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CHAPTER 1

Chapter 1. General introduction

1.



introduction

Drug discovery represents the early phase of the development of novel medicines. In 

the drug discovery process, a specific macromolecule whose activity is pathogenic or 

at least associated with disease or disorder is selected as target for drug molecules.1 

One important class of drug targets are enzymes, representing more than 25% of all 

drug targets.2 After selecting the drug target, it is screened against a library of pure 

compounds or mixtures of compounds, with the goal to find hits with a particular phar-

macological activity against the drug target of interest. The screening is mostly based 

on UV detection, radioactivity and fluorescence detection, but in the last decade, mass 

spectrometry is also applied as alternative screening detection method.

enzymes as drug targets

Typically, a drug target is defined as a key molecule involved in a particular metabolic or 

signaling pathway that is specific for a disease. Drugs, on the other hand, are defined 

as substances presented for treating, curing or preventing disease in human beings 

or in animals. Drugs, after administered to the body, have strong effects on metabolic 

or signaling pathways mainly in the following ways: (i) by acting on receptors, (ii) by 

inhibiting carriers (molecules that transport one or more ions or molecules across the 

plasma membrane), (iii) by modulating or blocking ion channels, (iv) by nonspecific 

interactions, (v) by inhibiting enzymes.3

Some numbers illustrate the importance of enzymes as drug targets: 28% of all drug 

targets in 2000 were enzymes,2 and 47% of all marketed small molecule drugs inhibit 

enzymes.1,4 This high number is mainly caused by the essential roles that enzymes 

play in life processes and in pathophysiology.1 Many diseases and disorders are caused 

by dysregulated or over/under-expressed enzymes. By means of drugs the enzymatic 

activity can be controlled, for example, the inhibition of the enzyme carbonic anhydrase 

in the eye by acetazolamide to reduce glaucoma formation.5 Another reason to focus 

on enzymes as drug targets is that they are relatively easy targets for small molecule 

inhibitor discovery. Other drug targets are cellular receptors, hormones, ion channels, 

DNA, RNA and nuclear receptors.2,6

compound sources for screening

The compounds that are screened for activity against drug targets are from synthetic or 

natural sources. Combinatorial chemistry is the main source of synthetic compounds, 

involving the rapid synthesis of an almost unlimited number of different but structur-

ally related molecules, named a library.7,8 Nature has been a very valuable drug source 
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for thousands of years and is still widely used today. Natural sources are extracts 

from organs and tissues from animals, mollusks and insects, extracts from plants, 

seeds and fruits, and extracts from bacterial and fungal cultures.9,10 In the last years, 

approximately one quarter of the best-selling drugs worldwide were natural products 

or derived from natural products.11

widely applied screening techniques

Nowadays, high-throughput screening (HTS) is the main screening technique used in 

the pharmaceutical industry for drug discovery.3,12 HTS aims to rapidly screen large 

numbers of compounds or extracts for particular pharmacological activity against a 

drug target. The samples range from natural products to combinatorial libraries. Today, 

HTS is able to screen thousands of compounds in a matter of days. In general, HTS 

makes use of multi-well assay-plates (up to 3,456-wells) in combination with mostly 

fully robotic automation for liquid handling, sample preparation, running of the assays, 

and data analysis. Detection is mostly performed by well-plate readers, because they 

are easy to operate, sensitive and fast, which are important factors for HTS.

The detection of active compounds is mostly based on fluorescence,3,13-15 but also 

on phosphorescence, luminescence, UV and radioactivity. These detection methods 

mostly require the availability of an appropriate label formed by derivatization of 

known active compounds. During screening, the binding of an inhibitor to an enzyme 

results in a positive or negative change of the label concentration and, consequently, 

in a change of the signal intensity of the assay. Compounds whose activity against the 

drug target significant exceeds a predefined threshold are active and called hits. Hits 

are typically only the starting point of further structure optimization, having rarely the 

right combination of activity, selectivity, and bioavailability. After confirmation of the 

biological activity and the chemical feasibility, leads are identified out of the pool of 

hits. The lead is then optimized by chemical modifications until it shows a desirable 

