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CHAPTER 1 

General introduction 



General introduction 

Complex scientific questions concerning functioning of biological organisms are usually 

approached as a series of subquestions that are easier to define and to investigate. When these 

subquestions have been solved, they provide insights, which illuminate the complexity of the 

entire organism. This approach has been successful so far and has led to the identification of the 

function of many proteins and other macromolecules. However, this approach does not allowr 

elucidation of the simultaneous complex interactions that occur in living cells, tissues and 

organisms. The genome of man and other organisms has been sequenced, we know in principle 

which proteins are involved, but this information does not help us in the understanding of the 

functioning of these proteins. Furthermore, many macromolecules in cells are not encoded for, 

such as lipids and sugars. These molecules play essential but often unknown roles in cellular 

processes as well. So, the intact biocomplex entity such as a cell functions by virtue of a multitude 

of interacting molecular events. External stimuli or intracellular changes in gene expression 

modulate these interactions. Recently, it has become clear that transcription of proteins is clustered 

in the so-called transcriptome (Caron et al. 2001). Moreover, proteins function in complexes 

which determine how the individual proteins act (Hehre 2001; Miklós and Maleszka 2001: 

Schwille and Kettling 2001; Gavin et al. 2002) and on top of that, many proteins are 

multifunctional. 

Multifunctionality of proteins may have been introduced by the fusion of genes, thereby limiting 

the number of genes, but maintaining the different functions (Davidson et al. 1993). 

Multifunctionality of proteins may be a common phenomenon and is called moonlighting (Jeffery 

1999). It adds another dimension to cellular complexity, from which cells can benefit in various 

ways. Therefore, elucidation of the functional roles of moonlighting proteins and their regulation 

will become pertinent in cell biology as part of the functional proteomics approach (Perham 

2000; Miklós and Maleszka 2001). 

Complex interactions between macromolecules also play an important role in regulating metabolic 

activity in vivo. However, metabolic processes are usually studied in homogenates, in which the 

complex interactions are lost (Van Noorden and Jonges 1995; Stoward et al. 1998). A logical 

next step to overcome these limitations is the use of molecular tools to study metabolic processes 

under controlled conditions in living systems (Haugland 1995; Sameni et al. 2000; Boonacker 

and Van Noorden 2001; Hahn and Toutchkine 2002; Patton and Beechem 2002). Smdies with 

the use of intact biological systems have taught us thus far that metabolic processes are heavily 

regulated posttranslationally by molecular interactions (Ovadi and Srere 2000). For example, 

enzymes are liable to rapid variations in kinetic parameters, that are regulated by interactions 

with other (macro)molecules (Swezey and Epel 1986; Rees et al. 1996). As it turns out, a wide 

variety of cellular proteins, from oligomeric enzymes to crystallins and ion channels, switches 

partners and are then involved in different functions when their aggregation state or intracellular 

and/or extracellular localization is changed (Jeffery 1999: Ejiri 2002). These variations that 

occur in vivo are not found when cells and tissues are (chemically) fixed or their integrity has 
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been destroyed. To clarify how metabolic processes proceed in vivo, enzyme reactions have to 

be monitored in living cells, tissues or organisms. One approach that is very attractive for this 

purpose is the quantitative microscopical analysis of enzyme reactions in time and space (4D-

analysis) in living cells using fluorogenic or chromogenic substrates and digital microscopy 

(Haugland 1995; Boonacker and Van Noorden 2001; Patton and Beechem 2002). A different 

approach to unravel the functioning of enzymes in living cells is the detection of processing of 

natural substrates. 

The complexity of metabolism in a living cell 

Studies with purified enzymes have provided insight that enzymes which were generally 

considered to be soluble and freely diffusablc, such as glycolytic enzymes, are in fact organized 

in multi-enzyme complexes or so-called molecular machines (Perham 2000). It has become 

clear that well-defined intracellular compartments, such as cytosol and mitochondrial matrix, 

cannot simply be regarded as bags containing homogeneous solutions of enzymes, but are rather 

well organized. Furthermore, the role of water in metabolic processes is an interesting but largely 

ignored aspect in cell biology. Usually enzyme reactions are measured in dilute solutions of cell 

or tissue extracts, whereas enzymes in vivo function in high (protein) concentrations in cells 

(Srere 1967, 1980: Fulton 1982; Srivastava and Bcrnhard 1987; Aragon and Sols 1991). Cells 

contain 20-40% proteins by weight. In this rich solution, interactions between enzymes and their 

cellular microenvironment are completely different from those in dilute solutions (Masters 1981; 

