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Abstract

The collagen tripeptide fragments Gly-Ala-Hyp, Gly-Pro-Ala and Gly-Pro-Hyp were generated by
hydrolyzing collagen from pig-skin, cattle-skin, fish-scales and chicken-feet, respectively, with
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Streptomyces collagenase. Collagenase treatment increased the concentration of tripeptides in

the hydrolysates by 13-15% (w/w). Of the three peptides, Gly-Pro-Hyp was a true peptidic
inhibitor of dipeptidylpeptidase-IV (DPP-IV), because DPP-IV could not hydrolyze the bond
between Pro-Hyp. This tripeptide was a moderately competitive inhibitor (K; = 4.5 mM) of DPP-
IV, and its level in the collagen hydrolysates could be greatly increased (4-9% [w/w]) using

Streptomyces collagenase.

Introduction

The Japanese Ministry of Health, Labor, and Welfare published a
report on health and nourishment in 2007 according to which 22.1
million people are estimated to suffer from diabetes mellitus or
are at risk to develop this condition. The incidence rate presented
in this report was 1.2 times that reported in the previous decade,
indicating an upward trend in the incidence of this disease.

The ubiquitously expressed enzyme dipeptidylpeptidase IV
(EC 3.4.14.5, DPP-IV) modulates the biological activity of
circulating peptide hormones by specifically cleaving the two
N-terminal amino acids X-Pro and X-Ala!, and also metabolizes
insulinotropic  hormone glucagon-like peptide-1 (GLP-1).
Recently, DPP-IV inhibitors that protect active GLP-1 from
being cleaved by DPP-IV have been used to control postprandial
glycemia in type 2 diabetes™®, and show efficacy in preventing
and treating type 2 diabetes.

Collagens and their hydrolysates are interesting biomolecules
with numerous commercial applications in the food, pharmaceut-
ical, photographic film and cosmetic industries. In mature
collagens, glycine and proline account for more than 20% of the
total amino acids. The proline content in collagens is unusually
high when compared to that in other natural proteins. The
polypeptide chains of collagen molecules are composed of
numerous repeats of a tripeptide unit, Gly-X-Y, where X and Y
are generally proline and hydroxyproline. The Gly-Pro-Hyp
tripeptide (10.5%) was most highly represented of the various
tripeptide units; the other tripeptides include Gly-Pro-Ala, Gly-
Ala-Hyp and Gly-Leu-Hyp (3.4-5.5%)". Gly-Pro-Ala is a known
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DPP-IV inhibitor’. Therefore, we investigated whether the other
collagen tripeptide fragments Gly-Pro-X and Gly-Ala-X could
also act as DPP-1V inhibitors.

Streptomyces collagenase was cloned and characterized by
Sakurai et al.® The enzyme belongs to Pz-peptidase family.
Peptidases of this family can hydrolyze the synthetic substrate 4-
phenylazobenzyloxycarbonyl-(Pz)-Pro-Leu-Gly-Pro-D-Arg, which
contains the collagen specific sequence Gly-Pro-Y. Streptomyces
collagenase also cleaves this substrate at the Leu-Gly bond,
similar to other Pz-peptidases. Thus, Streptomyces collagenase is
expected to produce collagen tripeptide fragments from the
collagens used in this study, which were obtained from different
sources.

Although diprotin A (Ile-Pro-Ile) and diprotin B (Val-Pro-Leu)
are reported to act as DPP-IV inhibitors’, Rahfeld et al.® showed
that the apparent competitive inhibition of DPP-IV by the
diprotins is a kinetic artifact, derived from the substrate-like
nature of tripeptides containing a penultimate proline residue.
Based this finding, it is unclear whether the newly isolated
peptide inhibitor of DPP-1V is hydrolyzed by the enzyme.

The present study focuses on the ability of collagen hydrol-
ysates to inhibit human DPP-IV. In addition, we investigated
the effects of the collagen tripeptide fragments Gly-Ala-Hyp,
Gly-Pro-Ala and Gly-Pro-Hyp on DPP-IV activity.

