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Abstract

The purified dipeptidyl aminopeptidase from goat brain showed several characteristics similar to DPP-III although it
possesses a dissimilar molecular weight and different inhibition behavior. The enzyme was found to be inhibited by
metallochelators and thiol inhibitors which could be reversed by introducing metals and thiols, respectively. The enzyme
activity is also significantly affected by DMSO and ethanol. It was found to be highly sensitive to even very low concentration
of urea. The inhibitory potency of several dipeptides and bioactive peptides on this enzyme was investigated to characterize
its active site. The highest potency was observed for the dipeptides having aromatic and bulky side chains such as Phe-Met,
Leu-Arg, Met-Arg, Trp-Met and Leu-Trp.

Keywords: Dipepridyl aminopepridase, metallo enzyme, goat brain, Arg-Arg-4-methoxy-B-naphthylamide, DPEB thiol

enzyme, inhibition

Introduction

Dipeptidyl peptidase III (DPP-III) is an aminopeptidase
which was first reported in bovine pituitary gland [1]
and later purified from several mammalian tissues [2].
The enzyme is a metallo protease having an optimum
pH of 8-10 and specifically hydrolyzes Arg-Arg from
the N-termini of dipeptidyl arylamides and oligopep-
tides. Though involvement of DPP-III in physiological
processes is not well understood it is thought to be
involved in the breakdown of oligopeptides like Leu
and Met-enkephalin [3], angiotensin II or a-melano-
cyte stimulating hormone («-MSH) [4].

Recently, we purified and characterized DPP
from goat brain, which like DPP-III (EC 3.4.14.4)
removes N-terminal dipeptides from Arginyl-Arginyl-
4-methoxy-B-napthylamide (Arg-Arg-4mBNA) at pH
8.5. The enzyme has a pl of 4.5 and a calculated
molecular weight of 70kDa. Our studies revealed
enzyme inhibition by metallochelators and thiol
inhibitors [2]. In the present study, we have further

characterized the DPP-III from goat brain. We found
that the enzyme activity is affected by metal ions and
thiol reagents. The effects of several peptides have
been studied and it has been found that the enzyme
displayed micromolar affinity for enkephalins. It
appears that the enzyme might play a physiological
role in regulating enkephalin disposition.

Materials and methods
Materials

Phe-Met, Pro-Arg, His-Lys, Ser-Met, Pro-Phe,
Pro-Glu, Leu-Trp, Leu-Arg, Asp-Ala, Phe-Leu, His-
Leu, Arg-Phe, Trp-Met, His-Phe, Arg-Val, Gly-Glu,
Phe-Ala, Met-Arg, Lys-Ala, Val-Tyr, Tyr-Ile, Tyr-Gly,
His-Pro, Gly-Phe, Phe-Arg, Arg-Trp, Trp-Met, Asp-
Phe-NH,, enkephalin, Leu-enkephalin (Tyr-Gly-Gly-
Phe-Leu), Gly-Phe-Leu, Met enkephalin (Tyr-Gly-
Gly-Phe-Met), Gly-Arg and Arginyl-Arginyl-4meth-
oxy-B-naphthylamide (Arg-Arg-4mBNA) were from
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Bachem Feinchemikalien Co., Budendorf, Germany.
Dithioerythreitol (DTE), dithiothreitol (DTT), glu-
tathione, 5,5'-dithiobis-(2-nitrobenzoic  acid)
(DTNB), p-aminophenyl mercuric acetate and o-
phenanthroline were all from Sigma Chemical Co., St.
Louis, MO, USA. Ethylene diaminetetraacetic acid
(EDTA) and Tris-HCI were from HiMedia Chemical
Company, Bombay.

Methods

Purification and assay of DPP. DPP was purified
and assayed as described by Dhanda et al [2]. Arg-
Arg-4mBNA was used as substrate in assay buffer
(Tris-HCI, 50 mM, pH 8.5, containing 100 mM NaCl
and 1 mM B-mercaptoethanol (3-ME)). One unit of
enzyme activity was defined as the amount of enzyme
that liberated one nanomole of 4mBNA from the
substrate per minute under assay conditions.

