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Prolidase is the only enzyme capable of cleaving imidodipeptides containing C-terminal proline (Pro) 
or hydroxyproline and plays a crucial role in several physiological processes such as wound healing and cell 
proliferation. Here, we developed a new method to determine prolidase activity. This method is based on a 
novel fluorescence (FL) reaction selective for N-terminal glycine (Gly)-containing peptides using 3,4-dihy-
droxyphenylacetic acid (3,4-DHPAA). The 3,4-DHPAA can selectively react with Gly–Pro, the substrate for 
prolidase, and the prolidase activity is measured by monitoring the decrease in FL intensities. The prolidase 
activities in fibroblasts and HeLa cells were successfully measured by the proposed method. Compared with 
classical Chinard’s method, our method does not require any caustic acids, pre-incubation to activate the 
enzyme, and heating for reaction with the detection reagent. The proposed method enables facile and specific 
measurement for biogenic prolidase activity.
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Introduction
Prolidase is a manganese-dependent metallopeptidase that 

is widely distributed from animals to bacteria. Prolidase hy-
drolyzes iminodipeptides containing proline or hydroxyproline 
at the C-terminus (X-Pro) and releases the proline moiety.1) 
In humans, prolidase is located in different cells2–7) and is re-
lated to protein catabolism and circulation of proline through 
collagen metabolism.8,9) Therefore, prolidase affects matrix 
remodeling and cell growth. In addition, physiological and 
pathological importance of prolidase is suggested in wound 
healing, inflammation, vascularization, cell proliferation, and 
protein synthesis.10,11)

The human prolidase gene was identified by Endo et al.12) 
During prolidase deficiency caused by congenital defects in 
the prolidase gene, collagen metabolism and proline circula-
tion are inhibited, resulting in a variety of disorders including 
chronic skin disease, intellectual disability, and respiratory 
infection.13,14) In prolidase-deficient patients, accumulation of 
proline (Pro) or hydroxyproline-containing dipeptides in urine 
and cells is observed owing to lack or reduction in prolidase 
activity caused by mutations.15) Significant changes in pro-
lidase activity have been reported in various diseases, includ-
ing cancer, renal, hepatic, and respiratory disorders. Prolidase 
serves as ligands for various receptors and modulates p53 
during cellular regulation. Therefore, accurate measurement 
of prolidase activity in biological samples is important not 
only to diagnose prolidase deficiency but also to elucidate the 
pathophysiology of other diseases.16)

Existing assay methods of prolidase activity include 
colorimetric determination of proline produced by enzymatic 
reaction,17) capillary electrophoresis,18) matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry,19) and 
HPLC.20) In particular, Chinard’s method by colorimetric 
determination using ninhydrin is the simplest method and cur-
rently the most frequently used in determining of prolidase ac-
tivity.17,21) However, this method has low specificity for proline 
and is complicated; therefore, developing a rapid and facile 
method to determine prolidase activity is highly desirable.

We developed a peptide-specific fluorescence (FL) reaction 
to measure the activities of various enzymes.22–24) We found 
that 3,4-dihydoroxyphenylacetic acid (3,4-DHPAA) selectively 
reacts with short peptides containing N-terminal glycine (Gly), 
specifically N-terminal Gly–Pro containing peptide and pro-
duced FL25) (Fig. 1). In this study, we utilized this reaction 
to develop a novel fluorometric assay to determine prolidase 
activity using Gly–Pro as a substrate.

Experimental
Reagents  Gly–Pro was purchased from BACHEM 

(Bubendorf, Switzerland); 3,4-DHPAA was purchased from 
Tokyo Chemical Industry (Tokyo, Japan); and prolidase from 
porcine kidney (121 U/mg) was purchased from Sigma-Aldrich 
(Saint Louis, MO, U.S.A.).

Preparation of Cultured Cell Extracts  Fibroblasts 
and HeLa cells were cultured in Dulbecco’s Modified Eagle 
Medium containing 10% fetal bovine serum in a humidified 
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chamber containing 5% CO2 at 37 °C. The cells were collected 
and lysed by sonication at 4 °C. The lysates were centrifuged 
at 12000 × g for 10 min. The supernatants were collected and 
stored at −80 °C until further use. Total proteins in the cells 
were measured with a Quick-Start Bradford Protein Assay kit 
(Bio-Rad Laboratories, Hercules, CA, U.S.A.).

Measurement of Prolidase Activity Using 3,4-DHPAA  
The supernatants (25 µL) containing prolidase were mixed 
with 50 µL of 0.5 mM Gly–Pro, 25 µL of 100 mM borate buffer 
(pH 8.0) containing 1 mM MnCl2. The mixture was incubated 
at 37 °C for 20 min. The enzymatic reaction was stopped by 
heating the reaction mixture at 90 °C for 10 min and cooling in 
an ice bath for 5 min.