Materials and methods
Materials

Collagen from pig-skin (product code CPAM-5, Jellice Co. Ltd.,
Miyagi, Japan), cattle-skin (product code AFC, Nippi Co. Ltd.,
Ibaraki, Japan) and fish-scales (product code FCP-AS-L, Nippi
Co. Ltd.), chicken-feet (product code C-LAP, Nippon Meat
Packers, Inc., Osaka, Japan) were used. All collagens were
commercially available in this study. Synthetic peptides and
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Ala-Pro-p-nitroanilide (Ala-Pro-pNA) were obtained from

Bachem AG (Bubendorf, Switzerland).

Preparation of collagen hydrolysates using Streptomyces
collagenase

Streptomyces collagenase (2000 proteolytic units/g) used was a
gift from NAGASE ChemteX Co. Ltd. (Osaka, Japan). Collagen
(2 g) was dispersed in 40 ml of distilled water, adjusted to pH 7.5
with 5 N NaOH and incubated at 45 °C for 17 h with shaking. The
sample was hydrolyzed by incubation with a 1% (w/w) enzyme
solution. The resultant hydrolysate was heated at 80 °C for 30 min
and centrifuged at 2000 x g for 30 min to inactivate the protease.
The supernatants were freeze-dried and stored at 4 °C until further
analysis.

Gel filtration analysis

The molecular weight distributions of the collagen hydrolysates
were determined by gel filtration. The peptides (10 mg/ml) were
dissolved in 50 mM Tris—HCI (pH 7.5) containing 150 mM NaCl.
A sample (200 pl) was injected into a Superdex peptide column
(GE Healthcare Japan, Tokyo, Japan) with 50 mM Tris—HCI (pH
7.5) containing 150 mM NacCl at a flow rate of 0.7 ml/min. Elution
was monitored at 215nm using the AKTA FPLC apparatus (GE
Healthcare). Aprotinin, Leu-Val and Gly were used as standards
for calibration.

DPP-IV preparation

Pichia pastoris was used to extracellularly express recombinant
human DPP-IV as described previouslyg. The supernatant was
concentrated by ammonium sulfate precipitation (70% saturation
at 4 °C). The precipitate was centrifuged (20 000 x g for 30 min at
4°C), dissolved in distilled water and dialyzed twice against
distilled water. This dialysate was used as the enzyme preparation.
DPP-1V activity was determined using 1.6 mM Ala-Pro-pNA in
0.1M Tris—HCI (pH 7.5) at 37°C. One unit of enzyme activity
was defined as the amount of enzyme that can liberate 1 pmol
p-nitroaniline per minute under the defined assay conditions. The
assay was performed continuously at 405 nm (molecular extinc-
tion coefficient of pNA: e,n = 10.6).

DPP-IV inhibition assay

The inhibition assay was performed using a microplate reader
(SH-8000Lab, Corona Electric Co. Ltd., Ibaraki, Japan) and
96-well microtiter plates. For the assay, dried samples of the
hydrolysates were dissolved and diluted to different extents with
distilled water. A sample (10ul) was added to 10pul of 2mM
Ala-Pro-pNA in 0.1 M Tris—HCI (pH 7.5) with 70 ul of distilled
water in each well. Under the assay conditions, the samples were
diluted to a final concentration between 0.31 and 5 mg/ml. Then,
the mixture was pre-incubated at 37 °C for 5 min. The enzymatic
reaction was initiated by adding 10pul of the DPP-IV stock
solution (0.3 U/ml). This mixture was incubated at 37°C for
5min. Absorbance at 405 nm was measured every 10s, and the
rate of the enzymatic reaction was estimated based on the
increase in absorbance. The percentage of inhibition was
determined relative to the velocity of the reaction without
dipeptides. The half-maximal inhibitory concentration (ICs()
values were calculated by plotting the logarithm of the sample
concentration (mg/ml) against the inhibitory activity (%).
Lineweaver-Burk and Dixon plots for synthetic peptides
dissolved at a final concentration of 0.63-20mM were used to
determine the inhibition constant (K;) and the type of inhibition,
respectively.
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Quantification of Gly-Ala-Hyp, Gly-Pro-Ala and Gly-Pro-
Hyp in the collagen hydrolysates

