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ABSTRACT 
The present doctoral thesis describes the development of novel fluorescence-

based sensors for real-time monitoring of analyte concentration changes. Water-

soluble macrocycles, such as cyclodextrins, calixarenes, cyclophanes, and 

cucurbiturils, and their ability to encapsulate biologically and environmentally 

relevant analytes, as well as fluorescent dyes are the basis of such sensing 

systems.  

The first part of the thesis focuses on cucurbiturils, known as highly 

symmetric, rigid, pumpkin-shaped macrocycles with two carbonyl-lined portals 

and a hydrophobic cavity. Herein, the reversible encapsulation of neutral guests, 

such as volatile hydrocarbons by cucurbiturils has been investigated using a 

fluorescent indicator displacement approach. Measurements in salt-free aqueous 

solution have disclosed a surprisingly strong (binding constants up to 107 M–1) 

and highly selective binding towards the investigated hydrocarbons 

(differentiation of alkanes from alkenes, isoalkanes from n-alkanes, and cis- from 

trans-alkenes), contrasting the common conception of cucurbiturils as cation 

receptors.  

The second part of the thesis relates to the area of enzyme assay design, 

which allows real-time monitoring of analyte changes during biochemical 

transformations. The first introduced assay exploits the use of anion-receptor 

macrocycles, for following ATP dephosphorylation via a fluorescence-based 

supramolecular tandem assay. The methodology has been also exploited to screen 

for activators of the model enzyme employed, potato apyrase, as well as to 

monitor the dephosphorylation of other nucleotides. The second assay, also 

performed in accordance with the supramolecular tandem strategy, enables a 

label-free, continuous monitoring of histone tail peptide methylation in 

homogeneous solution. The third project employs nuclear magnetic resonance 

spectroscopy for experimental testing of molecules with inhibitory potential 

against L-aspartate-α-decarboxylase, an enzyme known for its critical role in the 

growth of microorganisms, such as Mycobacterium tuberculosis.  
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SUMMARY 

The goal of this PhD thesis is the development of novel applications 

involving fluorescence-based sensors for real-time monitoring of analyte 

concentration changes. The work conducted is at the interphase between 

supramolecular and physical-organic chemistry. Throughout my studies, I have 

been involved in working with water-soluble macrocycles such as calixarenes, 

cyclodextrins, cyclophanes, and particularly cucurbiturils (introduced in Chapter 

1). The interactions of these supramolecular hosts with fluorescent dyes have been 

investigated. While we have been interested in the characterization, design, and 

understanding of the properties belonging to these supramolecular assemblies, 

practical applications were also envisaged. To this end, inspired by the indicator 

displacement strategy, I was able to implement such host/dye reporter pairs as 

highly sensitive fluorescence-based sensors for the real-time detection of 

biologically and environmentally relevant analytes and their changes in 

concentration. 

Chapter 2 focuses on the use of cucurbit[n]urils, CBn, and their potential 

for encapsulating, sensing, and selectively binding neutral guests, particularly 

volatile hydrocarbons. We believe that the study is of fundamental interest in 

order to understand the solvophobic forces for driving host-guest complexation. 

This aspect has been particularly intriguing given that CBn have always been 

perceived as cation-receptor macrocycles. The peculiar properties of the CBn 

inner cavity and the hydrophobic driving force governing their complexation with 

neutral guests have been explored (Section 2.1 and Appendix 5). In Section 2.2 an 

innovative fluorescence-based approach for sensitive detection of hydrocarbons 

relying on the indicator displacement strategy from CBn is described (Appendix 

6). The sensitivity of the system allows measurements in salt-free aqueous 

solution, which disclosed a surprisingly strong and selective binding, surpassing 

those reported for other receptors. The fluorescence detection allowed for the first 

time a continuous monitoring of hydrocarbon encapsulation via displacement.  

The projects described in Chapter 3 are focused on monitoring changes in 

concentrations of analytes during biochemical transformations, a second area of 
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interest that originated during my BSc and MSc studies (Appendix 1-3). During 

my PhD, I developed three different enzyme assays, out of which two were 

designed using the supramolecular tandem assay strategy.  

First, I have developed a substrate-selective tandem assay for ATP-

dependent enzymes. This project has been a continuation of my MSc studies and 

been finalized and published during my PhD time (Appendix 4). The study deals 

with following ATP consumption by dephosphorylation caused by an enzyme 

called potato apyrase. This particular assignment also allowed the implementation 

of anion-receptor macrocycles, namely an amino-derivative of γ-cyclodextrin and 

a cyclophane, into the tandem assay methodology. In addition to enzymatic 

conversion monitoring, the assay has been implemented for screening of 

activators and it was transferred to other nucleotides.  

The second assay was designed for Dim-5 from Neurospora crassa. This 

is a histone lysine methyltransferase, which specifically trimethylates K9 of the 

histone H3 tail and which was provided to us as part of a collaboration with the 

Jeltsch research group at Jacobs University Bremen. Assays for this enzyme were 

previously restricted to the use of radioactive labels or more laborious techniques. 

By means of the developed product-selective tandem assay, its activity can be 

followed in a continuous and label-free fashion. Additionally, its functionality 

was also illustrated by performing inhibition studies, rendering it suitable for 

future screenings.  

The third project focuses on the conversion of aspartic acid to β-alanine, 

which is carried out by L-aspartate-α-decarboxylase and which was part of a joint 

project with the National University of Singapore. The purpose of the study has 

been a systematic screening for inhibitors against L-aspartate-α-decarboxylase, 

which has a crucial role for the virulence and persistence of the bacterial agent 

causing tuberculosis, Mycobacterium tuberculosis. Unlike the previous two 

enzyme assays, the enzymatic transformation, namely the depletion of aspartic 

acid and concomitant formation of β-alanine was followed using nuclear magnetic 

resonance (NMR) spectroscopy. The inhibitory effect of several known as well as 

novel inhibitors identified via bioinformatics could be conveniently established by 

NMR studies.  
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1.1 SUPRAMOLECULAR CHEMISTRY 

Today, we are privileged to witness a multitude of scientific and 

technological advancements. Nonetheless, scientists across the world still face 

many challenges for a complete understanding of matter, its properties, and 

behavior. In order to advance successfully in science, proper communication and 

interdisciplinarity are crucial criteria. The latter attribute has awoken my interest 

towards supramolecular chemistry, which I believe is one of the most dynamic 

areas in research with impact on analytical chemistry, biochemistry, 

nanotechnology, environmental and material sciences. In fact, two famous 

statements have highlighted this synergism. In 1959, when discussing the top-

down approach Richard P. Feynman said the legendary sentence that “there is 

plenty of room at the bottom”; a few years later, Jean-Marie Lehn, when referring 

to the bottom-up approach replied: “there is even more room at the top”. 

Supramolecular chemistry emerged in the 1980’s, following the 

pioneering work of Pedersen, Cram, and Lehn (Figure 1.1.1).[1-3] The Nobel Prize 

for the work within the supramolecular chemistry field in 1987 has tremendously 

fueled the area. In fact, in the editorial of this year’s first issue of Angewandte 

Chemie International Edition, entitled “25 Years Full of Chemical Discovery”, 

François Diderich pointed out that currently one third of all publications in the 

leading chemical journals deal with supramolecular systems.[4] By definition, 

supramolecular assemblies are held together by intermolecular interactions such 

as electrostatic and hydrophobic forces, hydrogen bonding, cation-π, charge-

dipole interactions, or π-π stacking.[5] These noncovalent, reversible, and highly 

dynamic forces have been recognized and addressed when characterizing 

chemical and particularly biological systems, for instance DNA helix formation, 

antigen-antibody binding, or the highly specific recognition properties of 

enzymatic pockets as docking sites.  

Much of the research in the field has been in fact stimulated by biological 

systems and numerous supramolecular systems have been explored in an effort to 

mimic nature’s molecular recognition phenomena. A large variety of fascinating 

molecular receptors, or supramolecular hosts, have emerged, with unique inner-

phase properties. Many host molecules were designed such that they are able to 

recognize substrates or guest molecules, by means of noncovalent forces, in order 
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to form discrete entities. Host-guest complexes are representations of prototypal 

supramolecular architectures, which after Pederson’s metal ions encapsulation by 

crown ethers,[1] opened vast territories. Inclusion of smaller molecules into 

container compounds does not only afford fundamental insight into the 

intermolecular forces governing complexation, but also opens new horizons to a 

myriad of practical applications ranging from analyte sensing to drug delivery, 

and to the design of synthetic enzymes. 

 

 
Figure 1.1.1 Cover picture in Angewandte Chemie International Edition with the 

occasion of the special topical issue on Supramolecular Chemistry. The image 

illustrates an example of molecular self-organization based on the work of J.-M. 

Lehn, which is similar to the DNA helix formation. Double-helical complexes 

called helicates, form spontaneously from penta(bipyridine) ligands and Cu+ ions 

in solution.  

 

One specific area where principles of supramolecular chemistry have 

become popular is that of analyte sensing. Particularly, host-guest complexes 

involving chromogenic or fluorogenic guests incorporated into supramolecular 

structures, sensitive to external stimuli such as pH, metal ions, and particularly 

organic or biomolecular analytes, are of immediate relevance towards practical 

applications.[6-8] Traditionally, a functional chemosensor needs to contain a 

binding site for the analyte, which in biochemical applications is very often an 
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antibody, whereas in supramolecular chemistry this is frequently an acyclic 

synthetic receptor or a macrocycle. The presence and ideally the quantity of an 

analyte upon binding are usually detected via signal transduction obtained from 

the signaling unit, which may be, for example, a fluorophore or a radiotracer. 

Important to note is that while the signaling probe is the vehicle carrying the 

signal enabling the human eye to get a closer peak into the molecular world, the 

sensing process takes place at the receptor level; the properties of the latter, such 

as its sensitivity and selectivity, are essential for the formation of an ensemble 

with the analyte of interest.  

 

 
Scheme 1.2.1 The indicator displacement assay principle. 

 

1.2 INDICATOR DISPLACEMENT ASSAYS  

Among the plethora of techniques developed for detection of analytes at 

certain concentrations, a novel and convenient approach has emerged in recent 

years known as indicator displacement assay. The main idea is based on a 

competition between the indicator and the analyte of interest for the binding site. 

Upon addition of the analyte, the indicator is being displaced from the binding 

pocket, causing a signal change, such as in color or fluorescence (Scheme 1.2.1). 

Early reports where the indicator displacement technique has been employed refer 

to the sensing of acetylcholine by a resorcinol-based calixarene,[9] and 

calix[n]arenes, in general.[10] The area of indicator displacement assays was soon 

after conceptualized by Anslyn,[7,11] and became a benchmark for sensor design 

due to aspects such as: i) a simplification of the system’s architecture and 

synthesis, since it does not require covalent tethering of the signaling unit and the 

receptor; ii) it offers a large variety of options when choosing a receptor; iii) it 

allows the use of multiple indicators, even when in combination with one single 
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host; iv) the same receptor/indicator can be employed for the detection of several 

structurally related analytes; v) it is suitable to be used in homogeneous systems. 

In combination with recognition arrays, the indicator displacement method offers 

an incredible number of applications for sensing of various analytes, ranging from 

enantiomeric excess determination of amino acids,[12] to peptide recognition 

patterns,[13,14] to the detection of explosives,[15] and complex media ingredients.[16-

18] 

The basic signaling mechanism of indicator displacement assays has been, 

and still is, abundantly employed in biochemical antibody-based immunoassays. 

Here, the labeled antigen, which is meant to generate the transduction signal, is 

being competitively displaced by the untagged antigen-containing analyte. 

Radioactive and fluorescent labels are known to be the most sensitive ones for the 

design of such assays.[19-21] For instance, sensitive detection of insulin using 

radioimmunoassays revolutionized the field of endocrinology, which was 

acknowledged with the Nobel Prize in 1977.[22] Alternatively, immunoassays have 

also been developed using fluorescently labeled antigens.[19,23] Despite their 

extremely high sensitivity, immunoassays pose certain drawbacks, as they remain 

to be highly expensive; moreover, in order to achieve their well-known high 

specificity, antibodies need to be expressed for each and every analyte. They also 

require multiple steps, such as washing and separation, which makes them not 

only unsuitable for homogeneous measurements, but also less practical for 

industrial applications where large libraries of analytes need to be screened.  

An abundant number of synthetic receptors have been designed and used 

in combination with fluorogenic and chromogenic probes, predominantly for 

molecular recognition of anionic analytes. Receptors from the Anslyn group are 

mainly based on a 1,3,5-trisubstituted-2,4,6-triethylbenzene scaffold incorporating 

guanidinium and boronic acid moieties as binding sites. A few examples from the 

large array of anionic species identified are citrate, commonly found in soft 

drinks,[16] tartrate,[17] an ingredient of grapes and wines, and gallate,[11] found in 

Scotch whiskies. Phosphates, for instance inositol-1,4,5-triphosphate,[11] or 

gluconic acid, which has been used for the detection of glucose oxidase activity, 

were detected in a similar manner.[18] A large variety of receptors incorporating 

metal ions have also been constructed,[11] particularly for the binding of negatively 
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charged amino acids, such as glutamate[24] and aspartate,[25] as well as 

carbonate.[26] 
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Scheme 1.3.1 Water-soluble macrocyclic host molecules, from top to bottom and 

from left to right: cyclodextrins (α, β, γ), calix[n]arenes (n = 4, 6, 8, and R = SO3
–, 

for the most common water-soluble ones), and cucurbit[n]urils (n = 5, 6, 7). 

 

1.3 INDICATOR DISPLACEMENT ASSAYS WITH MACROCYCLIC 

RECEPTORS 

Alternatively, the use of macrocycles for sensing applications has become 

very attractive due to the ability of these host molecules to form supramolecular 

complexes with smaller guest molecules, including fluorescent probes. Generally, 

macrocycles are cyclic oligomers with a well-defined size and shape. Since most 

of them possess an inner cavity, macrocycles are considered to be molecular 

containers of nanoscale dimensions.[27] Given the interest in environmentally and 
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biologically relevant sensing applications, an emphasis has been placed on water-

soluble macrocycles. The most common ones in this context are cyclodextrins, 

calix[n]arenes, and cucurbit[n]urils (Scheme 1.3.1). These three classes of 

molecular containers have been part of the present work and their properties have 

been exploited in combination with fluorescent probes for the development of 

sensors able to monitor time-resolved changes of analyte concentrations. 

Cyclodextrins (CDs) are naturally occurring host molecules, while 

cucurbit[n]urils (CBn) and calix[n]arenes (CXn) are synthetically obtained. 

Structurally, CDs are composed of glycopyranose blocks joined by acetal linkages 

and they are commonly available in three sizes (α-, β-, and γ-CD), corresponding 

to the number of α-D-glucose units they possess (6, 7, or 8, respectively). CBn 

macrocycles were initially discovered around 1900 by Behrend,[28] but they were 

structurally and mechanistically characterized only much later by Mock.[29] They 

are pumpkin-shaped, highly rigid macrocycles, obtained by acid-catalyzed 

condensation of glycoluril with formaldehyde and are nowadays available in 

different sizes (n = 5-8 and 10),[30-33] depending on the number of glycoluril units 

they contain. The volumes of their inner cavities range from 68 Å3 for CB5 to 691 

Å3 for CB10,[34] allowing guests of different sizes to be encapsulated. The CB 

homologues, however, present striking differences regarding their aqueous 

solubility, with the even-numbered ones displaying a low water solubility.[35] CXn 

hosts are probably after CDs the most common class of macrocycles. In contrast 

to CDs and CBn, CXn are characterized as highly electron-rich species, 

incorporating aryl groups in their structure. Additionally, their structural 

flexibility allows them to adopt different conformations in solution, which, 

however, may be synthetically controlled by the appended groups on their rims.[36] 

CXn macrocycles are also commonly available in different sizes (e.g., CX4, CX5, 

CX6, with CX4 being the most common one) and the sulfonated ones introduced 

by Shinkai display a high water solubility.[37] 

All three classes of macrocycles possess a hydrophobic cavity reminiscent 

of an enzymatic pocket, which combined with the aqueous solubility further 

highlights the enzyme-mimetic potential of water-soluble supramolecular hosts. 

Their hydrophobic interior allows them to include neutral guests or nonpolar 

organic residues via hydrophobic interactions. Additionally, the unique structural 
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differences of these macrocycles play a major role in their host-guest chemistry 

providing them with highly specific means of interaction, which result in very 

different complexation behaviors. Native and chemically modified CDs[38,39] are 

generally perceived as being able to encapsulate neutral or anionic guests. Their 

high water-solubility, wide availability, and inexpensive scale-up possibilities 

have made CDs the macrocycles of choice for industrial applications.[40-42] CXn 

with charged functional groups, such as sulfonato or trimethylammonium 

moieties, render them not only soluble in aqueous solution, but also practical for 

the binding of both cationic and anionic analytes.[43,44] Unlike CDs and CXn, 

which can be synthetically tailored for binding different classes of guests, 

functionalization of CBn has remained a challenge, with few exceptions.[45-47] 

Their inherent cation-receptor properties arise from the two carbonyl-laced 

portals, which establish natural docking sites for positively charged guests, either 

inorganic ones or ammonium-based organic ones.[35,48-51] 

One of the most prominent photophysical alterations caused by the 

encapsulation of a dye by a macrocycle is its fluorescence intensity. The inclusion 

effects are generally attributed to one or a combination of the following factors: i) 

relocation of the fluorophore into the more hydrophobic environment provided by 

the host cavity;[52,53] ii) geometrical confinement of the dye, which limits its 

rotational and vibrational freedom;[54,55] and iii) protection from external 

quenchers, such as the solvent or oxygen, offered by the walls of the host.[33,56] 

Conversely, decomplexation of the dye from the macrocycle reverses these 

alterations, which from a practical point of view can be induced by the addition of 

an analyte causing dye displacement. The regeneration of the dye fluorescence 

can be accurately monitored and sensing systems can be established this way 

according to the indicator displacement principle (Scheme 1.2.1 and 1.3.2). In this 

case the receptor is represented by a macrocycle, which determines the selectivity 

and sensitivity towards the investigated analytes. The photophysical properties of 

the fluorescent dye, or the indicator, allow for signaling of the analyte binding, 

either through a fluorescence increase (switch-ON response, taking place in those 

cases when the dye is quenched upon inclusion complex formation) or decrease 

(switch-OFF, taking place when the dye undergoes fluorescence enhancement 

upon complexation with the host).  
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A large variety of water-soluble fluorescent dyes exist and their 

combination with macrocycles has been recently reviewed.[57] Among them, the 

dyes exhibiting strong fluorescence and absorbing light at long wavelengths are 

particularly desirable for sensing applications. 
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Figure 1.3.1. The first combination between a macrocycle (β-cyclodextrin) and 

an indicator dye (methyl red), covalently attached to each other, for selective 

sensing of analytes (in this case adamantane carboxylic acid) via the indicator 

displacement strategy.[58] 

 

 One of the original indicator displacement sensor studies involving 

macrocycles is that of Ueno and coworkers where the indicator, methyl red, a 

known pH indicator dye, has been attached to a β-cyclodextrin wall.[58] Addition 

of the guest, in this case adamantane carboxylic acid induces a displacement or 

relocation of the dye from the macrocyclic cavity to the bulk solvent, signaling 

the analyte. This example has further inspired the design of similar covalently 

linked macrocycle/dye sensing systems.[59] The covalent tethering of a macrocycle 

to a fluorophore is advantageous for the fact that due to the local proximity, a high 

concentration of the complex is insured. This may be particularly relevant under 

conditions where concentrations cannot be perfectly adjusted, for instance when 

working with biological samples, such as tissues or cells. However, several 
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obstacles are associated with this approach such as laborious synthetic methods 

and limitations with respect to the variation of the indicator. 

 The drawbacks of the covalent tethering approach have been overcome by 

the use of intermolecular macrocycle/dye assemblies (Scheme 1.3.2). Not only 

does this eliminate the need for an additional covalent bond, but access to a large 

variety of available fluorescent dyes is also permitted. The latter allows the 

desired “tuning” for the envisaged applications, such as the choice of a dye 

corresponding to a switch-ON or switch-OFF response. An additional benefit is 

also the ability to adjust the concentrations of macrocyle and dye so that the 

affinity range of a particular analyte is matched. An important principle for setting 

up convenient indicator displacement assays is that the affinity product defined as 

binding constant times concentration should be approximately the same for the 

dye and the analyte.[43] 

 

 
Scheme 1.3.2. Indicator displacement assay for sensing of analytes using a 

macrocycle/dye reporter pair. 

 

 The use of macrocycles for the recognition of cationic analytes using the 

indicator displacement strategy is best illustrated by calixarenes and 

resorcinarenes, which have been explored for the sensing of bioanalytes, 

particularly neurotransmitters of the choline and carnitine type. The first system 

reported to detect acetylcholine employed a resorcinol-based calixarene in 

combination with a pyrene N-alkylpyridinium dye.[9] However, the strongly 

alkaline organic conditions were only remedied later by cyano substitution of the 

host.[60] Shinkai introduced the use of p-sulfonato calix[n]arenes for detection of 

acetylcholine near neutral pH.[10] Unfortunately, the fluorophore of choice at that 

time, the same pyrene-appended pyridinium required alcoholic solution in order to 

avoid aggregation. Operational systems at physiological pH using fully water-
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soluble reporter pairs have emerged only recently (Scheme 1.3.3).[43,61-63] Larger 

CXn have been alternatively used in combination with bulkier fluorescent guests, 

such as Rhodamine B,[64] at the expense of lower binding affinities. 
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Scheme 1.3.3. Fluorescent dyes investigated in combination with p-

sulfonatocalix[4]arene (CX4) suitable for acetylcholine detection in aqueous 

solution. 

 

 Prime examples related to molecular recognition of anionic analytes are 

nucleotides and DNA. Several reporter pairs comprised of anion-receptor 

macrocycles and negatively charged fluorescent dyes,[44,65-68] such as 8-hydroxy-

1,3,6-pyrene trisulfonate (HPTS) or fluorescein, have been reported. The 

supramolecular hosts are either of the cyclophane type (Scheme 1.3.4, 1, 2, and 3) 

or of the CX type (Scheme 1.3.4, 4 and 5). In all cases, nucleotide binding is 

thought to involve synergistic effects of electrostatic interactions, H-bonding, and 

π-π stacking. In addition to bioanalytes, halide anions also represent prime targets 

for sensing, but their recognition in aqueous solution remains a great challenge.[69] 

An example for selective recognition of fluoride in MeCN or CH2Cl2 is the use of 

calix[4]pyrrole, 6 coupled with 4-nitrophenolate for colorimetric detection.[70] 

 



CHAPTER 1                                                                                             Introduction 

 13 

N N

N N

OPr

OPr

PrO

PrO

OBu

OBu

H2N

H2N

BuO

BuO

H2N

HN

O

OBu

OBu

NH2

NH

BuO

BuO

NH2

NH2

O

H
N

N
H

HNNH

HN

HN

HNNH

NH

NH

NMe3

NMe3Me3N

Me3N

N

N

N

N

1 2 3

4 5 6  
Scheme 1.3.4. Macrocycles with anion-receptor properties employed for sensing 

via indicator displacement assays. They were used for recognition of nucleotides 

(1, 2, 3, 4), DNA (5), and fluoride (6).  

 

 Fluorescence-based displacement assays using CBn have been inaugurated 

only recently,[55] opening an extraordinary number of applications for this class of 

macrocycles. The first fluorescent dye implemented for this type of sensing 

principle has been Dapoxyl, which upon inclusion with CB7 undergoes a 

fluorescence enhancement factor of up to 200.[55] Note that in addition to polarity 

and confinement effects, which are the typical rationale for inclusion effects in the 

case of CDs and CXn, encapsulation of fluorophores with CBn is also influenced 

by charge-dipole interactions. It has already been recognized that these 

interactions are responsible for pKa shifts undergone by guests upon complexation 

with CBn.[55,71-74] In fact, already in the original study, the Dapoxyl/CB7 reporter 

pair has been implemented for a protolytic displacement assay, initially postulated 

for p-sulfonatocalix[4]arene (CX4) and 2,3-diazabicyclo[2.2.2]-oct-2-ene 

(DBO).[61] The presence of an analyte, in addition to causing the “conventional” 

displacement, also changes the protonation state of the fluorescent dye as a 

consequence of its relocation into the bulk phase. Indicator displacement assays 

involving supramolecular complexes consisting of cationic fluorescent dyes and 

CBn have followed, facilitating the sensing and quantification of amino acids,[75] 

biogenic amines,[76-78] ionic liquids,[79,80] and transition metals.[81] These examples 

refer to positively charged guests reflecting the cation-receptor properties of CBn. 

The extraordinary affinity and selectivity of CBn towards neutral analytes have 
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been in detail investigated in the present work, also by means of the indicator 

displacement strategy, as discussed in Chapter 2.  

 

1.4 APPLICATION TO TIME-RESOLVED MONITORING OF ANALYTES 

The indicator displacement sensing principle using fluorescent 

dyes/macrocycles as reporter pairs, as seen above, has been implemented for the 

detection of a wide variety of analytes. However, the applicability of this 

methodology is not limited to assessing absolute concentrations, but can be 

expended to directly measure changes in analyte concentration, such as during 

enzymatic transformations. This establishes an important biochemical application, 

since being able to monitor enzymatic processes is not only of paramount 

importance for fundamental enzymology, but also for pharmaceutical-industrial 

screening in the context of drug discovery. 

Among the different methodologies for following enzymatic reactions 

fluorescence-based assays stand out due to their high sensitivity, short detection 

times, and the possibility for continuous monitoring as well as scale-up to high-

throughput-screening (HTS) format.[82,83] Within the area of fluorescence-based 

assay design, during my MSc studies, I have become familiar with enzyme assays 

employing singly labeled substrates. The label was a special noninvasive 

fluorophore, namely an asparagine derivative of the DBO azo-chromophore (Dbo, 

Scheme 1.4.1).[84,85] The assay strategy, relying on the collision-induced 

fluorescence quenching of Dbo by natural amino acids such as tryptophan and 

tyrosine, allowed for a time-resolved continuous monitoring of the activity of 

several proteases, phosphatases, and kinases in homogeneous solution (Scheme 

1.4.1, Appendix 1 and 2).[86,87] Additionally, owing to the exceptionally long 

fluorescence lifetime of Dbo (300 ns in water)[88] the assays could be alternatively 

performed using nanosecond time-resolved fluorescence (Nano-TRF) 

detection,[89] which allows for background emission suppression, and thereby an 

increased assay performance. 
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Scheme 1.4.1. Fluorescence quenching of Dbo by natural amino acids forms the 

basis of fluorescence-based enzyme assays using singly labeled substrates (Ref. 
[86] and [87]). 

 

The breakthrough in assay design took place in our research group in 2007 

when a novel methodology was implemented, complementary to established 

techniques, particularly those involving fluorescently and radioactively labeled 

substrates or tagged product-specific antibodies.[76] The new line of assays has 

been coined supramolecular tandem assays and it relies on a combination of the 

indicator displacement strategy involving supramolecular fluorescent 

dye/macrocycle reporter pairs with enzymatic reactions. The supramolecular 

tandem enzyme assays allow for a real-time monitoring of changes of analyte 

concentration as it happens in the course of an enzymatic reaction. The analyte 

may either be depleted, i.e., the substrate, or formed, i.e., the product. Note that 

these assays are highly sensitive and they operate in a label-free fashion in 

homogeneous solution without the need for incubation steps, which have become 

a burden in antibody and radioactivity-based assays. 
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Scheme 1.4.2. The concept of supramolecular tandem assays, which allow time-

resolved monitoring of changes in analyte concentration during enzymatic 

transformations.  

 

Whereas in most assays a strong specificity of the receptor for the analyte 

is required, this is not the case for supramolecular tandem assays. Here, it is only 

a differential binding between two analytes, i.e., the substrate and the product of 

the enzymatic reaction, towards a macrocyclic receptor in combination with a 

fluorescent dye that is necessary. This way, the assay is performed using a 

reporter pair, which is responsive to the concentration changes caused by the 

enzymatic reaction (Scheme 1.4.2). Two sensing principles can be differentiated. 

First, the formation of a strongly binding product can be monitored. In this case, 

the dye resides in its complexed form before the enzymatic reaction is initiated. 

The addition of the enzyme triggers a continuous displacement of the dye caused 

by the higher affinity product (product-selective assay). Conventional indicator 

displacement assays, especially antibody-based ones are conducted in this mode. 

The second possibility relates to the situation in which the substrate binds more 

strongly with the macrocyclic receptor as compared to the enzymatic product. In 

this scenario, the reaction is followed via an uptake of the dye into the 
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macrocyclic cavity as a result of concomitant substrate depletion (substrate-

selective assay). Depending on the photophysical properties of the fluorescent dye 

and macrocycle, the concentration changes induced by the enzyme can be 

monitored either through a fluorescence increase (switch-ON) or a fluorescence 

decrease (switch-OFF).  

The original studies conceptualizing supramolecular tandem assays 

focused on the study of amino acid decarboxylases (lyases, EC4).[76] The 

conversion of different amino acids into biogenic amines by 6 different 

decarboxylases has been monitored using the Dapoxyl/CB7 reporter pair. 

Specifically, the concentration changes affected by the enzymatic reactions – a 

weakly competing substrate (an amino acid) being depleted and a strongly 

competing product (a biogenic amine) being formed – could be correlated and 

quantified. The supramolecular tandem assay principle has also been extended to 

other classes of enzymes for time-resolved monitoring of concentration 

fluctuations as they are inflicted by the enzymatic activity. Such enzymes are 

hydrolases, (EC3, e.g., arginase,[78] thermolysine,[90] acetylcholinesterase[43]) or 

oxidoreductases (EC1, e.g., diamine oxidase[78] and choline oxidase[43]). Two 

additional assays designed for monitoring the depletion of enzymatic substrates 

by potato apyrase, a phosphohydrolase, and for detecting the formation of an 

enzymatic product by Dim-5, a histone lysine methyltransferase, are described in 

detail in Chapter 3, as they are an integral part of the present doctoral work. 

 The Nau research group, leading in the development of supramolecular 

tandem assays, has already established a substantial library of reporter pairs built 

up by combinatorial screening of water-soluble macrocycles with fluorescent 

dyes. Importantly, the absolute concentrations of macrocycle and fluorescent dye 

as well as their relative ratio can be adjusted to the preferred analyte concentration 

range of the particular enzyme of interest and the required sensitivity. In addition 

to monitoring the changes associated with the enzymatic activity and extracting 

enzyme-kinetic parameters, supramolecular tandem assays are also suitable for 

studying the effects of inhibitors and activators, illustrating their potential for 

both, academic investigations as well as for pharmaceutically relevant screening 

applications. 
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2.1 FEATURES OF THE INNER CUCURBIT[n]URIL CAVITY – WHAT 

DETERMINES HYDROPHOBIC INTERACTIONS 

 

 
Figure 2.1.1 Top and side views of the distinct cavities and bond dipole regions 

of cucurbit[n]urils.  

 

A major part of my PhD research work is related to studying the 

encapsulation of neutral molecules, particularly of volatile hydrocarbons, by 

cucurbit[n]urils, CBn. While in supramolecular chemistry this class of 

macrocycles has been abundantly documented for its cation-receptor properties, 

we have now focused on investigating their binding propensities towards neutral 

guests. It is already well known that these supramolecular hosts are able to 

encapsulate hydrophobic residues within their inner cavity (Figure 2.1.1), which 

we have recently defined as the confined space between the carbonyl portals.[34] 

However, this has always been considered a secondary driving force for 

complexation, with the major one being generated from ion-dipole interactions 

between positively charged guests and the electronically rich CBn portals. 

Accordingly, reported studies on the complexation of neutral molecules by CBn 

have remained scarce. Herein, I have undertaken an extensive study on the 

binding of structurally simple neutral guests with CBn, thereby eliminating 

interferences associated with charge-dipole interactions. This allows for an 
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isolation of the hydrophobic driving force for complexation, which could be 

explored and related to the peculiar physical properties of the CB cavity, which 

will also be shortly introduced.  

 

 
Figure 2.1.2. Electrostatic potential map (top and side view) of CB8 revealing the 

negatively charged carbonyl regions (in red) and the electron-deficient equatorial 

region (in blue). 

 

CBn macrocycles have generally been assigned a hydrophobic interior 

capable of hosting neutral guests or organic residues, which can be qualitatively 

estimated from their electrostatic potential map (Figure 2.1.2). The highly 

electron-deficient equatorial region can be readily visualized, contrasting the 

electron-rich carbonyl-lined portals. However, this information does not tell us 

much about the hydrophobicity of CBn or what renders their interior hydrophobic. 

Exploratory investigations inside the cavity of cucurbiturils, particularly for CB7, 

have already been reported with several solvatochromic probes.[54,91] In all cases, 

a polarity similar to alcohols or alcohol:water mixtures was reported, which is 

also the case for other related macrocycles, CDs or CXn. Overall, since the 

polarity detected is lower than that of water, one can generally describe the CB 

interior as hydrophobic. Furthermore, within the present project, I have 

investigated whether the interior of these macrocycles allows housing of 

hydrocarbons, such as small alkanes, which are par excellence hydrophobic 

compounds. Their complexation was not only confirmed, but also led to a further 

investigation of the factors that contribute to the relocation of these hydrocarbons 

from the aqueous environment into the inner CB cavity (see next sections).  
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Figure 2.1.3. Linear correlation of the inverse oscillator strength, 1/f, of DBO and 

the polarizability, P, of the environment. White circles mark interpolated values 

for macrocyclic cavities. 

 

The most striking feature of the CB inner cavity is its extremely low 

polarizability/refractive index, which is closer to that of gas phase than to that of 

any other known solvent. This peculiar property has been exposed using DBO, a 

neutral azoalkane with an extremely long-lived fluorescence lifetime (up to 1 µs), 

as solvatochromic probe. Its full immersion, not only in CB7, but also in similar 

supramolecular microenvironments, such as in CX4 and β-CD, allows for an 

actual exploration of the inner cavities of these macrocycles. Experimentally, the 

oscillator strength, f, of the near-UV absorption band of DBO was measured in 

gas phase, as well as in different solvents and supramolecular environments. An 

empirical linear correlation was established between its inverse, 1/f, and the bulk 

polarizability, P.[92] As seen in Figure 2.1.3, when compared to related 

macrocycles, the polarizabiliy of CB cavity falls below that of CDs, while hosts 

with an aromatic structural topology such as CXn, exhibit much higher values. 

Cyclodextrins have C–H bonds pointing towards the inside of the cavity, and thus 

their interior has been characterized as “alkane-like”. Calixarenes contain aryl π 

systems, which naturally render their interior as “aromatic”. In contrast, CBn have 

neither bonds, nor lone pair orbitals pointing inwards and the electron density is 

effectively displaced to the carbonyl oxygens at the upper and lower rims; 

moreover, their concave structure causes the electron density at the ureido 

nitrogen to be directed towards the outside of the cavity. The extremely low 

polarizability inside the CB cavity has also provided the first experimental 

evidence for Cram’s daring postulate, initially formulated for hemicarcerands, that 
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the inner space of such molecular containers can represent a completely new 

phase of matter.[93,94] 
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Scheme 2.1.1. Structures of fluorescent dyes displaying fluorescence lifetime-

enhancing effects upon complexation by CB7.  

 

The first consequence of the low CBn polarizability is reflected in the 

photophysical properties of the encapsulated fluorescent dyes, specifically, with 

respect to their longer fluorescence lifetimes, τ0, in low-polarizability 

environments. This is due to the dependence of the radiative decay rate, kr, on the 

square of the refractive index, n2 (the Strickler-Berg equation), which in turn is 

directly related to the polarizability of the environment, P = (n2–1) / (n2+2).[95] 

The radiative decay rates of several fluorophores have been measured in the 

presence of CB7, and extremely low values were extracted, while exceedingly 

high fluorescence lifetimes were recorded. These experiments have in fact 

provided the direct spectroscopic evidence for the earlier empirical correlation 

between oscillator strength and polarizability. DBO, for instance, holds the world 

record with respect to its fluorescence lifetime, which is above 1 µs in aqueous 

solution.[96] Numerous fluorescent dyes, including the commercially relevant 

rhodamines, coumarins, pyronins, oxazines, and cyanines, display their longest 

fluorescence lifetimes ever recorded in the inside of the CB cavity, including 
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those that are too bulky to be completely encapsulated by CBn (Scheme 

2.1.1).[54,56]  

The other implication of such an extremely low polarizability inside a 

macrocyclic host is reflected on the chemical interactions involving 

supramolecular assemblies. Polarizability is defined as the ability of a molecule’s 

electron density to change or distort as a response to an external electric field, 

such as that inflicted by the presence of an ion or a dipole. Its importance in 

noncovalent interactions is highlighted by the London formula on the contribution 

of dispersion interactions to the attraction between two molecular species, and its 

driving force in host-guest complexation involving cyclophanes has been already 

acknowledged.[97]  

 

 
Figure 2.1.4. Crystal structure of CB6 with four very-high-energy water 

molecules inside its inner cavity (from ref.[98]). 

