with a sample of DEAE-Sephacel. DEAE-Cellulose DE 32 was from Whatman (Mainstone,
England). Fast Garnet GBC salt (diazotized o-aminoazotoluene) was purchased from Fluka AG
(Buchs, Switzerland) as Echtgranatsalz GBC; dansyl chloride was obtained from the same
firm. Triton X-100 was purchased from Serva (Heidelberg, Germany), and polyamide layer
sheets from BDH (Poole, England). Benzyloxycarbonylglycyl-proline 2-naphthylamide was
synthetized as published elsewhere®, benzyloxycarbonylglycyl-proline 4-nitranilide was prepared
according to Yoshimoto and coworkers'!.

Methods

Purification procedure. The purification of the enzyme was performed by methods described
earlier®!®, with some modifications. The following buffer (A) was used in all the purification
steps: Na-phosphate, pH 65, 20 mmol 1~ !, containing EDTA, 2 mmol1~!, and B-ME, 2 mmol .
.17 1. All the purification steps were performed at 4°C, unless stated otherwise. Centrifugations
were carried out at 10 000g and 4°C for 30 min.

Combined acetone— ammonium sulphate precipitation. The homogenate of pig kidneysin bufferA
(30% w/v) was centrifuged and to the clear supernatant, cooled acetone (— 15°C) in an amount
resulting in 409, of acetone in the mixture was gradually added while constantly stirring and cool-
ing. The precipitate was removed by centrifugation and discarded and solid ammonium sulphate
was added to the supernatant, reaching 80% of saturation of the aqueous phase. After 1 h of inten-
sive stirring at room temperature, the precipitate formed was collected by centrifugation and
extracted with a solution of EDTA and B-ME, both 2 mmoll1~! in water. The clear extract was
then dialysed against buffer A.

Ion exchange chromatography on DEAE-Cellulose. The dialysed preparation (about 200 ml,
containing approximately 5 g of proteins) was applied on a coluran (3-2 X 20 cm) of DEAE-Cel-
lulose, equilibrated with buffer A. The column was washed with 400 ml of buffer A and the pro-
teins that remained adsorbed were eluted with 100 ml of buffer A, containing 0-1 mol1~! NaCl,
at a flow rate of 150 mlh~!. The combined active fractions were dialysed against a solution
of EDTA and B-ME, both 2 mmol 1~ ! in water and freeze-dried.

Ion exchange chromatography on DEAE-Sephacel. The freeze-dried enzyme (50— 500 mg
dissolved in 10— 30 ml of water) was applied on a column of DEAE-Sephacel (2 X 15 cm) equi-
librated with buffer A. The column was washed with 100 ml of buffer A and the proteins that
remained adsorbed were eluted by means of a linear concentration gradient of sodium chloride
(0—0-25 mol l_l) in buffer A (2 X 250 ml) at a flow rate of 30 ml h~!. The combined active
fractions were dialysed twice for 16 h against 11 of a solution of EDTA (1 mmoll") and B-ME
(2 mmol 171y in water and freeze-dried. The dry enzyme was stored at 4°C without loss of activity
for three months.

Rechromatography on DEAE-Sephacel was done under the same conditions as had been used
during the first ion exchange chromatography on DEAE-Sephacel.
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Enzyme assays. Two synthetic substrates were used for measuring the activity of post-proline
endopeptidase: benzyloxycarbonylglycyl-proline 2-naphthylamide and benzyloxycarbonylglycyl-
-proline 4-nitranilide.

1) Benzyloxycarbonylglycyl-proline 2-napthylamide: The incubation mixture (1 ml) con-
tained Na-phosphate buffer (20 mmoll~!, pH 7-0), benzyloxycarbonylglycyl-proline 2-naph-
thylamide (250 umoll_l), 15% dimethyl sulphoxide and 0—20 pkat of enzyme activity. The
incubation was carried out for 0—40 min at 30°C and was terminated by adding 1 ml of a 0-1%
solution of Fast Garnet GBC salt in Na-acetate buffer, pH 4-0, 1 mol1™', containing 10%;
of Triton X-100. After standing at room temperature for 30 min, the volume of the incubation
mixture was adjusted by adding 1 ml of water and the absorbance of the samples was measured
at 525 nm. The amount of 2-naphthylamine released was read from the calibration plot.