Gly-Ala-Hyp, Gly-Pro-Ala and Gly-Pro-Hyp in the hydrolysates
were quantified using an HPLC system with an evaporative light
scattering detector (ELSD, Model 2424, Nihon Waters K. K.,
Tokyo, Japan). We modified the analytical method for the
quantification of underivatized amino acids'® to quantify the
tripeptides. The hydrolysates were dissolved at 5mg/ml in
distilled water. Each sample (20pl) was injected into the
system. The analysis was carried out using a Hypercarb column
(2.1 mm x 100 mm, Thermo Fisher Scientific K. K., Yokohama,
Japan). The elution was performed using 0.3% nonafluoropenta-
noic acid (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan) in
water for 1 min, followed by a linear gradient of 10% acetonitrile
for 30 min. Next, the column was washed with 90% acetonitrile
for 4 min and equilibrated with 0.3% nonafluoropentanoic acid in
water for Smin. The flow rate and column temperature were
1.0 ml/min and 40 °C, respectively. The conditions used for ESLD
were as follows: gain, 100; nebulizer gas pressure, 40 psi; drift
tube temperature, 50 °C; nebulizer, cooling. Gly-Ala-Hyp, Gly-
Pro-Ala and Gly-Pro-Hyp in the hydrolysates were identified by
comparing the retention times of synthetic peptides. To quantify
the peptides, standard curves were plotted using synthetic
peptides (2-10 pg).

DPP-IV-catalyzed tripeptide hydrolysis

Peptides (2.0 mM, 90 pl) in 10 mM Tris—HCl (pH 7.5) buffer were
pre-incubated for 5min at 37°C. DPP-IV (0.3 U/ml, 10 pul) was
added to the substrate solution at 37°C. The mixture was
incubated at 37 °C for 1 or 17h and then incubated at 99.9 °C for
5 min to denature DPP-IV, and the peptides were quantified using
the HPLC system with ELSD and the Hypercarb column. For
quick analysis, the gradient profile was modified as follows: the
elution was performed with 0.3% nonafluoropentanoic acid in
water for 1 min, followed by a linear gradient to 50% acetonitrile
over 5 min. The washing and equilibration steps were the same as
in the section titled ‘‘Quantification of Gly-Ala-Hyp, Gly-Pro-Ala
and Gly-Pro-Hyp in the collagen hydrolysates’’. The flow rate and
the column temperature were 1.0ml/min and 40 °C. Ten micro-
liters of the reaction mixtures and synthetic peptide solutions were
injected to quantify the decrease in the concentration of substrates
after the incubation with DPP-IV.

Kinetic studies

The kinetic study was carried out using Gly-Ala-Hyp (1.8-
20.0 mM, 40 pl) in 10 mM Tris—HCI (pH 7.5) buffer, after a 5-min
pre-incubation at 37 °C. DPP-IV (1.5 U/ml, 10 pul) was added to
the substrate solution at 37 °C. The mixture was incubated at
37°C for 10h followed by incubation at 99.9°C for 5min to
denature DPP-IV. The resulting mixtures were diluted 10-fold
with distilled water and used for HPLC analysis, as described in
the earlier section.

When Gly-Pro-Ala and diprotin A were used as substrates
(0.18-2.0 mM, 90 pl) after pre-incubation at 37 °C for 5 min in the
same buffer, DPP-IV (6.0 or 0.75U/ml, 10 ul) was added to the
substrate solution at 37 °C. The mixture was incubated at 37 °C
for 30 min and then heated to 99.9 °C for 5 min to denature DPP-
IV. The resulting mixtures were used for the HPLC analysis.

Results
Inhibition of DPP-IV by the collagen hydrolysates

The activity and the protein concentration of the enzyme
preparation were determined as 1.5U/ml and 0.54 mg/ml,
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Table 1. Effect of collagenase treatment on DPP-IV inhibition and contents of Gly-X-Y tripeptides.