 

The exceedingly low polarizability of the CB cavity and its implications 

towards the thermodynamics of complexation between organic residues or neutral 

guests via hydrophobic interactions deserves special attention. It has been 

postulated that in aqueous solution hydrophobic and dispersion interactions do not 

only reach a maximum, but also that their separation is incredibly difficult, if not 

impossible.[99] In the case of CBn, however, the situation is different since their 

cavity is less polarizable than water. In this case, hydrophobic guests would in 

fact rather prefer to interact with the solvent via dispersion interactions than with 
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the inner CB cavity. As a result, dispersion interactions certainly do not afford an 

enthalpic driving force for guest inclusion and the complexation of neutral guests 

with CBn can be considered as purely hydrophobic in nature. 

 

Table 2.1.1. Binding affinities and volumes of hydrophobic residues encapsulated 

by the CB7 cavity.[a]  

Recognition motif, R Guest K [M–1] V [Å3][b] 

R = 1-adamantyl 

CH2OH

1-hydroxymethyl-

adamantane  

2.3 × 1010 147 

R = ferrocenyl 
Fe

CH2OH

hydroxymethyl-

ferrocene  

3.2 × 109 141 

R = bicyclo[2.2.2]octane 

BCO

CH2OH

CH2OH

 

6.1 × 109 121 

R = 2,3-diazabicyclo[2.2.2]- 

oct-2-ene[c] 

N

N

DBO  

5.8 × 106 111 

[a] From ref.[100]. [b] Calculated volume corresponds to that of the immersed residue, R, 

in the CB7 cavity. Volume calculation was performed with the QSAR module of 

HyperChem[101] after optimization with the AM1 semiempirical method. [c] From ref.[102] 

 

The first neutral guests detected to form inclusion complexes with CBn are 

water molecules, found in several crystal structures.[34] Their presence is 

inevitable and we have recently estimated the occupancy of the inner cavities of 

CBn with these very-high-energy guests. As expected, the number of water 
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molecules found in the absence of other encapsulated guests increases with the 

size of the macrocyclic cavity: CB5 houses two water molecules, CB6 four 

(Figure 2.1.4), CB7 eight, and CB8 twelve molecules.[34] The number of expelled 

water molecules upon encapsulation of a guest can be estimated from the guest 

volume. The entropic contribution of the hosted water molecules represents, in 

addition to the “unimportance of dispersion interactions” (vide supra), a 

significant aspect of the driving force that leads to the encapsulation of 

hydrophobic residues inside the CB macrocycles.  

To illustrate how these unusual characteristics of the CB inner cavity are 

influential for the hydrophobic driving force leading to complexation, let us take 

the examples of several selected neutral guests or residues previously reported to 

form inclusion complexes with CBn. For instance, the tricyclic 1-hydroxymethyl-

adamantyl, and the bicyclics hydroxymethyl-ferrocenyl, the bicyclo[2.2.2]octane-

derivative (BCO), and DBO, are known to bind strongly with CB7. In fact, the 

binding constants of some of these residues (with appended ammonium groups) 

with CB7 are so high, that they were compared to the biotin-avidin affinity.[51,100] 

Initially, attractive van der Waals interactions have been held responsible for the 

high binding between the hydrophobic cores of the guests and the CB cavity. 

However, upon closer inspection, it can be noted that all these guests are able to 

completely remove all water molecules, usually residing in the inner CB7 cavity. 

Thus, in reality, the differences in binding constants (Table 2.1.1) are due to the 

differential solvation of the hydrophobic residues. Note that this is a significant 

factor in the complexation thermodynamics of guest molecules with any 

macrocycle, not only with CBn. Since both, adamantyl and ferrocenyl, residues 

are almost isosteric (approximately same volume), one would expect identical 

affinities towards CB7. Yet, adamantyl displays slightly higher binding affinity, 

which can be explained by the differences in polarizability of the two residues: the 

more polarizable ferrocenyl undergoes a better solvation in water, leading to 

dispersive interactions to favor a stabilization of the residue in bulk water. A 

similar situation is encountered for DBO and BCO. The three orders of magnitude 

lower binding constant of DBO can be ascribed to the dipolar azo group, which 

renders this neutral compound highly water-soluble and polarizable. 

Consequently, a higher energy input is necessary for its desolvation. In fact, it has 

been reassuring to see how these results are highly supportive also towards our 
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new findings with respect to the encapsulation of hydrocarbons by CBn. For 

instance, as we will see in the next section, the highly electron-rich benzene (89 

Å3) was found to have a very low affinity towards CB6 (< 103 M–1), in contrast to 

less polarizable cyclopentane (86 Å3), which reveals an extraordinarily high 

binding constant (~ 106 M–1).  

In view of these particular properties of the CB inner cavity, we have 

decided to explore in detail the complexation of neutral guests with this class of 

macrocycles, whose chemistry is presently unfolding (an example is the special 

issue on “Cucurbiturils” in the Israel Journal of Chemistry, May 2011). 

Particularly, the binding of small neutral molecules is useful, not only because the 

charge-dipole interactions are being eliminated, which otherwise become 

dominant, but also since a complete immersion inside the inner cavity is feasible. 

This allows for an exploration of size, properties, as well as the fundamental 

intermolecular interactions between the guests and the inner CB cavity leading to 

the formation of discrete supramolecular assemblies, which I will describe next.  

 

2.2 A SUPRAMOLECULAR GAS-SENSING ENSEMBLE WITH CB6 
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 In order to monitor the binding of several volatile hydrocarbons to 

cucurbit[6]uril, CB6, in a time-resolved fashion we chose the indicator 

displacement methodology using our recently developed anchor dye approach.[77] 

Specifically, the fluorescent dye, NAS-P has been synthesized by attaching a 

putrescine anchor (ensuring strong binding with CB6) to the 

microenvironmentally sensitive 1-naphtylamine-5-sulfonic acid chromophore 

(ensuring a significant fluorescence change upon binding). The strong affinity 

between NAS-P and CB6 in combination with the large fluorescence response 
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upon complexation allowed for experiments to be performed not only in 50 mM 

NaOAc, but also in salt-free aqueous solution (Figure 2.2.1). This is a particular 

advantage offered by the extraordinary sensitivity associated with fluorescence-

based indicator displacement assays. Specifically, it allows the use of very low 

concentrations (in our case low µM range, below the solubility limit of CB6), 

which is not possible with other established techniques, such as NMR, where 

considerably higher concentrations (typically mM range) are required. 

 

 
Figure 2.2.1. Fluorescence spectra (λexc = 283 nm) of a) 4 µM NAS-P with 

increasing concentrations of CB6 in 1 mM HCl, pH 3.0, and b) 10 µM NAS-P 

with increasing concentrations of CB6 in 50 mM NaOAc, pH 5.5. The nonlinear 

fittings (insets, λobs = 334 nm) were made according to a 1:1 complexation model, 

from which the association constants were derived. The very tight binding of the 

dye with CB6 at pH 3.0 required the use of a lower dye concentration (100 nM, 

titration curve in inset) to achieve higher accuracy in the determination of the 

absolute binding constant. 

 

Using a fluorescent dye displacement approach, we were able for the first 

time to monitor in real-time the encapsulation of various hydrocarbons by CBn 

macrocycles. The working principle is depicted in Figure 2.2.2. The addition of 

gaseous analyte to the pre-assembled and highly fluorescent NAS-P•CB6 reporter 

pair results in a continuous displacement of the dye. The changes in analyte 

concentration have an immediate onset, signaling the fast exchange on the time 

scale of the experiment. The saturation limit is concomitantly reached with the 

final plateau of the fluorescence intensity, where the concentration of the volatile 

analyte corresponds to its well-known aqueous solubility.  
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Figure 2.2.2. Fluorescence-based approach for time-resolved monitoring of 

hydrocarbon encapsulation and sensing using CB6 in aqueous solution. The trace 

refers to actual experiments with sequential uptake and release of n-butane and 

isobutane. 

Note in Figure 2.2.3 the markedly different fluorescence responses 

corresponding to the investigated hydrocarbons upon addition to the NAS-P•CB6 

complex. To our surprise, the affinities of neutral guests towards CB6 are 

exceedingly high (in fact, the largest ones ever reported with macrocycles),[103-

113]and the high selectivity exhibited by CB6 stands out also when compared to 

previously investigated containers (Table 2.2.1).  

 

Table 2.2.1. Binding constants of hydrocarbons with CB6. 

K [103 M–1][a] 
Hydrocarbon 

[Volume / Å3][b] 

PC[c] 

[%] 
water, 

pH 3.0[d] 

NaOAc, 

pH 5.5 

C1 methane [29] 20 < 2 < 0.05 

C2 ethane [45] 32 24[e] 2.6 ± 0.7 

 ethene [41] 29 3.9 0.25[e] 
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 acetylene [35] 25 0.11[e] 0.047[e] 

C3 propane [63] 44 180[e] 10 ± 5 

 propene [58] 41 25[e] 1.4 

C4 n-butane [80] 56 280 4.4 

 1-butene [75] 53 79 1.3 

 cis-2-butene [74] 52 150 2.1 

 trans-2-butene [74] 52 21 0.32 

 isobutane [79] 56 850 ± 190 28 ± 15 

 isobutene [75] 53 84 1.9 

C5 n-pentane [96] 68 9 ± 4 0.14 

 isopentane [96] 68 15 ± 5 0.30 

 neopentane [96] 68 < 2 < 0.05 

 cyclopentane [86] 61 1300 ± 300 35 ± 24 

≥C6 higher alkanes[f] [> 102] > 72 < 2 < 0.05 

[a] Determined by competitive fluorescence titrations with the NAS-P•CB6 reporter pair 

at 298 K; error in data is 20% unless specified differently. [b] Obtained from AM1-

optimized geometries. [c] Packing coefficient, obtained by dividing the guest volume by 

the inner cavity volume of CB6 (142 Å3, from ref.[34]). [d] Adjusted with 1 mM HCl. 

[e] 10% error. [f] n-hexane, isohexane, 2,3-dimethylbutane, cyclohexane, n-heptane. 

 

In all cases, the binding constants were calculated by assuming a 1:1 

complexation stoichiometry via the following methods: 

 

i) Repetitive end-point measurements of the fluorescence intensity of gas-

saturated solutions. The binding constants were calculated according to eq. 2.1, 

where Iobs stands for the absolute change in fluorescence intensity upon dye 

displacement. 
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Figure 2.2.3. Displacement of NAS-P (4 µM) from CB6 (4 µM) monitored by 

fluorescence after saturation of aqueous solutions with different gaseous a) 

alkanes and b) alkenes and acetylene. Measurements in water at pH 3.0, λexc = 

283 nm. Note that hydrocarbons showing similar displacements may exhibit 

different binding constants due to varying solubilities. 

 

ii) Representative titrations at different gas pressures, and therefore different gas 

concentrations (by assuming Henry’s law) afforded 1:1 isotherms (Figure 2.2.4). 

A competitive binding model was used and the concentration of gas at 1000 mbar 

was taken as its known aqueous solubility (eq. 2.2). For the determination of 

binding constants of analytes by competitive displacement, we fixed the binding 

constant of the dye, KG, as 4.3 × 107 M–1 in 1 mM HCl (pH 3.0) and 2.5 × 103 M–1 

in 50 mM NaOAc (pH 5.5). It is important to note that the choice of a slightly 

different dye binding constant would affect the absolute values, but not the 

relative values among the different analytes. 
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Figure 2.2.4. Plot of the fluorescence intensity of competitive displacement of 

NAS-P (4 µM) from CB6 (4 µM) at different concentrations (pressures) of a) 

propane and b) propylene in 1 mM HCl, pH 3.0 (λexc = 283 nm, λobs = 334 nm). 

The nonlinear fittings were made according to eq. 2.2. 
 

Structural evidence for the inclusion of the gases was furbished by 1H 

NMR investigations (see example for isobutane in Figure 2.2.5). On one hand, 

these measurements were limited to salt-containing (50 mM Na2SO4) D2O 

solutions, where the solubility of CB6 reached the mM range. On the other hand, 

only the lower, most water-soluble alkanes (up to C4) could be examined by this 

method. In the presence of CB6, a new set of upfield-shifted resonances emerged 

(∆δ = 0.71–0.92), corresponding to the encapsulated gases being in slow exchange 

with their free forms. Integration of the proton signals, using maleic acid as a 

standard, provided independent values for the binding constants (eq. 2.3). These 

were in satisfactory agreement with those obtained via fluorescence 

measurements, considering the change of H2O to D2O and the slightly higher (100 

mM) sodium ion content. In the case of methane and neopentane, as expected 

from the absence of a fluorescence response, no new proton signals could be 

observed in the presence of CB6. 
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Figure 2.2.5. 1H NMR spectrum of a non-saturated isobutane solution a) before 

and b) after addition of CB6 in 50 mM Na2SO4–D2O solution, using maleic acid 

as standard (2.5 mM). The slow exchange between the gas and the host is 

illustrated by the additional upfield-shifted resonance corresponding to 

encapsulated isobutane. Integration of the signals provided the concentration of 

host (0.35 mM) and those of free (0.14 mM) and bound (0.25 mM) gas, which 

afforded a binding constant of 1.7 × 104 M–1 according to eq. 2.3. 
 

 In order to visualize the hole-size and cavity-height matching of CB6 

towards the different guests, we can take a look at the optimized geometries of the 

complexes in Figure 2.2.6. A perfect match is not dependent only on the size or 

length of the guests (n-butane vs. 1-butene), but also on the shape or geometry of 

the guests (isobutane vs. n-butane). These considerations are illustrative of the 

binding constants obtained in Table 2.2.1.  
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Figure 2.2.6. Optimized geometries of the CB6 complexes with a) n-butane, b) 1-

butene, c) isobutane (side view), and d) isobutane (top view) at the B3LYP/6-

31G** level of theory (gas phase) performed by K. I. Assaf. 

 

On the basis of constitutional selectivity displayed by CB6 (branched and 

cyclic hydrocarbons being preferred over elongated ones), one may at first expect 

neopentane to also form an inclusion complex. In addition to its essentially perfect 

spherical geometry, neopentane possesses the same volume (96 Å3) as its other 

two isomers, isopentane, and 2,3-diazabicyclo[2.2.1]hept-2-ene, which do show a 

moderate to strong affinity for CB6 Table 2.2.1 and ref.[50], respectively. 

However, in the case of neopentane neither a fluorescence response, nor an 

upfield shift in the NMR signal was observed, corroborating this way an earlier 

observation by Mock, which states that neopentylammonium does not form an 

inclusion complex with CB6,[48,49] a consequence of the constrictive binding 

exhibited by the CB6 portals.[108,114] The absence of binding for neopentane 

combined with the CB6 selectivity has served in our case to illustrate how our 

study may be practically relevant for real applications.  

The fact that the commercial neopentane in highest available purity (99%) 

contained an unknown impurity at 1.66 ppm was a serendipitous finding. Addition 

of solid CB6 resulted in a complete removal of the impurity, affording a highly 

pure neopentane solution (Fig. 2.2.7), as could be anticipated from the selectivity 

in Table 2.2.1. This example highlights how the differential binding of CB6 to 

different analytes can be applied to real applications.  
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Figure 2.2.7. 1H NMR spectra of neopentane-saturated D2O before and after 

addition of CB6. 

 

 A general rule, proposed by Rebek, with respect to size selectivity of 

encapsulated guests is the “55% solution”,[115,116] which predicts an optimum 

packing coefficient (PC, defined as volume of the guest divided by volume of host 

cavity) associated with the highest affinity. The rule takes into account the 

capacity of a certain cavity rather than its volume. The size-selectivity in our case, 

too, can be rationalized by considering the PCs of the different gases towards CB6 

(Table 2.2.1). Note that the maximum affinities are reached for isobutane and 

cyclopentane where PC values of 56-61% are reported, well in line with the 55% 

solution. Higher or lower values are tolerated, but they do come at the expense of 

lower binding constants. For example, the slightly larger pentane isomers (96 Å3), 

show considerably lower binding constants, as can be noticed in Table 2.2.1. 

 In addition to size-selectivity and constitutional selectivity (branched and 

cyclic hydrocarbons being preferred over elongated ones), CB6 can also 

differentiate between saturated (alkanes) and. unsaturated (alkenes) hydrocarbons, 

with a preference for the former by a factor of 4-10 times. Interestingly, this 

cannot be due to the minimal size difference, but rather to the higher water 

solubility of alkenes. Therefore, these analytes are better solvated in water than 

their saturated counterparts, consequently experiencing a weaker solvophobic 
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driving force for complexation, similar to the DBO/BCO example given in 

Section 2.1.  

A limitation of the CB6 homologue is its very low water solubility (up to 

30 µM),[50]  such that previous binding constants could only be extracted in either 

mixed solvents, such as with formic acid,[117] or in the presence of salts (typically 

50-200 mM Na2SO4). Such conditions are, however, known to reduce the affinity 

considerably, due to the competitive binding effect of the cations at the carbonyl 

rims.[50,118,119] The set of experiments we have provided in this study is 

particularly useful also for an insight into the salt effect (a concentration of 50 

mM Na+ has been employed), as no such systematic study involving uncharged 

guests has been previously performed. It is interesting to see that even though the 

cations neither do they interact with the hydrocarbons, nor do they bind in the 

inner CB6 cavity, their presence is revealed by one to two orders of magnitude 

lower binding constants. There appears to be also a size dependence, with the salt 

effects being more pronounced for the longer hydrocarbons (C4, C5 vs. C2) where 

the steric hindrance manifests itself more strongly (Table 2.2.1).  

 

Table 2.2.2. Binding constants of selected neutral guests with CB6: a comparison 

with the available literature.  

K [103 M–1][a] 

water, pH 3.0[d] NaOAc, pH 5.5 Guest [Volume/Å3][b] 
PC[c] 

[%] 

this work literature this work literature 

Xe [43] 30 3.8 3.4[e] 0.22 0.18[e], 

0.21[f] 

SF6 [52] 37 660 n.a. 32 31[g] 

tetrahydrofuran [77] 54 30 n.a. 1.7 1.7[h] 

cyclopentanone [87] 61 3.2 n.a. 0.8 2.2[i] 

benzene [89] 63 < 2 n.a. < 0.05 0.027[i] 
[a] Determined by competitive fluorescence titrations with the NAS-P·CB6 reporter pair 

at 298 K; error in data is 20%. [b] Obtained from AM1-optimized geometries. 

[c] Obtained by dividing the guest volume by the inner cavity volume of CB6 (142 Å3, 

from ref.[34]). [d] Adjusted by addition of 1 mM HCl. [e] Data for an alkylated CB6 

derivative, from ref.[120], by isothermal titration calorimetry. [f] From ref.[121,122], by 129Xe 
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and 1H NMR. [g] From ref.[123], by 19F and 1H NMR. [h] From ref.[122], by 1H NMR. 

[i] From ref.[124], by 1H NMR. 

 

The fluorescence-based methodology for determining the affinity of 

neutral analytes that I introduced herein was additionally cross-checked with some 

of the existing literature values, offering an excellent agreement (Table 2.2.2). 

Unfortunately, the literature data available so far are limited to saline solutions 

(with Xe being the only exception binding with an alkylated CB6 derivative). In 

addition to the Xe•CB6 complex, the group of Kim has also recently 

characterized, however in the solid state, the inclusion complex between CO2 and 

CB6, where two molecules of guest were found inside the macrocyclic cavity (due 

to the very small volume of CO2 (31 Å3).[125] Data regarding the complexation of 

hydrocarbons or gases by CB7 or larger homologues are unfortunately missing in 

the literature. 

A few other examples, which add to this limited set of investigated neutral 

guests with CBn, are only qualitative in nature, and, therefore, have not been 

included in Table 2.2.2. Notably, CB5 has been reported to form inclusion 

complexes with small gases,[126] such as He, Ne, H2, Kr, Xe, CH4, N2, O2, Ar, 

N2O, NO, CO, CO2, acetylene, as well as with small solvent molecules such as 

acetonitrile and methanol.[127] The encapsulation of methane by CB5 could also 

have been anticipated from our study, from which it is evident that while highly 

significant, this hydrocarbon is simply too small to be effectively encapsulated by 

CB6. This observation also brings me to another aspect of the presently described 

work. While obtaining experimental data, e.g., binding constants, is essential, as it 

stands at the basis of any scientific work, being able to make predictions, or in 

other words having a certain “scientific common sense” for estimating outcomes 

or trends is also imperative in any research. For instance, I believe that a thorough 

understanding of the unique characteristics of the CB inner cavity and the 

systematic set of results on the complexation between hydrocarbons and CBn can 

be the starting point of future studies. This study does not only allow for 

predictions on the affinity and selectivity of CBn macrocycles, but could also be 

particularly relevant for computational simulations meant to reproduce 

hydrophobic effects in supramolecular host-guest systems.  
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2.3 A STEP FURTHER: HYDROCARBON BINDING TO CB7 
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 Encouraged by the unexpectedly high binding constants observed for 

hydrocarbon binding with CB6, we also proceeded to the next higher homologue, 

CB7. Herein, I would like to show the preliminary results obtained so far. In 

contrast to CB6, several reporter dyes are known for CB7.[55] To allow 

measurement at pH 3.0 and thereby direct comparison with the results for CB6, 

we selected the rather pH-independent probe 4’,6-diamidino-2-phenylindole, 

DAPI, which upon complexation by CB7 undergoes a large fluorescence 

enhancement in aqueous solution (λexc = 361 nm, λobs = 468 nm).[79] The binding 

constant (Figure 2.3.1) was determined as (8.8 ± 1.0) × 106 M–1 (literature value: 

1.1 × 107 M–1 from ref.[79]).  

 

 
Figure 2.3.1 Fluorescence spectra of 1 µM DAPI with increasing concentrations 

of CB7 in 1 mM HCl, pH 3.0 (λexc = 361 nm). The nonlinear fitting (inset) based 

on the fluorescence plots (λobs = 468 nm) assumes a 1:1 complexation model, 

from which the association constant was derived.  

 



Encapsulation of Volatile Hydrocarbons by Cucurbiturils                     CHAPTER 2 

 40 

Transfer of hydrocarbons into the aqueous DAPI•CB7 (1.0 µM DAPI and 

2.0 µM CB7) solutions resulted again in a time-resolved, continuous decrease of 

the fluorescence intensity, and a plateau region was reached from which the 

binding constants were determined, analogously to the procedure for CB6 

(repeated end-point measurements). Alternatively, independent titrations at 

varying gas concentrations (by either varying the pressure and assuming Henry's 

law or by determining the gas content by 1H NMR in D2O solutions) were also 

carried out (Figure 2.3.2).  

 

 
Figure 2.3.2 Plot of the fluorescence intensity of competitive displacement of 

DAPI (1 µM) from CB7 (2 µM) upon addition of a) different concentrations 

(pressures) of n-butane and b) increasing concentration of isopentane added from 

a concentrated stock of 0.22 mM isopentane, (determined by 1H NMR). Both 

titrations were carried out in 1 mM HCl, pH 3.0 (λexc = 361 nm, λobs = 468 nm). 

The nonlinear fittings were made according to eq. 2.2. 

 

Expectedly, the maximum of the binding constants for CB7 (Table 2.3.1), 

when compared to those for CB6 (Section 2.2), was displaced towards larger 

alkanes. Among the gaseous analytes the highest affinity was identified for 

neopentane (1.7 × 106 M–1), which showed no complexation with CB6. A 

preferential binding of the more spherical branched hydrocarbons over their linear 

isomers (e.g., neopentane vs. n-pentane), as well as the lower affinity of the 

unsaturated analytes compared to the saturated ones (e.g., 1-butene vs.n-butane) 

was also found for CB7. 
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Table. 2.3.1. Binding constants of hydrocarbons and selected neutral guests with 

CB7 in water, pH 3.0.[a] 

 Guest  
[Volume/Å3][b] 

PC[c] 
[%] K [103 M–1] 

hydrocarbons 

≤ C3 short hydrocarbons [≤ 63] ≤ 26 ---[d] 

C4 n-butane [80] 33 170 ± 40 
 1-butene [75] 31 36 ± 0.7 
 isobutane [79] 33 270 ± 80 
 isobutene [75] 31 52 ± 15 

C5 n-pentane [96] 40 320 ± 80 
 isopentane [96] 40 1470 ± 660 
 neopentane [96] 40 2100 ± 960 
 cyclopentane [86] 35 520 ± 260 

C6 n-hexane [113] 47 1800 ± 700 
 isohexane [113] 47 1300 ± 300 
 2,3-dimethylbutane [113] 47 8100 ± 5000 
 cyclohexane [102] 42 2200 ± 1400 
 benzene [89] 37 20 ± 8 

C7 n-heptane [130] 54 3300 ± 700 
C8 n-octane [147] 61 4500 ± 700 
C9 n-nonane [164] 68 13000 ± 2000 

selected guests 

 cyclopentanone [87] 36 55 ± 15 
 tetrahydrofuran [77] 32 3.5 ± 0.2 
 furan [67] 28 0.55 ± 0.06 

fluorinated guests 

 perfluorohexane [152] 63 8900 ± 2300 
 methylperfluorocyclohexyl [116] 48 8500 ± 1300 

�[a] Determined by competitive fluorescence titrations with the DAPI·CB7 reporter pair, 

at 298 K. [b] Obtained from AM1-optimized geometries. [c] Packing coefficient, 

obtained by dividing the guest volume by the inner cavity volume of CB6 (242 Å3, from 

ref.[34]). [d] Weak binding.  

 

As deduced on one side from the larger inner cavity volume of CB7 (242 

Å3),[34] and on the other side from the fluorescence responses detected, CB7 

encapsulates also higher alkanes with very high, but relatively constant binding 

constants (> 106 M–1),  which provides another contrast to CB6. Whether this is 
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due to a curling or back-folding of the longer alkanes within the inner cavity, or 

due to the fact that the threading of the longer alkyl chains through the larger CB7 

portals does not require a desolvation of the carbonyl groups remains to be 

scrutinized via future computational studies. Of particular interest is the 

encapsulation of perfluorinated guests by CBn. Due to polarizability 

considerations, of both guest and inner CB cavity, a very strong binding has been 

anticipated. This is also what has been observed within the preliminary results 

corresponding to perfluorohexane and methylperfluorocyclohexyl; further 

investigations will follow. 

The CB6 and CB7 studies comprise the most extensive sets of experiments 

dealing with the binding of neutral guests, such as low-molecular-weight 

hydrocarbons by this class of macrocycles. For the first time, the fluorescence-

based indicator-displacement methodology, as described herein, has been 

implemented for assessing affinities of volatile compounds towards macrocycles, 

as well as for a real time-monitoring of their encapsulation in relation to 

concentration changes. While the experimental results are of fundamental 

importance towards a better understanding of the hydrophobic forces that trigger 

host-guest complexation in supramolecular assemblies involving CBn, the 

neopentane purification example described above, shows that immediate practical 

applications can be readily envisaged, mainly with respect to gas separation, 

storage, and sensing.  
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In Chapter 2, I have shown how reporter pairs composed of water-soluble 

macrocycles and fluorescent dyes can be used for time-resolved monitoring of 

concentration changes for volatile hydrocarbons and gases in general. 

Supramolecular tandem assays (see Chapter 1) can be similarly used for following 

changes in analyte concentration, specifically when the analyte of interest serves 

as substrate or product of an enzymatic reaction. While the methodology of 

supramolecular tandem assays has been established for amino acids as substrates 

and decarboxylases as enzymes, my task in the course of my PhD studies was 

three-fold:  

 

1. Introduce for the first time anion-receptors as macrocycles to broaden the 

scope of the method. The project resulted in the development of a 

supramolecular tandem assay for direct continuous monitoring of 

dephosphorylation of ATP, in particular, and nucleotide triphosphates, in 

general. 

 

2. Transfer the methodology to biological transformations of 

biomacromolecules, particularly to methylation of lysine residues in 

extended peptides. Using the tandem strategy we were able for the first 

time to monitor the formation of trimethylated peptides in homogeneous 

solution in a label-free, time-resolved, continuous fashion. 

 

3. Establish a convenient methodology for monitoring the enzymatic activity 

of L-aspartate-α-decarboxylase with the final goal of validating the 

potential of drug-like inhibitor molecules against the enzyme, which were 

obtained from a structure-based high-throughput virtual screening.  
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3.1 IMPLEMENTATION OF ANION-RECEPTOR MACROCYCLES FOR 

MONITORING TIME-RESOLVED CHANGES OF NUCLEOTIDE 

CONCENTRATIONS 

 Since our initial reports on tandem assays were limited to cationic analytes 

using cation-receptor macrocycles, the focus of my present project was shifted 

towards investigating enzymatic transformations involving anionic metabolites, 

such as nucleotides, and particularly adenosine triphosphate (ATP). Numerous 

supramolecular receptors for nucleotides have already been introduced with the 

general aim to achieve a high selectivity and ultimate goal to construct biological 

sensors (see Chapter 1). While some of the reported receptors operate in aqueous 

solution and partly under physiological conditions, practical applications have 

nonetheless remained scarce. In order to design a supramolecular tandem assay 

involving negatively charged metabolites the use of macrocycles with anion-

receptor properties is required.[8]  

 The first step I had to take, which in fact is an essential stage for the 

design of any supramolecular tandem assay, was to establish an appropriate 

reporter pair. Our desiderata in this respect were as follows: i) a large fluorescence 

response upon dye complexation; ii) a strong macrocycle-dye binding; and iii) a 

large differentiation in binding between nucleotide tri- and monophosphates, 

which coincide with the substrates and the products of the dephosphorylation 

reactions. I proceeded by screening a combinatorial library consisting of ten 

water-soluble anion receptors, which were partly known to complex with 

nucleotides,[44,68,128-130] in combination with nine water-soluble fluorescent dyes 

(Charts 3.1.1 and 3.1.2). 

Following the combinatorial screening, two reporter pairs were identified 

and implemented into our supramolecular tandem assay methodology. A novel 

reporter pair consisting of the amino-γ-cyclodextrin 1 in combination with 2-

anilinonaphthalene-6-sulfonate (ANS) was established. Among the systems 

previously reported in the literature, the one introduced by Ramaiah and co-

workers consisting of cyclophane 2 and 8-hydroxy-1,3,6-pyrene trisulfonate 

(HPTS) as dye,[67] showed particular promise. The main advantage of the 2/HPTS 

reporter pair, which was suggested to me by Dr. Andreas Hennig, was the 
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differential affinity of macrocycle 2 towards ATP, ADP, and AMP as concluded 

from indicator displacement experiments. Since macrocycle 2 was not available in 

our laboratory, I synthesized it according to the literature,[128] with minor 

modifications (Scheme 3.1.1).  

 

paraformaldehyde
cetyltrimethylammoniumbromide

glacial acetic acid/ aq. HBr/ 80 oC

N N

1) CH3CN
2) NH4PF6

NN

N N

2PF6 1) CH3CN
2) NaCl

NN

N N 4Cl

Br

Br

b

a b

c cyclophane (2)  
Scheme 3.1.1. Cyclophane (2) synthesis (cf. Chapter 4 for experimental details). 
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Chart 3.1.1. Investigated macrocycles with anion-receptor properties.  
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Chart 3.1.2. Anionic and neutral fluorescent dyes investigated in combination 

with the macrocycles in Chart 3.1.1. 

 

 
Figure 3.1.1. a) Changes in fluorescence intensity of the 1/ANS reporter pair (10 

µM 1 and 25 µM ANS, λexc = 318 nm) upon displacement by varying 

concentrations of ATP, ADP, AMP, and orthophosphate (λobs = 462 nm) in 

NaOAc buffer, pH 5.5. b) Changes in fluorescence spectra of the 2/HPTS reporter 

pair (both 6.3 µM, λexc = 403 nm) upon addition of ATP, ADP, and AMP (4 mM) 

in succinate buffer, pH 6.5. 

 

For both ANS and HPTS, the addition of macrocycles 1 and 2, 

respectively, resulted in strong fluorescence responses, either enhancement (for 

ANS, by a factor of 17), or quenching (for HPTS, by a factor larger than 2000). 

The addition of different nucleotides caused a reversal of these changes due to 
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their competitive binding as can be seen from Figure 3.1.1, with both reporter 

pairs exhibiting a charge-dependent differentiation, e.g., between ATP, ADP, and 

AMP (binding constants in Table 3.1.1). However, the main goal was not to 

simply detect the analytes of interest, but rather to be able to monitor the real-time 

concentration changes, as they occur during the dephosphorylation process 

catalyzed by potato apyrase. The enzyme (an ATP-diphosphohydrolase, E.C. 

3.6.1.5) hydrolyzes phosphate bonds of organic and inorganic compounds and its 

activity has been characterized in both animal and plant tissues.[131-134] 

 

Table 3.1.1. Binding constants of 1 and 2 with the substrate as well as with the 

intermediary and final enzymatic products.  

Guest K/(106 M–1) (1)[a] K/(103 M–1) (2)[b] 
ATP 100 ± 60 4.5 ± 1.0 
ADP 2.8 ± 0.8 < 1 
AMP 0.011 ± 0.003 < 1 
Orthophosphate 0.05 ± 0.01 < 0.1 

[a] Determined by competitive fluorescence titrations using 1/ANS in 50 mM NaOAc 

buffer, pH 5.5, cf. Fig. 3.1.1a. The binding constant of 1/ANS was (1.7 ± 0.1) × 104 M–1. 

[b] Determined by competitive fluorescence titrations using 2/HPTS in 10 mM phosphate 

buffer, pH 7.4. The binding constant of 2/HPTS was determined as (7 ± 3) × 106 M–1.  

 

 The working principle of the assay is illustrated in Scheme 3.1.2 and it 

relies on the propensity of the positively charged macrocycles 1 and 2 to form 

self-assembled complexes with the negatively charged guests, such as ANS and 

HPTS, as well as ATP. Behaving as a strong competitor, ATP displaces the 

fluorescent dyes, resulting in a low or high initial fluorescence intensity, 

respectively. Upon enzymatic dephosphorylation, AMP and orthophosphate are 

being formed as the final products, which, in turn, behave as weak competitors 

due to their lower net negative charge. Drawing inspiration from the indicator 

displacement principle, a continuous uptake of the fluorescent dyes with the 

macrocycles takes place, facilitated by the depletion of the competing substrate, 

ATP. This results in a switch-ON (for 1/ANS) or switch-OFF (for 2/HPTS) 

fluorescence response, which allows for a highly sensitive monitoring of the 

concentration changes of the analytes during the enzymatic conversion (Figure 
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3.1.2). The occurrence of the enzymatic reaction on the same time scale was 

independently monitored by 31P NMR (Figure 3.1.3).  

Conceptually, the resulting tandem assay can be qualified as substrate-

selective because the substrate binds more strongly than the product. Since the 

guest-macrocycle exchange equilibria are faster than the enzymatic reactions, the 

response of the system to concentration changes is immediate and it allows for 

real-time continuous kinetic monitoring. 

 

 
Scheme 3.1.2. Working principle of a substrate-selective supramolecular tandem 

assay for monitoring ATP depletion by dephosphorylation.  

 

 
Figure 3.1.2. Evolution of normalized fluorescence intensity monitoring potato 

apyrase activity with and without activating metal ions (1.7 mM). Assays were 

initiated by addition of a) 25 µg/ml enzyme to ATP (25 µΜ) with the 1/ANS 

reporter pair (25 µM both) and b) 100 µg/ml enzyme to ATP (2.3 mM) with the 

2/HPTS reporter pair (6.3 µM both). 
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Figure 3.1.3. 31P NMR spectra of 5 mM ATP in D2O with 1.6 mM CaCl2 a) 

before and b) after enzymatic conversion to AMP and orthophosphate. 

 

Enzyme assays applicable for screening of inhibitors are highly desirable, 

especially in the pharmaceutical industry. While the potential of tandem assays to 

screen for inhibitors has been demonstrated,[43,78,90] the ATP depshosphorylation 

assay offered for the first time the complementary opportunity for screening of 

activators, namely divalent metal ions (Ni2+, Mg2+, Mn2+, and Ca2+). In all cases, 

rate enhancements by a factor of 1.3 to 17 were observed (Figure 3.1.2), with Ca2+ 

and Mn2+ being the most potent activators, consistent with literature findings 

obtained by more laborious and complex multi-step colorimetric and isotope-

based immunoassays.[132-134]  

 

 

Figure 3.1.4. a) Evolution of normalized fluorescence intensity monitoring potato 

apyrase activity at different substrate (ATP) concentrations with the 1/ANS 

reporter pair (both 25 µM, in NaOAc buffer, pH 5.5, with 1.8 mM Mn2+, λexc = 

318 nm, λobs = 462 nm). ATP concentrations (in µM) are, from bottom to top 
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trace: 6, 10, 12.5, 15, 20, and 25. b) Plot of the initial rates, v0, versus substrate 

concentration and linear correlation line. The initial rates were obtained by linear 

fits of the normalized intensities (assuming a conversion linear with the 

fluorescence intensity and full conversion at the plateau region). 