2) Benzyloxycarbonylglycyl-proline 4-nitranilide. The incubation mixture (4 ml) contained
Na-phosphate buffer (20 mmoll1~!, pH 7-5), benzyloxycarbonylglycyl-proline 4-nitranilide
(250 pnol l"), 15% dimethyl sulphoxide and 0— 100 pkat of enzyme activity. The incubation
was carried out at 30°C and the absorbance of the mixture was measured at 406 nm at intervals
of 0— 80 min. The amount of 4-nitraniline released was calculated from the absorbance values,
assuming that e, = 9 600.

In both cases the reaction rate was calculated from the curve constructed from the time course
of product concentration. Enzyme activity, measured in the assay system specified above, was
expressed in pkat, in accordance with the recommendation’2.

Electrophoresis in polyacrylamide gel. The purity of the enzyme preparation was checked
by means of polyacrylamide gel electrophoresis in discontinuous buffer systems: at pH 9-5
according to the method of Davis'3, at pH 8:0 according to Williams and Reisfeld!# and at pH 3-8
according to Reisfeld and coworkers'®. When the electrophoresis was run at pH 8:0 in the
presence of EDTA (1 mmoll~ 1)and DTT (I mmoll~ ') in the electrophoretic buffers, the enzyme
activity could be detected directly in the gels as follows: The gels were incubated for 15 min
in a reaction mixture containing Na-phosphate buffer (pH 7-0, 20 mmol | _‘), benzyloxycarbonyl-
glycyl-proline 2-naphthylamide (0-5 mmoll™'), 30% dimethyl sulphoxide, and then stained
in a solution containing 0-1%; Fast Garnet GBC, 109, Triton X-100 and Na-acetate buffer (pH 4-0,
1 moll1™ 1) for 1 h at room temperature.

Determination of protein concentration was performed according to the method of Lowry
and coworkersl6, or according to Bradford!7, using bovine serum albumin as a standard. In the
course of column chromatography, the protein concentration in the eluted fractions was estimated
by measuring the absorbance at 280 nm, assuming that e}:{’o = 10.

The relative molecular mass of the enzyme was estimated by means of gel electrophoresis
in the presence of sodium dodecyl sulphate according to the method of Weber and Osborn!®
and Neville'®. For the same purpose, pore-gradient gel electrophoresis, according to the methods
of O’Farrel12? and Margolis and Kenrick?! , was also used.

Ultracentrifugation analysis. Sedimentation velocity analysis was performed on a Spinco
Model E ultracentrifuge equipped with a schlieren optical system at 59 780 revolutions per
minute. The enzyme concentration was 0-5 and 1-0%,.

Sedimentation equilibrium studies were performed using the same device at 23 150 revolutions
per minute and a 0-03% enzyme solution. The relative molecular mass was calculated from sedi-

mentation equilibrium data according to the method of Yphantis®?, assuming a partial specific
volume v = 0-73.
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Amino acid analysis. Samples were hydrolysed in the sealed tubes under N, at 110°C with
6 mol 1~ HCl for 20 and 70 h and analysed in a Spinco-Beckman Model 120 amino acid analyser.
Cysteine was estimated as cysteic acid after oxidation of the sample by performic acid?3. Cor-
rections were made for the destruction of serine and threonine.

The N-terminal amino acid was determined by the dansylation method in a modification
suitable for proteins as described by Hartley?*. Dansyl-amino acids were identified by thin-
-layer chromatography on polyamide sheets?>.

Effect of thiol compounds on the activity of post-proline endopeptidase. Benzyloxycarbonyl-
glycyl-proline 4-nitranilide was used as a substrate and the enzyme activity was assayed as de-
scribed under “Enzyme assays’’, except that the enzyme was desalted on a column of Sephadex
G-25 before the assay and phosphate buffer was not used. Instead, the following buffers (20 mmol .
.17y were used in the preparation of the reaction mixtures: Tris-maleate, pH 65, Tris-maleate,
pH 7-5, Tris-HCI, pH 8-5. Cysteine or DTT were present in the incubation mixtures in a con-
centration of 1, 10, 100, and 1 000 pmol1~ %,