Origin of Collagenase Content of Content of Content of
collagen treatment ICs50 (mg/ml)  Gly-Ala-Hyp (ng/mg)  Gly-Pro-Ala (ng/mg)  Gly-Pro-Hyp (pg/mg)
Pig-skin - 5.224+0.55 Not detected Not detected Not detected
Pig-skin + 1.61 £0.03 23.42+0.34 38.41+£0.43 89.45+3.54
Cattle-skin + 1.65+0.14 22.824+0.12 43.72 +£0.46 89.27 £2.57
Fish-scale + 3.50+£0.23 44.10 £0.60 50.51+0.60 60.39+£0.61
Chicken-feet + 3.57+£0.36 37.36+0.31 54.87+0.23 39.09 £0.28
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Figure 1. Effect of Streptomyces collagenase treatment on molecular weight distributions of pigskin collagen using gel filtration. The black and gray
lines indicate with or without the Streptomyces collagenase treatment, respectively. Arrows indicate molecular weights at each peak. The molecular
weight for each peak was estimated based on the elution volumes of the standards. The elution volumes of aprotinin, Leu-Val and Gly were 11.89, 16.91

and 19.42 ml, respectively. Inset, the standard curve is shown.

respectively, and the K, value for Ala-Pro-pNA was calculated to
be 0.23 £0.02 mM.

The inhibitory activities of various collagen hydrolysates
against DPP-IV are summarized in Table 1. Based on the ICs
values, the Streptomyces collagenase-treated pigskin collagen
hydrolysate was over 3 times as effective in inhibiting DPP-IV
compared to the untreated hydrosylate. The molecular weight
distributions of the pigskin collagen with or without
Streptomyces collagenase treatment are shown in Figure 1.
Treatment with Streptomyces collagenase produced small pep-
tides as well as amino acids. The molecular distributions of the
Streptomyces collagenase-treated collagens from other sources
were similar to that of the collagenase-treated pigskin collagen
(data not shown).

Quantification of tripeptides Gly-Ala-Hyp, Gly-Pro-Ala and
Gly-Pro-Hyp in the collagen hydrolysates

The three collagen tripeptides in the hydrolysate were quantified
using HPLC. The pigskin collagen HPLC chromatograms with
or without Streptomyces collagenase treatment are shown in
Figure 2. The composition of the three peptides in various
collagen hydrolysates is summarized in Table 1.

Effect of the peptides on DPP-IV

The ICsy values of the collagen tripeptide fragments Gly-
Ala-Hyp, Gly-Pro-Ala and Gly-Pro-Hyp and the known peptidic
inhibitor diprotin A against DPP-IV were investigated. All four

peptides showed inhibitory effects; however, the effects of
collagen tripeptides were lower than that of diprotin A (Table 2).

Next, using HPLC with ELSD, we examined the ability of
DPP-IV to hydrolyze the collagen tripeptides and diprotin A
(Figure 3). DPP-IV hydrolyzed Gly-Pro-Ala at a faster rate than
diprotin A (Figure 3B and D). A comparison of the kinetic
parameters also suggests that Gly-Pro-Ala is a better substrate for
DPP-1V than diprotin A (Table 2).

On the other hand, amongst Gly-Pro-Ala, Gly-Ala-Hyp and
diprotin A, the rate of hydrolysis of Gly-Ala-Hyp was the lowest
(Table 2). Thus, DPP-IV poorly hydrolyzed the bond between
Ala-Hyp. Moreover, no hydrolysis of Gly-Pro-Hyp was observed
(Figure 3C and Table 2).

Finally, the mode of action of Gly-Pro-Hyp was found to be
competitive, and its K; value was estimated to be ca. 4.5 mM
(Figure 4).