Effect of different thiol compounds. In order to explore
the role of thiol in enzyme catalysis, the effect of
different thiol compounds (DTE, DTT, cysteine,
glutathione, thioglycolic acid and B-ME) on enzyme
activity was studied. The enzyme was preincubated
with each thiol compound in assay buffer (3-ME was
not added to the assay buffer for these experiments)
at 37°C for 10min. The reaction was initiated
by addition of 150 wM of substrate. The activity
is expressed as the percent activity compared to
the control.

Reversal of DTNB inhibition by thiol compounds.
As earlier reported [2], DPP-III from goat brain is
inactivated by reaction with 2.5 mM DTNB. After
extensive dialysis for 24h against Tris-HCI buffer
(50 mM, pH 7.0), the reversibility of inhibition was
measured in the presence of reducing agents as done
for thiol compounds.

Effect of different metal ions. The influence of various
divalent metal ions (Fe?™, Mn?", Co?", Zn?™",
Ca®*, Cu®*,Ni* T and Mg® ™) on enzyme activity was
studied by addition of the appropriate chloride salts
except FeSO, for Fe? *. The enzyme was preincubated
in all cases with the appropriate salts in assay buffer at
37°C for 10 min. The reaction was started by addition
of 150 wM of substrate and the activity is expressed as
the percent activity of the control.

Reversal of o-phenanthroline inhibition by different
metal itons. Reactivation of enzyme activity from
o-phenanthroline-inactivated DPP-III was measured
under the following conditions. Enzyme treated with
2.5mM o-phenanthroline for 10 min was extensively
dialysed against Tris-HCI buffer (50 mM, pH 7.0) and

then assayed in the presence of different metal ions as
done previously to study the effect of different metal
ions and activity was expressed as percentage of
control. Li", K" and Hg?" were studied at one
concentration and the effect of some metal ions was
studied in the presence of another metal and also in
the presence of EDTA.

Effect of DMSO and ethanol. The enzyme was
separately incubated with different concentrations of
DMSO and ethanol (1-15%; v/v) at 37°C for 10 min
and the activity is expressed as percentage of the
maximum.

Stability of DPP-III under storage conditions. The
purified enzyme was stored at —20°C in 50 mM
Tris-HCl buffer, pH 7.5 containing 10% glycerol. The
enzyme was also stored without glycerol. Aliquots
were drawn at regular intervals of time and the
residual activity of the stored enzyme was estimated by
standard assay conditions.

Effect of urea. The enzyme was incubated with
different urea concentrations (0.1-2.0 M) at 37°C
for 10min and the residual enzyme activity was
calculated and expressed as percentage of control. The
renaturation of urea-treated enzyme was investigated
under the following conditions: The enzyme treated
with 1.0 M and 1.5 M urea for 10 min was extensively
dialysed against Tris-HCI buffer (50 mM, pH 7.0) and
assayed for the enzyme activity. The residual activity
of the enzyme is expressed as percent activity as
compared to control.

Effect of different peptides, K; determination and mode
of inhibition by some potent peptide inhibitors.
To characterize the active site of the enzyme, a
number of di-, tri- and oligopeptides were screened for
their inhibitory potency. The enzyme was incubated
with each peptide in assay buffer at 37°C for 10 min
before assaying. The reaction was initiated by addition
of 150 wM of substrate. The activity is expressed as
the percentage of the control. For more potent
peptides such as Leu-Trp-Met-Arg-Phe-Ala,
Arg-Phe-Ala, Gly-Phe-Leu, Leu-Trp-Met, Leu-Trp,
Trp-Met-Asp-Phe-NH, (Gastrin tetrapeptide), Tyr-
Gly-Gly-Phe-Leu, Tyr-Gly-Gly-Phe-Met, Val-Tyr
and Trp-Met, their K; value and mode of inhibition
was determined. For these experiments a constant
enzyme concentration was incubated with different
peptide concentrations (from 10 uM-500 puM) and
the enzyme activity was assayed. The experiment was
carried out in triplicates for 3 batches. To the first
batch, 40 pM substrate was added. Similarly, in
second and third batches, 100 M and 150 pM
substrate was added respectively. The reaction rates



176 S. Dhanda

were calculated in terms of nanomoles of 4mBNA
liberated per mL of enzyme.