 

In addition to the opposite fluorescence responses, the two reporter pairs 

are also complementary with respect to their affinities towards the concentration 

ranges of the analytes, µM and mM, respectively, which determine the substrate 

concentration at which the assay is being carried out. The reported KM values for 

potato apyrase range from 24 µM to 200 µM,[132,133] which means that the 1/ANS 

and 2/HPTS reporter pairs allow for adjustment at will of the analyte 

concentration, either below or above the KM value. Consequently, when using the 

1/ANS reporter pair, the initial rates do increase linearly with the substrate 

concentration (Figure 3.1.4), in contrast to the situation in which 2/HPTS is 

employed. In this scenario, since a large excess of substrate is being used, the 

enzyme kinetics is expected to be zero-order with respect to the substrate 

concentration and carried out at a rate, which we assigned to the maximum 

velocity, vmax. Experimentally, the vmax value obtained was 0.17 µmol/min, in 

excellent agreement with the reported commercial activity of the enzyme (0.19 

µmol/min). As shown for both reporter pairs, the initial rates of ATP 

dephosphorylation were directly proportional to the enzyme concentration (Figure 

3.1.5). 

 

 
Figure 3.1.5. Evolution of normalized fluorescence intensity monitoring potato 

apyrase activity at different enzyme concentrations a) with the 1/ANS reporter 

pair (both 25 µM, in NaOAc buffer, pH 5.5, with 1.8 mM Ca2+, λexc = 318 nm, 
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λobs = 462 nm) and ATP (25 µM) as substrate, and b) with the 2/HPTS reporter 

pair (both 6.3 µM, in sodium succinate buffer, pH 6.5, with 1.6 mM Ca2+, λexc = 

403 nm, λobs = 512 nm) and ATP (2.3 mM) as substrate. 

 

Finally, even though the present assay has been explored in detail for 

monitoring the depletion of ATP by potato apyrase, or conversely for monitoring 

the enzymatic activity via ATP depletion, the system may be extended to other 

nucleotides as well. All nucleotide triphosphates caused fluorescence responses 

via competitive displacement (fluorescence decreases for the 1/ANS reporter pair 

and fluorescence increases for the 2/HPTS reporter pair, Figure 3.1.6). The “poor” 

selectivity of these two anion receptors presents in fact an advantage for tandem 

assays, allowing dephosphorylation of several nucleotides to be monitored (Figure 

3.1.7). 

 

 
Figure 3.1.6. a) Changes in fluorescence intensity of the 1/ANS reporter pair (10 

µM 1 and 25 µM ANS) upon displacement by different nucleotide triphosphates 

(16 µM). b) Changes in fluorescence spectra of the 2/HPTS reporter pair (both 6.3 

µM) upon addition of different nucleotide triphosphates. 

 

Figure 3.1.7. Evolution of normalized fluorescence intensity monitoring 
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dephosphorylation of various nucleotide triphosphates. Assays were initiated by 

addition of a) 12.5 µg/ml potato apyrase in the presence of 1/ANS (25 µM both) 

to nucleotides (25 µM), and b) 100 µg/ml potato apyrase in the presence of 

2/HPTS (6.3 µM both) to nucleotides (4 mM). 

 

 In conclusion, I was able to successfully introduce and exploit the use of 

macrocycles with anion-receptor properties within the area of supramolecular 

tandem assays. Specifically, the biocatalytic dephosphorylation of ATP, as well as 

of other nucleotides by potato apyrase was explored. Additionally, the present 

assay should also be transferable to the monitoring of other related enzymes. 

Given that ATP is the most commonly employed cofactor, a general assay for 

monitoring ATP consumption, could, in fact, lead to a remarkable biochemical 

application. The results presented herein have resulted in a full-article publication 

(Appendix 4).  

 

3.2 TIME-RESOLVED CONTINUOUS MONITORING OF HISTONE TAIL 

LYSINE METHYLATION 

 While they have been applied to a wide variety of enzyme classes (see 

Chapter 1.4), up to now supramolecular tandem assays have been to a certain 

degree restricted to – even though highly biologically relevant – structurally 

simple, low-molecular-weight biomolecules, such as amino acids, biogenic 

amines, and choline type compounds.[43,75,76,78] The most complex analytes 

involved nucleotides (Chapter 3.1),[135] and just recently, the tandem assay has 

also been applied to short peptides (up to 5 amino acids) for monitoring protease 

activity.[90] My second objective has been to transfer the supramolecular tandem 

assay methodology for monitoring methylation of lysine residues within extended 

and complex biomacromolecular peptide substrates. Specifically, the enzymatic 

activity of Neurospora crassa Dim-5, an example of a histone lysine 

methyltransferase (HKMT), has been investigated. The present project has been 

part of a collaboration with the biochemical research group of Prof. Albert Jeltsch, 

Jacobs University Bremen, who has provided us with the Dim-5 enzyme, which 

needed to be expressed and purified, as it is not commercially available. 
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 Histone lysine methyltransferases (HKMTs) are enzymes responsible for 

lysine methylation at specific sites of histone tails using S-adenosyl-L-methionine 

(AdoMet) as methyl donor, which, following ATP, is the second most common 

enzyme cofactor.[136,137] Histone methylation plays a major role in gene 

regulation,[138] and therefore abnormal modifications have been associated with 

several disorders and diseases, including cancer.[139,140] Up to now, most assays 

able to detect methylation rely on radioactive labeling of AdoMet.[141-144] Label-

free assays rely on classical chromatographic or mass spectrometric 

detection,[145,146] the use of specific antibodies,[147-149] and recently, quantum dot 

fluorescence energy transfer was reported as an alternative technique to signal 

DNA methylation.[150] All methyltransferases share a common by-product, S-

adenosyl-L-homocysteine (AdoHcy), and therefore, several assays focused on 

tracking AdoHcy production by coupling secondary enzymes. For instance, 

AdoHcy can be converted into i) adenine and then hypoxanthine, which can be 

detected by its characteristic, even if short-wavelength, absorption at 265 nm;[151] 

ii) homocysteine, which can itself react with various reagents to allow 

fluorometric[152,153] or colorimetric detection;[154] or into iii) ATP via three 

sequential enzyme-coupled reactions, which can be ultimately measured using a 

luciferase kit.[155] Although some of the existing assays certainly stand out due to 

their high sensitivity, obvious drawbacks, such as the need for multiple 

immobilization and separation steps, chemical follow-up reactions, additional 

enzymatic transformations, the use of radiotracers, and the limitation to 

discontinuous monitoring, still remain. Some of these aspects are severe 

impediments towards quantitative enzymological kinetic studies and 

pharmaceutical-industrial high-throughput screening.  

Given the potential therapeutic role of inhibitors for HKMTs, the 

development of more efficient and convenient screening methods for these 

enzymes, such as sensitive, fluorescence-based assays, is emerging as a key 

challenge.[156-161] In order to do so, we have applied the supramolecular tandem 

assay strategy. Dim-5 is known to processively introduce three methyl groups to 

the target lysine residue belonging to the histone tail.[162] The target primary 

amine residue of lysine (pKa = 10.5), which is in fact partly deprotonated at the 

working pH, is the one which is enzymatically converted into a quaternary 

ammonium group with a permanent positive charge. Therefore, the enzymatic 
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reaction does not only trigger the addition of three methyl groups, which alter the 

overall size and geometry of the final peptide product, but also changes the charge 

status of the peptide.  

Recall that the key requirement for a suitable reporter pair in any tandem 

assay is the differential binding between the substrate and the product of the 

enzymatic reaction with the macrocyclic host. Complementary to the tandem 

assay for nucleotides (Chapter 3.1), the methylation assay was performed in the 

product-selective mode, exploiting the preferential binding of the product towards 

the macrocycle. To this end, we have chosen p-sulfonatocalix[4]arene (CX4), a 

cation-receptor macrocycle, which is well known to bind ions (and presumably 

also trimethylated histone tails peptides) with high affinity, and regular amino 

acid residues (and presumably also unmodified histone tail peptides) with low 

affinity.[43,61,163] In fact, macrocycles of the calixarene and resorcinarene type have 

been extensively investigated for sensing of cationic bioanalytes, particularly 

neurotransmitters such as choline, carbamoylcholine, acetylcholine, and L-

carnitine (see Chapter 1).[9,10,43,61,64,164,165] As fluorescent dye, lucigenin (LCG, N, 

N’-dimethyl-9,9’-biacridinium dinitrate) was selected, whose photophysical 

behavior in the presence of CX4 has been recently reported by Guo et al.[43] 

 

 
Figure 3.2.1. Competitive fluorescence displacement titrations with model 

compounds using the CX4/LCG reporter pair (1.5 µM/1 µM), λexc = 369 nm, λobs 

= 510 nm, glycine buffer, pH 10, 25 ºC. The solid lines are fitted to the data. The 

dashed line shows the baseline (with no response) on which the data points for 

lysine fall. 
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 LCG is a highly fluorescent dye in its free form, but upon complexation 

with CX4 (in the present buffer: K = 2.2 × 107 M–1, essentially identical with the 

value obtained in ref.[43]) it experiences a full electron transfer, which results in a 

strong fluorescence quenching. After selecting the reporter pair, the immediate 

steps towards designing the assay involved competitive fluorescence displacement 

titrations with model compounds for the substrate and the product of the 

enzymatic reaction (i.e., lysine and trimethylated lysine, respectively), as well as 

for the intermediary products (mono- and dimethylated lysine) (Figure 3.2.1). The 

use of such simple model compounds allows predictions on the differential 

affinity of the substrate and product of the methylation reaction towards the 

macrocyclic host. This is extremely useful, when the more complex 

biomacromolecular analytes are not readily available, such as in our situation. The 

natural amino acid lysine showed no binding upon addition to the solution 

containing the CX4/LCG reporter pair, at least not in the investigated 

concentration range (up to 1 mM). As expected, among the methylated 

derivatives, the permanently positively charged trimethylated lysine proved to be 

a strong competitor against the LCG dye for binding to CX4, revealing the highest 

fluorescence enhancement among the model compounds. Fitting according to a 

competitive displacement model afforded a binding affinity of 1.3 × 105 M–1 

towards CX4, in good agreement to the one obtained for the binding of 

tetramethylammonium (1.2 × 105 M–1), acetylcholine (1.0 × 105 M–1), and 

carbamoylcholine (1.1 × 105 M–1),[61] suggesting that the quaternary ammonium 

group is responsible for the high-affinity binding of CX4. 

One has to keep in mind that for tandem assays, a strong affinity or 

selectivity towards the macrocycle is not a requirement, but rather a difference in 

binding constants by a factor of 10 or more between the product and the substrate 

of the enzymatic reaction towards the macrocycle.[78] As can be seen from the 

titration plots (Figure 3.2.1), even when working in low µM concentrations of 

substrate, a clear fluorescence response should result when the substrate is 

enzymatically converted to the trimethylated product. It should be noted in 

advance that the differentiation expected from the titration experiments with the 

simple amino acids could not be experimentally realized for the histone tail 
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peptide methylation. This was due to a smaller differentiation of the actual 

peptides with CX4; nonetheless, it remained sufficiently large to allow robust 

assays to be conducted. 

 

Table 3.2.1. Peptide substrates assayed in this study 

Assay type employed 
Entry Peptide sequence 

Immobilized[a] Homogeneous[b] 

S1 ARTKQTARKSTGGKA ×   

S2    RTKQTARKSTGGKAP   × [c] ×  

S3       TKQTARKSTGGKA ×   

S4          KQTARKSTGGKA ×   

S5             QTARKSTGGK ×   

S6             QTARKSTGGS ×  ×  

S7   KQTARKSTGGKAPRK ×   

S8 KQTARKSTGGKAPR ×   

S9          KQTARKSTGGKAP ×   

S10          KQTARKSTGGKA ×   

S11          KQTARKSTGGK ×   
[a] Methylation was detected by following the transfer of radioactively labeled methyl groups 

from AdoMet to the membrane-immobilized peptides (SPOT synthesis), cf. ref.[166] [b] 

Methylation was followed by using the supramolecular tandem methodology in homogeneous 

solution. [c] Note that the SPOT-synthesized peptide lacked the C-terminal proline residue. 

 

Certainly, the “real” peptides corresponding to the unmethylated and 

trimethylated histone tail required in the assay are structurally very different from 

the isolated amino acids (lysine and trimethylated lysine) that we have taken as 

models. For example, while lysine showed negligible binding to CX4, the 

substrate did show significant binding (vide infra), presumably because 

electrostatic repulsion is most pronounced for the amino acid, whose carboxylate 

group is juxtaposed to the sulfonato groups of the macrocycle when in complex. 

However, the only changes triggered by the methylation reaction take place at the 

lysine amino group, and, therefore, assuming everything else remains constant, 

the increase in the affinity of product versus that of substrate would be relatively 

the same as the affinity of trimethylated lysine versus that of lysine. Among the 
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peptide sequences of interest (Table 3.2.1), we have selected two substrates, S2 

(RTKQTARKSTGGKAP) and S6 (QTARKSTGGS) as model compounds to 

establish a novel supramolecular tandem assay for HKMTs.  
 

 
Scheme 3.2.1. a) Chemical structures of the reporter pair employed for 

monitoring the Dim-5 activity, comprised of the macrocycle p-

sulfonatocalix[4]arene (CX4) and the fluorescent dye lucigenin (LCG). 

b) Working principle for monitoring the processive methylation of the H3 tail by 

Dim-5 using the supramolecular tandem assay approach. The target lysine of the 

enzyme is shown in boldface.  

 

The working principle of our assay for monitoring Dim-5 activity is 

illustrated in Scheme 3.2.1. The substrate is schematically shown as a short 

peptide containing the recognition motif for the Dim-5 enzyme (RKSTG), with K 

being the methylation site.[143] The substrate of the enzymatic reaction contains 

only an unmethylated lysine residue, and, based on the low affinity determined for 

the amino acid lysine (Figure 3.2.1) with the macrocycle CX4, was expected to 

behave as a weak competitor, unable to effectively displace the dye. Therefore, a 
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large fraction of LCG remains bound to (and quenched by) CX4, which 

consequently results in a low fluorescence signal being detected. The addition of 

the enzyme results in the formation of trimethylated lysine at the target K9 

residue, which, in contrast to the unmethylated substrate, again based on the 

model studies with the trimethyl lysine (Figure 3.2.1), exhibits a much higher 

affinity towards the host. As the enzymatic reaction proceeds in the presence of 

the CX4/LCG reporter pair, the fluorescent dye is being continuously displaced 

from the cavity of the host by the higher affinity trimethylated product. 

Complying with the product-selective supramolecular tandem assay concept, 

methylation is accompanied by a fluorescence intensity increase (switch-ON 

response), which allows for time-resolved online monitoring of the Dim-5 activity 

in homogeneous solution. 

We investigated the enzymatic methylation of free, non-immobilized 

substrates. We first selected substrate, S2 (Table 3.2.1), which contains 15 amino 

acids and corresponds in sequence to the N-terminal H3 tail (but lacking the first 

alanine residue as in S1).  

A characteristic steady-state fluorescence trace of the methylation assay is 

shown in Figure 3.2.2, where the effects of all individual assay ingredients on the 

fluorescence signal can be monitored step-by-step as they are being successively 

added. CX4 significantly quenches the fluorescence of LCG, which is partially 

recovered upon adding substrate S2, owing to its moderate binding. The 

subsequent addition of the cofactor, AdoMet has comparably a small effect on the 

fluorescence intensity. Finally, the methylation reaction is initiated by the addition 

of the enzyme, Dim-5, which causes a continuous increase in fluorescence 

intensity. By generating the trimethylated peptide, Dim-5 produces a strong 

competitor, which is capable of quantitatively displacing LCG from the CX4 

cavity, thereby largely recovering the initial fluorescence of the uncomplexed dye. 

As the fluorescence reaches a plateau region, the full conversion of the substrate is 

signaled.  

Even though all analytes have a certain effect on the fluorescence intensity 

(Figure 3.2.2), only Dim-5 brings about the time-resolved change, which is the 

fingerprint of the enzymatic activity itself. That the time course corresponded 

indeed to the methylation reaction, was independently verified by drawing 

aliquots from a reaction mixture at different time points and performing 
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conventional MALDI-TOF MS analysis of the reaction mixture. Expectedly, 

experiments in the absence of Dim-5 or in the absence of AdoMet, did not show 

any significant fluorescence change, as no methylation reaction could take place 

(negative control experiments). 

 

 
Figure 3.2.2. Development of the fluorescence intensity (λexc = 369 nm, λobs = 

510 nm) by using the CX4/LCG reporter pair (500 nM/100 nM) for monitoring 

the methylation of peptide S2 (5 µM) in the presence of AdoMet (15 µM, the 

cofactor). The enzymatic reaction was initiated by addition of Dim-5 (100 nM) at 

t = 0 min, in 5 mM glycine buffer, pH 10, at 25 oC.  

 

Although Dim-5 has been well characterized,[143,144,166-169] only via the 

supramolecular tandem assay strategy a continuous monitoring of the enzyme 

kinetics is now feasible. The sensitivity of the assay has been limited to ca. 2 µM 

(below this value insufficient displacement of the product applied) and to the 

upper end near 10 µM (above this value the substrate caused a too large 

displacement). The KM of Dim-5 (7.4 µM)[143] fell exactly within the accessible 

substrate concentration range, such that substrate S2 did only show an 

approximately linear concentration dependence of the initial rates below ca. 5 µM 

(Figure 3.2.3). Assays were consequently performed under conditions at which 

the enzyme concentration is rate limiting (typically 5-10 µM substrate S2 and 3-
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fold excess of AdoMet). This was confirmed by running the assays at different 

enzyme concentrations (Figure 3.2.4), which revealed the expected linear 

dependence of the initial reaction rates, v0, on enzyme concentration. 

 

 
Figure 3.2.3. a) Development of fluorescence intensity (λexc = 369 nm, λobs = 510 

nm) using the CX4/LCG reporter pair (1.5 µM/1 µM) for monitoring methylation 

of H3K9 at different substrate concentrations (1-5 µM). The enzymatic reactions 

were initiated by addition of Dim-5 (150 nM) at t = 0 min, in 5 mM glycine 

buffer, pH 10, at 25 oC. 

 

 
Figure 3.2.4. Development of normalized fluorescence intensity (λexc = 369 nm, 

λobs = 510 nm) monitoring methylation of 5 µM S2 at different Dim-5 

concentrations (20–80 nM) using the CX4/LCG reporter pair (1 µM/0.5 µM). The 

enzymatic reactions were initiated by addition of 15 µM AdoMet at t = 0 min in 
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glycine buffer, pH 10, at 25 oC. The inset shows the linear correlation between the 

initial methylation rates, v0, and the different Dim-5 concentrations. 

 

 
Figure 3.2.5. Dose-response curve for inhibition of Dim-5 (150 nM) by 1,10-

phenanthroline (0–270 µM) in the presence of 5 µM S2 by using the CX4/LCG 

reporter pair (500 nM/100 nM) in 5 mM glycine buffer, pH 10, at 25 oC. The non-

vanishing reaction rate at high inhibitor concentration may be due to a residual 

amount of monomethylation of the substrate (see text). 

 

A unique feature of Dim-5 is the presence of a Zn3Cys9 metal cluster in 

its pre-SET domain (Su(var)3-9, En(zeste) and Trithorax)[170], where nine cysteine 

residues coordinate three zinc ions in an equilateral triangular fashion. However, 

the zinc content determined for Dim-5 suggests that a fourth zinc ion is present in 

its structure, coordinated by three cysteines belonging to the post-SET domain 

and a fourth cysteine found near the active site.[167] Whereas the triangular zinc 

cluster is a stable motif, the fourth zinc is much more labile, and its capture by 

chelating compounds such as 1,10-phenanthroline or EDTA results in a reduction, 

and eventually complete noncompetitive inhibition, of its enzymatic activity.[167] 

To demonstrate the applicability and potential of the described tandem assay for 

the screening of methyltransferase inhibitors, we carried out inhibition 

experiments with 1,10-phenanthroline as transition metal chelator. We first 

confirmed the absence of trimethylation of peptide S2 by MALDI-TOF at high 

concentration of 1,10-phenanthroline (200 µM); only a residual peak of 
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monomethylated product was observed. We then conducted the assay at 

increasing concentrations of inhibitor and extracted an IC50 value of 70 ± 20 µM 

from the dose-response curve (Figure 3.2.5), which under the selected 

concentration conditions corresponds directly to the inhibition constant, Ki.[171] 

Alternatively, the IC50 value can also be determined from the fluorescence 

intensity responses (plateau regions), which present an independent measure of 

the enzymatic activity. The Ki value determined for 1,10-phenanthroline by 

tandem assay is well in line with a previous single-point estimate (reduction of 

Dim-5 activity by approximately 65% in the presence of 100 µM of the same 

chelator).[167] 

The crystal structures of Dim-5 with and without bound peptide substrate 

are known,[162,167] allowing for insights into the methylation mechanism. The 

substrate specificity was analyzed using peptide array SPOT synthesis on 

cellulose membranes, which allows for large libraries of different peptides to be 

conveniently synthesized and assayed.[166] The methylation activity of Dim-5 

towards the different surface-immobilized peptide sequences was followed by the 

enzymatic transfer of radioactive AdoMet onto the membrane-immobilized 

peptide substrates. 

 

 
Figure 3.2.6. Fluorescence response of substrates S2 and S6 (both 7 µM) in 

tandem assays using the CX4/LCG reporter pair (500 nM/100 nM) in 5 mM 

glycine buffer, pH 10, at 25 oC, in homogeneous solution. Methylation (or the 

absence thereof) was verified by MALDI-TOF. 
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Apart from the main peptidic substrate S2, additional substrate sequences 

(Table 3.2.1) were tested by Dr. Srikanth Kudithipudi (Prof. Albert Jeltsch’s 

research group) using the established SPOT technique. All peptides contained the 

recognition motif of Dim-5, i.e., residues 8–12 of the H3 N-terminus, which is 

considered to be crucial for the enzyme activity.[166] Our idea was to monitor the 

implications on methylation of additional substrates, whose length became 

shorter, both from the N- as well as the C-terminus. Preliminary SPOT results 

showed that all immobilized peptides underwent methylation, however, additional 

experiments are in progress. 

The tandem assays described herein have the advantage that they operate 

in homogeneous solution, however, at the expense of requiring preparative 

amounts of substrates, as they become accessible by solid-phase peptide 

synthesis. We therefore limited these assays to substrate S2 and to a shorter 

derivative, substrate S6. Surprisingly, the tandem assay produced no fluorescence 

response for substrate S6 (Figure 3.2.6), suggesting that no methylation occurs in 

homogeneous solution. These results were corroborated by MALDI-TOF 

analysis, which also signaled the absence of significant enzymatic activity 

towards this peptide. Experimentally definitive, when the methylation was carried 

out under competitive conditions, i.e., in the presence of equimolar amounts of 

peptides S2 and S6, only the former was enzymatically converted. 

It transpires that in addition to the essential presence of the recognition 

motif, additional considerations, such as the length of the substrate and the phase 

(homogeneous solution versus surface-immobilized substrates), require attention 

to achieve a more detailed understanding of Dim-5 enzyme specificity. The 

availability of complementary assays operational under diverse conditions is 

consequently highly desirable. 

We have successfully implemented the supramolecular tandem assay 

approach for continuous and label-free monitoring of Dim-5 lysine 

methyltransferase activity, which involved for the first time the use of complex 

biomacromolecular substrates. The assay bypasses biotinylation as well as 

radiolabeling and should be transferable to other protein lysine methyltransferases 

(EC 2.1) to the degree that trimethylated lysine residues are generated. It 

complements existing assay approaches in that it allows monitoring of the 

enzymatic activity in homogeneous solution and is inherently suitable, owing to 



CHAPTER 3                         Analyte Sensing in the Course of Enzymatic Reactions 
 

 66 

the use of fluorescence for detection, for inhibitor and activator screening. The 

manuscript corresponding to the project herein has been accepted for publication 

and is currently in press.[172]  

 

3.3 VALIDATION OF DRUG-LIKE INHIBITORS USING NUCLEAR 

MAGNETIC RESONANCE (1H NMR) 

 L-aspartate-α-decarboxylase (ADC, E.C. 4.1.1.15), encoded by the E. coli 

panD gene, is an enzyme responsible for the conversion of L-aspartate to β-

alanine and its activity has been shown to be crucial for the growth of several 

microorganisms, particularly Mycobacterium tuberculosis (Mtb).[173,174] This is 

due to the fact that β-alanine contributes to the synthesis of panthotenate (vitamin 

B5), the precursor of Coenzyme A (CoA). It has been shown that impairing the 

ability of CoA formation leads to a significant reduction in Mtb virulence,[175] 

which motivated us to consider ADC as a potential target for therapeutic 

intervention against tuberculosis. The project has been conducted within a 

collaboration with Prof. Kunchithapadam Swaminathan, National University of 

Singapore, who provided us with the enzyme and the potential drug-like inhibitor 

molecules for experimental testing. 

 The existing assays for ADC involve laborious derivatization and 

separation steps,[173,176] or radiometric[177] and manometric techniques,[178] which 

render them unsuitable for inhibitor screening applications. Even though within 

our own research group we have developed supramolecular tandem assays for 

decarboxylases, those for ADC would be highly different due to two reasons: i) 

they would require the use of anion-receptor macrocycles (all previous tandem 

assays for decarboxylases employed macrocycles with cation-receptor 

properties),[75,76] and ii) the differentiation between such simple analytes as 

aspartate and β-alanine remains a great supramolecular challenge.[69] While a 

fluorescence-based supramolecular tandem assay for ADC remains to be 

developed, we have initially adopted a different approach, namely the use of 1H 

NMR. The experimental results, described herein, were obtained in our laboratory 

during a short research visit of our collaborators. 
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Figure 3.3.1. Selected 1H NMR spectra of 1 mM L-aspartate a) before and b) to e) 

(10-80 min) after addition of 3 µM ADC in D2O at 25 oC. The diminishing signals 

of L-aspartate and the emerging of those corresponding to β-alanine have 

permitted a direct monitoring of the enzymatic transformation and integration of 

the proton signals have allowed for a kinetic profiling of the reaction (cf. Figure 

3.3.2).  

 

 Before proceeding to inhibitor screening, the enzymatic assay has been 

optimized with respect to substrate and enzyme concentration. The conversion 

rates were found to be directly proportional to the enzyme concentration, which 

we adjusted such that the catalytic reaction could be conveniently monitored. On 

the other hand, the use of 1H NMR implies a discontinuous monitoring and a 

restriction to mM concentration range, as imposed by the instrument sensitivity. 

However, these considerations did not impede us from monitoring the reaction of 

interest in a convenient fashion. To this end, the conversion of 1 mM L-aspartate 

in the presence of 3 µM ADC could be conveniently followed (Figure 3.3.1). L-

aspartate shows two resonances, in a 1:2 ratio (Figure 3.3.1a). Upon addition of 

ADC, the signals corresponding to the product start to emerge in time while those 
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of the substrate L-aspartate diminish, and eventually completly disappear (Figure 

3.3.1 b to e). Note that, based on its structure, one would also expect two different 

peaks for β-alanine (these were confirmed by simply taking a 1H NMR of the 

commercial analyte). However, only the signals corresponding to the protons 

adjacent to the carboxylate group could be quantified in the course of the 

enzymatic reaction (at approximately δ = 2.44 ppm). This is a consequence of the 

fact that the reaction is carried out in D2O, and, therefore, the newly acquired β-

alanine hydrogen is, in fact, a deuterium atom. This is also in line with both the 

broadness of the signal identified at approximately δ = 3.04 ppm and the splitting 

pattern (a doublet) of the upfield-shifted protons.  

 

 
Figure 3.3.2. Kinetic monitoring of ADC activity carried out using 1 mM L-

aspartate and 3 µM enzyme. The different points correspond to the individual 1H 

NMR spectra taken at various times upon initiating the reaction in D2O at 25 oC.   

 

Accordingly, the depletion of the L-aspartate substrate and the 

concomitant formation of β-alanine can be clearly detected and, upon integration, 

also quantified. This has finally allowed us to extract a kinetic profile of the 

enzyme (Figure 3.3.2), which does not only depict a time-resolved monitoring of 

β-alanine formation as a result of the enzymatic activity, but also serves as a basis 

for subsequent inhibition studies. We have carried out the inhibition experiments 

in a similar manner, and the enzymatic conversion at specific reaction times in the 

presence of inhibitor was compared to that in its absence, as defined by a relative 

inhibitory effect, krel (vide infra). Please note that since it is desirable to work in 
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the linear region of the enzyme kinetic trace, we have focused on the conversion 

percentages at t < 40 min.  
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Scheme 3.3.1. Chemical structures of known and computationally identified 

potential inhibitors against ADC, obtained via virtual screening.  

 

Table 3.3.1. Relative inhibitory effects of selected reported and newly tested 

compounds against ADC.[a]  

 Compound Conversion 
%[b] krel

[c] Classification 

 Reported compounds[177]    

K1 oxaloacetate 0 0 very strong 

K2 β-hydroxy-aspartate 18 0.36 strong 

K3 L-glutamate[d] 16 0.39 strong 

K4 L-cysteate 20 0.40 strong 

K5 succinate 32 0.64 moderate 

K6 L-serine 45 0.80 weak 

K7 D-serine 48 0.96 insignificant 

 Newly tested compounds    

I1 L-tartrate[e] 12 0.24 strong 

I2 2,4-dihydroxypyrimidine-5-carboxylate 27 0.54 moderate 

I3 D-tagatose[f] 45 0.80 weak 

I4 (S)-thiazolidin-3-ium-4 carboxylate 48 0.96 insignificant 

I5 
(2S,3S,4R,5R)-tetrahydro-2H-pyrano-

2,3,4,5-tetraol 
48 0.96 insignificant 

I6 1H-pyrazolo[3,4-d]pyrimidin-4(7H)-one 48 0.96 insignificant 

[a] The measurements were performed using 1 mM L-aspartate, 3 µM ADC, and 1 mM 

potential inhibitor in D2O, at 25 oC. [b] The conversion percentage corresponds to the 



CHAPTER 3                         Analyte Sensing in the Course of Enzymatic Reactions 
 

 70 

product formed by integration of the NMR signals corresponding to substrate and product 

of the enzymatic reaction after 30 min upon addition of the enzyme. In the absence of 

inhibitor the conversion corresponds to 50% under the present conditions. The absolute 

values were averaged from at least two measurements. [c] The relative inhibitory effect, 

krel is defined as (conversion % in the absence of a potential inhibitor) / (conversion % in 

the presence of a potential inhibitor). The measurement time is not a limitation, as the 

conversion % can be compared to the reference kinetic profile in Figure 3.3.2). [d] The 

experiment was carried out under conditions corresponding to 33% conversion in the 

absence of inhibitor. [e] D-tartrate has been also tested, and a krel = 0.35 was extracted. [f] 

A krel = 0.74 was observed upon preincubation with ADC for 1 hour at room temperature.  

 

The newly identified compounds were obtained via bioinformatics using 

the crystal structure of ADC, which has been recently reported.[174] The virtual 

identification of the potential inhibitors, I1 – I6 for the enzyme (Scheme 3.1.1) 

relied on a structure-based screening, aiming for a tight binding of these 

molecules to the active (and well-conserved) residues of ADC responsible for 

catalysis. These studies have been conducted by Ms. Reetu Sharma (PhD student 

in the research group of Prof. Swaminathan). Among the already reported 

compounds exhibiting an inhibitory effect towards ADC are K1 – K7 (Scheme 

3.1.1), which we have also tested experimentally. Their effect on the enzymatic 

conversion has been reported via a radioactivity-based methodology.[177]  

The final inhibition results are compiled and presented in Table 3.3.1. The 

screening experiments were performed in the presence of 1 mM inhibitor, which 

may be regarded as a relatively high inhibitor concentration. The mM range of 

concentration was necessary in order to see an effect for most compounds, as well 

as a measure for comparison of their inhibitory potential. Additionally, the 

literature data revealed inhibition constants of the previously investigated 

compounds in the mM range as well, suggesting that no effective inhibitors for 

ADC have been yet identified. Among all the tested compounds, oxaloacetate 

seems to be the most effective one showing a complete inhibition of the ADC 

activity (krel = 0) followed by the newly identified L-tartaric acid (krel = 0.24). 

Note that all previously identified compounds are dicarboxylic acids, since they 

presumably act as competitive inhibitors for the enzyme. The only two exceptions 

are L- and D-serine, which have been reported to inhibit the reaction. Particularly 
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D-serine was found to be 45% more potent as its L- isomer (Ki = 0.16 mM vs. Ki 

= 0.73 mM, repectively). According to our experiments, neither D- nor L-serine 

showed a considerable inhibitory effect towards ADC. Among the compounds 

obtained from the virtual screening, those possessing inhibitory potential were, as 

those found in the literature, limited to negatively charged ones. L-tartrate, I1 was 

found to be the most potent inhibitor. Compound I2, even though weaker by a 

factor of two, showed also an inhibitory effect (krel = 0.24). Most certainly, this is 

due to its lower affinity towards the enzyme active site, as compared to the 

dicarboxylate compunds. Surprisingly, I3, which is a neutral compound, has 

exhibited an inhibitory effect (krel = 0.74), but only upon preincubation with the 

enzyme. In this context, please note that all compounds have been additionally 

checked upon preincubation with ADC; however, no changes with respect to the 

inhibition potential have been identified, except for I3. The fact that I4 showed no 

detectable inhibitory effect, not even after preincubation for 1 hour is still not 

accounted for. Our data reveal that the interaction between the potential inhibitors 

and the active site of ADC is mainly governed by electrostatic interactions, with 

the carboxylate groups being essential for inhibition. In addition to the L- and D-

serine example, we have also included D-tartrate in our experiments, even though 

its structure had not yet been identified by bioinformatics. A similar inhibitory 

effect as for its counterpart L- isomer has been observed.  

In conclusion, we were able to monitor β-alanine formation from L-

aspartate during enzymatic conversion via 1H NMR. This is the first label-free 

assay study reported for ADC, and it clearly stands out due to its simplicity. 

Additionally, its functionality has been reflected by its successful screening for 

ADC inhibitors, which could unfold promising drug targets against tuberculosis. 

We have tested several compounds for their inhibitory potential against ADC, 

particularly those identified through bioinformatics approaches by our 

collaborators. Even though the presented technique is satisfactory for an initial 

screening, the ultimate goal is to construct a supramolecular tandem assay, which 

is sufficiently robust to be implemented into a pharmaceutical-industrial screening 

of inhibitors for this enzyme. 
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4.1 BINDING OF HYDROCARBONS TO CUCURBITURILS 

4.1.1. MATERIALS 

Gases of highest commercial purity (≥ 99%) were purchased from Air Liquide, 

Germany, except for the 2-butenes (Sigma-Aldrich, Germany), neopentane 

(ChemSampCo, USA), propane-d8 (ISOTEC™, USA), and 2-methylpropane-d10 

(CDN Isotopes, Canada). Liquid hydrocarbons were from Sigma-Aldrich, 

Germany. Fluorescent dye DAPI was obtained from Molecular Probes, and the 

NAS-P fluorophore has been synthesized according to our anchor dye 

approach,[77] by my colleague, Ms. Alexandra I. Lazar.[179] CB6 was synthesized 

as reported[28,29] and an independently prepared sample (which afforded the same 

results) was kindly provided by Dr. H.-J. Buschmann. CB7 was synthesized 

according to the literature within our group.[30,31,33] 

 

4.1.2. METHODS  

Fluorescence measurements were done with a Varian Eclipse fluorometer at 25.0 

± 0.1 oC (using an external Peltier thermostat). Experiments for the sensing of 

gaseous hydrocarbons and noble gases were performed in a rubber-sealed long-

neck quartz cuvette. The different gases were administered to the aqueous mixture 

containing the dye•CBn complex by slowly purging (ca. 1 bubble per second) 

with a needle (Figure 4.1.1).  

 

 
Figure 4.1.1. Gas sensing bubbling set-up. 
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For the on-line monitoring of the uptake of volatile liquid analytes, we employed 

N2 as carrier gas for transferring the hydrocarbon of interest through the gas phase 

into the aqueous solution containing the reporter pair until the solubility limit was 

reached. Experiments at varying gas pressures were performed by deaerating a 

home-built cuvette (Figure 4.1.2) by three freeze-pump-thaw cycles and 

subsequently dosing different gas pressures (0-1000 mbar) on a vacuum manifold, 

as detailed in our previous gas-phase work.[180] The water vapor pressure at 298 K 

was considered to be 32 mbar. Acetylene was also dosed in this manner (instead 

of bubbling) to avoid the accumulation of acetone, an ubiquitous stabilizer in 

acetylene samples. For those hydrocarbons, which showed no immediate effect on 

the fluorescence signal, the solutions were exposed for a prolonged time (several 

hours) to exclude the possibility of a slower guest exchange kinetics being 

responsible for the absence of binding. 

 

 
Figure 4.1.2. Home-built cuvette employed for applying different gas pressures.  