Discussion

Gly-Pro-Ala was identified as a DPP-IV inhibitor by Bauvois’. In
this study, we confirmed that this tripeptide is a good substrate for
DPP-1V (Figure 3B and Table 2). Li-Chan et al.'' reported the
inhibition of DPP-IV by Gly-Pro-Ala-Glu and Gly-Pro-Gly-Ala
derived from the gelatin of Atlantic salmon skin. The hydrolysis
of these peptides by DPP-IV was similar to that of Gly-Pro-Ala.
Although Tulipano et al.'? reported that the bioactive peptide Ile-
Pro-Ala derived from whey proteins can be regarded as a
moderately strong DPP-IV inhibitor, it may be hydrolyzed in a
similar manner to diprotin A (Ile-Pro-Ile).
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To our knowledge, this is the first identification of Gly-Pro-
Hyp as a true peptidic inhibitor of DPP-IV. Importantly, DPP-IV
cannot hydrolyze the bond between Pro-Hyp. Although the
inhibitory effect is not strong, it is found in high amounts in the
collagen hydrolysates obtained after digestion by Streptomyces
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Gly-Pro-Ala ;
2 H
2 300 :
[ =
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= Gly-Ala-Hyp ::
wo | E i
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Figure 2. The HPLC chromatograms of pigskin collagen with or without
Streptomyces collagenase treatment. The dotted and black lines indicate
with or without the Streptomyces collagenase treatment, respectively.
Arrows indicate the peaks of collagen tripeptide fragments Gly-Ala-Hyp,
Gly-Pro-Ala and Gly-Pro-Hyp, which were identified by comparison with
the retention times of synthetic peptides.

(A) 2500

(C) 2500 -
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collagenase (Tables 1 and 2). Gly-Pro-Hyp is known to be
biologically active. For instance, the tripeptide exerts chemotactic
effects on fibroblasts, peripheral blood neutrophils and monocytes
in cell culture systems'*'>. Based on the size, the tripeptides are
expected to be suitable for trans-epithelial transportm. Aito-Inoue
et al.'” investigated the transport of Gly-Pro-Hyp across the
intestinal brush-border membrane (BBM) in a porcine BBM
model. They concluded that Gly-Pro-Hyp could not cross the
epithelial apical membrane in an intact form and that it was
hydrolyzed to Gly and Pro-Hyp by intestinal proteases. We
confirmed that Pro-Hyp was not inhibitory against DPP-IV (data
not shown). On the other hand, in studies using radiolabeled Gly-
['*C]Pro-Hyp, Watanabe-Kamiyama et al.'® reported that Gly-
Pro-Hyp remained intact in the plasma when administered to
Wistar rats. The two studies reported conflicting results regarding
the fate of Gly-Pro-Hyp after oral administration. We have not
studied the bioavailability of the collagen hydrolysates produced
by Streptomyces collagenase in vivo; therefore, it is not possible to
draw any conclusions on the physiological relevance of the
collagen hydrolysate as a DPP-IV inhibitor.

In this study, using Streptomyces collagenase, we successfully
produced the collagen tripeptide fragments Gly-Ala-Hyp, Gly-
Pro-Ala and Gly-Pro-Hyp from collagens obtained from various
sources. Collagenase treatment led to an increase in the concen-
trations of the three tripeptides (13-15% [w/w]) in the
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g 1000 Gly-Ala E 1000 -
500 - 500 -
0 " A N -t 0 " T —
0 2 4 6 0 2 4 6
R. time (min) ) R. time (min)
lle-Pro-lle
= z Diprotin A
(B) 2500 Gly-Pro-Ala (D) 2500 e ( lp¢ n A)
2000 - 2000 - lle
2 \ %
'; 1500 - 1500 -
£ Gly-Pro
g 1000 | \ 1000 - i
£ i ) it
500 - .l & 500 -
|G | T . " . it
0 2 4 6 0 2 a 6

R. time (min)

R. time (min)

Figure 3. DPP-IV-catalyzed hydrolysis of tripeptides. The time course of the hydrolysis reaction using HPLC is shown. The gray, hatched and black
lines indicate the reaction times at 0, 1 and 17 h, respectively. All peaks indicated by arrows were identified by comparison with the retention times of
synthetic peptides. (A) In the case of Gly-Ala-Hyp, the resulting Hyp was not retained and eluted at void volume with the buffer matrix under the
experimental conditions. (B) Gly-Pro-Ala hydrolysis is shown at the reaction times of 0 and 1 h because Gly-Pro-Ala was completely hydrolyzed to Gly-
Pro and Ala after 1 h. The resulting Ala was eluted at void volume with the buffer matrix under the experimental conditions. (C) Gly-Pro-Hyp could not

be hydrolyzed by DPP-IV. (D) Hydrolysis of Ile-Pro-Ile (diprotin A).