ADMET (adsorption, distribution, metabolism, excretion, and toxicity) profile. Subse-

quently, the drug candidate goes through the clinical test phases, which are the final 

but very time- and money-consuming processes of drug discovery.

drawbacks of label-based screening

Traditional fluorescence screening assays often show outstanding sensitivity, speed and 

high reproducibility. However, despite these large advantages, the fluorescence-based 

(in general any label-based) screening assays have some drawbacks. (i) The need to 

synthesize the labeled compounds, which can be cumbersome, laborious, and costly. 

Of course many compounds are commercially available, but are often expensive and 
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are not available for novel drug targets. (ii) The derivatization of compounds may alter 

the biological affinities and kinetics of the reactants. (iii) The diversity of screening 

assays is restricted to the labeled compounds that are available. (iv) Background 

signal of the samples caused by native fluorescence (indicated as autofluorescence), 

light scattering by the compounds or the matrix, and quenching can strongly interfere 

with the screening process. Autofluorescence may lead to false positives, quenching 

to false negatives.

the potential of mass spectrometry-based screening

It is for several reasons advantageous to use mass spectrometry (MS) for inhibitor 

screening. The main reason is the ability to perform the screening assays in a label-

free mode using native compounds. In contrast to UV, fluorescence and radioac-

tivity assays the detection is not based on a label, but on the mass-to-charge ratio  

(m/z). This makes it much easier to adjust the assays, being no longer restrained by 

the labeled compound.  Moreover, MS allows the simultaneous detection of multiple 

compounds, e.g.,  both substrate(s) and product(s), that are involved in the assay, in 

contrast to only one if label-bases assays are used. In the case of enzyme-inhibitor 

screening, the substrate, product(s), cofactors, coenzymes can be detected and used 

to determine the percent conversion and thus the activity of the enzyme. Furthermore, 

the molecular mass of the inhibitor can be detected at the same time and accurate 

mass measurements in combination with fragmentation (MS/MS) experiments can 

lead to the identification of the inhibitor. The problems that fluorescence-based assays 

encounter with false positives and false negatives do not occur with MS.

enzymes and enzyme kinetics

Enzymes are proteins that are very efficient catalysts of biological systems, speeding 

up many chemical processes. Their catalytic power is immense, accelerating reactions 

by factors of at least a million. Most biological reactions will not occur at perceptible 

rates without the presence of enzymes. Carbonic anhydrase is one of the fastest 

enzymes known, converting 105 molecules per second per enzyme. Another charac-

teristic of enzymes is their specificity: in contrast to inorganic catalysts such as metals 

and metal oxides, they usually catalyze a single chemical reaction or closely related 

reactions. The formation of by-products rarely occurs in enzyme-catalyzed reactions, 

in contrast with noncatalyzed reactions.1,16,17

Enzymatic reactions are initiated by the binding of substrate molecules to the active 

site of the enzyme. The active site of an enzyme is relative small in comparison with 

the total volume of the enzyme and is usually located in cleft and crevices in the 
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protein. The active site is a three-dimensional, precise arrangement of atoms with 

respect to the substrate molecule. The formation of an enzyme-substrate (ES) complex 

can be achieved by a variety of noncovalent interactions such as electrostatic forces, 

hydrogen bonds, hydrophobic interactions and Van der Waals forces.1 The ES complex 

can dissociate into enzyme (E) and substrate (S) or breaks down into enzyme (E) and 

product (P) (Equation 1).

Two important factors mainly influence the rate of an enzymatic reaction. First, the 

rate constant k2 (also defined as kcat) describes the number of substrate molecules that 

are converted to product per enzyme molecule per second. The maximum rate of the 

reaction (Vmax) is based on kcat and the enzyme concentration [E] (Equation 2).