 

4.1.3. COMPUTATIONAL DETAILS  

Calculated molecular volumes of the investigated analytes are compiled in Table 

2.2.1. They have been obtained using the Hyperchem[101] package after 

conducting a semi-empirical AM1 geometry optimization in search for energy 

minima of the potential energy surfaces. Each minimum was conjugate-gradient 

minimized to ≤ 0.01 kcal Å–1mol–1. Volume calculations of the energy-minimized 

structures were performed within the Quantitative Structure-Activity Relationship 

(QSAR) module. The obtained values are in agreement with reported values.[105] 
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Density functional theory calculations (Chapter 2, Figure 2.2.6) were performed 

by my colleague Khaleel I. Assaf with Gaussian 03W.[181]  

 

4.2 ENZYME ASSAYS 

4.2.1. MATERIALS  

The macrocycles and dyes shown in Charts 3.1.1 and 3.1.2 were obtained from 

the following sources: 2-Anilinonaphtalene-6-sulfonic acid (ANS), and Dapoxyl 

were obtained from Molecular Probes; 8-Anilinonaphtalene-1-sulfonic acid (1,8-

ANS), 8-hydroxy-1,3,6-pyrene trisulfonic acid (HPTS), 6-(p-toluidino)-2-

naphtalene-sulfonic acid (2,6-TNS), fluorescein sodium, GTP, and ADP were 

purchased from Fluka; naphthalimide biscarboxylate, 2,3-diazabicyclo[2.2.2]oct-

2-ene (DBO), and DBO carboxylate were synthesized according to the literature 

within our research group.[182-184] ATP, AMP, CTP, TTP, and apyrase (grade I, 

from potato, 7.7 U/mg) were from Sigma-Aldrich. The cyclodextrin samples 

octakis(6-amino-6-deoxy)-γ-cyclodextrin (1), heptakis(6-deoxy-6-N-(2-

hydroxy)ethylamino)-β-cyclodextrin (4), 6-monoamino-6-monodeoxy-β-

cyclodextrin (5), 6-monodeoxy-6-mono(3-hydroxy)propylamino-β-cyclodextrin 

(6), heptakis(2,3-di-O-methyl)-hexakis(6-O-methyl)-6-monodeoxy-6-

monoamino-β-cyclodextrin (7) were obtained as hydrochloride salts from 

CycloLab, Hungary. The synthesis of the cyclophane (2) was performed 

according to the literature with minor modifications (see below).[67] Trianglamine 

(3) was kindly supplied by Prof. N. Kuhnert, Jacobs University Bremen, 

Germany. The bis-calixarene (9) was synthesized according to the literature,[68] 

whereas calixarenes (8) and (10) were kindly supplied by Prof. J. Schatz, 

Universität Erlangen-Nürnberg, Germany. 

Peptides S2 and S6 (Table 3.2.1) were obtained from Biosyntan GmbH, 

Germany, in >99% HPLC purity. Immobilized peptide substrates were prepared 

by Dr. Srikanth Kudithipudi (Jeltsch research group, Jacobs University Bremen) 

using SPOT synthesis according to the reported procedure.[166,185,186] N,N’-

dimethyl-9,9’-biacridinium dinitrate (LCG), p-sulfonatocalix[4]arene (CX4), 

1,10-phenanthroline, and S-adenosyl-L-methionine (AdoMet) were purchased 

from Sigma-Aldrich. Dim-5 was kindly provided by the Jeltsch research group. 
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4.2.2. CYCLOPHANE (2) SYNTHESIS  

All materials were purchased in highest commercially available purity and used 

without further purification. A very old, but still very pure anthracene sample was 

used (originally purchased from Bayer), kindly provided by Thomas Schwarzlose 

from his extensive chemical reserves. Paraformaldehyde, aqueous HBr (48%), and 

toluene were obtained from AppliChem. 4,4’-Bipyridyl, NH4PF6, and CH3CN 

were purchased from Fluka. Glacial acetic acid, CH2Cl2, and NaCl were from 

Sigma-Aldrich. The synthesis of the cyclophane (2) was performed in three steps 

with minor modifications of the published literature (see Chapter 3, Scheme 

3.1.1).[128]  

Synthesis of 9,10-Bis(bromomethyl)anthracene (b).[187] A mixture of 

anthracene, a (10 g, 0.056 mol), paraformaldehyde (10 g, 0.33 mol), 

cetyltrimethylammoniumbromide (0.224 g), and glacial acetic acid (14 mL) were 

stirred at room temperature. Subsequently, 35 mL aqueous HBr (48%) were added 

dropwise to the mixture over 1 h, which caused a change in color from white to 

yellow. The reaction mixture was stirred and heated to 80 oC for 5 h. After 

cooling, the reaction mixture was filtered, washed with water, and dried under 

vacuum. The yellow solid was then recrystallized from toluene at 130 oC (1 g of 

crude product required approximately 300-400 mL of solvent). Decomposition of 

the compound by light was prevented by covering the flask with aluminum foil. 

Yield obtained: 10 g (49%), (lit. 90%).[187]  
1H NMR (400 MHz, CDCl3): δ 8.38-8.36 (m, 4H), 7.69-7.66 (m, 4H), 5.51 (s, 

4H).  

Synthesis of 1,1’-[9,10-Anthrylbis(methylene)]bis-4,4’bipyridinium 

bis(hexafluorophosphate) (c).[128] 9,10-Bis(bromomethyl)anthracene, b (0.69 g, 

1.89 mmol) was added over a period of 30 min to a solution of 4,4’-bipyridyl 

(1.48 g, 9.48 mmol) in dry CH3CN (17.5 mL) at room temperature, under 

nitrogen. The reaction mixture was refluxed for 4 h at 80 oC and then cooled to 

room temperature. The viscous, yellow reaction mixture was filtered, washed with 

dry CH3CN (10 mL), and dissolved in H2O (120 mL). The aqueous solution was 

washed with CH2Cl2 three times, 10 mL each time, and water was then removed 

under vacuum to give a solid orange residue. The orange solid was dissolved in 

hot H2O, and a saturated solution of NH4PF6 was added to yield a light-yellow 

precipitate, which was then filtered. Yield obtained: 1.71 g (77%), (lit. 88%). 
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Please note that none of the two recrystallizations reported in the literature (from 

H2O and CH3CN) were feasible for our sample,[128]  which was 1H NMR pure ( > 

95%).  
1H NMR (400 MHz, CD3COCD3): 9.21-9.19 (d, 4H), 8.82-8.80 (m, 4H), 8.71-

8.69 (m, 4H), 8.59-8.58 (d, 4H), 7.89-7.88 (m, 4H), 7.82-7.80 (m, 4H), 7.39 (s, 

4H).  

Synthesis of the cyclic derivative (2).[128] A solution of b (0.282 mg, 0.77 

mmol) and c (940 mg, 1.16 mmol) in dry CH3CN (94 mL) was heated under 

reflux at 80 oC for 24 h under nitrogen. The reaction mixture was then cooled to 

room temperature, filtered, and washed with dry CH3CN (10 mL). The red-orange 

precipitate was dissolved in H2O (100 mg of solid required approximately 3 L 

H2O!), and washed three times with CH2Cl2, 4 mL each time. Precipitation was 

induced by adding solid NaCl (approximately 100 g NaCl was required for 

precipitate formation from 1 L of dissolved crude product), which ultimately 

yielded the product in the form of an orange powder floating at the surface of the 

aqueous solution. Upon drying under vacuum, the final product was obtained in 

11% yield (110 mg), (lit. 26%). The reported recrystallization from a mixture of 

(1:3) water and methanol was again not feasible.[128]  
1H NMR (400 MHz, D2O): 8.88-8.86 (d, 8H), 8.38-8.22 (m, 16H), 7.67-7.65 (m, 

8H), 6.99 (s, 8H).        

 

4.2.3. INSTRUMENTATION 
Fluorescence spectra, intensities, and time courses were recorded on a Varian 

Eclipse fluorometer at ambient temperature or at 25.0 ± 0.1 oC (using an external 

Peltier thermostat, only for the enzyme assays). UV measurements were 

performed with a Varian Cary 4000 UV-Vis spectrophotometer. 1H and 31P NMR 

were carried out using a Jeol JNM-ECX 400 spectrometer. MALDI-TOF mass 

spectra were collected using an Autoflex II instrument (Bruker Daltonics, 

Bremen, Germnay). 

 

4.2.4. ENZYME ASSAYS 

For the potato apyarase assays, stock solutions of substrate (nucleotides), 

host (1 or 2), fluorescent dye (ANS or HPTS), and enzyme were prepared in 50 

mM sodium acetate buffer, pH 5.5, with 1.6–1.8 mM MnCl2 (when using 1/ANS 
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reporter pair) and in 10 mM sodium succinate buffer, pH 6.5, with 1.6–1.8 mM 

CaCl2 (when 2/HPTS was employed). Careful control of the pH was required to 

obtain reproducible fluorescence intensities. The required volumes of all stock 

solutions were calculated to afford the final concentrations in 1 mL total assay 

volume. All assays were conducted using equimolar mixtures of host and 

fluorescent dye (25 µM for 1/ANS and 6.3 µM for 2/HPTS). The volumes of 

nucleotide stock solutions were calculated to obtain the respective concentrations. 

The enzymatic reactions were initiated by adding an aliquot from a stock solution 

of 1 mg mL–1 enzyme. 

The methylation assays were performed in 5 mM glycine buffer, pH 10.0 

± 0.1, in a 700 µL quartz cuvette (final reaction mixture volume 500 µL) at 

25.0±0.1 oC (using an external Peltier thermostat). The reactions were initiated by 

addition of enzyme. For the inhibition studies, solutions of Dim-5 and 1,10-

phenanthroline (2-270 µM) were pre-incubated for 15 min at 4 oC.  

The L-aspartate-α-decarboxylase assays were carried out using 1 mM L-

aspartate in D2O at 25 oC. The enzymatic reactions were initiated by addition of 

3 µM enzyme.  
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In the earlier two chapters I have tried to cover the main projects I have 

been involved with for the past three years. These studies are illustrative of my 

areas of interest, which encompass the development of fluorescence-based sensors 

for monitoring of changes in concentrations of biologically and environmentally 

relevant analytes, either while undergoing enzymatic transformations, or within 

their time-resolved encapsulation by macrocyclic containers. As it can be noticed, 

the projects described so far have mostly been taken to an end. In contrast to a 

project, which may be considered to have been fully explored and concluded, 

follow-up ideas and inspiration towards future studies will always be there. In 

Chapter 5, I would like to include a few preliminary results and thoughts, which I 

hope, can contribute towards the myriad of opportunities for related future 

projects. 

 

5.1 HYDROCARBON BIOSYNTHESIS AND DEGRADATION BY MARINE 

BACTERIA 

A promising follow-up study could arise by implementing the sensing 

methodology used in Chapter 2 into the catalytic activity of microorganisms 

responsible for hydrocarbon biosynthesis and degradation. As a matter of fact, 

selective oxyfunctionalization of hydrocarbons remains one of the greatest 

challenges of contemporary chemistry, as synthetic methods for introducing 

hydroxyl groups and causing C–H bond cleavage are scarce.[188,189] However, 

several marine bacteria able to catalyze selective oxidations of hydrocarbons have 

been recently identified. These alkane-assimilating organisms encode specific 

hydroxylases, which are enzymes responsible for oxidative biotransformations of 

hydrocarbons.[189]  

Among the biocatalysts that come to mind is butane monooxygenase from 

Pseudomonas butanovora, which is known to specifically degrade butane as well 

as C2-C9 alkanes.[190] Another enzyme of interest is the more specific Gordonia 

sp. TY-5 propane monooxygenase,[191] which oxidizes propane at the 2-

position.[191] Besides an understanding of these alkane-assimilating organisms at 

the genome level, site-directed mutagenesis has been used to increase the catalytic 

turnover and selectivity of these enzymes. Sensitive screening methodologies for 
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efficient monitoring of the enzymatic conversions are consequently highly 

desirable, as these cannot be achieved by conventional gas-chromatographic 

approaches. Existing assays, on the other hand, require substrate analogues, or 

(indirectly) monitor the depletion of NADPH (a required cofactor for alkane 

hydroxylases), which suffer from various disadvantages.[188] 

The results presented in Chapter 2 have shown that reporter pairs such as 

NAS-P•CB6 or DAPI•CB7 can be used to follow changes in concentration of 

hydrocarbons in aqueous solution, which paves the way to a novel tandem assay 

for monitoring the enzymatic biosynthesis or degradation of alkanes or alkenes. 

Figure 5.1.1 is a graphic depiction of the expected fluorescence response induced 

by such enzymatic transformations. For instance, intermediates of fatty acids, 

such as aldehydes (weak binders to CB) are being converted to alkanes (strong 

binders to CB) by aldehyde decarbonylases,[192] which in turn, are biodegraded to 

oxidated products, such as alcohols (again, weak binders) by alkane 

hydoxylases.[189]  
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Figure 5.1.1 Anticipated fluorescence responses corresponding to hydrocarbon 

formation and degradation, respectively, induced by enzymatic transformations.  

In fact, any process depleting or forming hydrocarbons in water, even if 

originating from whole cells, bacteria, or complex protein extracts, could be 

followed by this fluorescence-based indicator displacement methodology. The 

robustness of tandem assays for potential biotechnological applications has 

already been demonstrated, since these assays are also suitable for crude enzyme 

extracts, or whole cells expressing the enzyme of interest.[76] That the method 

actually allows the time-resolved monitoring of hydrocarbons, e.g., butane, 

isobutane, or propane, can be anticipated from the initial results (Chapter 2 and 

Appendix 6). Accordingly, in the enzymatic degradation of small hydrocarbons, 

the nonpolar substrates are known to bind tightly to CB6 or CB7 (in fact, stronger 

than to other macrocycles), causing a displacement of the fluorescent dye from the 

macrocycle, while the (polar) oxidized products are known to exhibit little affinity 

towards CB6.[34] This way, the reaction can be monitored by a fluorescence 

increase caused by an uptake of the fluorescent dye by the host, facilitated by the 

depletion of the competing substrate (Figure 5.1.1). 

 

 
Figure 5.1.2. Fluorescence spectra (λexc = 458 nm, λobs = 610 nm) of a) 0.5 µM 

DSMI with increasing concentrations of CB6 in 1 mM HCl, pH 3.0, and b) 10 

µM DSMI with increasing concentrations of CB6 in 50 mM NaOAc, pH 5.5. The 

nonlinear fittings were made according to a 1:1 complexation model, from which 

the association constants were derived. 

 

An alternative to the NAS-P fluorophore is trans-4-[4-

(dimethylamino)styryl]-1-methylpyridinium iodide, DSMI, recently reported for 
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its very high fluorescence enhancement upon encapsulation by CB6.[193] To allow 

direct comparison, I have already tested the DSMI•CB6 reporter pair (Figure 

5.1.2) for its suitability to detect volatile hydrocarbons, which afforded essentially 

the same results as when using NAS-P as indicator. DSMI is a commercially 

available fluorescent dye and its long-wavelength absorption (λmax = 458 nm) 

renders it the indicator of choice when applications involving biomolecules, i.e., 

enzyme assays, are being envisaged. It is well known that bioanalytes, such as 

peptides or enzymes very often absorb strongly at lower wavelengths (around 280 

nm), which coincide with the absorption of the NAS-P fluorophore (λexc = 283 

nm). 

This project could be embedded in a local collaboration with a marine 

microbiology research group (Prof. Matthias Ullrich) who could provide the cell-

free, dialyzed secreted protein extracts produced by the marine microorganisms of 

interest. Specifically, the biocatalytic activity of proteins secreted by 

Marinobacter adhaerens HP15 as well as by Marinobacter 

hydrocarbonoclasticus could be investigated. Note that the ecological and cellular 

roles of the former have been already well-characterized by the Ullrich group,[194] 

while the latter is firmly established as an aerobic bacteria capable of saturated 

hydrocarbon degradation.[195] A comparative analysis of secreted proteins 

obtained from both organisms, which are genetically highly similar but 

biochemically diverse, using the methods described herein, will allow important 

new insights to the ecological and molecular functions of marine bacteria. 

 

5.2 ADVANCEMENTS TOWARDS CONVENIENT ENZYME ASSAYS 

PHSOPHATASES AND KINASES  

 Phsphorylation and dephosphorylation of tyrosine residues in proteins are 

important regulatory mechanisms for biological signal transduction and their 

malfunction has been associated with numerous diseases.[196-199] Consequently, 

convenient and robust assays able to monitor such processes, initiated by enzymes 

known as kinases and phosphatases, are urgently required in pharmaceutical drug 

discovery, as well as in fundamental research. In 2007, we have introduced a 

fluorescence-based single-label assay for monitoring tyrosine phosphorylation and 

dephosphorylation (Chapter 1.4, Appendix 2).[87] Herein, I would like to propose 
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the development of an alternative, label-free assay for following phosphorylation 

and dephosphorylation of tyrosine by applying the principles of supramolecular 

tandem assays. Up to now, preliminary experiments have been carried out towards 

this goal, both by Ms. Lora Angelova (during a laboratory rotation) and myself, 

which I would like to present below. These results have been obtained by 

designing an assay for acid phosphatase, which, nonetheless, should be 

transferable to other phosphatase, and alternatively to kinases. 

 

 
Scheme 5.2.1. (a) Illustration of the enzymatic activity of phosphatases and 

kinases. (b) Supramolecular tandem assay for monitoring the activity of 

phosphatases and kinases.  

 

During a lab rotation, Ms. Angelova implemented the CB7/Dapoxyl 

reporter pair for monitoring the dephosphorylation of both phosphotyrosine (pTyr, 

employed as a model compound, Figure 5.2.1a) and a pTyr-containing model 

peptide (EEEE-pY-GE-NH2, Figure 5.2.1b). The working principle relies on the 

differential binding of the negatively charged substrate, pTyr and the 

dephsophorylated natural amino acid tyrosine (Tyr) (Scheme 5.2.1). While pTyr 

shows no affinity towards CB7, a binding constant of K = (2.7 ± 0.4) × 104 M–1 

for Tyr was extracted. The value is, in fact, almost identical to the affinity of 
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Dapoxyl towards the host (K = (2.0 ± 0.2) × 104 M–1).[55] Consequently, the 

dephosphorylation process initiated by acid phosphatase could be monitored via a 

decay in fluorescence intensity as a result of the continuous dye displacement 

from the CB7 cavity by the product being formed, which complies with the 

product-selective tandem assay principle. 

 

 
Figure 5.2.1. Evolution of steady-state fluorescence intensity monitoring the 

activity of acid phosphatase using CB7 and Dapoxyl as reporter pair. a) 

Dephosphorylation of pTyr, initiated by addition of acid phosphatase (0.16 

mg/mL) to a mixture of CB7 (10 µM), Dapoxyl (2.5 µM), and pTyr (60 µM) in 10 

mM NH4OAc, pH 6.0. b) The assay was initiated by addition of acid phosphatase 

0.32 mg/mL to CB7 (5 µM), Dapoxyl (1.25 µM), and peptide (50 µM) in 10 mM 

NH4OAc, pH 6.0. 

 

Since a reporter pair allowing monitoring of the enzymatic activity via a 

switch-OFF fluorescence response was already available, my intention was to 

identify a second pair that would allow the enzymatic course to be signaled by a 

switch-ON fluorescence response, which is frequently preferred. To this end, I 

have identified the amino-β-CD (Scheme 5.2.2) in combination with the polarity-

sensitive fluorescent dyes 2-anilinonaphthalene-6-sulfonate (2,6-ANS) and 1-

anilinonaphthalene-8-sulfonate (1,8-ANS). Both fluorescent dyes undergo a 

fluorescence increase upon encapsulation; the enhancement factors, as well as the 

binding constants obtained, are highly pH sensitive (documented for 1,8-ANS in 

Table 5.2.1). In order to reach a higher assay sensitivity, a preference for 2,6-ANS 

was imposed by its higher binding constant towards the macrocycles as compared 
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to that of 1,8-ANS (K2,6-ANS = (2.78 ± 0.13) × 104 M–1 vs. K1,8-ANS = (2.38 ± 0.10) 

× 103 M–1).  
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Scheme 5.2.2. Chemical structures corresponding to an amino-β-CD studied in 

combination with anionic fluorescent dyes. 

 

Table 5.2.1. Fluorescence enhancements and binding constants of 1,8-ANS with 

amino-β-CD at different pH values. 

pH[a] Igh/Ig K [103 M–1][b] 
5.0 30 2.70 ± 0.09 
5.5 40 2.38 ± 0.10 
6.0 50 2.16 ± 0.08 
7.0 41 0.73 ± 0.02 

[a] 50 mM sodium acetate was used, except for pH 7.0 (Tris buffer). [b] Obtained from 

direct fluorescence titrations (λexc = 350 nm, λobs = 495 nm) by assuming a 1:1 

complexation model.  
 

In contrast to CB7, the amino-β-CD possesses anion-receptor properties, 

illustrated by its very high affinity towards pTyr (KpTyr = (1.8 ± 0.6) × 106 M–1), 

which could be quantified both through a direct titration, where the fluorescence 

of pTyr itself was monitored (λexc = 228 nm; λobs = 296 nm), as well as through a 

competitive displacement titration of 2,6-ANS. Since Tyr showed a negligible 

affinity for the host, a substrate-selective tandem assay for acid phosphatase could 

be established (Figure 5.2.2). The enzymatic conversion was expected to proceed 

via a fluorescence enhancement, which was indeed observed (Figure 5.2.3). Even 

though the assay has not been yet fully optimized, the robustness of 

supramolecular tandem assays has once again been illustrated. Moreover, the 

fluorescence enhancement obtained upon dephosphorylation (by a factor of two) 
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is in excellent agreement with the displacement exhibited by pTyr during the 

competitive displacement titration (Figure 5.2.2). Additionally, a thorough 

enzymatic analysis, inhibition studies, as well as an investigation of the reverse 

reaction by kinases would be the next goals, which, based on the initial results 

shown here, are not far-fetched.  

 

 
Figure 5.2.2. Differential binding of the model copmpounds pTyr and Tyr 

towards amino-β-CD. The two competitive fluorescence displacement titrations 

were carried out by using the amino-β-CD/2,6-ANS reporter pair (both 25 µM, 

λexc = 318 nm; λobs = 470 nm) in 50 mM acetate buffer, pH 5.5. 

 

 



CHAPTER 5                                                                                             What’s next?  

 91 

Figure 5.2.3. Preliminary results of the evolution of steady-state fluorescence 

intensity monitoring the activity of acid phosphatase using the amino-β-CD/2,6-

ANS reporter pair (both 25 µM, λexc = 318 nm; λobs = 470 nm) in 50 mM acetate 

buffer, pH 5.5. 

 

INORGANIC PYROPHOSPHATASES AND PHOSPHODIESTERASES  

 During the extensive investigations towards finding a suitable reporter pair 

for ATP-dependent enzymes (see Chapter 3.1), I have come across a rather 

peculiar selectivity of the amino-β-CD towards the different phosphate-based 

anions. As can be seen in Figure 5.2.4a, a very high, and approximately identical 

affinity towards polyphosphates (diphosphate, metaphosphate, and triphosphate) 

was obersved (K > 106 M–1). Monophosphate, was, of course, expected to have a 

lower affinity, which is reflected in its 3 orders of magnitude lower association 

constant. One might immediately attribute the differences in binding to the net 

negative charges that each of these phosphate compound possesses. Interestingly, 

however, when comparing monophosphate with metaphosphate (both containing 

the same number of negative charges, i.e., three), a size selectivity of the 

macrocycle became apparent because of the much higher binding constant of the 

more voluminous guest, i.e., metaphosphate.  
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Figure 5.2.4. Changes in fluorescence intensity (λexc = 317 nm; λobs = 500 nm) of 

the amino-β-CD/2,6-TNS (K2,6-TNS = (3.0 ± 0.2) × 104 M–1) upon displacement by 

varying concentrations of a) triphosphate, diphosphate, metaphosphate, and 

monophosphate, and b) citrate, tartrate, and succinate in 50 mM NaOAc buffer, 

pH 5.5. 

 

Despite its poor selectivity, the moderate preference that amino-β-CD 

showed towards the monophosphate could be exploited for real-time monitoring 

of the depletion or breakdown of the larger phosphates into smaller inorganic 

phosphate molecules. Such a transformation can be attributed, for instance, to 

inorganic phosphatases. These enzymes play an important role in lipid 

degradation by hydrolyzing pyrophosphate, which, as we can see in Figure 5.2.4a, 

has a very high affinity for the amino-β-CD cavity. The enzymatic products, i.e., 

the monophosphate ions, conveniently display a much lower affinity. 

Accordingly, the differential binding between the substrate and the product of the 

enzymatic reaction, in combination with amino-β-CD/2,6-TNS as a reporter pair, 

could in the near future allow for the development of a convenient fluorescence-

based assay for pyrophosphatases.  

In addition to sensing phosphate anions, the amino-β-CD/2,6-TNS reporter 

pair can also be implemented for the detection of carboxylate anions (Figure 

5.2.4b). For instance, citrate displays a very strong binding towards the host (K > 

106 M–1), whereas the dicarboxylates succinate and tartrate show moderate to high 

affinities (K ∼ 104 M–1). Unfortunately, no displacement of the dye could be 

observed when employing aspartate as analyte, which rendered this reporter pair 

unsuitable for implementation into the design of a supramolecular tandem assay 

for L-aspartate-α-decarboxylase (Chapter 3.3).  

 As could be seen in Chapter 3, the use of aminated cyclodextrins is not 

limited to the encapsulation of small anionic compounds, but can also be extended 

to more complex guests, such as ATP. In addition to the investigated nucleotides 

in Chapter 3, I have also studied the effect that cAMP has on the fluorescence of 

the reporter pair composed of γ-CD, 1 and 2,6-ANS. The negligible binding of 

cAMP highly contrasts the action of ATP as a highly effective competitor against 

2,6-ANS for the macrocyclic cavity. In fact, cAMP, an important second 
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messenger in signal transduction, is synthesized from ATP by adenylyl cyclase 

(e.g., adenylyl cyclase toxin from Bordetella pertussis, is commercially available 

from Sigma-Aldrich).[200] 
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As mentioned before, the differential binding of a substrate and product of 

an enzymatic reaction stands at the basis of a supramolecular tandem assay. 

cAMP, corresponding to the product being formed, has essentially no affinity 

towards the macrocycle, whereas ATP is capable of quantitative dye displacement 

(Figure 5.2.5a). This seems a perfect scenario for the design of a tandem assay. 

However, when setting up an assay one does need to take into account all the 

possible by-products or intermediates that might occur as a result of the enzymatic 

conversion. For instance, in our present situation, pyrophosphate (PPi) is the by-

product being formed. As seen earlier (see above and Chapter 3.1), amino-

modified CDs do have a strong tendency to bind such highly negatively charged 

analytes, and a differentiation between di- and triphsophates may be missing. At 

first, this may seem a real impediment for setting up the assay. However, a way to 

tackle such a problem is to establish an enzyme-coupled tandem assay, a concept 

recently reported for monitoring the conversion of neurotransmitters, such as 

acetylcholine and choline.[43] Specifically, upon conversion of ATP to cAMP and 

PPi, addition of inorganic pyrophosphatase, as a second enzyme, would result in a 

final reaction mixture with monophosphate and cAMP being the major products, 

which display a very small or negligible effect on the fluorescence of the reporter 

pair. This way, the resulting enzyme-coupled tandem assay for monitoring cAMP 

formation should proceed via a switch-ON fluorescence response (Figure 5.2.5a).  
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Figure 5.2.5. Changes in fluorescence intensity (λexc = 318 nm, λobs = 462 nm) of 

the 1/ANS reporter pair (10 µM/25 µM) upon displacement by varying 

concentrations of a) ATP and cAMP, and b) AMP and cAMP in 50 mM NaOAc 

buffer, pH 5.5. The arrows show the presumed fluorescence responses as a result 

of enzymatic coversion. 

 

Finally, the depletion of cAMP to AMP by a phosphodiesterase could 

potentially be similarly followed in a direct manner through a fluorescence 

switch-OFF response (Figure 5.2.5b). Please recall that when designing the ATP 

dephosphorylation assay in Chapter 3.1, the low affinity of macrocycle 1 towards 

AMP (“weak” competitor, in strong contrast to ATP) was exploited. Herein, AMP 

can be seen as a “strong” competitor, since its effect on the fluorescence response 

should be sufficient, when compared to the unnoticeable displacement induced by 

cAMP.  

As illustrated herein, the flexible interplay between the relative affinities 

of macrocycles, fluorescent dyes, and the analytes of interest has an enormous 

potential for manifold applications. Certainly, supramolecular tandem assays offer 

both an insight into the working mode of enzymes, whose activity govern all 

living organisms, as well as an opportunity for relevant applications in the 

pharmaceutical industry, e.g., for drug discovery. 
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Abstract. Fluorescence protease assays were investigated with peptide substrates containing 

2,3-diazabicyclo[2.2.2]oct-2-ene as a fluorescent amino acid (Dbo). The special characteristic 

of the fluorophore Dbo is its exceedingly long fluorescence lifetime (ca. 300 ns in water under 

air), which allows the use of nanosecond time-resolved fluorescence (Nano-TRF) detection to 

efficiently suppress shorter-lived background emission. In addition, the natural amino acids 

tryptophan and tyrosine can be employed as intramolecular fluorescence quenchers, which 

facilitates substrate design. 14 synthetic peptide substrates (composed of 2-19 amino acids) 

and 5 enzymes (trypsin, pepsin, carboxypeptidase A, leucine aminopeptidase, and 

chymotrypsin) were investigated and in all 28 examined combinations enzymatic activity was 

detected by monitoring the increase in steady-state fluorescence with time and determining 

the reaction rates in terms of the kcat/KM values, which ranged from 0.2 to 80 × 106 M-1min-1. 

The results suggest an excellent compatibility of the very small and hydrophilic fluorescent 

probe Dbo with solid-phase peptide synthesis and the investigated proteases. For all 14 

peptides the fluorescence lifetimes before and after enzymatic cleavage were measured and 

Nano-TRF measurements were performed in 384-well microplates. The fluorescence lifetimes 

of the different peptides provide the basis for the rational design of Dbo-based fluorescent 

substrates for protease assays. Measurements in Nano-TRF mode revealed, besides efficient 

suppression of background fluorescence, an increased differentiation between cleaved and 

uncleaved substrate. The Dbo-based assays can be adapted for high-throughput screening 

(HTS). 
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Introduction 

Proteases constitute arguably the most intensively studied class of enzymes and have been 

subject of extensive research in diverse fields, whether as prototypes for investigating enzyme 

mechanisms[1] or as sustainable reagents in organic synthesis.[2] A key aspect is their role in 

numerous physiological processes like digestion, blood coagulation, fertilization, and cell 

growth, death, and differentiation. Defects in proteolytic digestion are the cause of major 

diseases like parasitic infections, arthritis, Alzheimer’s disease, inflammation, osteoporosis, 

arteriosclerosis, and cancer. Inhibitors and in some cases activators of proteases do therefore 

remain prime targets in drug discovery,[3-5] which calls for more convenient and refined 

methods to detect proteolytic activity, both in laboratory scale as well as in high-throughput 

screening (HTS)1 format.[6, 7] 

A large variety of protease assays have been developed, among which fluorescence-

based assays stand out due to their convenient access, high sensitivity, short detection times, 

and possibility for continuous monitoring.[6, 7] Early approaches utilized fluorogenic 

substrates, in which the protease cleaves off the fluorophore itself, accompanied by a 

functional group interconversion at the fluorophore and a concomitant increase in 

fluorescence.[8] The disadvantages of this method are well-defined: A synthetic organic 

residue occupies the C-terminal or N-terminal region of the cleavage site, the hydrolyzed 

bond is different from a usual peptide bond, and only one side of the substrate can be altered 

in mutation studies.[8] To avoid the complications of fluorogenic substrates,[7, 9, 10] 

fluorescence resonance energy transfer (FRET) has been exploited in combination with 

doubly labeled substrates, bearing an energy donor on one side of the hydrolyzed bond and an 

acceptor on the other side (hetero-double labeling, Scheme 1a); since FRET operates over 

larger distances (typically 20-50 Å), the labels do not need to be placed in immediate 

proximity of the susceptible bond. Upon proteolytic cleavage, donor and acceptor diffuse 

apart to become spatially separated, efficient FRET no longer applies, and the intrinsic 

fluorescence of the probe or the donor is revived (Scheme 1a).[9] 

                                                
1 Abbreviations used: CPA, carboxypeptidase A; DBO, 2,3-diazabicyclo[2.2.2]oct-2-ene; Dbo, 2,3-

diazabicyclo[2.2.2]oct-2-ene-labeled asparagine; FRET, fluorescence resonance energy transfer; HTS, high-

throughput screening; TRF, time-resolved fluorescence; LAP, leucine aminopeptidase; CT, chymotrypsin. 
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Scheme 1: Principles of fluorescent protease assays based on a) FRET (hetero-double-
labeling), b) static probe/quencher contact (either with two identical fluorophores, i.e. homo-
double-labeling, or single-labeling with Trp as quencher), and c) collision-induced quenching 
of a probe (Dbo) by a contact quencher (Trp or Tyr). 
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However, the introduction of two different large aromatic dyes (donor and acceptor) 

into FRET substrates presents still a major obstacle in the design of fluorescent protease 

assays.[11] The corresponding hetero-double-labeled substrates are prone to undergo specific 

or unspecific binding as well as steric repulsion with the enzymatic pockets, which has a 

significant effect on the enzyme kinetics[12] or might even lead to a loss of activity.[13, 14] 

To remedy, large aromatic dyes are routinely introduced by long tethers, frequently by post-

column labeling strategies, which creates additional challenges to synthesis and 

purification.[10, 15] Additional practical complications arise from the competition of 

intermolecular with intramolecular FRET and from imperfect excitation of the donor due to 

unavoidable concomitant absorption of the acceptor. Finally, FRET substrates are generally 

unsuitable for the investigation of exopeptidases. 

The synthetic problems related to FRET substrates have been addressed either by 

double labeling with the same fluorescent probe (homo-double-labeling),[16, 17] or by a 

single-labeling approach, in which a natural amino acid, most prominently Trp, could act as 

quencher.[12, 18] The latter two approaches have recently become popular, but both take the 

toll that FRET can no longer serve as the quenching mechanism. In the former case (homo-

double-labeling), FRET donor and acceptor are identical, and in the latter case the absorption 

of natural amino acids lies too far in the UV to fulfill the acceptor requirement for spectral 

overlap, while direct excitation of amino acids as FRET donors requires an undesirable far-

UV excitation.[19] Reported homo-double-labeling strategies with rhodamine ground state 

dimers[16] or single-labeling approaches, e.g., of an oxazine dye with Trp as quencher,[18] 

require static probe/quencher contact (Scheme 1b), i.e., a substantial fraction of the peptide 

substrate has to adapt a conformation in which probe and quencher are in contact to allow the 

native emission to be quenched.2 The necessity to observe such static contact quenching 

imposes a different line of requirements for substrate design, e.g., probe/quencher contact 

becomes difficult when either the separation between probe and quencher needs to be 

large[20] (the preferred substrate for Botulinum toxin B contains for example 35 amino 

acids)[13] or when the peptide backbone becomes rigid.[21] Finally, the aggregation of the 

chromophores required for static quenching alters the native conformation of the substrate. 

                                                
2 A static quenching mechanism was also postulated in an early hetero-double-labeling approach with an o-

aminobenzoyl group as a probe and a p-nitrobenzyloxy group as quencher, cf. ref. [8],[9] and A. Yaron, A. 

Carmel, E. Katchalski-Katzir, Intramolecularly quenched fluorogenic substrates for hydrolytic enzymes, Anal. 

Biochem. 95 (1979) 228-235. The further development of this assay type was not recommended.[8] 
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We have recently communicated a complementary protease assay based on collision-

induced intramolecular fluorescence quenching (Scheme 1c), which was applied to 

carboxypeptidase A (CPA). [12] Our assay, which is based on 2,3-diazabicyclo[2.2.2]oct-2-

ene (DBO)[22] as fluorescent label and Trp (or Tyr) as fluorescence quencher, by-passes 

several disadvantages of the established assays and can be readily incorporated into the 

desired substrates through a labeled asparagine (Dbo). In addition, the extremely long 

fluorescence lifetime of DBO (300 ns in water under air) allows a novel nanosecond time-

resolved fluorescence (Nano-TRF) detection in order to suppress background emission and 

thereby increase the assay performance. Herein, we demonstrate that Nano-TRF assays can in 

fact be applied to a wide variety of proteases. We have screened 14 peptides for their activity 

against pepsin, trypsin, CPA, leucine aminopeptidase (LAP), and chymotrypsin (CT) and 

derived several important aspects of the new method. In particular, we could demonstrate that 

the differentiation of cleaved and uncleaved peptide can be dramatically improved in Nano-

TRF mode. A successful example on pharmaceutical/industrial format demonstrated further, 

that the Dbo-based assays are suitable for HTS. 