Fulton 1982). Homologous (Hulme and Tipton 1971; Minton and Wilf 1981) and heterologous 

(Wiame 1971: Srivastava and Bernhard 1987) molecular interactions have been described to 

occur in vivo. Homologous interactions are considered to be changes in enzymes from a monomer 

form to a polymer form, such as the dimerisation of CD26/dipeptidyl peptidase IV (DPPIV), the 

moonlighting protein under study in the present thesis. Fleterologous interactions are associations 

between enzymes and other proteins such as structural elements of the cell, e.g. membrane-

associated structures or cytoskeletal components (Pette and Brandau 1962; Arnold and Pette 

1968; Sigel and Pette 1969; Swezey and Epel 1986; Rogalski et al. 1989: Minaschek et al. 

1992). Heterologous interactions of CD26/DPPIV occur with the mannose-6-phosphate receptor 

(M6P) for transport and with another protease, Fab-a (Rettig et al. 1993, 1994; Scanlan et al. 

1994). These interactions may effect the catalytic activity considerably. Furthermore, enzyme 

complexes enable the product of the first enzyme to be utilized by a second enzyme of a metabolic 

pathway. Channeling of metabolic intermediates within these complexes has been postulated to 

lead to increased efficiency of substrate fluxes by coupling of reactions in a metabolic pathway. 

Channeling can also lead to sequestration of intermediates, so that flux into other pathways that 

compete for the same substrates and /or intermediate products is restricted (Ovadi and Srere 

2000). This mechanism may be called preferential pathway because it explains how a substrate 

that can be used in different pathways is channeled in one that is relevant for an organism at a 

certain point in time. This is discussed recently for N ADPH in livers of flatfish and explains why 

female flatfish and not male flatfish develop liver cancer when living in a chemically-polluted 
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environment (Koehler and Van Noorden 2003). NADPH is a major metabolite in livers used in 

detoxification processes and biosynthetic processes such as the production of vitellogenin needed 

for oocytes. In females. NADPH is channeled in the preferential pathway of biosynthesis when 

oocytes are generated and thus not available for detoxification at that time. As a consequence, 

females are exposed to toxicants in those periods and may develop liver cancer. It is an example 

of evolutionary laws that the offspring and not the individual is important for a species to survive. 

It is obvious that spatial crowding of enzymes in living cells has definitive advantages over an 

at-random distribution of enzymes in a cellular organelle or the cytoplasm. Nevertheless, our 

understanding of the formation of these complexes, its regulation and the metabolic consequences 

of these molecular interactions, is limited due to our lack of understanding of the intracellular 

environment of enzymes in terms of (free) substrate and effector concentrations and the interactions 

with other enzymes and macromolecules (Aragon and Sols 1991). Interactions are often transient 

and based on weak protein-protein interactions. These interactions have been implicated to be 

important in metabolic flux control (Cascante et al. 2002) but are most of the time ignored in any 

model based on the kinetic properties of purified enzymes. For example, kinetic parameters of 

CD26/DPPIV have been determined in situ along villi of rat and human jejunum (Gutschmidt 

and Gossrau 1981). Differences in V and Km were found in apical and basal villi related with 

the differentiation of the epithelial cells. These findings suggest that fluxes through this enzyme 

may differ strongly at the different sites of the villi. CD26/DPPIV shows the lowest V . and 

highest Km at the base of the villi where epithelial cells differentiate, whereas highest V and 

lowest Km values were found at the apex of the villi where the oldest cells are present. 

Besides in vitro experiments to study flux control in metabolic pathways (Groen et al. 1983; 

Westerhoff et al. 1984: Ovadi 1988; Cascante et al. 2002). there is a need to study enzymes 

directly in functionally intact living cells to address questions concerning the relevance of enzyme 

complexes and interactions with other molecules for metabolic processes and other functional 

processes and the multifunctionality or moonlighting of proteins. 

Metabolic regulation by macromolecular interactions 

Interactions of an enzyme with other macromolecules may be involved in the regulation of 

activity of that enzyme. Two examples are given here to illustrate this type of (rapid) regulation 

of activity at the posttranslational level. 