To the above solution (100 µL), 100 µL of 1.25 mM NaIO4, 
100 µL of 125 mM borate buffer (pH 8.0), and 100 µL of 
0.75 mM 3,4-DHPAA were added and incubated at 37 °C for 
10 min. The FL reaction was stopped by cooling in an ice bath 
for 10 min.

FL intensity was measured at 370 nm excitation and 465 nm 
emission wavelengths using an FP-8200 Spectrofluorometer 
(Jasco Co., Tokyo, Japan). The amount of degraded Gly–Pro 
was calculated from the decrease in FL intensity.

Results and Discussion
Measurement of Prolidase Activity by 3,4-DHPAA  Pro-

lidase requires Mn2+ for its activity. The FL reaction between 
3,4-DHPAA and the peptide takes place in the presence of an 
oxidant; therefore, the effect of Mn2+ on the reaction was in-
vestigated. FL intensity increased with the addition of MnCl2 
to the reaction mixture, indicating that MnCl2 did not interfere 
with this assay (Fig. 2). Figure 2 shows the calibration curve 
of Gly–Pro in the presence of 62.5 µM MnCl2. Since signifi-
cant linearity was observed between Gly–Pro concentration 
and FL intensity even in the presence of Mn2+, the amount 

of degraded Gly–Pro by prolidase could be calculated by the 
decrease in FL intensity.

In this study, prolidase activity was measured using com-
mercially available purified enzyme, and a calibration curve 
was prepared (Fig. 3). The FL intensity decreased with in-
creasing the amount of the enzyme, therefore confirming 
the successful measurement of prolidase activity. The linear 
regression equation of the calibration curve for prolidase 
(0–0.2 µg) was y = 3.18x + 0.041 (x = amount of prolidase and 
y = degradation ratio of Gly–Pro) with a correlation coeffi-
cient (R2) of 0.978. The relative standard deviation (RSD) was 
determined for each assay as an indicator of the inter-assay 
variation. The RSD values in 3 different runs were 9–13%. 
However, when Gly–Gly was used as a substrate instead of 
Gly–Pro, FL intensity did not decrease. This result is consis-
tent with the reports that prolidase specifically cleaves X-Pro 
as a substrate and not Gly–Gly,26) indicating that this assay 
can specifically determine prolidase activity.

Evaluation of Prolidase Assay Using 3,4-DHPAA  The 
present assay was evaluated by measuring prolidase activity in 
cultured cell extracts. The biochemical properties of prolidase 
from fibroblast cells are well known.27) And prolidase activ-
ity has been found to be changed in a variety of cancers.28,29) 
Therefore, we selected fibroblasts and HeLa cells for experi-
ments.

First, the effect of MnCl2 in the range of 0–0.5 mM in 
the enzymatic reaction solution was studied (Fig. 4). In the 
absence of MnCl2, slightly decrease in FL intensity after en-
zyme reaction was observed, which indicated that Gly–Pro 
was not efficiently degraded. With an increase in MnCl2, 
concentration from 0.15 to 0.5 mM, a linear decrease in FL 

Fig. 1. FL Reaction of an N-Terminal Gly-Containing Peptide with 3,4-DHPAA

Fig. 2. Calibration Curve of Gly–Pro Using 3,4-DHPAA

Gly–Pro at different concentrations was reacted with 3,4 DHPAA at 37 °C for 
10 min either in the presence of 62.5 µM MnCl2 or without MnCl2 (n = 3 each). Fig. 3. Calibration Curve of Prolidase

Commercially available purified prolidase was used. The degradation ratio of 
Gly–Pro was calculated from the decrease in FL intensity with/without (enzyme 
n = 3).
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intensity was noticed; therefore, we selected 0.25 mM as the 
optimal concentration of MnCl2 for this method.

Using this method, prolidase activities were successfully 
measured in both fibroblasts and HeLa cells, and Gly–Pro 
degradation increased with an increase in the amount of cell 
extract in the reaction mixture (Fig. 5). The low FL intensity 

in the absence of Gly–Pro indicating that 3,4-DHPAA did not 
react with the biological substances in the cell extracts. This 
result is consistent with previous reports25) and indicates that 
this assay can specifically measure prolidase activity without 
the interference of any biological substance. From the calibra-
tion curve of the purified enzyme, the contents of prolidase 
were calculated to be approximately 0.06 and 0.04 µg/10 µg 
protein in fibroblasts and HeLa cells, respectively.

Conclusion
We developed a new method for determining prolidase 

activity using 3,4-DHPAA. This assay method is very simple 
because it does not require pre-incubation or deproteinization 
as observed in ninhydrin-based assay.

Prolidase may act as a potential biomarker as it regulates 
cell cycle and its activity is altered during diseased conditions. 
Therefore, this assay method may find its potential role in dis-
ease diagnosis.
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