 

Materials and Methods 

Peptide Substrates and Enzymes 

DBO-labeled asparagine was synthesized according to a literature procedure,[20] and 

may be purchased from Assaymetrics (Cardiff, UK). The polypeptides 1-4,8,9, and 12 were 

synthesized by Affina Immuntechnik GmbH (Berlin, Germany) in >95 % purity, except 

peptide 2 which had a purity of 81 %. The other peptides (5-7, 10, 11, 13, and 14) were 

prepared by Biosyntan GmbH (Berlin, Germany) and obtained in >95 % purity. Trypsin (from 

bovine pancreas, 2500 U/mg) and chymotrypsin (CT, from bovine pancreas, 1500 U/mg) 

were from AppliChem (Darmstadt, Germany). Leucine aminopeptidase (LAP, type IV-S, 

from porcine kidney microsomes, 24 U/mg) was from Sigma. Carboxypeptidase A (CPA, 

PMSF treated, from bovine pancreas, 64 U/mg) and pepsin (from hog stomach, 3834 U/mg) 

were from Fluka. 

113



We used a 67 mM phosphate buffer for pH 7 (for CT), a 112 mM borate buffer for pH 

8 (for trypsin) and a 30 mM citrate buffer for pH 2 (for pepsin), which were all commercial 

(AppliChem, Darmstadt, Germany). LAP was activated for 2 hours at 37 °C in 2 mM MnCl2 

and 0.05 M Tris (adjusted with HCl to pH 8.5) before use and the assay was performed in 

0.05 M Tris (adjusted with HCl to pH 7.8). CPA was assayed as reported.[12] 

Fluorescence Spectroscopy 

Absorption measurements of enzyme and peptide stock solutions were performed with 

a Varian Cary 4000 spectrophotometer. The following extinction coefficients were used to 

derive the concentrations: ε278 = 64200 M-1cm-1 for CPA,[23] ε280 = 33600 for trypsin,[24] 

ε280 = 50000 for CT,[25] ε280 = 50700 for pepsin,[26] and ε282 = 320000 for LAP.[27] The 

concentrations of the peptides were determined by assuming the same extinction coefficients 

as for the free amino acids Trp[20] and Tyr.[28] 

Fluorescence lifetimes were measured by time-correlated single photon counting 

(FLS920, Edinburgh Instruments) with a Picoquant picosecond pulsed diode laser (λexc = 373 

nm, λem = 450 nm, ca. 50 ps pulsewidth) for excitation. The lifetimes recovered by tail-fitting 

with the instrument-specific software, were monoexponential as judged by a reduced χ2 of 

1.00 ± 0.05 and a random distribution of the weighted residuals around zero; fitting with 

multiexponential decay functions was therefore not indicated. Kinetic traces were collected 

with a Varian Eclipse spectrofluorometer, equipped with a thermostated cell holder (λexc = 

365 nm, λem = 450 nm). 

Kinetic assays 

1 mM stock solutions of peptides were prepared in water and stored at +4 °C. For 

measurement an appropriate amount was diluted with the respective buffer solution and the 

sample was allowed to equilibrate for at least 10 min in a thermostated cell holder at 

25.0 ± 0.1 °C. Enzyme stock solutions were freshly prepared on a daily basis in 1 mM HCl 

(CT and trypsin), 10 % LiCl (CPA), pH 2 buffer (pepsin), or, for LAP, in its activation buffer. 

Nano-TRF assays were carried out in black 384-well microplates (Corning NBS) 

using 50 µl final sample volume with an LF 402 NanoScan FI microplate reader (IOM, 

Berlin, Germany). An external nitrogen laser (MNL 200, Laser Technik Berlin, Germany) 

was coupled by glass fibers to a dye laser module, which had a maximum dye emission at 365 

nm. The emission was detected at 450 nm with a gate time of 2 µs. Unless stated differently, 

we used the minimum delay time of 150 ns, which was sufficient to efficiently suppress all 

short-lived emission.[12] 
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Results and Discussion 

The peculiarities of DBO as a non-invasive, hydrophilic, and extremely small organic 

fluorescent probe have been studied in great detail[29-31] and also applied in the areas of 

biomolecular and supramolecular chemistry.[20, 21, 32-37] The most useful photophysical 

property of DBO is its exceedingly long fluorescence lifetime (up to 1 µs, depending on 

solvent and environment).[38] When introduced into peptides by means of a labeled 

asparagine (Dbo), peptides with long fluorescence lifetimes (ca. 300 ns) result unless an 

intramolecular quencher is present. In addition, it was observed that Dbo is also efficiently 

quenched by four natural amino acids (Trp, Tyr, Met, and Cys).[20] A collision-induced 

quenching mechanism applies, either exciplex-induced quenching (e.g., for Trp) or hydrogen 

atom abstraction (e.g., for Tyr), and both quenching pathways require an intimate 

probe/quencher contact.[20] The intramolecular collision-induced quenching in Dbo-labeled 

peptides can be exploited in the design of protease assays according to Scheme 1c. Such 

assays are conceptually interesting because (i) they are based on a collision-induced 

quenching mechanism and (ii) they afford cleaved products with a sufficiently long 

fluorescence lifetime to allow time-resolved detection. 

The collision-induced quenching is made possible by the exceedingly long 

fluorescence lifetime of Dbo (ca. 300 ns in the absence of quenchers), which allows mutual 

intrachain diffusion and therefore probe/quencher collision with the associated fluorescence 

quenching to occur within the excited-state fluorescence lifetime of the probe. For 

comparison, intrachain diffusion, which occurs on a time-scale of ca. 10 ns to 1 µs in short 

peptides,[20, 21, 33-35] is too slow to cause a sizable fluorescence quenching of conventional 

fluorescent dyes which have much shorter fluorescence lifetimes (< 5 ns). The collision-

induced quenching mechanism (Scheme 1c) allows a very versatile design of peptide 

substrates for proteases because dynamic fluorescence quenching is feasible for practically all 

amino acid sequences[21, 33] (except polyprolines)[34] and its efficiency decreases only 

weakly with increasing probe-quencher separation and has been observed for up to 20 

intervening amino acids.[20, 35] In addition, even in cases where collision-induced quenching 

is less efficient, the detection can be improved by means of the Nano-TRF detection (see 

below). 

The ability to employ natural amino acids as intrinsic fluorescence quenchers presents 

another asset, because it remedies the necessity to introduce two distinct extrinsic dyes, as is 

the case in protease assays with FRET substrates (Scheme 1a); this facilitates the design of 

protease substrates. 14 peptides (1-14, Table 1) were presently investigated. These were 
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designed according to known recognition motifs for the different enzymes employed in this 

study,[39, 40] or were available from independent mechanistic studies.[12, 21, 33, 34] 

Trypsin and CT were employed as well-investigated model enzymes. Pepsin was selected to 

demonstrate the pH insensitivity of Dbo, because this enzyme requires pH 2. In addition, we 

have included exopeptidases (LAP and CPA), which remain challenging targets in enzyme 

assays, especially for mutation studies when remote residues in the substrate need to be 

altered.[41] 

 

 
Fig. 1: Representative traces (note the logarithmic intensity scale) showing the increase in 
relative fluorescence intensity (I) of the peptides H-WTLTGKX-NH2 (4), H-
XLSLSRFSWGA-OH (7), H-WQIFVKX-NH2 (3) and H-YQIFVKX-NH2 (8) (all 50 µ M) 
during enzymatic cleavage by trypsin (300 nM), LAP (63 nM), CT (200 nM), and CT (300 
nM), respectively.  
 

All peptides were prepared by standard solid phase synthesis by using Fmoc-protected 

Dbo,[20] thereby eliminating the additional post-column labeling and purification steps 

required for alternative fluorescence labels.[10, 42, 43] Noteworthy, no complications during 

synthesis and purification were encountered in any case. Trp was used as fluorescence 

quencher in analogy to the preliminary report;[12] in addition, we have tested the use of Tyr 

as an alternative fluorescence quencher (peptides 8-10). The utilization of these two amino 
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acids not only by-passes the introduction of a second synthetic label, but, as an added 

advantage, they are intrinsically present in many recognition motifs of proteases.[8-10, 13, 14, 

39, 40] All investigated peptides were efficiently cleaved by the corresponding enzymes as 

could be conveniently monitored with a standard steady-state fluorometer (Figure 1). In all 

cases, the fluorescence intensity increased continuously upon addition of the enzyme until the 

characteristic plateau region was reached, signaling quantitative substrate hydrolysis.3 

The traces were used to derive pseudo-first order rate constants (k) by non-linear 

regression using the known relationship between the fluorescence intensity I versus time t: I = 

Imax(1–exp(–(k)[E]t)), where [E] is the concentration of protease as determined by UV 

spectrophotometry.[44] The pseudo-first-order rate constants k equal kcat/KM under the 

condition[44] that the initial concentration of substrate is much less than KM, which is met 

whenever the k values are found to be independent of substrate concentration within the 

assayed concentration range. Determinations at a minimum of three initial substrate 

concentrations in the range of 5-100 µM confirmed that this applied in all cases. 

The kcat/KM values in Table 1 allow a comparison of the relative susceptibility of the 

substrates towards enzymatic cleavage. Generally speaking, the Dbo-labeled peptides were 

efficiently cleaved with the rates being comparable to those observed for substrates carrying 

different labels.[17, 19, 45] Importantly, the position of the Dbo chromophore does not affect 

the enzyme kinetics in a systematic manner, and even if Dbo is placed directly adjacent to the 

hydrolyzed bond (peptides 1,3,4,8,9, and 14), the enzymatic activity is not adversely affected. 

The relative rate constants are also consistent with the known preferences for each 

enzyme.[39, 40] For example, peptides with a positively charged amino acid residue in their 

sequence are more efficiently cleaved by trypsin than those lacking such an amino acid.  

The observed increase in fluorescence intensity, which ultimately limits the sensitivity 

of fluorescence protease assays based on the respective substrates, varies for the different 

peptide/enzyme combinations (Irel in Table 1 and Figure 1). The fluorescence increase 

depends mainly on the efficiency of fluorescence quenching in the probe/quencher-labeled 
                                                
3 We also determined for each enzyme kinetics the fluorescence lifetime once no change in the fluorescence 

intensities was noted (plateau region in Figure 1); the observation of a monoexponential fluorescence decay 

confirmed in all cases that the hydrolysis of the substrate was complete. An incomplete substrate conversion 

could occur, for example, if the protease became inactive during the kinetic run, which would similarly result in 

the observation of an apparent plateau. In the latter case, a biexponential fluorescence decay would be expected 

with the fluorescence lifetimes of the uncleaved and partially cleaved forms as components (Table 2). This was 

in fact observed when lifetime measurements were performed in the rise phase before the plateau was reached, 

e.g., when a CT assay was intentionally stopped by addition of 1 M HCl. 
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peptide, because the fluorescence intensity of the cleaved peptide should always resemble that 

of unquenched Dbo (unless an additional quencher remains present after cleavage).[35] This 

interpretation is nicely confirmed by the fluorescence lifetimes of the peptides, which were 

found to be monoexponential both before (τDbo/Q) and after (τDbo) cleavage (Table 2, see also 

footnote 3). The relative increase in fluorescence intensity ( relI ) was found to be in good 

agreement with the relative increase in fluorescence lifetime (τrel), although the latter one 

tended to be higher.4 As expected, the fluorescence lifetime after cleavage (τDbo) was found to 

be relatively constant (ca. 300 ns) and comparable to the fluorescence lifetime of the 

unquenched parent chromophore DBO in water under air (325 ns). The fluorescence lifetimes 

of the uncleaved peptides (τDbo/Q) were significantly shorter as a consequence of 

intramolecular fluorescence quenching; they showed also large variations, which is also the 

underlying reason for the differential increase in steady-state fluorescence intensity upon 

cleavage of different substrates (Figure 1). Although not analyzed in detail, the quenching 

efficiencies depend strongly on the length of the backbone separating probe (Dbo) from 

quencher (Trp or Tyr)[20, 35] and the flexibility of the backbone as imposed by the types and 

sequence of amino acids.[21, 33, 34] For example, the length dependence is the reason for the 

slightly longer fluorescence lifetime of H-XGGW-OH (7.6 ns) compared to H-XGW-OH (5.9 

ns) and the dependence on the flexibility manifests itself in the fluorescence lifetimes of the 

substrates H-WTLTGKX-NH2 (27 ns) and H-WQIFVKX-NH2 (90 ns); the former is rich in 

flexible amino acids (G,L,T, according to the known flexibility scale),[21] while the latter 

contains mostly rigid ones (I,V,F,K). Noteworthy, in the case of flexible substrates like H-

GSWR(GS)7X-NH2 (50 ns), very efficient quenching was observed even with 15 intervening 

amino acids. 

Peptides bearing Trp as quencher were more efficiently quenched than those with Tyr, 

which is known to be a weaker quencher.[20, 33] The most direct comparison can be drawn 

between H-WQIFVKX-NH2 and H-YQIFVKX-NH2, in which the latter substrate had a 2-fold 

longer fluorescence lifetime than the former one. In principle, by adjusting the pH to higher 

values (> 12), e.g. by adding NaOH in the course of a stopped assay, it is possible to increase 

                                                
4 The smaller increase in steady-state fluorescence intensity compared to the increase in fluorescence lifetimes is 

presumably due to background emission and fluorescence from unknown short-lived impurities inside the 

sample (purity > 95 %); the contribution of the background emission may lead to a sizable increase in steady-

state fluorescence of the quenched peptide, which decreases the relative increase in fluorescence intensity (Irel), 

but leaves the experimental fluorescence lifetimes of Dbo unaffected, because background emission is much 

shorter lived and was not considered in the tail fitting of the decay traces. 
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the efficiency of quenching by Tyr and therefore the differentiation between substrate and 

product fluorescence. This is because Tyr is deprotonated in strongly alkaline media and the 

corresponding phenolate anion becomes a stronger quencher of Dbo fluorescence 

(comparable to Trp).[33] 

We have also studied two peptide recognition sequences with natural occurrence of 

Trp or Tyr, namely H-AEY↓AAR↓G-OH[46] and H-LSLSR↓F↓SWGA-OH (arrows indicating 

the cleavage sites for CT next to the aromatic residues and for trypsin next to arginine).[47] 

These sequences can be readily used for fluorescence-based protease assays simply by 

attaching Dbo (X) to the C terminus (H-AEYAARGX-OH) or N terminus (H-

XLSLSRFSWGA-OH). For comparison, a hetero-double-labeling approach would require the 

synthesis of FRET substrates with two extrinsic residues (X,Z: H-ZAEYAARGX-OH and H-

XLSLSRFSWGAZ-OH). In addition, donor and acceptor would be further separated in the 

FRET (7 and 10 amino acids) than in the Dbo cases (4 and 7 amino acids), which may 

adversely affect the FRET efficiency and therefore the assay sensitivity. 

Finally, we have studied by the single-labeling approach the exopeptidases CPA and 

LPA, which are enzymes that cleave C-terminal and N-terminal amino acids, respectively. 

Recall that a double-labeling approach (FRET) would place an unnatural organic 

chromophore directly at the recognition site, which does not allow its routine application to 

exopeptidases. The use of Trp in the recognition site of CPA has already been 

communicated;[12] as demonstrated herein, Trp can also be used to assay LAP (see Table 1, 

peptide 6). As another interesting observation on the side, we found that H-XLSLSRFSWGA-

OH, with direct attachment of Dbo, is an excellent substrate for LAP, even better than H-

WKRTLRRX-NH2 (Tables 1 and 2). This means that LAP “recognizes” Dbo as an amino acid 

to be cleaved N-terminally, which constitutes an attractive assay principle for HTS. Note, in 

the context of drug discovery, that LAP has been invoked in various diseases[48] and was 

recently identified as a prime target for inhibitor design.[49] 

 

Nanosecond time-resolved fluorescence (Nano-TRF) 

The fluorescence lifetimes of the cleaved peptides (ca. 300 ns) are much longer than 

typical fluorescence lifetimes of organic fluorophores as well as luminescence due to 

impurities, sample materials, and scattered light. The formation of this long-lived Dbo 

emission can be very selectively probed by employing a nanosecond time-resolved 

fluorescence (Nano-TRF) detection, in which any uninformative short-lived emission 

(background) can be suppressed by application of a time gate (Figure 2).[12] TRF has 
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originally become popular in the millisecond time domain for lanthanide chelates,[37, 42, 50-

52] but exactly these suffer from the problems, which have been discussed above. First, 

lanthanide chelates are large ionic molecular entities,[42, 52] which can strongly influence 

enzyme kinetics.[11] Second, their emission is more accurately referred to as luminescence, 

because of the nature of the electronic transitions involved, and quenching by natural amino 

acids does not apply, which leaves only a double-labeling approach and quenching via 

resonance energy transfer.[53, 54] And third, their labeling proceeds often through long 

tethers like 1,6-diaminohexyl chains, which complicates routine synthesis.[55] 

 
Fig. 2: Comparison of the fluorescence lifetimes for different peptides: H-WTLTGKX-NH2 
(4, 27 ns, red), H-WQIFVKX-NH2 (3, 90 ns, black), H-YQIFVKX-NH2 (8, 172 ns, blue) and 
H-X-NH2 (355 ns, green), the last one being the common cleavage product by trypsin. Note 
the yellow time window which reflects the standard integration window employed for Nano-
TRF detection to gate out background emission (sharp peak near t = 0) and to increase the 
discrimination between uncleaved and cleaved peptide (e.g., red and green trace). 

In addition to the suppression of background fluorescence, Nano-TRF can be exploited 

to increase the differentiation between the cleaved and uncleaved substrate and thereby 

increase the sensitivity of a potential fluorescence protease assay relative to steady-state 

measurements.[12, 52] Indeed, an improvement was observed for all substrates investigated in 

this study (compare TRF,relI  with relI  values in Table 2). In general, the improvement is largest 

for those substrates, which display the largest differences in fluorescence lifetimes before and 
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after cleavage (or which display the shortest lifetimes in the uncleaved form). The theoretical 

increase in fluorescence intensity in Nano-TRF mode, i.e., the integrated fluorescence 

intensity within the time gate ( theo
TRF,relI ) is calculated in Table 2 and can be compared with the 

theoretical increase in fluorescence intensity in steady-state mode; the latter corresponds to 

the ratio of fluorescence lifetimes. As can be seen, the theoretically expected increase is quite 

dramatic and amounts up to 16 orders of magnitude; these astronomic numbers cannot be 

experimentally realized, however, as can be deduced from the differentiation factors measured 

with a commercial Nano-TRF microplate reader ( TRF,relI  in Table 2). This limitation is mostly 

due to instrumental restrictions and can be greatly improved upon by technical modifications; 

for example, when we changed in an exploratory assay from a setup using a nitrogen dye laser 

for excitation and a regular photomultiplier tube for detection (this work) to a set-up with a 

more intense Nd-YAG laser for excitation and an ICCD camera for detection, the 

differentiation could be further increased by an additional 2 orders of magnitude.[56] In 

particular, the maximum differentiation ( TRF,relI  ≈ 50) observed for the peptides H-

WTLTGKX-NH2 (4, Figure 3), H-XGW-OH (11), H-XGGW-OH (13) and Ac-XW-OH (14) 

reflects the limited dynamic range of the presently employed instrument, i.e., the fluorescence 

emission after complete cleavage led to a saturation of the photomultiplier, while the detected 

emission before cleavage was already entirely suppressed, i.e., it was insignificantly different 

from that of the neat buffer reference solution. 

For most substrates, the increase in fluorescence in Nano-TRF mode was smaller than 

the instrumental limit of ca. 50 ( TRF,relI  = 2-10). Nevertheless, the goodness of the assay, as 

judged by the Z' factor, which takes also the standard deviation of the substrate and product 

fluorescence into account,[57] was always above 0.7, which is generally considered to be 

satisfactory even for assays performed on HTS scale. Regardless, assay performance can be 

further improved by rational choice of the time gate depending on the desired performance. In 

particular, while the preset 150 ns delay time used in the initial set of experiments was 

sufficiently long to efficiently suppress all common background from fluorescent impurities 

(e.g. buffers, cofactors or inhibitors), the differentiation between the uncleaved and cleaved 

substrate can be further optimized, if required, by adjusting the time delay according to the 

fluorescence lifetime of the uncleaved peptide; the latter varies from peptide to peptide (see 

above), and so does the ideal value for the delay time. 
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Fig. 3: Comparison of the fluorescence increase (initial intensity was normalized to 1) of H-
WTLTGKX-NH2 (20 µM) upon digestion with 300 nM trypsin at pH 8. The lower trace was 
recorded in steady-state mode, the upper one in Nano-TRF mode (tdelay = 150 ns, tgate = 2 µs). 

 

To illustrate, we selected the peptide H-YQIFVKX-NH2, which showed the poorest 

increase in steady-state fluorescence of all peptides investigated (Irel = 1.8). The 

differentiation already improved significantly (Irel,TRF = 3.0, Table 2) by using Nano-TRF with 

the standard delay (tdelay = 150 ns), but there was room for improvement. By varying the delay 

times, we could indeed increase the differentiation between substrate and product to a factor 

of 13.5 with a delay time of 750 ns; the Z' factor improved as well, from ca. 0.7 to ca. 0.8 

(Figure 4). Although even longer delay times are theoretically expected to provide even 

higher values for the ratio of intensities (e.g., with a 1250 ns delay), this was not found 

experimentally. The stability of the assay as expressed by the Z' factor was also substantially 

diminished in this case (< 0.3). Presumably, the resulting decrease in signal intensity for long 

delays (note that most of the fluorescence has already decayed 1250 ns after the laser pulse, 

see Figure 2) and the concomitant relative increase in background emission limits the 

performance of the assay for long time delays. This sets a practical limitation to increasing the 

differentiation in Nano-TRF mode by extending the delay time, because the increased 

differentiation comes at the expense of a lower signal and therefore decreased signal-to-

background ratio, which is nicely reflected in the deteriorated Z' factors. 
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Fig. 4: Optimization of substrate-product fluorescence differentiation for the peptide H-
YQIFVKX-NH2 (in the range of 10-50 µM) by varying the delay time (tdelay) in Nano-TRF 
mode. 

 

One drawback in the use of DBO as a fluorescent probe is its comparably low 

brightness (defined as the product of extinction coefficient εmax and fluorescence quantum 

yield φF), which can be traced back to the low extinction coefficient of DBO (εmax = 50 M–

1cm–1, φF = 0.26 in H2O).[38] However, principal challenges in HTS arise not only from a 

weak fluorescence of the probe, but also from interferences due to strong fluorescence of 

library compounds. The latter can be efficiently suppressed by read-out in Nano-TRF mode, 

which allows the fluorescence of Dbo to be selectively sounded out even under adverse 

conditions (high background). In other words, the time-gated detection mode compensates for 

the weak brightness of Dbo. This has, in fact, already been demonstrated through a successful 

HTS screen for a protease on a pharmaceutical-industrial scale with 1.3 million wells.[56] 

In addition, many HTS assays for proteases employ substrate concentrations in the 

micromolar range, which is an ideal range for detection of Dbo (detection limit: 20 nM on LF 

502 NanoScan FLT plate-reader, IOM, Germany). Furthermore, determinations of proteases 

with high KM values become accessible with Dbo-labeled substrates, which is generally not 

the case for assays based on lanthanide complexes due to a non-linearity of their 

luminescence at high concentrations (> 1 µM).[55, 58] Such non-linear effects have also been 
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observed for other FRET substrates at comparably low concentrations (10 µM) and could be 

traced back to efficient intermolecular FRET and undesirable absorption of the acceptor.[4] 

This can lead to apparently lower reaction rates or may signal a faulty substrate inhibition 

(upward curvature in the corresponding Lineweaver-Burk plots). For Dbo/Trp and Dbo/Tyr 

peptides intermolecular quenching can be neglected up to 100 µM due to the collision-

induced quenching mechanism as reflected in the bimolecular quenching rate constants.[20] 

Control experiments demonstrated that the fluorescence intensities of Dbo-labeled substrates 

increased indeed linearly with concentration up to 100 µM, while the fluorescence lifetimes 

remained also constant. 

Conclusions 

Due to several complications in protease assays, there is a persistent demand for new probe-

quencher pairs. An ideal assay should result, amongst others, in a large increase in 

fluorescence intensity upon proteolytic cleavage and have a high signal-to-noise ratio. In 

addition, the fluorophore (and quencher) should be hydrophilic and small to avoid unspecific 

binding or steric hindrance and thereby retain the biological activity.[9, 13, 14, 59] The 

Dbo/Trp and Dbo/Tyr probe/quencher pairs introduced herein are very promising for the 

design of alternative fluorescent protease substrates. The use of a natural amino acid as a 

quencher is advantageous from a substrate design point of view and offers the additional 

opportunity to investigate exopeptidases like CPA or LAP. The use of Dbo as fluorescent 

probe allows Nano-TRF detection, which efficiently suppresses background emission and 

increases the differentiation between the fluorescence of the cleaved and uncleaved peptide; 

the performance of Nano-TRF assays can be further fine-tuned by variation of the delay time, 

which has been experimentally demonstrated for the first time. Furthermore, the extraordinary 

chemical and photochemical stability of DBO over a wide pH-range (2-13) should allow 

application of Dbo-based assays to a variety of enzymes from extremophiles.[60] Additional 

important application areas are mutation studies and HTS assays. 
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Footnotes 
 
1 Abbreviations used: CPA, carboxypeptidase A; DBO, 2,3-diazabicyclo[2.2.2]oct-2-ene; 

Dbo, 2,3-diazabicyclo[2.2.2]oct-2-ene-labeled asparagine; FRET, fluorescence resonance 

energy transfer; HTS, high-throughput screening; TRF, time-resolved fluorescence; LAP, 

leucine aminopeptidase; CT, chymotrypsin. 

 
2 A static quenching mechanism was also postulated in an early hetero-double-labeling 

approach with an o-aminobenzoyl group as a probe and a p-nitrobenzyloxy group as 

quencher, cf. ref. [8],[9] and A. Yaron, A. Carmel, E. Katchalski-Katzir, Intramolecularly 

quenched fluorogenic substrates for hydrolytic enzymes, Anal. Biochem. 95 (1979) 228-235. 

The further development of this assay type was not recommended.[8] 

 
3 We also determined for each enzyme kinetics the fluorescence lifetime once no change in 

the fluorescence intensities was noted (plateau region in Figure 1); the observation of a 

monoexponential fluorescence decay confirmed in all cases that the hydrolysis of the 

substrate was complete. An incomplete substrate conversion could occur, for example, if the 

protease became inactive during the kinetic run, which would similarly result in the 

observation of an apparent plateau. In the latter case, a biexponential fluorescence decay 

would be expected with the fluorescence lifetimes of the uncleaved and partially cleaved 

forms as components (Table 2). This was in fact observed when lifetime measurements were 

performed in the rise phase before the plateau was reached, e.g., when a CT assay was 

intentionally stopped by addition of 1 M HCl. 

 
4 The smaller increase in steady-state fluorescence intensity compared to the increase in 

fluorescence lifetimes is presumably due to background emission and fluorescence from 

unknown short-lived impurities inside the sample (purity > 95 %); the contribution of the 

background emission may lead to a sizable increase in steady-state fluorescence of the 

quenched peptide, which decreases the relative increase in fluorescence intensity (Irel), but 

leaves the experimental fluorescence lifetimes of Dbo unaffected, because background 

emission is much shorter lived and was not considered in the tail fitting of the decay traces. 
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Figure Legends 

Scheme 1: Principles of fluorescent protease assays based on a) FRET (hetero-double-
labeling), b) static probe/quencher contact (either with two identical fluorophores, i.e. homo-
double-labeling, or single-labeling with Trp as quencher), and c) collision-induced quenching 
of a probe (Dbo) by a contact quencher (Trp or Tyr).  

Fig. 1: Representative traces (note the logarithmic intensity scale) showing the increase in 
relative fluorescence intensity (I) of the peptides H-WTLTGKX-NH2 (4), H-
XLSLSRFSWGA-OH (7), H-WQIFVKX-NH2 (3) and H-YQIFVKX-NH2 (8) (all 50 µ M) 
during enzymatic cleavage by trypsin (300 nM), LAP (63 nM), CT (200 nM), and CT (300 
nM), respectively.  
 
Fig. 2: Comparison of the fluorescence lifetimes for different peptides: H-WTLTGKX-NH2 
(4, 27 ns, red), H-WQIFVKX-NH2 (3, 90 ns, black), H-YQIFVKX-NH2 (8, 172 ns, blue) and 
H-X-NH2 (355 ns, green), the last one being the common cleavage product by trypsin. Note 
the yellow time window which reflects the standard integration window employed for Nano-
TRF detection to gate out background emission (sharp peak near t = 0) and to increase the 
discrimination between uncleaved and cleaved peptide (e.g., red and green trace). 

Fig. 3: Comparison of the fluorescence increase (initial intensity was normalized to 1) of H-
WTLTGKX-NH2 (20 µM) upon digestion with 300 nM trypsin at pH 8. The lower trace was 
recorded in steady-state mode, the upper one in Nano-TRF mode (tdelay = 150 ns, tgate = 2 µs). 
 
Fig. 4: Optimization of substrate-product fluorescence differentiation for the peptide H-
YQIFVKX-NH2 (in the range of 10-50 µM) by varying the delay time (tdelay) in Nano-TRF 
mode. 
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Table 1: Pseudo-first order rate constants (kcat/KM) of proteolytic activity for the investigated 

combinations of peptides and proteases. 

No. Substrate[a] Protease kcat/KM (106 M–1min–1)[b] 

1 H-GSGSWR↓X-NH2 Trypsin 5.0 

2 H-GSWR↓(GS)7X-NH2 Trypsin 12 

3 H-WQIFVK↓X-NH2 Trypsin 5.0 

4 H-WTLTGK↓X-NH2 Trypsin 2.5 

5 H-WRRRRRRX-NH2
[c] Trypsin 12 

6 H-WKRTLRRX-OH[c] Trypsin 19 

7 H-XLSLSR↓FSWGA-OH Trypsin 38 

8 H-YQIFVK↓X-NH2 Trypsin 3.5 

9 H-YTLTFK↓X-NH2 Trypsin 1.4 

10 H-AEYAAR↓GX-OH Trypsin 80 

11 H-XG↓W-OH[d] CPA 1.1 

12 H-GSGSXGS↓W-OH CPA 1.2 

13 H-XGG↓W-OH[d] CPA 0.66 

14 Ac-X↓W-OH[d] CPA 18 

3 H-WQIF↓VKX-NH2 Pepsin 0.48 

8 H-YQIF↓VKX-NH2 Pepsin 0.38 

6 H-W↓KRTLRRX-OH LAP 5.8 

7 H-X↓LSLSRFSWGA-OH LAP 24 

1 H-GSGSW↓RX-NH2 CT 1.0 

2 H-GSW↓R(GS)7X-NH2 CT 0.6 

3 H-WQIF↓VKX-NH2 CT 4±2 

4 H-W↓TLTGKX-NH2 CT 0.2 

5 H-W↓RRRRRRX-NH2 CT 0.33 

6 H-W↓KRTLRRX-OH CT 1.4 

7 H-XLSLSRF↓SWGA-OH CT 17 

8 H-YQIF↓VKX-NH2 CT 1.4 

9 H-YTLTF↓KX-NH2 CT 3.9 

10 H-AEY↓AARGX-OH CT 5.6 
 

[a] Presumed cleavage site marked by an arrow. [b] 10 % error unless stated differently. [c] 

Several cleavage sites possible. [d] From ref. [12]. 
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Table 2: Comparison of the increase in fluorescence intensity upon protease cleavage of 

peptides 1-14 in steady-state (Irel) and Nano-TRF mode ( TRF,relI ); shown for comparison are 

the fluorescence lifetimes
[a]

 before (τDbo/Q) and after cleavage (τDbo), the ratio of lifetimes (τrel = 

τDbo/Q/τDbo), and the theoretically expected intensity increase in Nano-TRF mode ( theo
TRF,relI ). 

 

No. Substrate τDbo/Q τDbo τrel relI  theo
TRF,relI [b]

 TRF,relI [c] 

1    H-GSGSWRX-NH2
[d],[e] 38 360 9.5 4.3 320 4.5 

2    H-GSWR(GS)7X-NH2
[d],[e] 50 227 4.5 2.5 47 2.0 

3    H-WQIFVKX-NH2
[d],[e],[f] 90 355 3.9 3.8 14 11.4 

4    H-WTLTGKX-NH2
[e] 27 305[g] 11.3 11.9 1.8 × 103 >50 

5    H-WRRRRRRX-NH2
[d],[e] 108 330 3.1 2.4 7.8 6.7 

6    H-WKRTLRRX-OH[d],[e],[h] 62 330 5.3 3.2 38 8.4 

7    H-XLSLSRFSWGA-OH[d],[e],[h] 51 249 4.9 3.5 51 34 

8    H-YQIFVKX-NH2
[d],[e],[f] 172 355 2.1 1.8 3.2 3.0 

9    H-YTLTFKX-NH2
[d],[e] 110 360 3.3 3.1 8.4 6.7 

10  H-AEYAARGX-OH[d],[e] 74 345 4.7 3.5 23 7.3 

11  H-XGW-OH[i],[j] 5.9[k] 342 58.0 24.8 4.1 × 1012 >50 

12  H-GSGSXGSW-OH[i] 15 251 16.7  2.0 × 105  

13  H-XGGW-OH[i],[j] 7.6[k] 335 44.1 25.4 1.1 × 1010 >50 

14  Ac-XW-OH[i],[j] 17 360 21.2 12.1 9.4 × 104 >50 
 

[a] 
by time-correlated single-photon counting, 10% error. 

[b]
 Calculated according to ref.[12] by 

assuming a standard delay time of 150 ns and a standard gate time of 2 µs. 
[c]

 Obtained with a 

standard delay time of 150 ns and a standard gate time of 2 µs. 
[d]

 Cleaved with trypsin. 
[e]

 

Cleaved with CT. 
[f]

 Cleaved with pepsin.
 [g]

 360 ns, if cleaved with trypsin.
 
 

[h]
 Cleaved with 

LAP. 
[i]

 Cleaved with CPA. 
[j]

 From ref. [12]. 
[k]

 Re-measured data. 
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APPENDIX 2 
Reprinted with permission from H. Sahoo, A. Hennig, M. Florea, D. Roth, T. 

Enderle, W. M. Nau, “Single-Label Kinase and Phosphatase Assays for Tyrosine 

Phosphorylation Using Nanosecond Time-Resolved Fluorescence Detection”, 

Journal of the American Chemical Society, 2007, 129, 15927-15934. Copyright © 

2007 American Chemical Society. Publisher’s version may be found at: 

http://pubs.acs.org/doi/abs/10.1021/ja074975w?journalCode=jacsat&quickLinkV

olume=129&quickLinkPage=15927&volume=129 
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Abstract 

The collision-induced fluorescence quenching of a 2,3-diazabicyclo[2.2.2]oct-2-ene-labeled 

asparagine (Dbo) by hydrogen atom abstraction from the tyrosine residue in peptide substrates 

was introduced as a single-labeling strategy to assay the activity of tyrosine kinases and 

phosphatases. The assays were tested for twelve different combinations of Dbo-labeled 

substrates and with the enzymes p60
c-Src

 Src kinase, EGFR kinase, YOP protein tyrosine 

phosphatase, as well as acid and alkaline phosphatase, thereby demonstrating a broad application 

potential. The steady-state fluorescence changed by a factor of up to 7 in the course of the 

enzymatic reaction, which allowed for a sufficient sensitivity of continuous monitoring in 

steady-state experiments. The fluorescence lifetimes (and intensities) were found to be rather 

constant for the phosphotyrosine peptides (ca. 300 ns in aerated water) while those of the 

unphosphorylated peptides were as short as 40 ns (at pH 7) and 7 ns (at pH 13) as a result of 

intramolecular quenching. Owing to the exceptionally long fluorescence lifetime of Dbo, the 

assays were alternatively performed by using nanosecond time-resolved fluorescence (Nano-

TRF) detection, which leads to an improved discrimination of background fluorescence and an 

increased sensitivity. The potential for inhibitor screening was demonstrated through the 

inhibition of acid and alkaline phosphatases by molybdate. 
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Introduction 

One of the most important regulatory mechanisms of biological signal transduction is the 

phosphorylation and dephosphorylation of tyrosine residues in proteins catalyzed by tyrosine 

kinases and phosphatases.
1,2

 These enzymes play a key role in numerous diseases, such as 

pathogenic infections
3,4

 or cancer.
5,6

 In order to identify specific inhibitors and activators as 

potential lead structures for new drugs,
7
 convenient and cost-effective kinase and phosphatase 

assays are required in pharmaceutical-industrial drug discovery as well as in fundamental 

enzymological research. While several radioimmunoassays
8
 as well as laborious electrophoretic

9
 

or chromatographic
10

 assays have been developed, homogeneous fluorescence-based assays are 

very attractive due to their high sensitivity, short detection times, and their possibility for an easy 

scale-up to high-throughput screening (HTS) format. However, the modulation of the 

fluorescence, i.e., the translation of the phosphorylation into a decrease or an increase of 

fluorescence, presents a major obstacle in the design of fluorescence-based phosphorylation 

assays, and requires generally the use of expensive antibodies,
11,12

 phosphate binding proteins
13

 or 

biopolymers,
14

 strategies involving metal particles,
15

 or metal ion-chelating sites.
16

 

N

N N

N

N
H

OCOOH

H2N

DBO-labeled asparagine

(Dbo)

2,3-diazabicyclo[2.2.2]oct-2-ene

(DBO)
 

Very recently, Lawrence and co-workers reported an elegant single-labeling approach to 

assay tyrosine kinases using originally pyrene (Pyr) and also other dyes,
17-19

 which show a 

differential propensity to form non-fluorescent intramolecular ground-state complexes with Tyr 

and pTyr residues and thereby variations in static quenching (Scheme 1a). Herein, we report our 

results on an alternative single-label assay to follow Tyr phosphorylation (kinases) and 

dephosphorylation (phosphatases), which is based on the dynamic fluorescence quenching of the 

fluorescent amino acid Dbo (Scheme 1b), an asparagine labeled with the 2,3-

diazabicyclo[2.2.2]oct-2-ene (DBO) azo chromophore.
20

 Mechanistically, Dbo undergoes 

136



  

efficient intrachain collision-induced quenching by Tyr,
20,21

 but not with pTyr. The resulting 

Dbo/Tyr assays are complementary to the recently reported Pyr/Tyr assays. In particular, we 

employ a small hydrophilic fluorophore, which is accessible to nanosecond time-resolved 

detection (Nano-TRF). Nano-TRF is an attractive method for efficient background subtraction, 

which we have recently established for protease assays.
22,23

 

Scheme 1 

 

 

Experimental Section 
Materials. Fmoc-protected Dbo (available as Puretime325 dye from Assaymetrics, Cardiff, 

UK) was synthesized according to the literature
20

 and introduced into the peptide substrates by 

solid-phase synthesis (Biosyntan, Berlin); the purity of the peptides was > 95%. MgCl2, MnCl2, 

EGTA, NaOAc, and Tris-HCl were purchased from Fluka or Sigma-Aldrich in highest 

commercial purity; glycine was from ICN Biomedicals. 