Results and discussion
Effect of different thiol reagents

It has been shown earlier that sulphydryl (DTNB,
PCMB) and metal chelating agents (EDTA and
o-phenanthroline) reduce DPP-III activity from
goat brain [2]. Further evidence of involvement of
thiol groups in the catalysis was provided by the use
of thiol compounds. The results of these studies are
presented in Figure la. All the thiol reagents, except
B-ME, inhibit DPP-III, which indicates involvement
of thiol group in enzyme catalysis. The results are
similar to those also reported for human placental
DPP-III [5] except for B-ME which also inhibited the
placental enzyme.

Reversal of DTNB inhibition by different thiol compounds

DTNB (2.5mM) inhibited the native enzyme as the
enzyme had only 13% of its initial activity and the
inhibition was irreversible on dialysis. This inhibition
could be partially reversed by the addition of thiol
compounds such as cysteine, glutathione, thioglycolic
acid and DTT. B-ME and DTT completely restored
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Figure 1. Effect of thiol compounds on (a) untreated and (b)
DTNB- pretreated DPP-III.

the enzyme activity (Figure 1b). The results indicated
that there is some involvement of a —SH group in the
enzyme catalysis. However B-ME caused 50%
inhibition of lens DPP-III activity. But PCMB-
inhibited enzyme activity could be partially restored
by a very high concentration of 7mM B-ME [6].

Effect of metal ions

As chelating agents were found inhibitory, the role of
metal ions was studied in enzyme catalysis. The results
presented show significant activation with Co®*" and
inhibition with Zn®*, Ni* " and Cu®". Other ions like
Ca’", Mg ", Mn?" and Fe? " were slightly inhibitory
(Figure 2a). Human RBC’s DPP-III has been reported
to be slightly activated by 10 uM Zn?* [7] whereas
Co?" only activated human placental DPP-III
with enkephalin substrate [8] and not with Arg-Arg-
4mpBNA [5].

Reversal of o-phenanthroline inhibition by different metal
ons

Incubation of DPP-III with o-phenanthroline
(2.5mM) resulted in 85% inhibition of enzyme
activity. The suppressed activity could be partially
recovered by addition of some metal ions like Zn*™",
Ni2 T, Co?™, Fe?™, Mn? "and Cu®" but none could
completely restore the activity (Figure 2b). Mg® ™ and
Ca®" did not exert any effect. Zn’>" at a concen-
tration of 50 wM was most effective for restoring the
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Figure 2. Effect of different divalent metal ions on (a) untreated
and (b) o-phenanthroline pretreated DPP-III.
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activity (~96%). The results indicated that it is a
metalloprotease. On the basis of these studies, goat
brain enzyme can be considered as a Zn? " -containing
metalloenzyme.

Our studies are in agreement to that of human
placental DPP-III [5] but Co? " was most effective in
restoring the activity of EDTA-treated DPP-III from
human red blood corpuscle enzyme [7] whereas
Ca’?" and Co?" were reported most effective in
restoring the activity of EDTA-pretreated guinea pig
brain DPP-III [9]. Metal ion activation is common in
aminopeptidases. Though the reasons for Co**-
activation for metallo-enzymes is not clear but like
goat brain DPP, Co®" is also reported to be an
activator of a metallo-endopeptidase [10] and
enkephalinase B [11], leucine aminopeptidase of
bovine lens [12,13], human and porcine liver
aminopeptidases [14,15], some microbial peptidases
and leukocyte and erythrocyte aminopeptidases
[16,17].