Table 2. DPP-1V catalyzed hydrolysis of tripeptides.

Substrate IC59 (mM) K, (mM) Vinax (Hmol/min/mg) Vimax/ Km Relative V,../Kmn
Gly-Ala-Hyp >0 2.080 4 0.640 0.035 4+ 0.004 0.017 0.01
Gly-Pro-Ala 5.03£0.34% 0.792 +£0.250 19.104 £4.032 24.12 16.3
Gly-Pro-Hyp 2.514+0.17 Not hydrolyzed Not hydrolyzed - -
Diprotin A (Ile-Pro-Ile) 0.03 £0.01* 0.437 +0.041 0.647 +0.033 1.48 1.0

*The values of ICsq are apparent values because these peptides are hydrolyzed by DPP-1V.
**The inhibition rate is only 9% at the final concentration of 20 mM of Gly-Ala-Hyp.
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Figure 4. The mode of action of Gly-Pro-Hyp toward DPP-IV. (A)
Lineweaver—Burk plot showing the effect of Gly-Pro-Hyp on the catalysis
rate of Ala-Pro-pNA by DPP-IV. Ala-Pro-pNA was used at the final
concentrations of 0.20, 0.30 and 0.50 mM; Gly-Pro-Hyp was added at the
final concentrations of 0.00, 1.25, 2.50 and 5.00 mM. Symbols: e, in the
absence of Gly-Pro-Hyp; O, in the presence of Gly-Pro-Hyp (1.25 mM);
A, in the presence of Gly-Pro-Hyp (2.50 mM); A, in the presence of Gly-
Pro-Hyp (5.00 mM). (B) Dixon plot showing the effect of Gly-Pro-Hyp on
the catalysis rate of Ala-Pro-pNA by DPP-1V. Ala-Pro-pNA was used at
final concentrations of 0.20, 0.30 and 0.50 mM. Gly-Pro-Hyp was added
at final concentrations of 0.00, 1.25, 2.50 and 5.00 mM. Symbols: e, Ala-
Pro-pNA was used at a final concentration of 0.20 mM; O, Ala-Pro-pNA
was used at a final concentration of 0.30 mM; A, Ala-Pro-pNA was used
at a final concentration of 0.30 mM.

hydrolysate. Our results are consistent with the findings of Fujita
et al.', who used gelatin and immobilized Streptomyces
collagenase and reported a yield of 4-14% for Gly-Pro-Hyp.
The inhibitory effect of the tripeptides increased when
Streptomyces collagenase was used as the enzyme source
(Table 1). When the concentrations of the tripeptide fragments
in collagen hydrolysates were plotted against ICs, values of DPP-
IV inhibition by the hydrolysates, good correlations were
observed between the concentration of Gly-Pro-Hyp and the
1Csp values (Figure 5). Gly-Pro-Hyp in the collagen hydrolysates
is suggested to be mainly responsible for the DPP-IV inhibition
in vitro. Thus, the capacity of collagens from pig-skin and cattle-
skin to inhibit DPP-IV may be greater than that of collagens from
fish-scales and chicken-feet because of the high Gly-Pro-Hyp
content. The Japanese corporation UHA Mikakuto Co. Ltd. has
secured the patent for the anti-diabetic effect of commercially
available collagen peptides using a diabetic rat model®°. It was
shown that the collagen peptides inhibited DPP-IV activity,
reduced blood glucose levels and enhanced effects on the levels of
GLP-1 and insulin in blood. This patent did not address or identify
the inhibitory effect of Gly-Pro-Hyp on DPP-VI. Moreover, the
experiment was performed only in a rat model of diabetes. To
date, no reports have addressed the anti-diabetic effects of Gly-
Pro-Hyp in humans. Further, basic science and clinical studies are
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Figure 5. Relationship between the concentration of tripeptide fragments
in the collagen hydrolysates and ICsy values of DPP-IV inhibition by
hydrolysates. Symbols: e, concentration of Gly-Ala-Hyp; O, concentra-
tion of Gly-Pro-Ala; A, concentration of Gly-Pro-Hyp.

required to elucidate the

hydrolysates.

inhibitory effect of collagen
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