Kinase Assays. The tyrosine kinase assays were performed in 100 mM Tris-HCl buffer (pH 

7.2), containing 1.5 mM MgCl2, 0.5 mM MnCl2, and 0.5 mM EGTA. Peptide concentrations 

137



  

were determined UV-spectrophotometrically (Varian Cary 4000) by using the molar extinction 

coefficient of tyrosine (ε275 = 1400 cm
–1

M
–1

).
24

 Phosphorylation was initiated by adding 10 µl of 

Src kinase (p60
c-Src

 from Proqinase, Germany, activity 142 pmol/µg per minute for the substrate 

poly(Glu, Tyr) in the ratio of 4:1) or 10 µl EGFR (Sigma-Aldrich, activity 5,000-30,000 

units/mg per minute for the substrate poly(Glu, Tyr) in the ratio of 4:1) to a mixture of peptide 

substrate and 300 µM ATP in buffer (10-50 µM, final assay volume 500 µl in semi-micro quartz 

glass cuvettes). The kinetic studies were carried out at 37.0 ± 0.1 °C using an external 

temperature controller (Peltier thermostat, Varian) and the fluorescence growth traces were 

recorded on a Varian Eclipse fluorometer (λexc = 365 nm and λobs = 430 nm). 

Phosphatase Assays. YOP protein tyrosine phosphatase (truncated form, from E. coli, in 

buffered aqueous glycerol solution, 30,000 U/mg protein), acid phosphatase (type I from wheat 

germ, 0.4 U/mg), and alkaline phosphatase (from E. coli, suspension in 2.5 M (NH4)2SO4, 85.4 

U/mg protein) were obtained from Sigma-Aldrich. Peptide concentrations were determined by 

the molar extinction coefficient of phosphotyrosine (ε267 = 652 cm
–1

M
–1

).
25

 The enzyme 

concentrations were determined either by using a defined volume of YOP phosphatase solution, 

or by using an extinction coefficient of ε278 = 1.26 mg
–1

cm
–1

ml (for acid phosphatase), and ε278 = 

0.72 mg
–1

cm
–1

ml (for alkaline phosphatase).
26

 Dephosphorylation was initiated by adding 42 µl 

of the YOP phosphatase solution, 50 µl of a 1 mg/ml acid phosphatase solution, or 50 µl of a 100 

µg/ml alkaline phosphatase solution to a mixture of peptide substrate (25-50 µM, final assay 

volume 500 µl in semi-micro quartz glass cuvettes). The assays were conducted in 50 mM 

NaOAc buffer at pH 5.5 containing 0.5 mM EDTA adjusted to an ionic strength of 75 mM with 

NaCl (for YOP phosphatase),
27

 150 mM NaOAc buffer at pH 5.0 (for acid phosphatase) or in 

130 mM glycine buffer with 8.3 mM MgCl2 at pH 8.8 (for acid phosphatase), respectively. The 

temperature was maintained at 25.0 ± 0.1 °C as described above, except for YOP phosphatase 

(30.0 ± 0.1 °C), and the fluorescence decay traces were recorded on a Varian Eclipse fluorometer 

(λexc = 365 nm and λobs = 450 nm). The dephosphorylation by alkaline phosphatase was 

additionally monitored through the absorbance changes at 283 nm on a Varian Cary 4000 UV 

spectrophotometer. 
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Time-Resolved Fluorescence Spectroscopy. Fluorescence lifetimes were recorded at λobs = 

450 nm on a time-correlated single photon counting (TCSPC) fluorometer (FLS 920, Edinburgh 

Instruments) by using 50-ps pulses from a PicoQuant diode laser LDH-P-C 375 (λexc = 373 nm, 

λobs = 450 nm, fwhm ca. 50 ps) for excitation. The lifetimes were analyzed with the instrument-

specific software by means of a monoexponential or biexponential decay function (to account for 

short-lived impurities or scattered light) and judged on the basis of a reduced χ2
 around 1.0 and a 

random distribution of the weighted residuals around zero. Nanosecond time-resolved 

fluorescence assays (final assay volume was 50 µl) were carried out in black 384-well 

microplates (Corning NBS) with an LF 402 NanoScan FI microplate reader (IOM, Berlin, 

Germany). As an instrumental modification, an external nitrogen laser (MNL 200, Laser Technik 

Berlin, Germany) was coupled by glass fibers to a dye laser module, which provided an 

excitation wavelength of λexc = 365 nm. The experiments were performed at ambient temperature 

(25 °C) or at 40 °C. 

Results and Discussion 
DBO has been subject to extensive photophysical investigations,

28-37
 and has recently found 

diverse applications in supramolecular
37-45

 and biomolecular chemistry,
20,21,29,35,36,40,43-57

 including 

its use in peptides
21-23,32,38,46-53

 and enzyme assays.
22,23,48,52,54

 The DBO chromophore stands alone 

due to its exceedingly long fluorescence lifetime of up to 1 µs in gas phase and 320 ns in aerated 

water,
23,30,33,38,48

 which enables the efficient suppression of background fluorescence
22

 and an 

increased differentiation of product versus substrate by Nano-TRF detection.
23

 In essence, the 

fluorescence can be measured after a sufficiently long time delay in the nanosecond range, e.g., 

after 150 or 500 ns. At this delay time, all background fluorescence (which is much shorter lived) 

has already decayed, while the long-lived fluorescence of DBO can still be reliably detected. In 

the case of protease assays,
22,23,52

 we used Dbo-labeled substrates, which contained either Trp and 

Tyr as intramolecular quencher; the protease cleaved off probe or quencher, which led to a 

readily detectable fluorescence enhancement. Our conceptual approach to tyrosine kinases and 

phosphatases, which is shown in Scheme 1b, is based on the selective fluorescence quenching of 

Tyr, i.e., pTyr does not quench DBO fluorescence. 
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Photophysical Characterization of Tyrosine and Phosphotyrosine Peptides. Previous 

studies on the fluorescence quenching of the parent chromophore DBO by amino acids have 

shown that Tyr acts as an efficient fluorescence quencher (kq = 5.6 × 10
8
 M

−1
s
−1

 in water at pH 

7).
21

 The mechanism of the collision-induced fluorescence quenching of DBO by phenols 

proceeds by a hydrogen atom transfer (which is aborted at a conical intersection),
29-31,55,56

 as 

demonstrated through deuterium isotope effects,
20,21,35

 and the observation of phenoxyl-type 

radicals.
35,57

 Accordingly, the fluorescence of Dbo-labeled peptides containing Tyr is strongly 

quenched by intrachain collisions, the efficiency of which depends systematically on the distance 

between probe and quencher,
20,23,46-48

 the amino acid sequence,
21,23,46,51

 the temperature,
21,48

 and the 

solvent viscosity.
20,21,46,51

 The readily abstractable phenolic hydrogen of Tyr, which is responsible 

for the Dbo fluorescence quenching, is absent in pTyr. As a consequence, pTyr causes no 

significant, i.e., a more than two orders of magnitude lower, fluorescence quenching (kq ≤ 5 × 10
6 

M
−1

s
−1

 in pH 7 phosphate buffer, this work). Thus, Dbo-labeled peptides containing pTyr should 

show the fluorescence characteristic for unquenched Dbo. According to the proposed assay 

principle in Scheme 1b, the action of a kinase is therefore expected to increase the fluorescence 

of the peptide, and that of a phosphatase is expected to decrease it. 

 

Table 1. Fluorescence lifetimes
a
 of the unphosphorylated (1-3) and phosphorylated (p1-p3) 

model peptides. 

Peptide Sequence H2O (pH 7) H2O (pH 13) D2O (pD 7.4) 

1 H-Y-Dbo-OH
 

80 6.7 145 

p1 H-pY-Dbo-OH 360 285 530 

2 H-AEYAARG-Dbo-OH
 

74 26 150 

p2 H-AEpYAARG-Dbo-OH 290 250 410 

3 H-Dbo-AEEEIYGE-OH 110 (80) 
b
 58 180 

p3 H-Dbo-AEEEIpYGE-OH 305 (263)
 b
 310 430 

a
 At 25 °C; 5% error. 

b
 Values in parentheses were measured at 40 °C. 
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The fluorescence lifetimes of Tyr versus pTyr containing model peptides (independently 

obtained by solid-phase synthesis) under different conditions are compared in Table 1; the 

relative lifetimes are expected to be proportional to the relative fluorescence intensities measured 

in conventional steady-state measurements. As expected from the intermolecular fluorescence 

quenching results, the fluorescence lifetime of the phosphorylated peptides (τpY) were invariably 

longer than those of the unphosphorylated (τY) peptides, and the expected increase in 

fluorescence intensity in the course of an enzymatic reaction (estimated as τpY/τY) was 

sufficiently large (3-40), to ensure sufficient sensitivity for the development of the respective 

kinase and phosphatase assays. 

The model dipeptide 1 with adjacent probe and quencher (no intervening amino acid) showed 

the largest difference (factor 4.5 in H2O at pH 7) in fluorescence lifetimes, but the differentiation 

for peptide 2 (with 4 intervening amino acids) was also quite large (factor 3.9 in H2O at pH 7), 

owing to the weak variations of the intrachain quenching rate for short peptides
20,47,48

 and the 

presence of the highly flexible glycine.
20-23,46,48

 Peptide 3, with 5 intervening amino acids and one 

being a rigid isoleucine,
21,46

 showed a slightly smaller differentiation between the phosphorylated 

and unphosphorylated peptide (factor 2.8 in H2O at pH 7). The differentiation in fluorescence 

lifetimes (and intensities) increased significantly at alkaline pH, e.g., to a factor of 40 for peptide 

1, Table 1.
58

 Thus, at pH 13, the fluorescence lifetimes of the phosphorylated peptides remained 

similar, around the 300-ns benchmark characteristic for the parent DBO, while those of the 

unphosphorylated peptides dropped quite steeply, owing to the deprotonation of Tyr (pKa = 

10.1).
59

 The latter converts the phenol residue into a phenolate, which serves as an even more 

efficient quencher (with exciplex formation as presumed quenching mechanism).
20,21,31,60

 

Moreover, owing to the temperature dependence of intrachain fluorescence quenching,
21,48,61,62

 the 

differentiation improved further at slightly elevated temperature (compare 40 °C values in 

parentheses in Table 1), which is frequently preferred for enzymatic reactions. 

In addition, we determined the fluorescence lifetimes in D2O (Table 1). The use of D2O as an 

alternative solvent does not increase the differentiation in fluorescence lifetimes, but increases 

the absolute fluorescence lifetimes (by nearly 50%), which can be used to further suppress 

fluorescent background when measuring in the Nano-TRF mode (see below). The longer 
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fluorescence lifetimes are due to the reduced solvent-induced quenching in D2O compared to 

H2O.
21,29,30,48

 The variations in fluorescence lifetimes in H2O and D2O can be further used to 

calculate the kinetic isotope effect (KIE) on the intrachain quenching rate constants according to 

eq. 1,
28-30

 where the fluorescence lifetimes of the phosphorylated peptides were taken as the 

respective “unquenched” lifetimes. The resulting values ranged from 1.8-2.3, which provides 

additional support for hydrogen atom abstraction as quenching mechanism in these peptides. The 

absolute KIE values are comparable to those previously observed for intermolecular quenching 

by Tyr.
20,21,35

 

 

! 

KIE = kq
H2O kq

D2O =
1

"
Y

H2O
#

1

"
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Y
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"
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Enzyme Selection and Assay Performance. With the effect of phosphorylation on the 

fluorescence at hand, we selected two kinases (p60
c-Src

 Src and EGFR kinase) and three 

phosphatases (the specific YOP protein tyrosine phosphatase, and the nonspecific alkaline and 

acid phosphatase) to test the novel tyrosine phosphorylation assay system. The non-receptor 

kinase p60
c-Src

 is a member of the Src family of cytoplasmic non-receptor protein tyrosine 

kinases. Its most important function comprises the phosphorylation of Tyr-527 at the C-terminal 

end of the Src-protein, which promotes the association of the tail region with the SH2 domain 

and transmits signals involved in cell movement and proliferation.
63,64

 The transmembrane 

receptor kinase EGFR (epidermal growth receptor factor) is a member of the ErbB family 

receptors. The phosphorylation of C-terminal tyrosine motifs (Y 992, Y 1068, Y 1086, Y 1148, 

and Y 1173) links to the proteins containing SH2 or phosphotyrosine binding domains. EGFR 

activation triggers numerous downstream signaling pathways, such as, mitogenesis and 

apoptosis, enhanced cell motility, protein secretion, differentiation to dedifferentiation, and 

upregulated EGFR signaling correlated to a wide variety of tumors with progression to invasion 

and metastasis.
64-66

 

Yersinia outer membrane protein (YOP) is the best characterized protein tyrosine phosphatase 

and is an essential virulence determinant of Yersinia pestis (bubonic plague or Black Death).
4,27

 

Acid phosphatases from wheat germ are nonspecific enzymes acting as orthophosphoric 

monoester and pyrophosphate phosphohydrolases under acidic environment.
67

 They are 
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responsible for the ATP and GTP depletion during free cell translation.
68,69 Alkaline phosphatase 

is a homodimeric protein with nonspecific phosphoesterase activity. In contrast to the YOP and 

acid phosphatase, the removal of the phosphate group by alkaline phosphatase takes place at an 

optimum alkaline pH. Alkaline phosphatase has been widely used as an antibody label in enzyme 

immunoassays capable of detecting primary analytes, for example drugs and pesticides such as 

cocaine,
70

 digoxin,
71

 and 2,4-dichlorophenoxyacetic acid.
72
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Figure 1. Traces of fluorescence intensity (λexc = 365 nm) upon addition of 50 µl of a 1 mg/ml 

solution of acid phosphatase to 50 µM H-Dbo-AEEEIpYGE-OH (p3) (decrease in fluorescence, 

λobs = 450 nm) and 10 µl Src kinase to 10 µM H-Dbo-AEEEIYGEFEAKKKK-NH2 (4) (increase 

in fluorescence, λobs = 430 nm). 

 

The fluorescence response of peptides 1-6 (Table 2) in steady-state experiments under the 

enzymatic reaction conditions (Figure 1) was consistent with expectation from the photophysical 

parameters determined for the model peptides 1-3 and p1-p3 (Table 1). We observed a 

continuous increase upon addition of kinase and a continuous decrease upon addition of 

phosphatase (Figure 2).
73

 At the selected enzyme and substrate concentrations (cf. Experimental 

Section), the reaction times ranged from less than 30 min (acid and alkaline phosphatase) up to 

several hours (kinases, YOP phosphatase). The results confirmed the activity of the investigated 

enzymes and the feasibility of the assay principle in Scheme 1b. We also determined the 
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fluorescence lifetimes before addition of enzyme and after the enzymatic reaction and observed 

an increase or decrease in fluorescence lifetimes in the actual reaction mixture (Table 2). As 

expected, the fluorescence lifetimes of the phosphorylated peptides were around 300 ns, with 

small variations with peptide structure, pH, temperature, etc. The intensity ratios in the steady-

state (IpY/IY) and time-resolved (τpY/τY) measurements were also in excellent mutual agreement 

and compared well with the values determined for the model peptides in Table 1. 

Assets of Assays Based on Single-labeled Peptide Substrates. The Dbo/Tyr tyrosine kinase 

and phosphatase assays by-pass the use of antibodies
11,12

 or radiolabels
8
 and operate without the 

necessity of additional incubation steps.
8,11,12

 The response of the Dbo/Tyr fluorescence assay 

towards addition or removal of the phosphate group is immediate and direct. This allows 

continuous monitoring of the enzymatic reaction in homogeneous solution and convenient 

measurement of enzyme kinetics (see below).
73

 The (weak) near-UV absorption of Dbo (λmax ca. 

365 nm, ε ca. 50 M
–1

cm
–1

) is compatible with common solid-state or LED laser excitation 

wavelengths (355 and 375 nm); the possibility for laser excitation is critical, along with the long 

fluorescence lifetime of Dbo, for the refined Nano-TRF detection and background suppression 

discussed below. 

Instructive is also a comparison with the kinase assays developed by Lawrence and co-

workers.
17-19

 The original assay was based on the static fluorescence quenching of pyrene (Pyr) 

resulting from the hydrophobic association with tyrosine in equilibrium (Scheme 1a), as 

confirmed by the observation of NOE enhancements.
17

 The driving force for this intrachain 

association decreases upon phosphorylation. Both fluorescence-based methods (Scheme 1) are 

based on single labeling (with either Pyr or Dbo) and exploit Tyr as an intrinsic contact 

quencher. However, in contrast to the dynamic (collision-induced) fluorescence quenching in the 

Dbo/Tyr system, the fluorescence quenching in the Pyr/Tyr system is thought to be static in 

nature. Phosphorylation of Tyr modulates the static quenching in the latter case and switches off 

the collision-induced quenching in the former case. The classification of the different quenching 

mechanisms and their merits in assay development have recently been outlined for protease 

assays.
23
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Table 2. Fluorescence lifetimes
a
 of peptides 1-6 before and after the enzymatic reaction with a kinase or phosphatase, ratios of 

fluorescence lifetimes, and steady-state fluorescence intensity ratios 

 Substrate  Product Enzyme
b
 pH τY /ns τpY /ns τpY/τY IpY/IY 

phosphorylation by kinases at 37 °C 

2 H-AEYAARG-Dbo-OH p2 H-AEpYAARG-Dbo-OH Src 7.2 82 --- 
c
 --- 

c
 --- 

c
 

    EGFR 7.2 82 290 3.5 2.0 

3 H-Dbo-AEEEIYGE-OH p3 H-Dbo-AEEEIpYGE-OH Src 7.2 80 240 3.0 2.5 

4 H-Dbo-AEEEIYGEFEAKKKK-NH2

 p4 H-Dbo-AEEEIpYGEFEAKKKK-NH2

 
Src 7.2 100 230 2.3 2.2 

5 H-Dbo-GEYGEF-NH2 p5 H-Dbo-GEpYGEF-NH2 Src 7.2 40 245 6.1 6.7 

dephosphorylation by phosphatases at 25 °C 

p1 H-pY-Dbo-OH 1 H-Y-Dbo-OH AcP 5.0 71 350 4.9 4.1 

    AlkP 8.8 31 300 9.6 6.8 

p2 H-AEpYAARG-Dbo-OH 2 H-AEYAARG-Dbo-OH AcP 5.0 --- 
c
 285 --- 

c
 --- 

c
 

    AlkP 8.8 68 295 4.3 2.6 

    YOP
 d
 5.5 70 285 4.1 1.5 

p3 H-Dbo-AEEEIpYGE-OH 3 H-Dbo-AEEEIYGE-OH AcP 5.0 100 365 3.6 2.0 

    AlkP 8.8 120 310 2.6 2.0 

p6 H-Dbo-EEEEpY-OH 6 H-Dbo-EEEEY-OH AcP 5.0 69 300 4.3 2.8 

    AlkP 8.8 86 290 3.4 2.1 

    YOP
 d
 5.5 70 300 4.3 2.5 
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a
 10% error. 

b
 Abbreviations used: Src: p60

c-Src
 kinase, EPFR: epidermal growth receptor factor, AcP: acid phosphatase, AlkP: alkaline 

phosphatase, and YOP: Yersinia outer membrane protein. 
c
 No enzymatic activity detected. 

d
 At 30 °C. 
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Figure 2. (a) Steady-state fluorescence intensity traces of Src kinase activity (normalized to the 

same initial fluorescence intensity). The assays were initiated by addition of 10 µl Src kinase to 

10 µM of peptide 3 (blue), 4 (red), and 5 (black), all at pH 7.2 at 37 °C with λexc = 365 nm and 

λobs = 430 nm. Note the much faster time scale (upper x axis) for the enzymatic reaction of the 

most active peptide, 4. (b) Steady-state fluorescence intensity traces of phosphatase activity 

(normalized to the same initial fluorescence intensity). The assays were initiated by addition of 

50 µl of a 100 µg/ml solution of alkaline phosphatase to 50 µM of peptide p1 (orange), p2 

(magenta), p3 (blue), and p6 (green), all at pH at 25 °C with λexc = 365 nm and λobs = 450 nm. 
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The two methods are highly complementary. Previous applications have illustrated, for 

example, the advantage of the small size (similar to Tyr) and hydrophilicity of the “noninvasive” 

Dbo fluorophore,
22,23,52

 which broadens its application potential to assay quite different enzymes. 

Moreover, the fluorescent probe does not perturb the native conformation of peptides.
20,21,47,49-51,53

 

Although the use of Pyr is frequently prone to complications due to its higher hydrophobicity 

and larger size,
74-76

 including a limited solubility of Pyr-appended peptides or occasionally 

inhibition of enzymatic activity, these problems were not encountered for the Pyr/Tyr kinase 

assays.
17

 Moreover, Lawrence and coworkers have provided examples for the use in cellular 

fluorescence imaging,
18,19

 applications for which the brightness of the Dbo chromophore would 

be presumably insufficient. 

Optimization of Fluorescence Response and Determination of Enzyme Kinetic 

Parameters for Kinases. We selected the three peptides 3-5, all of which derived from known 

recognition motifs of Src kinase,
77,78

 to optimize the sensitivity, i.e., the fluorescence 

differentiation between product and substrate (IpY/IY or τpY/τY in Table 2), without sacrificing a 

high activity. Consequently, we performed the fluorescence assays in steady-state mode (Figures 

1 and 2a) and compared the fluorescence lifetimes before and after phosphorylation to obtain the 

enhancement factors (Table 2). In peptides 3 and 4, the fluorescent probe (Dbo) and the quencher 

(Tyr) are separated by same number of amino acids (AEEEI), but peptide 4 has an extended 

carboxy-terminal tail (FEAKKKK-NH2). From a fluorescence quenching point of view, the 

function of this tail may be that of a dangling chain end, which slows down intrachain collisions 

by effectively decreasing the diffusion coefficient, in this particular case for the quencher 

(Tyr).
50,79

 Moreover, the C-terminal lysine residues in peptide 4 may undergo ion pairing with the 

N-terminal glutamates, which may result in a different structural preference, e.g., a more 

constrained conformation. In line with these presumptions, quenching is more efficient in the 

shorter peptide 3 (20% shorter fluorescence lifetime than 4), and because the fluorescence 

lifetime of the phosphorylated peptide (p3) remains virtually constant (no significant quenching 

in any case), the product/substrate differentiation increases. Compared to peptides 3 and 4, 

peptide 5 has a shorter “backbone” of only two amino acids (GE) and, more importantly, 

incorporates a highly flexible glycine residue. As we have documented in extensive mechanistic 
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studies in the area of biopolymer dynamics,
20,21,32,38,46-48,50,80

 the combination of the two factors 

(shorter separation and incorporation of a flexible amino acid) results in faster intrachain 

collision rates, which shortens the fluorescence lifetimes in peptide 5 and thereby leads to a very 

large enhancement factor of 6-7 (Table 2 and Figure 2). In addition, it needs to be considered 

that the kinase assays were performed at slightly elevated temperature (37 °C), which further 

increases the product/substrate differentiation compared to the ambient temperature data (Table 

1). This is because the solvent viscosity decreases at higher temperature, which facilitates the 

dynamic collision-induced quenching.
21,48,61,62

 

As can be seen from the foregoing, the fluorescence quenching mechanism between Dbo and 

Tyr is mechanistically well understood, which facilitates a rational design of the enzymatic 

substrate and adjustment of the temperature in order to achieve an optimal sensitivity. However, 

in the course of this design process, effects on the enzyme kinetic parameters require similar 

attention. Accordingly, we also determined for the Src kinase substrates the initial reaction rates 

from the normalized steady-state fluorescence traces at varying substrate concentrations. The 

double-reciprocal Lineweaver-Burk plots afforded the Michaelis-Menten constants KM and the 

maximum rates vmax for the investigated substrate-enzyme combinations (Table 3). The KM values 

were found to lie in the expected range of Src kinase substrates.
17,77,78,81

 For example, peptide 4 

has a KM of 63 µM, while for the structurally related peptide H-AEEEIYGEFEAKKKK-OH a 

KM value of 33 µM has been reported.
77

 The shorter peptide 5 shows a larger KM value (103 µM), 

and the same trend applies for the related sequence Ac-FGEYGEF-NH2, with a reported KM of 

479 µM.
78,81

 

Peptide 4 contains an excellent recognition motif
77,78

 and, accordingly, showed the highest 

activity. The carboxyl-terminally truncated peptide 3 displayed only a marginally improved 

fluorescence enhancement, but its phosphorylation proceeded more slowly, because it lacks the 

important phenylalanine in the Y+3 position.
77

 The amino-terminal modification in peptide 5 

presents a better alternative, because this substrate displayed the highest fluorescence increase 

(factor 6-7) upon phosphorylation, and it had an acceptable activity as well. It should be noted 

that the Src kinase assay was also attempted with peptide 2, for which the constant intensity of 

the fluorescence traces upon addition of enzyme signaled the lack of catalytic activity. Instead, 
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the EGFR kinase favored peptide 2 as substrate and resulted in the expected increase in 

fluorescence. The combined examples for kinases and phosphatases establish Dbo/Tyr assays as 

a convenient tool to screen different substrates or enzymes for optimal activity by means of 

simple fluorescence experiments, and select the substrate with highest sensitivity for a given 

enzyme. 

 

Table 3. Kinetic parameters of the investigated peptides in assays with Src kinase.
a
 

Peptide Sequence KM / µM νmax / (µM/min) 

3 H-Dbo-AEEEIYGE-OH 44 0.81 

4 H-Dbo-AEEEIYGEFEAKKKK-NH2 63 12.1 

5 H-Dbo-GEYGEF-NH2 103 1.0 

a
 Obtained from Lineweaver-Burk plots, 10 % error. 

 

Determination of Inhibition for Phosphatases. As previously demonstrated for Dbo-based 

protease assays,
23

 the method can be implemented into HTS to search for inhibitors (or 

activators) of kinases and phosphatases. In HTS, the employed fluorescence detection, the direct 

monitoring in homogenous solution without additional incubation steps, and the possibility to 

apply Nano-TRF are particularly advantageous. To provide an illustrative example for inhibitor 

testing, we determined the inhibitory effect of Na2MoO4 on the two nonspecific phosphatases. 

Molybdate is known as a general inhibitor of phosphatase activity with varying potency 

depending on the exact type and source of the phosphatase.
67,82,83

 We used the common
84

 dose-

response curve to determine the IC50, which was 1.8 ± 0.3 mM and 0.09 ± 0.02 µM for alkaline 

(with peptide p2 as substrate) and acid phosphatase (with peptide p1), respectively. This is 

consistent with the order of magnitude of reported inhibition constants of the two enzymes (Ki = 

0.32 mM for alkaline phosphatase
83

 and Ki = 0.07 µM for acid phosphatase
67

). 

Optimizing the Substrate/Product-Differentiation by Nano-TRF Detection. The most 

appealing asset of the Dbo-based assay is the possibility of using Nano-TRF detection, which is 

made possible by the exceedingly long fluorescence lifetime of Dbo. Figure 3 demonstrates the 

principle of Nano-TRF detection. In the case of a dephosphorylation reaction, i.e., in a 
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phosphatase assay, the fluorescence intensity decreases (Figure 1), which is accompanied by a 

decrease in fluorescence lifetime. The ratio of fluorescence lifetimes is directly reflected in the 

ratio of the steady-state intensities before and after enzymatic conversion. However, in the Nano-

TRF mode, the fluorescence is recorded after a certain delay time, tdelay, which efficiently 

suppresses any short-lived fluorescence as it unavoidably arises from impurities, library 

compounds in HTS, or sample container materials, see the initial spike in Figure 3. 

0 1000 2000

102

103

104

Nano-TRF measurement window
tdelay = 500 ns, tgate = 2 !s

counts

t / ns
 

Figure 3. Comparison of the fluorescence lifetimes of phosphorylated and unphosphorylated 

peptides, obtained by single-photon counting. The long fluorescence lifetime (τ = 365 ns, peptide 

p3 in 0.15 M NaOAc buffer, pH 5.0) is representative for a phosphorylated peptide. The faster 

decay traces were obtained for peptide 1 after dephosphorylation with acid phosphatase (τ = 71 

ns, in 150 mM NaOAc buffer, pH 5.0) and with alkaline phosphatase (τ = 31 ns, in 130 mM 

glycine buffer with 8.3 mM MgCl2, pH 8.8). The spike at t = 0 ns stems from short-lived 

impurities in the assay mixtures. 

 

The resulting desirable suppression of this background fluorescence is well known from TRF 

assays with lanthanide chelates, which have lifetimes in the millisecond time range.
85-87

 However, 

an added value of TRF detection is the possibility to increase the differentiation of substrate and 

product of an enzymatic reaction (Figure 4).
23,87

 The experimental feasibility of this improvement 

has only recently been demonstrated with lanthanide chelates for TRF assays,
87

 and we have 
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subsequently elaborated this method with a Nano-TRF protease assay.
23

 Indeed, as can be seen 

from Figure 4a, the enhancement factor increases (from 2.8 to 3.8) in a phosphatase assay by 

changing from steady-state to Nano-TRF detection. In combination with the concomitant 

suppression of background fluorescence, the improved substrate/product differentiation can 

significantly improve the sensitivity of an assay, e.g., in HTS.
54

 The time-dependent change of 

the Nano-TRF response in Figure 4a can be further used to follow the kinetics of the enzymatic 

reaction, but the temporal resolution is limited compared to steady-state detection, because each 

Nano-TRF intensity read-out requires the accumulation of several laser pulses. 

By increasing the delay times of the Nano-TRF measurement window (Figure 3), it is possible 

to further optimize the differentiation of substrate and product fluorescence, as can be seen from 

the comparison of the steady-state intensity (“0 ns delay”), the Nano-TRF intensity for a 500 ns 

delay, and the Nano-TRF intensity for a 750 ns delay) in Figure 4b. This characteristic 

dependence can be traced back to the nature of the exponential decay of the fluorescence 

intensity, i.e., the longer fluorescence lifetime contributes a higher fraction to the Nano-TRF 

intensity than the shorter lifetime at longer delay times.  

To further improve the differentiation of substrate and product, we stopped the acid 

phosphatase assay by addition of base, which increased the pH from 5 to 12. Subsequently, we 

compared the Nano-TRF intensity of the product with that of the substrate. At the strongly 

alkaline pH, an increase in the differentiation of the fluorescence intensities of substrate and 

product was expected (see above and Table 2), and experimentally observed. For example, at a 

fixed 750 ns delay, the intensity ratio changed from 4 to 13 (Figure 4b). As can be seen from the 

comparison of the variation in delay times at pH 12 (from 750 to 1000 ns, Figure 4b), the 

differentiation decreased again at very long delays, where the signal intensity decreases and 

background fluorescence comes into play.
54

 Measurement of the intensity ratio of substrate and 

product in D2O (pD 12) instead of H2O (pH 12) did not afford a significantly higher 

differentiation (Figure 4b). However, the longer fluorescence lifetime of the unquenched peptide 

allowed the application of longer delay times without sacrificing the detection limit (compare the 

Nano-TRF intensities for the 1000-ns delay in H2O at pH 12 and D2O at pD 12). 
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Figure 4. Optimization of a phosphatase assay by Nano-TRF detection (normalized to the same 

final fluorescence intensity). For the experiments H-Dbo-EEEEpY-OH was dephosphorylated by 

acid phosphatase at pH 5. (a) The steady-state trace refers to 30 µM peptide and 100 µg/ml acid 

phosphatase. The continuous Nano-TRF trace was recorded with 10 µM peptide and 20 µg/ml 

phosphatase (tdelay = 500 ns, tgate = 2 µs). (b) Optimization of the substrate/product-differentiation 

in a Nano-TRF measurement by addition of base (pH 12), by using D2O (see text), and by 

varying the delay time (all measurements in the inset were recorded with 10 µM of peptide); the 

differentiation in a steady-state experiment (corresponding to 0 delay time) is shown for 

comparison. 
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Conclusion 
We have introduced a conceptually novel (dynamic fluorescence quenching) assay principle 

for kinases and phosphatases, and a mechanistically novel (hydrogen transfer as quenching 

mechanism) assay principle for enzyme assays in general. The fluorescence lifetime of Dbo is 

sufficiently long to allow mutual diffusion to Tyr, which acts as a collision-induced fluorescence 

quencher, thereby shortening the fluorescence lifetime up to a factor of 7. By phosphorylation it 

is possible to deactivate the quencher by removing the active abstractable hydrogen, and thereby 

switch between a short-lived, weakly fluorescent state (the Dbo/Tyr peptide) and a long-lived, 

strongly fluorescent state (the Dbo/pTyr peptide), which can be conveniently utilized to follow 

the enzymatic activity of both kinases and phosphatases. A “fine-tuning” of the fluorescence 

response of the Dbo/Tyr assays can be achieved by varying the pH, the solvent, and the 

temperature. The sensitivity can be further enhanced by making again use of the long 

fluorescence lifetime of unquenched Dbo, which allows the application of a time-gated 

fluorescence detection in the form of the recently introduced Nano-TRF technique. The assay, 

which allows measurement in homogeneous solution with single-labeled peptides, is 

complementary to recently reported assays employing static fluorescence quenching, and those 

involving antibodies or radioactive labels. 
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Abstract 
Der Beitrag beschreibt zwei neuartige Ansätze für die Fluoreszenzdetektion, die 
für High-Throughput Screening (HTS), Enzymassays, Sensorik, und die 
Multiparameteranalytik von großem Interesse sind. Die Techniken werden 
anhand von Beispielen von Enzymassays beschrieben, sind allerdings auf 
allgemeinere analytische Detektionsprobleme übertragbar. Die erste Technik 
(Nano-TRF) macht von der Möglichkeit der zeitaufgelösten anstelle einer 
stationären, also lediglich auf Intensitätsmessungen basierenden, 
Fluoreszenzdetektion Gebrauch. Während sich die Fluoreszenzabklingzeiten 
von üblichen Fluorophoren üblicherweise im Bereich von einigen 
Nanosekunden bewegen, sind Fluoreszenzabklingzeiten von mehr als 100 
Nanosekunden extrem selten. Durch eine spezielle Detektionstechnik, die 
mittlerweile auch in kommerziellen Mikroplattenlesern verfügbar ist, kann diese 
langlebige Fluoreszenz durch eine im Nanosekundenbereich angelegte 
zeitaufgelöste Fluoreszenzmessung (nanosecond time-resolved fluorescence = 
Nano-TRF) separat von der gesamten Fluoreszenzintensität ausgelesen werden. 
Dies ermöglicht je nach Bedarf die Unterdrückung kurzlebiger 
Hintergrundfluoreszenz (z.B. im HTS) oder, im Sinne der 
Multiparameteranalytik, die parallele Auslesung zweier Fluoreszenzparameter 
(Intensität der gesamten und der langlebigen Komponente), die somit 
Aufschluss über verschiedene Analyten geben kann. Nano-TRF wurde 
mittlerweile für Assays für Proteasen, Phosphatasen und Kinasen beschrieben. 
Die zweite Technik (Tandem Assays) verwendet zur Modulation der 
Fluoreszenzeigenschaften geeigneter Farbstoffe sogenannte makrozyklische 
Wirtmoleküle. Dies sind große zyklische organische Moleküle, die in ihrem 
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Inneren kleinere Gast-Moleküle einschließen und somit “erkennen” können. 
Durch die Komplexierung des Gastes und Analyten wird der 
Fluoreszenzfarbstoff aus dem Makrozyklus verdrängt und ändert seine 
Fluoreszenzeigenschaften (Intensität, Lebensdauer, Spektrum), wodurch eine 
sensitive Detektion des Analyten erfolgt. Derartige auf Indikatorverdrängung 
beruhende Verfahren sind in der Biologie bereits umfassend für Antikörper-
Farbstoffkonjugate beschrieben, die allerdings Analyten wesentlich spezifischer 
binden. Makrozyklen binden Analyten weniger selektiv, wodurch sich 
Möglichkeiten für die Multiparameteranalytik ergeben, da mehrere strukturell 
verwandte Moleküle mit dem gleichen “Reporterpaar” (also demselben 
Markozyklus und Farbstoff) verfolgt werden können. Eine hohe Spezifität kann 
durch die Kopplung der Detektion des Analyten mit einer enzymatichen 
Reaktion erreicht werden (Tandem Assay). Diese ermöglicht beispielsweise die 
Detektion verschiedener Aminosäuren, biogener Amine, oder der 
entsprechenden Decarboxylasen. 
 