Additional metal ions were studied at a concentra-
tion of 0.1 mM. Effect of metals studied indicated that
Li" and K" were slightly inhibitory whereas Hg® "
caused loss of ~90% activity which may be due to
formation of a covalent mercaptide bond between the
active thiol group and Hg? . Hg®> " was also reported
as inhibitory by Lynn [18] and Lee and Snyder [3].
When metals were studied in combination, addition of
Co? " toNi* " -inhibited enzyme partially recovered the
activity and the addition of Zn®*" to Co*™" -activated
enzyme abolished the first metal effect (Table I),
which indicate metal competition for the same binding
site. This observation that the enzyme is active
without metal ions and o-phenanthroline-treated
enzyme had residual activity indicates the presence
of slowly exchanging sites on goat brain aminopepti-
dase and this measured metal ion effect may be due to
a regulatory site.

DPP-III was earlier classified as a serine protease
[18,19]. However, unlike enzymes from other sources,

Table I. Effect of metal ions in combination with other metal ions
and EDTA on the activity of DPP-III.

Inhibitor % activity
Control (No inhibitor) 100
1 mM EDTA +0.1 mM ZnCl, 50.3
0.1 mM ZnCl, 46.8
1mM EDTA 49.2
0.1 mM CoCl, 174.4
0.1 mM NiCl, 12.4
0.01 mM ZnCl, 62.6
0.1 mM CoCl, + 0.0l mM ZnCl, 107.7
0.1mM CoCl, + 0.1 mM ZnCl, 54.5
0.1 mM NiCl, + 0.1 mM CoCl, 53.6
0.1 mM HgCl, 11.1
0.1mM KCl 82.0
0.1 mM LiCl 73.0

goat brain enzyme is apparently a metalloenzyme with
cysteine residues either located on the catalytic site or
involved in regulation. The differential sensitivity to
the reagents cannot be explained at present. Several
other peptidases of this type have been reported which
are metalloenzymes having sulphydryl groups at the
active site of the enzyme [15,16]. Bovine lens
aminopeptidase is inhibited by metal chelators,
heavy metals and sulfhydryl reagents [20] and it was
suggested that the metal ion is bound through a
sulfhydryl group at the active site of enzyme [21]. The
role of cysteine residues in regulation of rat DPP-III
[22] and mammalian DPP-III [23] activity has been
established.

Effect of DMSO and ethanol. Goat brain DPP is
assayed with Arg-Arg-4mBNA dissolved in DMSO.
Therefore, the effect of different DMSO
concentrations was studied on enzyme activity.
The activity progressively increased with increase in
DMSO concentration up to 5% (Figure 3), followed
by a gradual fall in enzyme activity with further
increase in DMSO concentration. The reason for
this behavior is not known, it might be due to
the increase in substrate solubility. Unlike DMSO, the
effect of ethanol on DPP was inhibitory, the enzyme
losing about half of its activity at 5% ethanol
concentration (Figure 3).
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Figure 3. Effect of DMSO and ethanol on DPP-III activity.
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Table II.  Stability of DPP-III under storage conditions.

% residual activity in the presence

Time (in months) (or absence) of glycerol

Control 100
After 1 month 73.5 (61.85)
After 2 months 59 (21.97)
After 3 months 50 (13.32)
After 4 months 40.3 (7.01)
After 5 months 18 (1.72)
After 6 months 8 (0.25)

The purified DPP-III was stored in 50 mM Tris-HCI buffer pH 7.5
at —20°C in the presence of 10% glycerol. The table shows %
relative activity compared with the activity at the time of purification
as 100. Values in parentheses show the activity in the absence of
glycerol.

Stability of DPP-III. To find out the storage stability,
enzyme activity was monitored at an interval of 1
month. It was found that the enzyme was sensitive to
freezing. There was loss of about 25% activity in one
month, 40% in 2 months and 50% in 3 months and
almost total loss was seen after 6 months. Glycerol had
some stabilizing effect as without glycerol there was
loss of about 40% activity in one month and 70% in 2
months (Table II).

