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CHAPTER 10 

Summary 



Summary 

Chapter 1 introduces the general issue that is addressed in the present thesis. The way 

measurements of enzyme activity are usually performed is not ideal and far from reality in vivo. 

Enzyme activities are usually studied in homogenates or dilute solutions in which the complex 

interactions as exist in living cells are lost. This approach eliminates many factors which affect 

enzyme activity. Most proteins and thus enzymes as well function in complexes, in which 

interactions with proteins and other types of macromolecules involved play an important role in 

the regulation of enzyme activity. Furthermore, enzymes can have multiple functions, which 

must be regulated separately in time and space. This phenomenon is called moonlighting and 

adds another dimension to cellular complexity. The functioning of moonlighting enzymes is 

therefore not easy to understand. Visualization of the various functions of enzymes in living 

cells can be a powerful tool to understand the complex regulation and functioning of moonlighting 

enzymes. 

Chapter 2 is an overview of methods for the detection of enzyme activity in living cells and 

tissues. It shows that molecular interactions that take place during incubation and recording of 

the formation of a colored or fluorescent reaction product are not well understood. Because 

specific enzymes play key roles in many pathophysiological processes, they are targets for 

therapeutic strategies. Therefore, it is essential to study the activity of specific enzymes in living 

cells and tissues in a quantitative manner in relation to pathophysiological processes to understand 

their relevance and the potential impact of their targeting by drugs. Proteases, in particular, are 

crucial in every aspect of life and death of an organism and as a consequence are important for 

drug development. Enzyme activity in living cells can be studied with various tools. These can 

be endogenous fluorescent metabolites or synthetic chromogenic or fluorogenic substrates. The 

use of endogenous metabolites is rather limited and nonspecific because they are involved in 

many biological processes, but novel chromogenic and fluorogenic substrates have been developed 

to monitor activity of enzymes, and particularly proteases, in living cells and tissues. This chapter 

discusses these substrates and the methods in which they are applied, as well as their advantages 

and disadvantages for metabolic mapping in living cells (J. Histochem. Cytochem. 49:1473-

1486,2001). 

Chapter 3 describes the reactivity of two fluorogenic substrates, [Ala-Pro]2-cresyl violet and 

Ala-Pro-rhodamine 110 for microscopical detection of CD26/dipeptidyl peptidase IV (DPPIV) 

proteinase activity in living cells to establish to what extent the Ala-Pro-containing substrates 

are specific for CD26/DPPIV DPPIV activity is one of the many functions of the moonlighting 

protein CD26/DPPIV As a model, we used Jurkat cells, which are T cells that lack CD26/DPPIV 

expression, and CD26/DPPIV-transfected Jurkat cells. Ala-Pro-rhodamine 110 is not fluorescent 

but after proteolytic cleavage rhodamine 110 fluoresces. [Ala-Pro)2-cresyl violet is fluorescent 

by itself but proteolytic cleavage into cresyl violet induces a shift to longer wavelengths. This 

phenomenon enables the simultaneous determination of local (intracellular) substrate and product 

concentrations which is important for the analysis of kinetics of cleavage reactions. [Ala-Pro]2-
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cresyl violet but not Ala-Pro-rhodamine 110 appeared to be specific for CD26/DPPIV When 

microscopical analysis is performed on living cells during the first minutes of the enzyme reaction. 

DPPIV activity can be precisely localized in cells with the use of [Ala-Pro]2-cresyl violet. 

Fluorescent product is rapidly internalized in submembrane granules in transfected Jurkat cells 

and redistributed intracellular^' via internalization pathways that have been described for CD26/ 

DPPIV. Ala-Pro-rhodamine 110 appeared to be cleaved by homologues of CD26/DPPIV as well. 

It is concluded that [Ala-Prop-cresyl violet is a good fluorogenic substrate to detect DPPIV 

activity in living cells when the correct wavelengths are used for excitation and emission and 

images are captured in the early stages of the enzyme reaction. Furthermore, we conclude that 

the nature of the tluorophore can significantly affect interactions of synthetic protease substrates 

with its active site (J. Histochem. Cytochem. 2003, in press). 

Chapter 4 describes methods to analyze enzyme activity in living cells by flow cytometry for 

rapid measurements of enzyme reactions in individual cells. Since enzyme activities often display 

a heterogeneous character in cell populations, flow cytometry is an ideal tool to study quantitatively 

enzyme activity in individual living cells. Furthermore, activity can be related to other relevant 

parameters such as the amount of DNA in the case of polyploid hepatocytes and the amount of 

enzyme molecules present as detected immunocytochemically, for example to determine 

posttranslational control or switching of functions as occurs with moonlighting proteins. In con

trast to fluorescence microscopy in which time lapse series of digital images can be made of 

living cells during incubation to determine activity of a specific enzyme, each cell is measured 

only once by flow cytometry. In the latter case, fading of fluorescence is of negligible influence 

on the measurements, but on the other hand, enzyme reactions cannot be determined in time per 

individual cell. We solved this problem by analysis of enzyme reactions in time in large numbers 

of living cells while the cells are incubated. (Cytometry: Cytomics, proteomics, genomics. 

Cytometry CD vol 6. Multimedia Knowledge, Inc. www.mmke.com; in conjunction with Purdue 

University Cytometry Labs, New York, pp 1-8). 