1 Einführung in die Nano-TRF-Detektion 
Auf Fluoreszenz basierende Detektionsverfahren sind alternativen Verfahren, 
die auf Radioaktivität oder Absorption beruhen, aus Gründen der allgemeinen 
Laborsicherheit bzw. der Sensitivität überlegen (1-3). Dies gilt sowohl im 
biochemischen Labormaßstab als auch im pharmazeutischen High-Throughput 
Screening (HTS), und insbesondere auch in der Multiparameteranalytik. Eine 
wichtige neuere Entwicklung ist die Verwendung von Methoden, die auf 
zeitaufgelöster Fluoreszenz (time-resolved fluorescence = TRF) basieren (4,5). 
Hierbei wird eine lange Fluoreszenzlebensdauer eines Fluorophors zur 
Unterscheidung von einer kurzlebigen Hintergrundfluoreszenz ausgenutzt. 
Etablierte TRF-Assays wurden bis vor kurzem mit auf Lanthaniden 
(Seltenerdmetallen) basierenden Metallkomplexen in Verbindung gebracht, da 
diese sehr lange Fluoreszenzen (um genau zu sein Lumineszenzen, da die 
Emission nicht von einem Singulett-Spinzustand herrührt) im 
Millisekundenbereich aufweisen (4,5), sofern geeignete Additive (Detergentien 
und Chelatbildner) anwesend sind. Derartig lange Lumineszenzen können auch 
ohne aufwendige schnelle elektronische Detektionsverfahren sehr leicht von der 
viel kürzeren Hintergrundfluoreszenz differenziert werden, wie dies 
unvermeidlich durch Streulicht, Probenmaterialien, Verunreinigungen, andere 
Additive (relevant für HTS) oder anwesende weitere Analyte (relevant für die 
Multiparameteranalytik) hervorgerufen wird. 
Gemeinhin ist allerdings die Verwendung von organischen Chromophoren 
gegenüber der Verwendung von Metallionen oder Metallkomplexen bevorzugt, 
da diese problemlos als Labels und Markierungen an biologische Analyten, 
insbesondere Peptide, kovalent angebunden werden können, z.B. im Laufe der 
Festphasen-Peptidsynthese. Organische Chromophore zeigen allerdings kürzere 
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Fluoreszenzlebensdauern, so dass eine Detektionselektronik im 
Nanosekundenbereich erforderlich ist. Wir bezeichnen diese kürzlich von uns in 
Zusammenarbeiten mit Partnern entwickelte Technik als Nano-TRF (6-8), die 
mittlerweile mit kommerziellen Mikroplattenlesern leicht realisiert werden kann 
(siehe hierzu auch Beiträge anderer Autoren im vorliegenden Werk). Als 
Anregungslichtquelle dienen hierbei insbesondere gepulste Laser, die die 
Proben mit 10-100 hochintensiven Laserpulsen pro Sekunde zur Fluoreszenz 
anregen, die dann mit einer hochsensitiven Elektronik zeitaufgelöst registriert 
wird. Als organischen Fluorophor, der sich aufgrund seiner langen Lebensdauer 
von bis zu 1 Mikrosekunde besonders für Nano-TRF eignet, haben wir 
verschiedene Derivate des 2,3-Diazabicyclo[2.2.2]octans (DBO, Abb. 1) 
eingeführt (9-11), die sich auch als besonders biokompatibel erwiesen haben. 
Speziell das Asparaginderivat (“Dbo”) kann sehr einfach in Peptide eingebaut 
werden; auf DBO basierende Farbstoffe sind kommerziell als PuretimeTM 325 
Farbstoffe verfügbar. 

– Abb. 1 hier einfügen – 
Für das Design von Enzymassays kommt vereinfachend hinzu, dass die 
Fluoreszenz von Dbo durch einige wenige natürliche Aminosäuren 
(Tryptophan, Tyrosin, Cystein und Metionin) gelöscht wird (11). Auf diese 
Weise können gezielt Peptidsubstrate synthetisiert werden, die neben dem Dbo-
Baustein einen Löscher, meist Tryptophan oder Tyrosin enthalten. In derartigen 
Peptidsubstraten kommt es zu einer effizienten Fluoreszenzlöschung, die durch 
die Diffusion des Löschers zur Sonde ausgelöst wird. Diese 
Fluoreszenzlöschung führt zu einer stark verkürzten Fluoreszenzlebensdauer, 
die in der Nano-TRF-Messung zu keinem oder nur einem sehr geringen Signal 
führt. Durch enzymatisch-chemische Modifikation des Peptidsubstrates kann 
der Löschmechanismus unterdrückt werden, so dass die langlebige Fluoreszenz 
des ungelöschten Dbo-Fluorophors wiederhergestellt wird. Dies kann 
beispielsweise dadurch hervorgerufen werden, dass eine Protease das 
Peptidsubstrat (12,13) spaltet und somit den Löscher abtrennt (Abb. 2), oder 
dass eine Tyrosin-Kinase (14,15) den Löscher phosphoryliert und somit 
deakiviert (Abb. 3, die Löschung erfolgt in diesem Fall durch Übertragung des 
phenolischen Wasserstoffatoms, welches durch Phophorylierung verloren geht). 
Auf diese Weise kann die jeweilige enzymatische Reaktion durch die Bildung 
einer langlebigen Fluoreszenzkomponente hochselektiv im Nano-TRF-Modus 
detektiert werden. Derartige auf Dbo und Nano-TRF basierende Protease-
Assays wurden bereits erfolgreich im pharmazeutisch-industriellen HTS 
eingesetzt, wobei hierbei die Detektion mit dem Ziel durchgeführt wird, durch 
Zugabe von z.B. hunderttausenden von verschiedenen Verbindungen 
Inhibitoren (in seltenen Fällen Aktivatoren) für das entsprechende Enzym zu 
identifizieren. Hierbei sei vermerkt, dass neben der Entwicklung einer 
langlebigen Fluoreszenz auch der Verlust dieser mittels Nano-TRF verfolgt 
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werden kann. So konnte z.B. gezeigt werden, dass nicht nur die 
Phosphorylierung von Peptidsubstraten durch Kinasen, sondern auch die 
Umkehrreaktion, also die Dephosphorylierung durch Phosphatasen (16), 
verfolgt werden kann, wobei es im letzteren Fall zu einer Abschwächung des 
Nano-TRF-Signals im Verlauf der enzymatischen Reaktion kommt, da der 
Löscher aktiviert wird. 

– Abb. 2 hier einfügen – 
– Abb. 3 hier einfügen – 

2 Vorteile der Nano-TRF-Detektion 
Die Vorteile der Nano-TRF-Detektion werden besonders deutlich, wenn man 
das Messfenster der zeitaufgelösten Messung (gelb markiert in Abb. 4) unter 
Berücksichtigung des exponentiellen Fluoreszenzabfallverhaltens einer 
kurzlebigen (blau) und einer langlebigen (rot) Komponente vergleicht. Die 
langlebige Komponente wird hochselektiv detektiert, da die kurzlebige 
Komponente zu Beginn der Nano-TRF-Messung (nach 150 ns) bereits komplett 
zerfallen ist, selbst wenn sie tausend- oder zehntausendmal intensiver als die 
langlebige Komponente wäre. Im Falle einer stationären 
Fluoreszenzintensitätsmessung, die das Gesamtintegral unterhalb der 
Fluoreszenzzerfallskurve erfasst, wird die kurzlebige Komponente stets 
mitdetektiert, und dies ist insbesondere dann unerwünscht, wenn diese entweder 
auf unspezifische Hintergrundfluoreszenz zurückzuführen ist oder aber so stark 
ist, dass die informative langlebige Komponente als „Rauschen“ in Gegenwart 
einer viel zu starken kurzlebigen Fluoreszenzkomponente untergeht. Aber auch 
in Fällen, in denen keine Hintergrundfluoreszenz oder die Fluoreszenz weiterer 
Analyten (siehe Multiparameteranalytik unten) interferiert, gewinnt man durch 
Nano-TRF-Detektion von enymatischen Reaktionen eine verbesserte 
Differenzierung zwischen der Fluoreszenz von Substrat und Produkt. Das in 
Abb. 4 dargestellte Beispiel zeigt in der Tat das Beispiel einer proteolytischen 
Substratspaltung eines in unserem Labor untersuchten Dbo-markierten 
Peptidsubstrates (siehe oben). 

– Abb. 4 hier einfügen – 
Die Elimination kurzlebiger Fluoreszenzen im Nano-TRF-Modus hängt 
formelmäßig mit der exponentiellen Zerfallskinetik zusammen. Es kann gezeigt 
werden, dass sich das im Nano-TRF-Modus gemessene Signal eines langlebig 
fluoreszierenden Analyten (INano-TRF) zum im Nano-TRF-Modus beitragenden 
Restsignal einer kurzlebigen Fluoreszenz (IBackground) gemäß Gleichung 1 verhält. 
Dementsprechend steigt die Differenzierung (Verhältnis zwischen Signal und 
Rauschen) mit zunehmender Messverzögerung (tdelay) an und ist dann besonders 
groß, wenn sich die Lebensdauern der Komponenten (τlong und τshort) stark 
unterscheiden. Zum Vergleich nimmt das Verhältnis der stationär erwarteten 
Fluoreszenzintensitäten (Irel) einen Wert von τlong/τshort an. 
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Tabelle 1 zeigt anhand von in unserem Labor tatsächlich vermessenen 
Lebensdauern von Peptidsubstraten die Zunahme der Differenzierung von 
Intensitätsverhältnissen in der stationären (Irel) und Nano-TRF-Messung. 
Dementsprechend erhält man eine Verbesserung um bis zu 16 
Größenordnungen! Auch wenn diese experimentell durch Beschränkungen in 
der Detektionselektronik in diesem Ausmaß nicht realisierbar sind, erreicht man 
dennoch durch die Nano-TRF-Detektion stets eine merkliche Verbesserung, 
sofern eine Lebensdauer „lang genug“ ist, was praktisch eine Lebensdauer von 
mehr als 100 Nanosekunden erfordert. Die Vorteile der Nano-TRF-Detektion im 
Vergleich zur Steady-State-Messung sind leicht aus den Anwendungsbeispielen 
in Abb. 5 erkennbar, in denen Enzymkinetiken mit beiden Methoden verfolgt 
wurden; die relative Signalintensität ist in beiden Fällen im Nano-TRF-Modus 
wesentlich höher. Allerdings bringt Nano-TRF auch den Nachteil mit sich, dass 
weniger Datenpunkte in der gleichen Zeit aufgenommen werden können, da die 
Messung auf der Akkumulation von Daten mehrerer Laserpulse basiert, welche 
jeweils einige Sekunden benötigt, begrenzt durch die Pulswiederholrate der 
betrffenden Laser (maximal 100 Hz). 

– Tabelle 1 hier einfügen – 
– Abb. 5 hier einfügen – 

 
3 Anwendungen der Nano-TRF-Detektion in der Multiparameteranalytik 
Abb. 6 zeigt Fluoreszenzmessungen von Mischungen von 7-Amino-4-
methylcoumarin (AMC) und DBO in verschiedenen Mischverhältnissen, wobei 
die Konzentration von AMC konstant und diejenige von DBO variiert wurde. 
Beide Farbstoffe absorbieren im nahen UV bei ca. 375 nm und haben ein 
Emissionsmaximum um 430 nm, können also nicht mit konventionellen 
spektralen Differenzierungsmethoden der Multiparameteranalytik separat erfasst 
werden. Die stationäre Fluoreszenzintensität (links) bleibt von der Zugabe von 
DBO innerhalb der Fehlergrenze unbeeinflusst, da AMC einen etwa hundertfach 
stärkeren Absorptionskoeffizienten als DBO aufweist; somit hängt auch die 
stationär gemessene Fluoreszenzintensität lediglich von der AMC-
Konzentration ab (außer bei sehr verdünnten AMC-Konzentrationen), so dass 
die Konzentration dieses analytischen Parameters über stationäre Fluoreszenz 
ausgelesen werden kann. Die langlebige Fluoreszenz des DBO-Analyten kann, 
auch wenn sie im Vergleich zu der von AMC schwach ist, über das 
Fluoreszenzsignal im Nano-TRF-Modus ausgelesen werden (rechts), welches 
eine lineare Abhängigkeit von der DBO-Konzentration aufweist und somit ein 
zuverlässig auslesbares Maß für diesen analytischen Parameter bietet. 
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– Abb. 6 hier einfügen – 
Das angeführte Beispiel zeigt, wie die Nano-TRF-Detektion in Kombination mit 
der stationären Fluoreszenzintensitätsmessung in der Multiparameteranalytik 
Einsatz finden kann. Die in unserem Modellbeispiel verwendeten Analyten 
stehen hier stellvertretend für zwei Analyten, deren Fluoreszenzlebensdauer sich 
deutlich unterscheidet, und die somit selektiv durch die Anwendung 
unterschiedlicher Messverzögerungen, namentlich einer von 0 Nanosekunden 
(entspricht stationäre Fluoreszenzmessung) und einer deutlich längeren (z.B. 
150 Nanosekunden, zur Detektion langlebiger Fluoreszenzen), ausgelesen 
werden können. Hierbei ist es bevorzugt, dass beide Messungen in nur einem 
Instrument durchgeführt werden, da die Messverzögerung kommerzieller Nano-
TRF-Mikroplattenleser variabel ist. Es ist auch vorstellbar, falls beide Analyten 
signifikant zur Absorption bei der Anregungswellenlänge beitragen, dass die 
stationäre Fluoreszenzintensität die Summe beider Analyten wiederspiegelt, und 
die Einzelkonzentrationen durch Berücksichtigung der separat messbaren Nano-
TRF-Komponente zugänglich werden. Somit ergeben sich durch Nano-TRF-
Messungen neue Möglichkeiten in der Multiparameteranalytik, die momentan 
an Anwendungsbeispielen untersucht werden. 
 
4 Einführung in Tandem Assays 
Die Detektion biomolekularer Analyte, und insbesondere von Produkten 
enzymatischer Reaktionen, wird üblicherweise – die oben beschriebene Nano-
TRF-Methode eingeschlossen – durch kovalente Anbindung von 
Fluoreszenzmarkern an den Analyten oder Substraten oder die Einführung 
radioaktiver Isotope erreicht (3,17). Zudem finden häufig noch Antikörper 
Verwendung, die eine hochspezifische Erkennung ermöglichen (18). Wir haben 
kürzlich eine einfache Methode entwickelt (19), die es erlaubt die Produkte 
enzymatischer Reaktionen „label-frei“, also ohne derartige Marker, zu 
detektieren. Hiermit können auch verschiedene Substrate für unterschiedliche 
zugegebene Enzyme zuverlässig und sensitiv detektiert werden, was wiederum 
neue Möglichkeiten für die Multiparameteranalytik eröffnet. 
Das Prinzip der Messmethode (Abb. 7) basiert auf der Zugabe eines 
sogenannten Reporterpaars, welches aus einem makrozyklischen Molekül und 
einem Fluoreszenzfarbstoff besteht, die überwiegend beide kommerziell 
erhältlich sind. Makrozyklische Moleküle, z.B. Cyclodextrine als bekannteste 
Vertreter, weisen einen Hohlraum auf, der sich für den Einschluss kleinerer 
sogenannter Gastmoleküle eignet. Hieraus resultiert ein sogenannter Wirt-Gast-
Komplex, beispielsweise mit einem Fluoreszenzfarbstoff. Auch wenn die 
Makrozyklen verschiedene Moleküle und potentielle Analyten nur mit teilweise 
geringen Affinitätsunterschieden und somit mäßiger Selektivität binden – dies 
steht im strikten Gegensatz zur hochspezifischen Bindung durch Antiköper – 
kann durch geeignete Wahl des Reporterpaars sichergestellt werden, dass das 
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Produkt einer enzymatischen Reaktion stärker gebunden wird als das Substrat. 
Mit Hilfe des Reporterpaares können also enzymatische Reaktionen verfolgt 
werden, wobei die Selektivität der Detektion alleine durch die Spezifität des 
Enzyms bewirkt wird (20), nicht jedoch durch den Makrozyklus. 

– Abb. 7 hier einfügen – 
Das enzymatisch gebildete Produkt verdrängt somit im Reaktionsverlauf den 
Fluoreszenzfarbstoff aus dem makrozyklischen Komplex, wodurch sich die 
Fluoreszenzeigenschaften des Farbstoffes (Intensität, Lebensdauer, Spektrum, 
Polarisation, etc.) im allgemeinen stark ändern, da molekulare Fluoreszenz eine 
stark umgebungsabhängige photophysikalische Eigenschaft darstellt. Die 
Zunahme (oder Abnahme) der Fluoreszenz kann somit zur wahlweisen 
Detektion des Substrates, Produktes, oder des betreffenden Enzyms verwendet 
werden. Vorteilhaft für die Multiparameteranalytik ist hierbei, dass aufgrund der 
mäßigen Selektivität des Makrozyklus ganze Substratklassen (z.B. verschiedene 
Aminosäuren), Produktklassen (z.B. biogene Amine), und Enzymklassen (z.B. 
Decarboxylasen) erschlossen werden können, ohne dass das Detektionssystem, 
also das Reporterpaar, angepasst werden muss. Dies reduziert die Kosten in 
Enzymassays bzw. biochemischer Analysen um Größenordnungen, da die 
Herstellung der spezifischen Antikörper und verschiedener radioaktiv 
markierter oder kovalent modifizierter Substrate mit enormen Arbeits- und 
Zeitaufwand verbunden ist. 
Als Anwendungsbeispiel ist die Decarboxylierung von L-Arginin durch 
Arginin-Decarboxylase in Abb. 8 dargestellt. Duch die Abspaltung der negativ 
geladenen Carboxylatgruppe (–CO2

–) entsteht ein Amin als Produkt, welches 
bei pH 6 als zweifach positiv geladenes Kation vorliegt. Entsprechend wurden 
als Makrozyklen sogenannte Kationen-Rezeptoren gewählt, namentlich 
Cucurbit[7]uril (CB7) und p-Sulfonatocalix[4]aren (CX4), beide kommerziell 
erhältlich. CB7 und CX4 binden das Amin-Produkt stark, das Aminosäure-
Substrat jedoch schwach. Als Fluoreszenzfarbstoffe im Reporterpaar wurden 
Dapoxyl und DBO verwendet, die sich dahingehend unterscheiden, als dass sie 
bei der Verdrängung durch das Produkt eine Erniedrigung („switch-off“) bzw. 
Erhöhung („switch-on“) der Fluoreszenz zeigen. Das Tandem-Assay-Prinzip ist 
hierbei flexibel einsetzbar und kann auf mehrere andere Aminosäuren (z.B. 
Lysin, Tyrosin, Tryptophan, Histidin, Ornitin) übertragen werden (19). 

– Abb. 8 hier einfügen – 
 
5 Vorteile von Tandem Assays 
Die Vorteile von Tandem-Assays können wie folgt zusammengefasst werden: 
• breite Anwendbarkeit – ganze Enzymklassen zugänglich 
• hohe Variabilität – Reporterpaare können frei gewählt werden 
• Echtzeitdetektion – Untersuchung von Enzymkinetiken möglich 
• Detektion in homogener Lösung – keine weiteren Inkubationsschritte 
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• label-frei – keine kovalente Bindung von Fluoreszenzmarkern erforderlich 
• Umgehung von radioaktiven Markierungen – Fluoreszenzdetektion 
• antikörperfrei – somit ökonomisch und rasch umsetzbar 
Besonders interessant ist der Vergleich mit auf Antikörpern basierenden 
Detektionsverfahren, da wir Makrozyklen sozusagen als preiswerten Ersatz für 
diese verwenden. Makrozyklen sind im Vergleich zu Antikörpern „kleine“ 
Moleküle und naturgemäss weniger spezifisch in Bezug auf ihre 
Bindungseigenschaften verschiedener Analyte. Der verwendete Makrozyklus 
Cucurbit[7]uril, zum Beispiel (CB7, siehe Abb. 8), fungiert als allgemeiner 
Kationenrezeptor, und nicht als ein spezifischer Rezeptor für ein bestimmtes 
biogenes Amin, beispielsweise Cadaverin, Agmatin, Histamin, Putrescin, 
Tyramin, oder Tryptamin. Dieser scheinbare Mangel an Selektivität verbessert 
allerdings das Anwendungspotential von Makrozyklen, da hiermit gleichzeitig 
mehrere Enzyme, oder mehrere Analyten zugänglich werden. Letzteres ist für 
die Multiparameteranalytik von grossem Interesse. 
 
6 Anwendungen von Tandem Assays in der Multiparameteranalytik 
Anhand des Beispiels einer Mischung verschiedener Aminosäuren können die 
Einsatzmöglichkeiten von Tandem-Assays für die Multiparameteranalytik 
illustriert werden. Hier gibt es neben klassischen chromatographischen 
Trennungsmethoden oder der Kernresonanzspektroskopie kaum einfache 
Detektions- und Quantifizierungsmöglichkeiten für die verschiedenen Analyten. 
Spezifische Antikörper für die Aminosäuren selbst oder deren enzymatische 
Produkte sind nicht bevorzugt, da deren Herstellung aufwendig ist, und jeweils 
für jeden Antikörper ein Ausleseverfahren, z.B. über eine Verdrängungsreaktion 
mit einem wiederum aufwendig zu synthetisierenden fluoreszenzmarkiertem 
Kompetitor, entwickelt werden müsste. Der Einsatz eines aus Makrozyklus und 
Farbstoff bestehenden gemeinsamen Reporterpaars in Kombination mit einem 
für die Aminosäure spezifischen Enzyms ist hierbei vorteilhaft, da auf diese 
Weise mehrere Analyte mit demselben Ausleseverfahren erfasst werden 
können. 
Im Fall einer Mischung aus Histidin, Arginin, Lysin und Tyrosin kann 
beispielsweise gezeigt werden, dass Histidindecarboxylase nur in Gegenwart 
von Histidin aktiv ist und in das entsprechende Amin überführt; letzteres 
verdrängt den Farbstoff aus dem Komplex und liefert somit ein positives Signal 
(Abb. 9). Genauso liefert Tyrosindecarboxylase nur in Gegenwart von Tyrosin 
das gewünchte Fluorezenzsignal nach dem Tandem-Assay-Prinzip. Auf diese 
Weise können mit einem Reporterpaar unter identischen instrumentellen 
Auslesebedingungen 4 oder mehr Aminosäuren detektiert werden. Da der 
zeitliche Verlauf des Fluoreszenzsignals (der den Umsatz der enzymatischen 
Reaktion widerspiegelt) im übrigen auch von der Konzentration des Substrates 
abhängt, können des weiteren auch die vorliegenden Konzentrationen bestimmt 
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werden, im Fall der Decarboxylasen bis zu einem Detektionslimit von 1 
mikromolar. Tandem-Assays können also sehr bequem eingesetzt werden, um 
in Gemischen mehrere verwandte Analyten zu bestimmen. Voraussetzung ist 
hierbei allerdings, dass es sich um biomolekulare Metaboliten handelt, die mit 
entsprechenden enzymatischen Reaktionen modifiziert werden können. 

– Abb. 9 hier einfügen – 
 
7 Schlussfolgerungen, Ausblick 
Die rasche und zuverlässige Bestimmung von mehreren Substanzen in der 
gleichen Laborprobe stellt eine aktuelle analytische Herausforderung dar. Dies 
gilt insbesondere für medizinisch, biochemisch oder umwelttechnisch relevante 
Analyten. Von besonderer technischer Bedeutung sind hierbei auf Fluoreszenz 
basierende Verfahren, die eine hohe Empfindlichkeit mit einer breiten 
Akzeptanz beim Anwender verbinden. Die Fluorezenzlebensdauer eines 
Analyten stellt hierbei ein bisher vernachlässigter Ausleseparameter dar. Im 
Zusammenspiel mit Fluorezenzintensitätsmessungen können somit in einem 
stationären Fluoreszenz-Modus und einem zeitaufgelösten Fluoreszenzmodus 
(z.B. Nano-TRF) mindestens 2 Analyten separat ausgelesen werden, sofern sich 
deren Fluorezenzlebensdauern deutlich unterscheiden. Kommerzielle 
Mikroplattenleser für Nano-TRF und entsprechende langlebige Fluorophore 
(z.B. Dbo, Puretime 325 Farbstoffe) sind mittlerweile verfügbar, so dass deren 
vermehrte Einbindung in die Multiparameteranalytik bevorsteht. 
Auf Antikörper basierende Messverfahren spielen bislang in der 
Multiparameteranalytik eine untergeordnete Rolle, da diese aufgrund ihrer 
hohen Spezifität nur für die Bestimmung einzelner Analyten geeignet sind. Die 
Verwendung von Makrozyklen als unselektive Antikörperersatzstoffe eröffnet 
neue Möglichkeiten für die Multiparameteranalytik, da im Wechselspiel mit 
spezifischen Enzymen und Fluoreszenzfarbstoffen, mehrere strukturell 
verwandte Analyten über das hier beschriebene Tandem-Assay-Messprinzip 
zugänglich werden. Erste Anwendung zur Aminosäureanalytik wurden bereits 
erfolgreich abgeschlossen, und die Übertragung auf weitere Enzymklassen ist in 
Planung. 
 
Literatur 
(1) Niemeyer CM. Nanopartikel, Proteinen und Nucleinsäure: Die 

Biotechnologie begegnet den Materialwissenschaften. Angew Chem 2001; 
113:4254-87 

(2) Goddard J-P, Reymond J-L. Recent advances in enzyme assays. Trends 
Biotechnol 2004; 22:363-70 

(3) Gribbon P, Sewing A. Fluorescence readouts in HTS: no gain without 
pain. Drug Discov Today 2003; 8:1035-43 

169



(4) Karvinen J, Laitala V, Mäkinen M-L, Mulari O, Tamminen J, Hermonen J, 
Hurskainen P, Hemmilä I. Fluorescence quenching-based assays for 
hydrolyzing enzymes. Application of time-resolved fluorometry in assays 
for caspase, helicase, and phosphatase. Anal Chem 2004; 76:1429-36 

(5) Johansson MK, Cook RM, Xu J, Raymond KN. Time gating improves 
sensitivity in energy transfer assays with terbium chelate/dark quencher 
oligonucleotide probes. J Am Chem Soc 2004; 126:16451-55 

(6) Hennig A, Roth D, Enderle T, Nau WM. Nanosecond time-resolved 
fluorescence protease assays. ChemBioChem 2006; 7:733-7 

(7) Hennig A, Florea M, Roth D, Enderle T, Nau WM. Design of peptide 
substrates for nanosecond time-resolved fluorescence assays of proteases: 
2,3-Diazabicyclo[2.2.2]oct-2-ene as a noninvasive fluorophore. Anal 
Biochem 2007; 360:255-65 

(8) Sahoo H, Hennig A, Florea M, Roth D, Enderle T, Nau WM. Single-label 
kinase and phosphatase assays for tyrosine phosphorylation using 
nanosecond time-resolved fluorescence detection. J Am Chem Soc 2007; 
129:15927-34 

(9) Nau WM, Huang F, Wang XJ, Bakirci H, Gramlich G, Marquez C. 
Exploiting long-lived molecular fluorescence. Chimia 2003; 57:161-7 

(10) Wang X, Nau WM. Kinetics of end-to-end collision in short single-
stranded nucleic acids. J Am Chem Soc 2004; 126:808-13 

(11) Hudgins RR, Huang F, Gramlich G, Nau WM. A fluorescence-based 
method for direct measurement of submicrosecond intramolecular contact 
formation in biopolymers: an exploratory study with polypeptides. J Am 
Chem Soc 2002; 124:556-64 

(12) Neefjes J, Dantuma NP. Fluorescent probes for proteolysis: tools for drug 
discovery. Nat Rev Drug Discov 2004; 3:58-69 

(13) Knight CG. Fluorimetric assays of proteolytic enzymes. Methods Enzymol 
1995; 248:18-34 

(14) Mallari R, Swearingen E, Liu W, Ow A, Young SW, Huang S-G. A 
generic high-throughput screening assay for kinases: protein kinase A as 
an example. J Biomol Screen 2003; 8:198-204 

(15) Wang Q, Lawrence DS. Phosphorylation-driven protein-protein 
interactions: a protein kinase sensing system. J Am Chem Soc 2005; 
127:7684-5 

(16) McCain DF, Grzyska PK, Wu L, Hengge AC, Zhang Z–Y. Mechanistic 
studies of protein tyrosine phosphatases YopH and Cdc25A with m-
nitrobenzyl phosphate. Biochemistry 2004; 43:8256-64 

(17) Matayoshi ED, Wang GT, Krafft GA, Erickson J. Novel fluorogenic 
substrates for assaying retroviral proteases by resonance energy transfer. 
Science 1990; 247:954-8 

170



(18) Geymayer P, Bahr N, Reymond J–L. A general fluorogenic assay for 
catalysis using antibody sensors. Chem Eur J 1999; 5:1006-12 

(19) Hennig A, Bakirci H, Nau WM. Label-free continuous enzyme assays with 
macrocycle-fluorescent dye complexes. Nat Methods 2007; 4:629-32 

(20) Das G, Matile S. Substrate-independent transduction of chromophore-free 
organic and biomolecular transformations into color. Chem Eur J 2006; 
12:2936-44 

 
8 Danksagungen 
Die hier beschriebenen und veröffentlichten Nano-TRF-Arbeiten wurden im 
Rahmen einer Forschungskollaboration mit F. Hoffmann-La Roche (Basel) 
durchgeführt; wir danken Dr. T. Enderle und Dr. D. Roth für zahlreiche 
Diskussionen und die Durchführung der HTS-relevanten Messungen. Wir 
danken der Firma IOM GmbH (Berlin) für die Bestimmung des 
Detektionslimits von DBO auf dem Nano-TRF-Mikroplattenleser des Typs LF 
502 NanoScan FLT. Das Tandem-Assay-Projekt wird durch das 
Graduiertenprogramm “Nanomolecular Science” an der Jacobs University 
Bremen, den Fonds der Chemischen Industrie (Frankfurt/Main) und die BIG 
Bremer Investitions-Gesellschaft mbH aus dem Ökologiefonds des Landes 
Bremen (in Zusammenarbeit mit Molzym GmbH & Co.KG) finanziell 
gefördert. 

171



Tabellen 
 
Tabelle 1: Fluoreszenzlebensdauern von Substraten vor und nach der 
enzymatischen Umsetzung mit einer Carboxypeptidase, die den Löscher (Trp) 
vom Substrat abspaltet. 
 
Peptidsubstrat τshort [ns] τlong [ns] Irel [a]

 
TRF
relI  [b] 

Ac-Dbo-Trp-OH 16.8 360 21.4 1.1 × 105 
H-Dbo-Gly-Trp-OH 4.0 342 85.5 1.1 × 1018 
H-Dbo-Gly-Gly-Trp-OH 6.4 335 52.3 5.2 × 1011 
[a] Theoretisches Verhältnis der stationären Fluoreszenzintensitäten nach und vor 
der Spaltung. [c] Theoretisches Intensitätsverhältnis im Nano-TRF-Modus 
gemäß Gleichung 1 mit tdelay = 150 Nanosekunden und tgate = 2 Mikrosekunden. 
Gemäß Literatur 6. 
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Abbildungen 
 
 

 
 
Abb. 1. Chemische Strukturen des Fluorophors 2,3-Diazabicyclo[2.2.2]oct-2-en 
(links) und seines Asparagin-Derivates Dbo (rechts), die unter dem 
Markennamen „Puretime 325“ Farbstoffe vertrieben werden. Die beiden 
Verbindungen zeigen die Fluoreszenz mit der längsten Lebensdauer (bis zu 1 
Mikrosekunde) innerhalb von rein organischen Spezies. 
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Abb. 2: Prinzip eines Nano-TRF-Assays am Beispiel von Proteasen. Im 
ungespaltenen Substrat (links unten) kommt es durch Anwesenheit des Löschers 
zu einer effizienten Fluoreszenzlöschung, die zu einer kurzlebigen Fluoreszenz 
führt (links oben). Durch die enzymatische Spaltung wird der Löscher 
abgetrennt (rechts unten), so dass keine Fluoreszenzlöschung mehr erfolgt, und 
somit die langlebige Fluoreszenz einer geeigneten Fluoreszenzsonde (z.B. Dbo, 
siehe Abb. 1) wiederhergestellt wird (rechts oben). Die langlebige Fluoreszenz 
liefert ein starkes Nano-TRF-Signal. Gemäß Literatur 6. 
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Abb. 3: Prinzip eines Nano-TRF-Assays am Beispiel von Tyrosin-Kinasen und 
Phosphatasen. Im unphosphorylierten Substrat (links unten) kommt es durch 
Anwesenheit des Löschers Tyrosin zu einer effizienten Fluoreszenzlöschung, 
die zu einer kurzlebigen Fluoreszenz führt (links oben). Durch die enzymatische 
Phosphorylierung wird der Löscher deaktiviert (rechts unten), so dass keine 
Fluoreszenzlöchung mehr erfolgt, und somit die langlebige Fluoreszenz einer 
geeigneten Fluoreszenzsonde (z.B. Dbo, siehe Abb. 1) wiederhergestellt wird 
(rechts oben). Die langlebige Fluoreszenz liefert ein starkes Nano-TRF-Signal. 
Im Falle der umgekehrten Reaktion (Phosphatasen) wird eine Abschwächung 
des Nano-TRF-Signals im Verlauf der enzymatischen Reaktion beobachtet. In 
Anlehnung an Literatur 8, Copyright 2007, mit Erlaubnis der American 
Chemical Society. 
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Abb. 4: Experimentelle Fluoreszenzzerfallskurven von H-Dbo-Gly-Trp-OH vor 
(Lebensdauer 4 ns, blau) und nach (Lebensdauer 340 ns, rot) enzymatischer 
Verdauung. Zu beachten ist die hochselektive Fluoreszenzdetektion der 
langlebigen Fluoreszenz bei Nano-TRF-Detektion (gelbes Zeitfenster). Gemäß 
Literatur 6. 
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Abb. 5: Vergleich der Substrat/Produkt-Differenzierung von stationärer und 
Nano-TRF-Fluoreszenzdetektion. a) Optimierung eines Phosphatase-Assays 
(Dephosphorylierung von H-Dbo-EEEEpY-OH durch saure Phosphatase) 
mittels Nano-TRF-Detektion (normiert auf eine Endintensität von 1); in 
Anlehnung an Literatur 8, Copyright 2007, mit Erlaubnis der American 
Chemical Society. b) Optimierung eines Protease-Assays (Spaltung von H-
WTLTGKX-NH2 durch Trypsin) mittels Nano-TRF-Detektion (normiert auf 
eine Ausgangsintensität von 1); in Anlehnung an Literatur 7, Copyright 2007, 
mit Erlaubnis von Elsevier. 
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Abb. 6: Fluoreszenzmessungen von Mischungen von 7-Amino-4-
methylcoumarin (AMC) und DBO (0 entspricht einer reinen AMC-Lösung, 1 
entspricht einer äquimolaren DBO/AMC-Lösung). Die Abb. oben zeigt die 
stationäre Fluoreszenzintensität, die Abb. unten das Nano-TRF-Signal, 
gemessen mit dem in Abbidung 4 gezeigten Zeitfenster. 
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Abb. 7: Detektionsprinzip von Tandem-Asasays. Das im Verlauf der 
enzymatischen Reaktion gebildete Produkt verdrängt den Fluorezenzfarbstoff 
aus dem Makrozyklus, wodurch es zu einer Erniedrigung („switch-off“, oben) 
oder einer Erhöhung („switch-on“, unten) der Fluorezenz kommt. Gemäß 
Literatur 19. 
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Abb. 8: Kontinuierlicher Fluoreszenz-Enzymassay nach dem Tadem-Assay-
Prinzip für Arginin-Decarboxylase (a) mit dem CB7/Dapoxyl-Reporterpaar (8 
Mikrogramm/ml Enzym, 100 mikromolar Arginin, 2.5 mikromolar Dapoxyl, 10 
mikromolar CB7, Anregungswellenlänge 336 nm, Emissionswellenlänge 380 
nm) und (b) mit dem CX4/DBO-Reporterpaar (40 Mikrogramm/ml Enzyme, 
500 mikromolar Arginin, 100 mikromolar DBO, 200 mikromolar CX4, 
Anregungswellenlänge 365 nm. Emissionswellenlänge 450 nm). Der eingelegte 
Graph in (a) zeigt einen Lineweaver-Burk-Plot. Der eingelegte Graph in (b) 
zeigt die Veränderung der Fluoreszenzspektren im Verlauf der enzymatischen 
Reaktion. Gemäß Literatur 19. 
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Abb. 9: Multiparameterassay von verschiedenen Aminosäuren im 
Mikrotiterplattenformat. Alle Wells enthalten dasselbe Reporterpaar 
(Cucurbit[7]uril und Dapoxyl) und verschiedene Aminosäuren mit der 
jeweiligen Decarboxylase. Gelb markiert sind die positiven Auslesewerte bei 
den verschiedenen mikromolaren Konzentrationen (angegebene Zahlenwerte). 
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A supramolecular tandem assay for direct continuous monitoring of nucleotide
triphosphate-dependent enzymes such as potato apyrase is described. The underlying principle of the
assay relies on the use of anion-receptor macrocycles in combination with fluorescent dyes as reporter
pairs. A combinatorial approach was used to identify two complementary reporter pairs, i.e. an
amino-g-cyclodextrin with 2-anilinonaphtalene-6-sulfonate (ANS) as dye (fluorescence enhancement
factor of 17 upon complexation) and a polycationic cyclophane with 8-hydroxy-1,3,6-pyrene
trisulfonate (HPTS) as dye (fluorescence decrease by a factor of more than 2000), which allow the
kinetic monitoring of potato apyrase activity at different ATP concentration ranges (mM and mM) with
different types of photophysical responses (switch-ON and switch-OFF). Competitive fluorescence
titrations revealed a differential binding of ATP (strongest competitor) versus ADP and AMP, which
constitutes the prerequisite for monitoring enzymatic conversions (dephosphorylation or
phosphorylation) involving nucleotides. The assay was tested for different enzyme and substrate
concentrations and exploited for the screening of activating additives, namely divalent transition metal
ions (Ni2+, Mg2+, Mn2+, and Ca2+). The transferability of the assay could be demonstrated by
monitoring the dephosphorylation of other nucleotide triphosphates (GTP, TTP, and CTP).