RESULTS

Purification procedure. The method employed for the isolation of post-proline endo-
peptidase from pig kidneys was described in the Methods. During the first three steps,
i.e. the extractions of proteins from the tissue, followed by precipitation with acetone
and ammonium sulphate, a significant portion of the inactive proteins was removed.
The resulting enzyme preparation had 20 times higher specific activity than that
of the tissue extract. Further purification was performed by applying two ion ex-
change chromatography procedures. Chromatography on a column of DEAE-Cel-
lulose performed by stepwise elution was followed by chromatography on DEAE-
-Sephacel, using a linear gradient of ionic strength. The specific activity of the resulting
enzyme preparation was about 280 times higher than that of the crude extract. This
preparation was used for the estimation of the properties of the enzyme. However,
the active enzyme was not stable enough, especially in solution, and was gradually
digested, probably owing to autolysis?®. The elution profile of the repeated ion ex-
change chromatography of the enzyme preparation on DEAE-Sephacel is shown
in the Fig. 1.

Properties of the enzyme. The progress in the purification of the enzyme was
checked by means of polyacrylamide gel electrophoresis. Fig. 2 documents the distri-
bution of the protein bands in gels after electrophoresis (for details, see Methods).
Post-proline endopeptidase activity was present in the widest protein band. On the
basis of this finding, we assumed that the final enzyme preparation contained more
than 95%; of post-proline endopeptidase. The relative molecular mass of post-proline
endopeptidase was 67 000 when estimated by electrophoresis in the presence of sodium
dodecy! sulphate and 70 000 when established by pore-gradient gel electrophoresis.
These results led us to conclude that the enzyme is not composed of subunits.
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Sedimentation analysis. The relative molecular mass calculated from results
of sedimentation analysis was 65 600 which accords well with the above-mentioned
results. The sedimentation constant s3, ,, equalled 4-25 in a 1% solution and 4-35
in a 0-5%; solution of enzyme.

The results of amino acid analysis are presented in Table I. The dansylation
method proved that the N-terminal amino acid is either aspartic acid or asparagine.

The effect of organic solvents on the activity of post-proline endopeptidase.
An organic solvent had to be added to the incubation mixture, in order to achieve
the required concentrations of the synthetic substrates, both of which were only
poorly soluble in water. A comparison was therefore made of the influence of the
solvents used, e.g. 109, dimethyl sulphoxide and 109, dimethylformamide, on the
activity of the enzyme. Under the same conditions, the enzyme activity was about
three times higher in the presence of 10% dimethyl sulphoxide than in the presence
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Chromatography of the enzyme on DEAE-
-Sephacel. 4 Protein content, absorbance
at 280 nm (O); B elution volume (ml);
C enzyme activity determined by method 2.,
absorbance at 406 nm (®); D conductivity
of the fractions (mS). For details, see text

Discontinuous electrophoresis in polyécryl-
amide gel. A Active protein fraction obtained
by combined precipitation with acetone and
ammonium sulphate; B enzyme preparation
obtained by chromatography on DEAE-Cel-
lulose; C enzyme preparation obtained
by chromatography on DEAE-Sephacel.
Electrophoresis was carried out at 4 mA
per gel for 2 h, using a discontinuous buffer
system according to Davis’ 2 (pH 9-5)
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of 10°, dimethylformamide. Dimethyl sulfoxide was therefore used in all the other
incubation experiments.

The effect of thiol compounds on the activity of post-proline endopeptidase.
The enzyme activity was assayed in the presence of different concentrations (0, 1, 10,
100, 1 000 pmol 17') of cysteine or dithiothreitol. The presence of cysteine at the
given concentrations in the pH range of 6:5—8:5 did not affect enzyme activity.
At pH 65, dithiothreitol at the given concentrations was also without influence.
By contrast, at pH value of 7-5 and 85, dithiothreitol at concentrations of 100 and
1000 pmol 1™ remarkably increased the rate of benzyloxycarbonylglycyl-proline
4-nitroanilide hydrolysis.