Studies by Wang et al. (1997) and Kusakabe et al. (1997) have shown that specific molecular 

interactions between aldolase, a glycolytic enzyme, and actin is responsible for the functioning 

of aldolase. Most of the aldolase is preferentially localized on stress fibers and in close vicinity 

of active ruffles of cells (Kusakabe et al. 1997). This relative subcellular enrichment of aldolase 

is explained by its interactions with actin that can be modulated by physiological effectors such 

as insulin, calcium and anoxia. In the turtle brain, increased aldolase binding has been observed 

during anoxia-induced metabolic arrest (Duncan and Storey 1992). The physiological relevance 

of binding of aldolase to the cytoskclcton is still not clear, but it has been postulated that aldolase 

has a dual role as enzyme and as structural part of the cytoskeleton. Binding of aldolase to the F-
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actio core of microfilaments inhibits competitively the enzymatic conversion of the substrate of 

aldolase, fructose-1,6-biphosphate. 

Another example of posttranslational regulation of metabolism by macromolecular interactions 

is the activity of glucose-6-phosphate dehydrogenase (G6PDH). Swezey and Epel (1986). who 

described the enzyme G6PDH in sea urchin eggs and found that in the unfertilized sea urchin 

eggs, 60% of G6PDH is bound to structural elements and then has a relatively low Vmax and high 

K whereas, within a few seconds after fertilization, G6PDH has a distinctly higher Vmax and 

lower K . Because G6PDH is released and produces large quantities of NADPH needed for 

hardening of the membrane (synthesis of the fertilization membrane) to prevent polyspermy and 

thus a lethal embryo, underlines the importance of rapid posttranslational metabolic regulation 

in living cells (Shapiro 1991; Rees et al. 1996). 

Moonlighting proteins 
The function of a moonlighting protein (Jeffery 1999: Ejiri 2002) can vary as a consequence of 

changes in cellular localization, cell type, oligomeric or polymeric state, and intracellular 

concentrations of ligand, substrate, cofactor or product. Moonlighting proteins can switch 

between functions in a number of ways as is demonstrated here with a few examples. 

The Escherichia coli PutA protein has both proline dehydrogenase activity and pyrroline-5-

carboxylate dehydrogenase activity when it is associated with the plasma membrane, but lacks 

enzymatic activity when it binds to DNA as a transcriptional repressor (Ostrovsky de Spicer and 

Maloy 1993; Muro-Pastor et al. 1997). Its localization switches on the basis of the amount of 

available substrate, ligand or cofactor. The PutA protein binds to the plasma membrane when 

substrate concentrations are high, but binds to DNA when substrate concentrations are low. 

Proteins can also have different functions when they are present intracellularly or extracellularly. 

For instance, phosphoglucose isomerase is an ubiquitous cytosolic enzyme and catalyzes the 

second step of glycolysis. However, it is also secreted by cells and then it has at least four 

additional functions. Phosphoglucose isomerase can act as neurolcukin, which is both a cytokine 

that causes B cells to mature into antibody-secreting cells and a nerve growth factor that promotes 

the survival of embryonic spinal neurons and sensory nerves (Gurncy et al. 1986). In addition, 

phosphoglucose isomerase/neuroleukin is also known as an autocrine motility factor, which is a 

cytokine that stimulates cell migration. Finally, the enzyme is a differentiation and maturation 

mediator that induces differentiation of human myeloid leukemia cells. 

A protein can also perform different functions when it is expressed in different cell types. 

Neuropilin is a cell surface receptor on endothelial cells for vascular endothelial growth factor 

(Sokcr et al. 1998). In axons, it serves as a receptor for another ligand, semaphorin III, which 

guides axons to find their destination during outgrowth. 

Some proteins have different functions when they are present as monomer or multimer. For 

example, the monomer 37-kDa subunit of human glyceraldehyde-3-phosphate dehydrogenase 

acts as uracil-DNA glycolase in the nucleus (Meyer-Siegler et al. 1991), whereas the tetramer 
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converts glyceraldehyde-3-phosphate into 1.3-diphosphoglycerate. 

Aim of the study 

Functioning of a protein in a complex environment is not easy to understand. Visualization of 

the various functions of a protein in living cells in 4D can therefore be a powerful tool to improve 

our understanding of moonlighting properties of proteins. In the present thesis, principles of 

metabolic mapping in living cells and tissues with the use of digital microscopy, natural and 

synthetic substrates are discussed (chapter 2). This approach enables the study of macromolecular 

interactions that regulate posttranslationally cellular metabolism. We have focussed on CD26/ 

dipeptidyl peptidase IV (DPPIV) as a moonlighting protein that changes its function on the basis 

of these interactions (chapter 8). Two of its functions, intracellular signaling and proteolysis, 

have been studied by digital microscopy and flow cytometry of living cells using fluorescent 

synthetic substrates (chapters 3,4, 5 and 6) and natural substrates (chapter 7). to understand how-

different functions of this moonlighting protein are regulated separately and what natural substrates 

are of DPPIV 
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