The second important factor is the Michaelis-Menten constant Km (Equation 3). Km 

reflects the affinity of the substrate for the enzyme, but also the rate at which the 

ES complex is converted to product, and is independent of the enzyme concentration 

[E] and substrate concentration [S]. It is not a binding constant that measures the 

strength of binding between enzyme and substrate. Only if k2 is much smaller than 

k-1 will Km equal binding affinity. Besides, Km corresponds to the substrate concentra-

tion [S] at which the reaction rate (v) is half of Vmax. Both Vmax and Km are used to 

calculate the reaction rate by means of the Michaelis-Menten model (Equation 4). A 

low Km results in higher velocities, because the ES complex is more rapidly formed. If 

[S]>>Km, then the enzyme is saturated with substrate and Vmax is (almost) reached. 

If [S]=Km, then half Vmax is reached. If [S]<Km, then v is linearly proportional to the 

substrate concentration [S].

The catalytic efficiency of an enzyme is characterized by kcat/Km and is useful for 

comparing enzymes or substrates, because it takes both the catalytic ability and 

substrate affinity into consideration. The higher the kcat/Km value, the more efficient the 

enzyme is. The theoretical maximum is about 109 M-1s-1, where every collision of the 

enzyme with a substrate results in catalysis while the product formation rate is limited 

by diffusion. Enzymes that reach this kcat/Km value are called catalytically perfect.
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fundamentals of enzyme inhibition

Enzymes are excellent drug targets and for that reason it is important to screen for 

compounds that decrease the enzyme activity. Compounds with the ability to decrease 

or block the activity are called inhibitors (I). Most inhibitors (and drugs) bind to their 

enzyme target through reversible interactions, thereby not destroying the catalytic 

site. In general, reversible enzymes are classified according to their mechanism of 

action as competitive, noncompetitive or uncompetitive. The strength of inhibitors is 

indicated by the inhibition constant Ki (Equation 5), where a lower Ki value denotes a 

stronger inhibitor.  

Another value that is used in relation with enzymes is the IC50 (Equation 6). The IC50 

represents the concentration of inhibitor that is required for 50% inhibition of the 

enzyme activity.

Competitive inhibitors compete with the substrate for the active site of free enzymes 

(Equation 7) and are usually structurally very similar to the substrate. Binding of 

an inhibitor to an enzyme results in the formation of an EI complex. Competitive 

inhibitors increase Km and do not change Vmax.
1,16,17 Most drugs against enzymes are 

small reversible competitive inhibitors.18

The influence of competitive inhibitors on v is explained by Equation 8. The stronger the 

binding between enzyme and inhibitor (low Ki), or the higher the inhibitor concentra-

tion [I] is, or both, the lower the velocity of the enzyme catalyzed reaction. However, if 
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the reaction is performed at very high substrate concentration [S], then the influence 

of both Ki and the inhibitor concentration [I] becomes small because of competition.

Noncompetitive inhibitors interact with a functional group that is essential for enzyme 

activity, but do not affect substrate binding (Equation 9). Noncompetitive inhibitors do 

mostly not change Km, while Vmax is decreased (Equation 10).

Uncompetitive inhibitors bind directly to the ES complex and not to the enzyme 

(Equation 11), which results in a decreased Km and Vmax (Equation 12).

Irreversible inhibitors form covalent bonds thereby inhibiting the catalytic activities 

permanently (suicide inhibitors). Because of this covalent-bond formation, irreversible 

inhibitors display slow binding kinetics. Irreversibly inhibitors can be classified into 

affinity labels (Equation 13) or mechanism based inhibitors (Equation 14).

An affinity label is a molecule that contains a functionality that is chemically reactive 

and will therefore form a covalent bond with other molecules containing a complemen-

tary functionality. Mechanism-based inhibitors are generally defined as compounds 

that are transformed, by the catalytic machinery of the enzyme, into a species (I*) that 
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acts as an affinity label, a transition state analogue, or a very tight binding reversible 

inhibitor, prior to release from the enzyme active site.

feasibility of inhibitor screening

The detection of enzyme activity is based on several factors. (i) The amount of product 

that is formed, which is directly dependent on the catalytic efficiency (kcat/Km) and 

the concentrations of the reactants. (ii) The incubation time. (iii) The conditions of 

the enzymatic assay, which may have an important effect on the enzyme activity. 