DISCUSSION

The method for the isolation of post-proline endopeptidase from pig kidneys pre-
sented in this communication differs from the previously published method®. The

TABLE 1
Amino acid composition of post-proline endopeptidase from pig kidneys. Mean values from six
mcasurements; corrections were made for 9-46% water content. The figures in brackets give
the number cf amino acid residues expressed in the nearest whole integer

Amino acid residues

Amino acid .
(mol per 66 000 g protein)

Aspartic acid (asparagine) 44-4 (44)
Threonine 229 (23)
Serine 23-2(23)
Glutamic acid (glutamine) 672 (67)
Proline 30-2 (30)
Glycine 19:1 (19)
Alanine 412 (41)
Cysteine 249 (25)
Valine 28-0 (28)
Methionine 1-8 (2)
Isoleucine 18-7 (19)
Leucine 506 (51)
Tyrosine 18-1 (18)
Phenylalanine 23-4 (23)
Histidine 17-5(17)
Lysine 42:8 (43)
Arginine 23-0 (23)
Tryptophan n.d.?

4 Not determined.
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finding that the enzyme is easily dissolved in aqueous solutions of acetone made
it possible to remove the major part of inactive proteins by precipitation with acetone
and ammonium sulphate in the first stages of the purification proccdure!®. This
yielded 909 of the active enzyme and increased its specific activity 0 times. Ion
exchange chromatography using modified cellulose produced better results than the
formerly used purification on DEAE-Sephadex. Ion exchange chromatography
usually yielded more than 1009 of enzyme activity. Similar results have already
been described and explained to be due to the removal of a hypothetical inhibitor that
is present in the tissue extract?’. Results of analytic electrophoresis indicate that
our final product contains about 95%; of post-proline endopeptidase.

Assuming this to be so, then the total yield of the enzyme would be remarkably
higher than the yields obtained by other methods used so far for the isolation of post-
proline endopeptidase from other animal sources. The total degree of purification
is lower than that given by other authors. In one of our previous papers®, we con-
sidered the possibility that the values of the degree of purification in the individual
steps of the procedure could be influenced by the fact that the enzyme activity was
assayed using an unspecific substrate. In our present work we used benzyloxycarbo-
nylglycyl-proline 2-naphthylamide, a sufficiently specific substrate for hydrolysis
by post-proline endopeptidase. As expected, the values of the degree of purification
measured in this way were about three times higher than the results of the previous
experiments using benzyloxycarbonylglycyl-prolyl-leucyl-glycinamide as substrate®.
We must also consider the possibility that a part of the thiol groups of the enzyme,
necessary for its activity, might be oxidised or otherwise modified in the course
of the isolation of the enzyme. Thus, a portion of the enzyme in the final enzyme
preparation might be in inactive form which we are unable to detect by the methods
used.

The relative molecular mass of post-proline endopeptidase from various sour-
ces?#+5:6:8 was found to be in the range of 66 000— 77 000. The values that we ob-
tained for post-proline endopeptidase from pig kidneys (67 000, 70 000, and 65 600)
agree well with the data published on post-proline endopeptidase from other sources.
The molecule of post-proline endopeptidase contains a relatively large number
of leucine and dicarboxylic acids, as documented by the results of amino acid ana-
lysis. To our knowledge, no results have been published on the amino acid composi-
tion of post-proline endopeptidase obtained from other sources. However, the pl
values of post-proline endopeptidases from other sources?**®:® are in the range
of 4-:5—4-9. These findings seem to indicate that the enzyme contains a large portion
of acidic amino acids.

The hydrolytic activity of the enzyme was assayed in the presence of thiol com-
pounds. The results indicate that the molecule of post-proline endopeptidase con-
tains a thiol group which is necessary for the hydrolytic activity of the enzyme.
Although the effect of the presence of cysteine and dithiothreitol on the enzyme
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activity differed (dithiothreitol increased the activity, whereas cysteine did not),
both compounds had the same ability to protect the thiol group of the enzyme
against oxidation. The role of the thiol group of the post-proline endopeptidase
molecule in the catalytic action of the enzyme and its interaction with the disulphide
bridge of some substrates (e.g. neurohypophysial hormones) is being investigated.

We wish to express our gratitude to Dr L. Polgdr, Institute of Enzymology, Hungarian

Academy of Sciences, Budapest, for his kind concern and original suggestions in the course of the
preparation of the manuscript.
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