Effect of urea

The enzyme is very sensitive to even very low
urea concentration. About 85% activity was lost
at 1.0 M and almost complete loss of activity occured
at 1.5 M urea concentration (Figure 4). The enzyme
inhibition was found to be irreversible as shown by
dialysis.

100
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60
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% activity
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30 1

20 A

Conc. of urea (M)

Figure 4. Effect of urea on DPP-III activity.

Effect of various peptides

The inhibitory potency of several dipeptides, tripep-
tides and a few oligopeptides on the rate of hydrolysis
of Arg-Arg-4mBNA by this dipeptidyl peptidase was
investigated to explore the characteristics of its active
site. Studies with peptides and small organic
compounds are a common approach to identify
potential substrates and first lead structures for drug
design [24—25]. The results with the dipeptides used
are presented in Table III and the tri-/tetra- and
oligopeptides are summarized in Table IV.

Among the screened dipeptides, Leu-Arg, Met-Arg
are potent inhibitors causing more than 95%
inhibition at 0.5mM concentration. Other potent
inhibitors like Phe-Met, Leu-Trp, Typ-Met, Val-Tyr,
Phe-Arg were inhibitory in the range of 63%—-85% at
this concentration (Table III). For tri-/tetra- and
oligopeptides, the highest inhibitory potency (more
than 90%) was noted for Arg-Phe-Ala, Leu-Trp-Met-
Arg-Phe-Ala and Leu-Trp-Met even at 0.5mM
concentration. At the same concentration, Trp-Met-
Asp-Phe, Gly-Phe-Leu and Met-enkephlin inhibited
enzyme activity to 80, 79 and 61%, respectively,
while inhibition by other peptides was less than 60%
(Table IV). Among the different screened peptides, it
is evident that peptides with aromatic and bulky side
chains on one/both amino acids were potent
inhibitors. Similar studies have also been conducted
for rat and guinea pig brain DPP-III [3,9] and
enkephalinase B from calf brain [26].

The K; values were determined with a large number
of peptide inhibitors by assay where Arg-Arg-4mBNA
was used as substrate. K., value for this substrate was
39 wM [2]. The dose-response data was analysed
graphically by the method of Dixon [27] (Figure 5a)
to determine K; values and also by the method of
Cornish-Bowden [28] (Figure 5b) to determine the
mechanism of inhibition. The K; values calculated
from graphs along with the type of inhibition for
different peptides are listed in Table V. Different
peptides inhibited the enzyme to different extents and
K, varied from 4-380 pwM. When competing substrate
is used as an inhibitor, its K; value is very close to that
of the K, [29]. Our studies reveal micromolar
affinities for enkephalins (K; 90 and 130 uM for Leu
and Met-enkephalins, respectively; Table V), which is
close to the observed value of 115 uM for guinea pig
brain DPP-III [9] but this is much higher as compared
to that obtained for the rat brain DPP-III [19].