The ionic strength, pH, polarity, temperature, viscosity, and the presence of additives 

like denaturants, proteases, inhibitors, activators, surfactants, detergents, and heavy 

metals can all change the substrate turnover. Some enzymes, called apoenzymes 

(also called proenzymes or zymogens), require cofactors or coenzymes, or both, 

for catalysis or to increase their rate. An apoenzyme together with its cofactor(s)/

coenzyme(s) constitutes a holoenzyme. Cofactors are often small inorganic compounds 

and coenzymes small organic compounds. They bind noncovalently to the active 

site of the enzyme and participate in catalysis but are not considered as substrates. 

Some coenzymes are permanently and covalently bound to enzymes and are called 

prosthetic groups. (iv) Costs, because enzymes and substrates can be very expensive. 

(v) The sensitivity of the detector for the substrate, product or both, which is in many 

cases based on the label that is attached to the substrate. If MS is used, then the 

detection is not only related to the concentration but also to the ionization efficiency of 

the compound(s) of interest. Besides, a successful response is dependent on the MS 

settings and the compatibility of electrospray ionization (ESI)-MS for the biochemical 

assay. Enzyme assays are generally performed in nonvolatile buffers, such as PBS, 

HEPES and Tris to mimic physiological conditions. However, nonvolatile salts and all 

previously mentioned additives that are present to maintain the enzyme activity may 

contaminate the ion source of the mass spectrometer, may form adducts with many 
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compounds (which complicate the MS spectra), and may cause ionization suppression 

in ESI. This ionization suppression is mainly caused by a change in the efficiency of 

droplet formation and droplet evaporation, and ionization competition between different 

compounds,19-21 which results in a decreased MS performance and thus a decreased 

screening efficiency. Volatile buffers that are suitable for ESI-MS are ammonium, 

acetate, formate, and carbonate.

In this thesis, enzyme inhibitor screening is based on the detection of the enzymatic 

products, which functions as reporter molecules. The detection limit of the reporter 

molecules using ESI-MS is a basic system value indicating the minimum amount of 

product to be formed for a successful screening method. In practice, the amount of 

product formed should be some orders of magnitude higher than the detection limit 

to generate a significant dynamic range of the assay. Sufficient amounts of product 

are more easily obtained with large kcat/Km, but in fact every enzyme can achieve 

this at unlimited concentrations enzyme and substrate. However, high concentrations 

have a negative effect on the MS performance, and may have a negative effect on the 

detection of enzyme inhibition.

It should be noted that the screening of competitive and uncompetitive inhibitors is 

mainly controlled by the substrate concentration [S], Km and of course the inhibitor 

concentration [I] and Ki (Equation 15). v0 is the reaction velocity without inhibitor and 

vi with inhibitor.1

For competitive inhibitor screening ([I]≥1 µmol/L) with low Ki (≤10-9 mol/L), [S]/

Km≤1,000 results in the highest %Inhibition, with moderate Ki (≤10-6 mol/L) [S]≤Km, 

and for low Ki (<10-3 M) [S]<<Km. For uncompetitive inhibitors, the %Inhibition is the 

opposite of competitive inhibitors. One important addition, [I]≥Ki is perfect to detect 

any type of reversible inhibitor. For noncompetitive inhibitors, the substrate concentra-

tion [S] and Km are not relevant, but [I]≥Ki is important.

Another model is used to determine the absolute decrease of inhibition (Equation 16).1 

According to this model, it is beneficial to use [S]>Km (1-10 times) for competitive 

inhibitors, because is provides the highest decrease in product concentration. For 

uncompetitive inhibitors and noncompetitive inhibitors, [S]>Km results in the highest 

decrease in product.

Summarized, if the substrate turnover is sufficient, then screening under conditions of 
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[S]=Km should be considered. With these conditions, the analytical system should be 

able to screen for all kind of reversible inhibitors simultaneously.
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