Chapter 5 describes properties of [Ala-Pro]2-cresyl violet as substrate for CD26/DPPIV for 

localization and quantification of its activity in individual freshly isolated living rat hepatocytes 

using confocal microscopy, image analysis, and flow cytometry. DPPIV activity was localized 

exclusively in patches at plasma membranes likely being bile canalicular domains. Activity was 

analyzed quantitatively in individual cells by capturing series of images in time. Production of 

fluorescence was analyzed on the basis of the series of digital images and it appeared to be 

nonlinear with time. By calculation of the initial velocity at time zero, activity of DPPIV per 

individual hepatocyte was calculated. Cresyl violet-dependent fluorescence appeared in a similar 

way when cells were analyzed by flow cytometry. A dipeptide phosphonate inhibitor inhibited 

production of fluorescence competitively with a K( of 7 uM. K values in individual hepatocytes 

varied in the range of 6-22 uM depending on the individual rat from which the hepatocytes were 

obtained, whereas the V varied in the ranae of 4-16 nU. K and V values per individual rat 
max » m max r 

were inversely correlated indicating posttranslational regulation of the kinetic parameters of 

DPPIV. This relationship was lost when membrane fractions of the same hepatocyte suspensions 
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were analyzed. It is concluded that cresyl violet-based protease substrates are favourable 

compounds of choice to localize and quantify protease activity in living cells and tissues (Anal. 

Biochem. 252:71-77. 1997). 

Chapter 6 describes the independent regulation of two of the functions of CD26/DPPIV. signal 

transduction and proteolysis. To investigate how two separate functions of one molecule are 

regulated, we analyzed CD26 protein expression and DPPIV activity on living human T-helper 1 

(Thl) and T-helper 2 (Th2) cells that express different levels of CD26/DPPIV. DPPIV activity 

was specifically determined with the synthetic fluorogenic substrate [Ala-Pro]:-cresyl violet and 

CD26 protein expression was demonstrated with an FITC-conjugated CD26-specific antibody. 

Fluorescence of liberated cresyl violet (red) and FITC (green) was detected simultaneously in 

living T cells using flow cytometry and spectrofluorometry. Thl cells expressed three- to six

fold more CD26 protein than Th2 cells. The signal transduction function of the CD26/DPPIV 

complex, tested by measuring its co-stimulatory potential for proliferation, was directly related 

to the amount of CD26 protein at the cell surface. However, DPPIV activity was similar in both 

cell populations at physiological substrate concentrations because of differences in V M and Km 

values of DPPIV activity measured on Thl and Th2 cells. Western blotting and zymography of 

Thl and Th2 membrane fractions demonstrated similar patterns. This study shows that two 

functions of one molecule can be controlled differentially (J. Histochem. Cytochem. 50:1169-

1177.2002). 

Chapter 7 describes a method for the detection and identification of natural substrates of proteases. 

Proteolysis of bioactive peptides is a regulating step in many physiological processes, but which 

proteases in what cellular sites are involved in activation and/or degradation of specific peptides 

is not well known. We developed a rapid microwell plate assay consisting of living cells and 

fluorogenic protease substrates to determine which bioactive peptides are natural substrates of a 

specific protease. The multifunctional or moonlighting protein CD26/DPPIV specifically catalyzes 

the cleavage of peptides from the amino terminus of peptides with proline as the penultimate 

amino acid. Many biologically active peptides, such as B-casomorphin! .. contain proline in that 

penultimate position. We incubated Jurkat cells and CD26/DPPIV-transfected Jurkat cells in the 

presence of the fluorogenic substrates [Ala-Prop-cresyl violet and Ala-Pro-rhodamine 110 and 

B-casomorphin, v Fluorescent cresyl violet was generated by CD26/DPPIV-transfected Jurkat 

cells but not by wild-type Jurkat cells with a Km of 3.7 uM. B-Casomorphin| . appeared to be a 

natural substrate of CD26/DPPIV because it inhibited production of fluorescence competitively 

(K = 60 uM). The microwell plate assay appeared to be an efficient system to determine whether 

specific peptides are natural substrates of a specific protease or not and vice versa whether 

fluorescent synthetic substrates are good substrates to compete with established natural substrates 

(BioTechniques. submitted). 

Chapter 8 gives an overview of the different functions of the multifunctional or moonlighting 

protein CD26/DPPIV CD26/DPPIV exerts its different functions depending on cell type and 

intracellular or extracellular conditions in which it is expressed. All its known functions are 

discussed in relation to physiological and pathophysiological conditions. The protein is a 
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proteolytic enzyme, receptor, costimulatory protein, and is involved in apoptosis. The CD26/ 

DPPIV protein plays a major role in the immune response. Abnormal expression is found in the 

case of autoimmune diseases. HIV-related diseases and cancer. Natural substrates for CD26/ 

DPPIV are involved in immunomodulation. psycho/neuronal modulation and physiological 

processes in general. Therefore, targeting of CD26/DPPIV and especially its proteolytic activity 

has many therapeutic potentials. On the other hand, there are homologous proteins with overlap

ping proteolytic activity, which thus may prevent specific modulation of CD26/DPP1V. It is 

concluded that CD26/DPPIV is a protein present in various cellular compartments and 

extracellulariy where it exerts different functions and thus is a true moonlighting protein (Eur. J. 

Cell Biol. 82:53-73. 2003). 

Finally, chapter 9 is a general discussion to put the findings presented in this thesis on visualization 

of functions of the moonlighting protein CD26/DPPIV using digital microscopy into perspective 

of biocomplexity and the dynamics of living cells and tissues. 
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