Differences in the K; values of peptides of the same
size indicate that DPP-III prefers peptides of a
particular structure. The importances of interactions
at S, and S; subsites is illustrated by differences in their
affinities for Leu-Trp < Leu-Trp-Met < Leu-Trp-
Met-Arg-Phe-Ala as indicated by their K; values
(Table V). The K; decreased with increasing length on
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Table III.  Effect of different dipeptides on the activity of goat brain Table IV. The effect of different tripeptides/tetrapeptides/oligo-
DPP-III. peptides on the activity of goat brain DPP-III.
Dipeptide Concentration (mM) % inhibition Concentration
Peptide (mM) % inhibition
Phe-Met 0.5 78
1.0 85 Arg-Phe-Ala. 0.5 93
Pro-Arg-OH 0.5 41 1.0 99
1.0 54 Leu-Trp-Met-Arg-Phe-Ala 0.5 99
His-Lys 0.5 36 1.0 100
1.0 41 Leu-Trp-Met 0.5 90
Ser-Met 0.5 32 1.0 92
1.0 32 Ala-Ala-Ala-Ala 0.5 58
Pro-Phe 0.5 40 1.0 49
1.0 56 Tyr-Gly-Gly-Phe 0.5 40
Pro-Glu 0.5 35 1.0 53
1.0 34 Trp-Met-Asp-Phe 0.5 80
Leu-Trp 0.5 85 1.0 82
1.0 90 Ala-Ala-Ala 0.5 No inhibition
Leu-Arg 0.5 100 1.0 4
1.0 100 Gly-Phe-Leu 0.5 79
Asp-Ala 0.5 25 1.0 82
1.0 25 Tyr-Gly-Gly-Phe-Leu
Phe-Leu 0.5 40 (Leu-enkephlin) 0.5 56
1.0 58 1.0 92
His-Leu 0.5 57 Tyr-Gly-Gly-Phe-Met
1.0 76 (Met-enkephlin) 0.5 61
Arg-Phe 0.5 46
1.0 56 The enzyme was incubated at 37°C in the standard reaction mixture
Trp-Met 0.5 76 with the substrates at final concentration of 0.15 mM. The relative
1.0 94 activity was calculated in relation to the most hydrolyzed substrate,
His-Phe 0.5 42 Arg-Arg-4mBNA (100%).
1.0 46
Arg-Val 0.5 33
1.0 49
Gly-Glu 0.5 39
1.0 36 40 uM [S]
Phe-Ala 0.5 30
1.0 41
Met-Arg 0.5 95
1.0 99
Ile-His 0.5 37
1.0 34
Lys-Ala 0.5 20
1.0 23
Val-Tyr 0.5 63 T
1.0 84 -10 0 10 20 30 40 50
Tyr-Gly 0.5 35 Arg-Phe-Ala (uM)
1.0 31
Tyr-le 0.5 60 50 - (b)
1.0 72
His-Pro 0.5 18 1
1.0 16 40 1
Gly-Phe 0.5 32 35 - 100 uM [S]
1.0 46
Phe-Arg 0.5 68 > 307 a0 s
1.0 75 %257
Arg-Trp 0.5 40 20 -
1.0 46 s
The enzyme was incubated at 37°C in the standard reaction mixture 10
with the substrates at a final concentration of 0.15 mM. The relative
activity was calculated in relation to the most hydrolyzed substrate,
Arg-Arg-4mBNA (100%). 0 5 o 0 * 0 %
the C-terminus for the above 3 peptides. Multiple Arg-Phe-Ala (uM)
bindings within the active site have been reported for Figure 5. Dixon plot for determination of (a) apparent inhibition

the enkephalin-degrading DPP of porcine brain [30]
and human liver alanine aminopeptidase [31].

constant K; and (b) Cornish-Bowden plot for DPP-III with Arg-
Phe-Ala.
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Table V. Inhibition of DPP-III from goat brain with different
peptides.

Peptide K; (M) Type of inhibition
Leu-Trp-Met-Arg-Phe-Ala 7 Competitive
Arg-Phe-Ala 4 Competitive
Gly-Phe-Leu 15 Non-competitive
Leu-Trp-Met 31 Competitive
Leu-Trp 39 Competitive
Gastrin tetra peptide-NH, 55 Competitive
Leu-enkephalin 90 Competitive
Met- enkephalin 130 Competitive
Val-Tyr 250 Competitive
Trp-Met 380 Competitive

Analysis of kinetics of the reaction between a
proteinase and a potential inhibitor delineates the
likely control point in a complex biological system and
is of utmost importance for the therapeutic interven-
tion [32]. The present studies on diverse peptides may
help in designing some new and more effective
inhibitors for this enzyme. Though no specific
function can be assigned to goat brain aminopepti-
dase, affinities in the micromolar range for enkeph-
alins show that the enzyme may hydrolyze these
bioactive peptides and has functional homology with
DPP-III. The molecular structure and nature of the
enzyme is still obscure and is presently the subject of
investigation.
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