Introduction

Numerous supramolecular receptors for nucleotides have already
been introduced with the general aim to achieve a high selectivity
and the ultimate goal to construct highly specific biological
chemosensors.1–19 But applications to actual biological systems
have remained scarce. With the tandem assay strategy, we have
recently developed a supramolecular application, which reduces
the key requirement for a receptor from the specificity for a single
analyte to the mere necessity to show a differential binding between
two analytes: the substrate and the product of an enzymatic
reaction.20–23 This affords convenient label-free enzyme assays, in
which the enzymatic conversion is monitored through a reporter
pair composed of a fluorescent dye and a macrocycle, which
responds to the concentration changes affected by the enzymatic
reaction. This involves, drawing inspiration from the indicator-
displacement principle,24,25 either a continuous displacement of the
dye from the macrocycle by the higher affinity product (product-
selective assay), or its uptake into the host, facilitated by the
depletion of the competing substrate (substrate-selective assay).

At least two designed chemosensors with covalently incorpo-
rated chromophores have been previously demonstrated to be
principally suitable for following enzymatic reactions in a non-
continuous manner.1,2 But in order to monitor an enzymatic
reaction, it is in fact not required to employ a highly specific
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receptor with a covalently attached fluorophore, because the
specificity of the reaction is determined through the enzyme
itself. This principal insight is similar to that reached by Matile
and coworkers, who have followed enzymatic reactions by using
multifunctional synthetic pores embedded in vesicles,26,27 with
the difference that supramolecular tandem assays allow direct
continuous monitoring in homogeneous solution.

While our previous examples of tandem assays were limited
to cationic analytes in combination with cation-receptors,20–23

the investigation of anionic metabolites such as nucleotides, and
particularly ATP, requires the use of macrocycles with anion-
receptor properties,28 which we have now investigated.

Results and discussion

We have first screened a combinatorial library consisting of a set
of 10 water-soluble anion receptors, which in part were already
known to bind to nucleotides,11–15 in combination with a set of 9
anionic and neutral water-soluble fluorescent dyes (Charts 1 and
2). To develop practical tandem assays, our aim was to obtain
i) a large fluorescence response upon dye complexation, ii) a
strong macrocycle-dye binding, and iii) a large differentiation in
binding between nucleotide tri- and monophosphates. Our best
(and new) reporter pair consists of the amino-g-cyclodextrin 1
(the amino groups of which are positively charged near neutral
pH) in combination with 2-anilinonaphtalene-6-sulfonate (ANS)
as dye. A complementary reporter pair, originally suggested for
the selective recognition of GTP,10,11 consists of the cyclophane 2
with 8-hydroxy-1,3,6-pyrene trisulfonate (HPTS) as dye.
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Chart 1 Investigated library of macrocycles with anion-receptor properties.

Chart 2 Investigated library of anionic and neutral fluorescent dyes studied in combination with the macrocycles in Chart 1.
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Table 1 Binding constants of 1 and 2 with the substrate as well as
intermediary and final enzymatic products

Guest K/106 M-1 (1)a K/103 M-1 (2)b

ATP 100 ± 60 4.5 ± 1.0
ADP 2.8 ± 0.8 < 1
AMP 0.011 ± 0.003 < 1
Orthophosphate 0.05 ± 0.01 < 0.1

a Determined by competitive fluorescence titration using 1/ANS in 50 mM
NaOAc buffer, pH 5.5, cf. Fig. 2a. The binding constant of 1/ANS is
(1.7 ± 0.1) ¥ 104 M-1 cf. Fig. 1a. b Determined by competitive fluorescence
titration using 2/HPTS in 10 mM phosphate buffer, pH 7.4. The binding
constant of 2/HPTS was determined as (7 ± 3) ¥ 106 M-1, cf. Fig. 1b.

Successive addition of macrocycle to dye solutions resulted
in a strong fluorescence enhancement by a factor of 17 (lexc =
318 nm, lobs = 462 nm, for 1/ANS) or quenching by a factor
of more than 2000 (lexc = 425 nm, lobs = 512 nm, for 2/HPTS),
from which dye binding constants of 1.7 ¥ 104 and 7 ¥ 106 M-1

were determined (Fig. 1). Addition of different nucleotides
reversed these fluorescence changes due to competitive binding
(Fig. 2 and Fig. 3). Both systems showed a charge-dependent
differentiation of nucleotides (e.g., between ATP, ADP, AMP, and
orthophosphate),10 which is the sufficient and necessary criterion
for our presently explored application (cf . binding constants in
Table 1). Specifically, we implemented the 1/ANS and 2/HPTS

Fig. 1 Plots of the fluorescence intensity of a) 10 mM ANS with increasing
concentrations of 1 in 50 mM NaOAc buffer, pH 5.5 (lexc = 318 nm, lobs =
462 nm) and b) 6.3 mM HPTS with increasing concentrations of 2 in 10 mM
phosphate buffer, pH 7.4 (lexc = 425 nm, lobs = 512 nm). The nonlinear
fittings were made by assuming the formation of a 1 : 1 complexation
model. It should be noted that the fluorescence of HPTS increased again
slightly at higher macrocycle (2) concentrations, suggesting the formation
of higher-order complexes. An equimolar mixture of 2 and HPTS was
consequently employed as reporter pair.

Fig. 2 Changes in fluorescence intensity and spectra of the 1/ANS
reporter pair (10 mM 1 and 25 mM ANS, lexc = 318 nm) upon displacement
by a) varying concentrations of ATP, ADP, AMP, and orthophosphate
(lobs = 462 nm) and b) different nucleotide triphosphates (16 mM), in
NaOAc buffer, pH 5.5.

Fig. 3 Changes in fluorescence spectra of the 2/HPTS reporter pair (both
6.3 mM) upon addition of a) ATP, ADP, and AMP (each 4 mM) and
b) different nucleotide triphosphates (4 mM), in succinate buffer, pH 6.5;
lexc = 403 nm.
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reporter pairs into supramolecular tandem assays for potato
apyrase, an ectoenzyme of the class of ATP-diphosphohydrolases
(E.C. 3.6.1.5) which convert ATP to AMP through a stepwise
dephosphorylation with ADP as an intermediate.29–32 Apyrases
regulate extracellular nucleotide levels (in animal tissues) and the
biosynthesis of starch and cell walls (in plants).

The working principle is illustrated in Scheme 1. Our assay is
based on the propensity of the highly positively charged hosts 1
and 2 to form self-assembled complexes with negatively charged
guest molecules, particularly ANS and HPTS, as well as ATP. The
dye ANS is weakly fluorescent in its uncomplexed form, but expe-
riences an efficient fluorescence enhancement upon complexation
with 1, due to its sensitivity towards environmental polarity.33 In
contrast, the dye HPTS is highly fluorescent in its free form, but
suffers from a strong fluorescence quenching when complexed with
2, presumably by charge-transfer-induced quenching.10

Behaving as a strong competitor, ATP displaces the dyes from
the complexes, which results in a low or high initial fluorescence
intensity, respectively (Fig. 2 and Fig. 3). Upon enzymatic
dephosphorylation, AMP and orthophosphate are formed as final
products, which behave as weak competitors (due to their lower
net negative charge) and thereby allow a successive complexation
of the fluorescent dyes with the macrocycles. This results in a
switch-ON (for 1/ANS) or switch-OFF (for 2/HPTS) fluorescence
response,20 which allows a highly sensitive monitoring of the
enzymatic activity. Moreover, since the guest-macrocycle exchange
equilibria are much faster than the enzymatic reactions, the
response of the system to concentration changes is immediate
and allows for real-time continuous kinetic monitoring. It is
thus possible to follow the ATP depletion as a result of an
enzymatic reaction or, conversely, the enzymatic reaction through
the depletion of ATP. Conceptually, the resulting tandem assays
can be qualified as substrate-selective assays because the substrate
binds more strongly than the product.22

The two reporter pairs are complementary in the sense that they
show mM or mM affinities to the different nucleotides, respectively
(Fig. 2 and Fig. 3). This determines the substrate concentration
range of the tandem assays, which were run with 25 mM ATP
for 1/ANS and 2.3 mM for 2/HPTS. Addition of ATP to the

pre-formed reporter pair partially recovered the fluorescence of
the uncomplexed dyes through competitive displacement and
an approximately 10-fold fluorescence reduction (for 1/ANS) or
more than 100-fold enhancement (for 2/HPTS) was observed.
Addition of apyrase to a solution containing ATP as substrate
along with one of the reporter pairs led to a time-resolved rise
(factor of 4 for 1/ANS) or decay (factor of 12 for 2/HPTS) of the
fluorescence intensity with a plateau being reached within 1–2 h
(black traces, Fig. 4). In accordance with Scheme 1, we assigned the
time-resolved fluorescence response to the enzymatic conversion,
thereby establishing a convenient supramolecular tandem assay for
apyrases, and generally, for the conversion of ATP. The occurrence
of the enzymatic reaction on the same time scale was independently
monitored by 31P NMR (Fig. S1 in ESI†). The assay could also
be conducted with ADP as substrate (see Fig. S2 in ESI†), but
for AMP no significant fluorescence change was noticed, as no
dephosphorylation is possible (negative control, data not shown).

Enzyme assays are employed in pharmaceutical-industrial high-
throughput screening. Previously, we have demonstrated the
potential of tandem assays in the screening of inhibitors,22 and the
apyrase assay offered the complementary opportunity to screen
for activators, namely, divalent metal ions (Ni2+, Mg2+, Mn2+, and
Ca2+). In all cases, we observed rate enhancements between a factor
of 1.3 to 17, with Ca2+ and Mn2+ being the most potent activators
of potato apyrase (Fig. 4),34 consistent with literature findings
obtained by more laborious and complex multi-step colorimetric
and radioisotope-based assays.30–32 Consequently, all enzymatic
reactions were subsequently performed with Mn2+ (for 1/ANS)
or Ca2+ (for 2/HPTS), which reduced the assay times typically to
10–20 min.

One could argue that the 1/ANS pair is 2 orders of magnitude
more “sensitive” since it allows the conversion of mM instead
of mM amounts of ATP to be followed. However, one has to
recall that the substrate (or cofactor) concentration range is not
the limiting factor for an assay, as it could be for a sensor.
Rather, the substrate concentration can be adjusted at will to the
desired time and the specific activity of the enzyme, such that
even assays with mM substrate concentrations are common.26

For example, the reported KM values of potato apyrase ranges

Scheme 1 Working principle of a supramolecular tandem assay for monitoring dephosphorylation of ATP.
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Fig. 4 Evolution of normalized fluorescence intensity monitoring potato
apyrase activity with and without activating metal ions (1.7 mM). Assays
were initiated by addition of a) 25 mg ml-1 enzyme to ATP (25 mM) with
the 1/ANS reporter pair (25 mM both) and b) 100 mg ml-1 enzyme to ATP
(2.3 mM) with the 2/HPTS reporter pair (6.3 mM both).

from 24 to 200 mM,31,32 suggesting that the 1/ANS and 2/HPTS
reporter pairs operate either below or above the KM value. For
the 1/ANS reporter pair, the initial rates do in fact increase
linearly with the substrate concentration (Fig. 5). A more detailed
analysis of the enzyme kinetics is, however, not possible because
the complexation of the substrate by the host lowers the effective
substrate concentration, which presents a peculiarity of substrate-
selective assays.22 This was possible, however, for the 2/HPTS
reporter pair, for which a large excess of substrate was used
and where the enzyme kinetics was expected to be zero-order
with respect to the substrate. Indeed, determination of the initial
reaction rates from the fluorescence decays at a fixed enzyme
concentration (50 mg ml-1) and 4 varying substrate concentra-
tions (0.5–3.2 mM) afforded the same rate, within 10% error
(0.17 mmol min-1, expected from reported commercial activity:
0.19 mmol min-1). This rate was assigned to the vmax value when
working far above the KM value. Finally, as shown for both reporter
pairs (Fig. S3 in ESI†), the initial rates of ATP dephosphorylation
increased linearly with the enzyme concentration.

Important to note, all nucleotide triphosphates caused a flu-
orescence decrease for the 1/ANS reporter pair and a fluores-
cence enhancement of the 2/HPTS reporter pair, by competitive
displacement (see Fig. 2b and Fig. 3b). This shows that hosts
1 and 2 are actually unselective or at best moderately selective
anion receptors, at least in the investigated concentration range.
In tandem assays, such a “sloppy” molecular recognition24,27

presents actually an advantage, because dephosphorylation of
both nucleotide di- and triphosphates can be monitored quite

Fig. 5 a) Evolution of normalized fluorescence intensity monitoring
potato apyrase activity (25 mg ml-1) at different substrate (ATP) concentra-
tions with the 1/ANS reporter pair (both 25 mM, in NaOAc buffer, pH 5.5,
with 1.8 mM Mn2+, lexc = 318 nm, lobs = 462 nm). ATP concentrations
(in mM) are, from bottom to top trace: 6, 10, 12.5, 15, 20, 25. b) Plot of the
initial rates, v0, versus substrate concentration and linear correlation line.
The initial rates were obtained by linear fits of the normalized intensities
(assuming a conversion linear with the fluorescence intensity and full
conversion at the plateau region).

generally (for example also GTP, TTP and CTP, Fig. 6), which
opens screening possibilities in many directions.

Conclusions

In conclusion, we have introduced convenient supramolecular
tandem assays for monitoring biocatalytic ATP dephosphoryl-
ation. The assay principle relies on the addition of an anion-
receptor macrocycle and a fluorescent dye setting up a reporter
pair. It is the high specificity of the enzyme itself which reduces
selectivity considerations in the choice of a receptor to a minimum,
bypasses the necessity to utilize designed chemosensors, but
instead allows the use of simple, even if moderately selective,
macrocycles. We demonstrated applications in the screening of
activators and a broader applicability for other nucleotides and
complementary reporter pairs. Our dephosphorylation assays
should be transferable to other nucleotide-dependent enzymes.
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Fig. 6 Evolution of normalized fluorescence intensity monitoring de-
phosphorylation of various nucleotide triphosphates. Assays were initiated
by addition of a) 12.5 mg ml-1 potato apyrase in the presence of 1/ANS
(25 mM both) to nucleotides (25 mM), and b) 100 mg ml-1 potato apyrase
in the presence of 2/HPTS (6.3 mM both) to nucleotides (4 mM).

Experimental

Materials

The macrocycles and dyes employed in the initial screening
are shown in Charts 1 and 2. 2-Anilinonaphtalene-6-sulfonic
acid (ANS), and Dapoxyl were obtained from Molecular
Probes. 8-Anilinonaphtalene-1-sulfonic acid (1,8-ANS), 8-
hydroxy-1,3,6-pyrene trisulfonic acid (HPTS), 6-(p-toluidino)-
2-naphtalene-sulfonic acid (2,6-TNS), fluorescein sodium,
GTP, and ADP were purchased from Fluka. The naphtalimide
biscarboxylate, 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO), and
DBO carboxylate were synthesized according to the literature.35–37

ATP, AMP, CTP, TTP, and apyrase (grade I, from potato,
7.7 U/mg) were from Sigma-Aldrich. The cyclodextrin samples
octakis(6-amino-6-deoxy)-g-cyclodextrin (1), heptakis(6-deoxy-
6-N-(2-hydroxy)ethylamino)-b-cyclodextrin (4), 6-monoamino-
6-monodeoxy-b-cyclodextrin (5), 6-monodeoxy-6-mono(3-
hydroxy)propylamino-b-cyclodextrin (6), heptakis(2,3-di-O-
methyl)-hexakis(6-O-methyl)-6-monodeoxy-6-monoamino-b-cyclo-
dextrin (7) were obtained as hydrochloride salts from CycloLab,
Hungary. The synthesis of the cyclophane (2) was performed
according to the literature with minor modifications.11

Trianglamine (3) was kindly supplied by Prof. N. Kuhnert,
Jacobs University Bremen, Germany. The bis-calixarene (9) was
synthesized according to the literature,15 whereas calixarenes (8)
and (10) were kindly supplied by Prof. J. Schatz, Universität
Erlangen-Nürnberg, Germany.

Instrumentation

Fluorescence spectra, intensities, and time courses were recorded
on a Varian Eclipse fluorometer at ambient temperature (for
the titrations) or at 25.0 ± 0.1 ◦C (using an external Peltier
thermostat, only for the enzyme assays). UV measurements were
performed with a Varian Cary 4000 UV-Vis spectrophotometer.
The dephosphorylation of nucleotides was additionally monitored
by 31P NMR using a Jeol JNM-ECX 400 spectrometer.

Fluorescence titrations

All fluorescence titrations were performed in 1.4 mL quartz
cuvettes (Starna, Typ 29-F/Q/10 mm). The titration of host
with fluorophore was performed by keeping the dye concen-
tration constant. Accordingly, the titrant contained the same
concentration of dye, and a much higher host concentration
(approximately 10–100 times higher). The competitive titrations
using different nucleotides were carried out similarly to the host-
guest titrations, ensuring a constant host and dye concentration
during the titration. Therefore, the titrant contained, besides a high
concentration of competitor, host and dye in concentrations equal
to those in the cuvette solution. All titrations were performed in
50 mM sodium acetate buffer, pH 5.5 when the 1/ANS reporter
pair was employed, and in 10 mM sodium phosphate buffer,
pH 7.4, or 10 mM sodium succinate buffer, pH 6.5, when using
the 2/HPTS reporter pair.

Supramolecular tandem assays

Stock solutions of substrate (nucleotides), host (1 or 2), fluorescent
dye (ANS or HPTS), and enzyme were required for performing
the enzyme assays. The stock solutions were prepared in 50 mM
sodium acetate buffer, pH 5.5, with 1.6–1.8 mM MnCl2 (when
using 1/ANS reporter pair) and in 10 mM sodium succinate
buffer, pH 6.5, with 1.6–1.8 mM CaCl2 (when 2/HPTS was
employed). Careful control of the pH was required to obtain
reproducible fluorescence intensities. The required volumes of all
stock solutions were calculated to afford the final concentrations
in 1 mL total assay volume. All assays were conducted using
equimolar mixtures of host and fluorescent dye (25 mM for 1/ANS
and 6.3 mM for 2/HPTS). The volumes of nucleotide stock
solutions were calculated to obtain the respective concentrations.
The enzymatic reactions were initiated by adding an aliquot from
a stock solution of 1 mg mL-1 enzyme.
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Abstract: Cucurbit[n]urils (CBn) bind guest molecules 
through a combination of electrostatic interactions with the 
carbonyl rims and hydrophobic interactions with the inner 
cavity. Investigations with solvatochromic probes in CB7 
reveal that the polarity of the cavity resembles that of alcohols 
(e.g., n-octanol), while its polarizability (P = 0.12) and 
apparent refractive index (nD = 1.10±0.12) are extremely low, 
close to the gas phase. The calculated molecular quadrupole 
moments of CBs are extremely large (Θzz = –120 to –340 
Buckingham). A survey of reported binding constants of 
neutral guests, as well as hydrophobic residues, which form 
1:1 inclusion complexes with CB6, reveals a preferential 
inclusion of C3-C5 residues in its cavity. The largest guests 
which show non-negligible binding contain 7 heavy atoms 
(excluding hydrogen). For CB7, the strongest binding is 
observed for guests with adamantyl (10 heavy atoms) and 
ferrocenyl groups (11 heavy atoms), while the largest guests 
known to be complexed are carborane and the adduct of two 
pyridine derivatives (12 heavy atoms). The evaluation of 
different volumes shows that the most meaningful cavity,  
 

namely that responsible for binding of hydrophobic residues, 
is confined by the planes through the oxygen carbonyls. The 
volume of this inner cavity follows the formula V/Å3 = 68 + 
62(n–5) + 12.5(n–5)2, affording representative cavity volumes 
of 68 Å3 for CB5, 142 Å3 for CB6, 242 Å3 for CB7, and 367 Å3 
for CB8. The volume of the 2 bond dipole regions is 
comparably smaller, amounting, for example, to 2 × 35 Å3 for 
CB6. The analysis of packing coefficients for representative 
sets of known guests with clearly defined hydrophobic binding 
motifs reveals average values of 47% for CB5, 58% for CB6, 
52% for CB7, and 53% for CB8, which are well in line with the 
preferred packing (“55% solution”, see S. Mecozzi, J. Rebek, 
Chem. Eur. J. 1998, 4, 1016-1022) in related supramolecular 
host-guest assemblies. The driving force for binding of 
hydrophobic guests and residues by CBs is interpreted in 
terms of the unimportance of dispersion interactions (owing to 
the low polarizability of their cavity) and the dominance of 
classical and nonclassical hydrophobic effects related to the 
removal of very-high-energy water molecules (2 for CB5, 4 for 
CB6, 8 for CB7, and 12 for CB8) from the cavity. 

Keywords: supramolecular chemistry • host-guest systems • macrocycles • cucurbiturils • packing coefficients • solvatochromic probes 
 
 

1. Introduction 

Cucurbit[n]urils (CBn) are highly symmetric, rigid 
macrocycles with two identical carbonyl-lined portals and a 
hydrophobic cavity. Written documents reveal that the first 
CB sample (presumably containing mostly CB6, Figure 1, its 
structure being unknown by then) was most likely 
synthesized by Rusche under the supervision of Behrend 
around the year 1900. The first published study dealing with 

the characterization of some physical properties of this CB 
sample is the doctoral thesis of Meyer, handed in at the 
University of Heidelberg.[1] He had started his PhD thesis at 
the end of 1901 and finished his thesis at the Technical 
University of Hannover in 1903, again under the supervision 
of Behrend. These efforts have led to the joint publication in 
Justus Liebigs Annalen der Chemie in 1905.[2] Meyer has 
characterized in his thesis already several “addition products” 
of the CB compound with KMnO4, HgNO3, K2Cr2O7, 
NaAuCl4, as well as several cationic dyes such as methylene 
blue and fuchsine. 
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Figure 1. Molecular structures of cucurbit[n]urils (n = 5-7). 
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Nowadays, initiated by the structural and mechanistic 
investigations by Mock,[3] we know that these adducts can be 
mostly described as host-guest complexes between CB6 and 
cations, either inorganic ones or ammonium-based organic 
ones. CBs have subsequently become available in different 
sizes (n = 5-8 and 10) due to the work of Kim,[4,5] Day,[6,7] as 
well as Isaacs,[8,9] and detailed procedures for their 
preparation, e.g., for CB7, have been reported.[10-13] CBs are 
nowadays well recognized in supramolecular chemistry as 
macrocycles with cation-receptor properties owing to their 
two carbonyl portals, which establish natural docking sites for 
positively charged residues. CBs are, on the other hand, also 
well known to host hydrophobic residues in the confined 
space between the carbonyl portals, which we refer to, herein, 
as their inner cavity (Figure 2). Although it is well recognized 
that the extraordinarily high binding affinities of CBs[14] are 
due to a combination of ion-dipole interactions with the 
portals and hydrophobic forces inside their inner cavity,[4,15-23] 
the fascinating properties of the latter have remained 
comparably unexploited and poorly understood, if not 
neglected. This is unquestionably due to the fact that 
relatively few host-guest complexes with neutral uncharged 
guests have been characterized;[24-31] for CB5, CB8, and 
CB10 binding constants with neutral guests are elusive.[32-35] 
Interestingly, although CB6 has been found to exhibit a 
higher affinity than the size-complementary α-cyclodextrin[36] 
towards alcohols as neutral guests,[25] the conception that CBs 
bind preferentially cations, while cyclodextrins have an 
intrinsic propensity to complex neutral (or anionic) guests 
persists in the literature.[9,37] The propensity of CBs to 
complex neutral guests by hydrophobic interactions deserves, 
therefore, the attention it receives in the present review. 

 

Figure 2. Top and side views of the distinct cavities and of the 
bond dipole regions. See Section 4.1. for method of calculation. 

2. Physical Properties of the Inner Cavity 

The supramolecular encapsulation of guest molecules by 
molecular containers is well known to provide a partial or 
complete protection of the guest from the outer environment. 
Cucurbiturils, together with other prototypal classes of water-
soluble macrocycles, namely cyclodextrins and calixarenes, 
have been routinely described in the literature as 
supramolecular hosts possessing an internal hydrophobic 

cavity capable of encapsulating neutral molecules and/or 
organic residues. While the notion of a hydrophobic cavity 
has been broadly accepted, we will first raise the question of 
what exactly renders and defines an environment as 
hydrophobic, specifically the one corresponding to the 
interior of CBs. 

Werner M, Nau was born in Fulda, 
Germany, in 1968. He started his 
chemistry studies in 1987 at the 
University of Würzburg, Germany, 
obtained his MSc in 1991 at St. 
Francis Xavier University, Canada, in 
spectroscopy, and his PhD at the 
University of Würzburg in 1994 with 
Waldemar Adam in organic chemistry. 
Following his postdoc at the 
University of Ottawa, Canada, in 1994/95 with J.C. “Tito” Scaiano 
in photochemistry, he completed his habilitation in physical 
chemistry with J. Wirz at the University of Basel, Switzerland, 
where he became Assistant Professor in 2000. Since 2002, he is 
Professor of Chemistry at Jacobs University Bremen, Germany. He 
has held visiting professorships at St. Francis Xavier University, 
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A qualitative assessment can be made on the basis of the 
electrostatic potential map of this class of macrocycles 
(Figure 3). Such illustrations immediately visualize the excess 
electron density at the carbonyl oxygens and thereby 
rationalize the cation-receptor properties of CBs, but they 
bear little information on the hydrophobicity of the 
microenvironment inside the inner cavity, set aside the piece 
of information that the equatorial regions are electron 
deficient. For CBs, the situation is distinct from that of 
cyclodextrins, where C–H bonds are known to point towards 
the inside of the cavity and thus characterize it as “alkane-
like”, or that of calixarenes, where aryl π systems are known 
to frame the cavity and thus naturally qualify it as electron-
rich and “aromatic”. For CBs, there are neither bonds, nor 
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lone electron pairs pointing towards the inside, and the ureido 
π system is strongly polarized towards the oxygens. This 
leads to an overall electron-deficient situation, which can 
hardly be approximated by a known condensed phase. 

 
Figure 3. Electrostatic potential map (top and side view) of CB8 
revealing the negatively charged carbonyl regions (in red) and 
the electron-deficient equatorial region (in blue). 

To explore unknown, peculiar microenvironments, 
solvatochromic probes have proven useful. They can be used 
as molecular spies to sound out physical properties of bulk as 
well as molecular cavities through changes of their 
photophysical properties (absorption and emission). Of 
particular interest are the polarity and polarizability of 
different macrocyclic cavities and their comparison with 
common solvents. The polarity determines the effective 
hydrophobicity, while the polarizability is an important 
denominator of intermolecular interactions, prominently 
dispersion interactions, which affect the binding strengths of 
host-guest complexes. The hydrophobic effect and dispersion 
interactions jointly define the driving force for complexation 
of neutral guest molecules with CBs.[38] 

2.1. Polarity 

Due to the well established trends in their absorption, 
fluorescence, or phosphorescence spectra, solvatochromic 
molecular probes have been employed to determine the 
polarity of solvents, or that of the inner cavity of molecular 
containers, as well as to study hydrogen-bond donor 
properties. The seminal study in this context is the 
development of the ET(30) parameter and related scale for 
solvent polarity by Reichardt.[39] Several polarity-sensitive 
probes have already been tested with CBs in order to estimate 
the polarity of their inner cavity.[15,40] The fluorescence 
properties of curcumin pointed to a polarity lower than water, 
but much higher than ethanol.[40] Encapsulation of various 
fluorescent dyes by CB7 results in most cases in a 
bathochromic shift in the fluorescence and absorption bands, 
which characteristically signals immersion of the probes in a 
less polar environment. Specifically, the absorption maximum 
of Rh6G complexed by CB7 signals a microenvironmental 
polarity similar to that of n-octanol (ε = 10.3).[41] Additionally, 
differential characteristic Stokes shifts, observed for laser 
dyes such as xanthenes or coumarin C102, also suggest a less 
polar environment than water.[15] 

Table 1 shows a comparison in polarity of different 
supramolecular environments and common solvents. The 
microenvironment of CBs, sensed by the different dyes, is 
similar to that of alcohols or alcohols:water mixtures. In fact, 
very similar polarities have also been established for other 
macrocycles such as cyclodextrins and calixarenes where 
anilinonaphthalenesulfonate as polarity-sensitive probe has 

been utilized.[42-44] In conclusion, the interior of CBs is less 
polar than that of water and therefore by trend hydrophobic in 
nature. 

Geometrical confinement effects and specific 
complexations of certain regions of the dyes present a source 
of uncertainty in such polarity estimates. It must also be kept 
in mind that the investigated polarity-sensitive probes are 
relatively large and mostly elongated in nature and therefore 
not fully immersed in the CB cavity. They consequently 
report on a mixed environment, being partially inside the host 
and partially still exposed to the aqueous bulk. It is relatively 
safe to predict that a solvatochromic probe, which could be 
fully immersed in the inner CB cavity would report an even 
less polar and certainly less protic microenvironment than the 
alcoholic one presently determined. 

Table 1. Polarity, refractive index, and polarizability inside 
macrocyclic host molecules and different solvents. 

environment P
[a] nD

[b] ET(30)[c] 

(kcal • 
mol—1) 

gas phase 0.000 1.000 27.1 
cucurbit[7]uril (CB7) 0.12[d] 1.10±0.12[e] ≈ 48[f] 
perfluorohexane 0.159 1.252 n.a.[g] 
β-cyclodextrin (β-CD) 0.20 1.33 ≈ 55[h] 
water 0.206 1.333 63.1 
acetonitrile 0.212 1.344 45.6 
n-hexane 0.229 1.375 31.0 
isopropanol 0.231 1.377 48.4 
p-sulfonatocalix[4]arene (CX4) 0.25[i] 1.41  ≈ 54[j] 
dichloromethane 0.255 1.424 40.7 
chloroform  0.267 1.446 39.1 
carbon tetrachloride 0.274 1.460 32.4 
benzene 0.295 1.501 34.3 
carbon disulfide 0.355 1.627 32.8 
diiodomethane 0.404 1.742 36.5 
hemicarcerand 0.45[k] 1.86 - - - 

[a] Value obtained using DBO as solvatochromic probe, see text.  
[b] Refractive index, converted from polarizability values using P 
= (

! 

nD

2  – 1)/(

! 

nD

2 + 2). [c] All ET(30) values corresponding to the 
different solvents or solvent-like environments were taken from 
ref. [39]. ET(30) was introduced as an empirical parameter for 
assessing solvent polarity by using a pyridinium N-phenolate 
betaine dye as solvatochromic probe. [d] From ref. [45]. [e] From 
ref. [15]. [f] Polarity similar to that of n-octanol, according to ref. 
[41] [g] The low solubility of solvatochromic dyes in 
perfluoroalkanes prevents ET(30) determinations, cf. ref. [46]. 
[h] Polarity similar to that of methanol, according to ref. [42]. 
[i] From ref. [47]. [j] Polarity similar to that of 80% ethanol, 
according to ref. [44]. [k] Value obtained using biacetyl as 
solvatochromic probe (see ref. [45]). 
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Figure 4. Bicyclic and tricyclic recognition motifs for CBs; the 
portions considered not to be encapsulated in the inner cavity 
are shown as dashed bonds. 
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2.2. Polarizability 

The inner cavity of CBs shows an exceedingly low 
polarizability. We have detected this astounding property by 
studying the UV absorption and fluorescence of 2,3-
diazabicyclo[2.2.2]oct-2-ene (DBO, Figure 4) in depth.[45,48] 
DBO is a neutral azoalkane with an extremely long-lived (up 
to 1 µs) fluorescence. In contrast to the solvatochromic 
probes employed to determine polarity, the bicyclic structure 
of DBO results in a spherical shape, which along with its 
small size (111 Å3),[31] allow it to be entirely immersed inside 
the size-complementary cavity of CB7 (no binding with CB6 
could be detected). The full immersion ensures that a genuine 
property of the inner cavity is being explored, not only for 
CB7, but also for closely related macrocycles with similarly 
large cavities,[49] such as β-cyclodextrin[50] and p-
sulfonatocalix[4]arene.[47,51] The good match of the 
CB7•DBO complex is reflected in a strong binding (K = 5.8 × 
106 M–1),[52] and can be visualized from a crystal structure 
(Figure 5). 

 
Figure 5. Crystal structure (from the corresponding AgNO3 
complex, cf. ref.[52]) showing the deep immersion of the spherical 
DBO inside CB7; the actual co-conformation of the azo group 
may differ in the absence of ligating metals. 

DBO, as well as selected other n,π*-excited states such as 
biacetyl, undergo environmentally dependent changes in their 
absorption spectra. Specifically, in order to assess the 
polarizability of CB7, the oscillator strength, f, of the near-
UV band of DBO was measured in the gas phase, as well as 
in different solvents and supramolecular environments. An 
empirical linear correlation was established between the 
inverse of the oscillator strength and bulk polarizability of the 
environment P (1/f = 3020 – 8320 P, Figure 6), which is 
directly related to the refractive index (Table 1).[45] 

 

Figure 6. Linear correlation of the inverse oscillator strength of 
DBO and the polarizability of the environment. White circles 
mark interpolated values for macrocyclic cavities. For values and 
abbreviations see Table 1. 

The most striking feature is the low 
polarizability/refractive index measured inside the CB7 cavity, 
which is close to that of the gas phase,[53] and falls even 
below that of the least polarizable solvent, perfluorohexane 
(Figure 6). The extremely low and high polarizabilities and 
refractive indices inside the supramolecular complexes of 
CBs and hemicarcerands (independently established with 
biacetyl as guest),[45] respectively, provided the first 
experimental confirmation of Cram's daring postulate that the 
inside of molecular containers represents a completely new 
phase of matter.[54,55] For comparison, the polarizabilities of 
cyclodextrins and calixarenes are “normal”, i.e., lie somewhat 
below or above those of alkanes, respectively. 

The characteristic molecular structure of CBs (electron-
deficient cavity, no bonds or lone pairs inside, see above) 
nicely rationalizes its very low polarizability. Guests which 
are fully entrapped in the inner cavity of CBs experience 
therefore an extreme environment, which is more similar in 
nature to the gas phase than to solution. The low 
polarizability of CBs is not just a curiosity. There are 
immediate important consequences, one line is spectroscopic 
and photophysical in nature, the other one supramolecular and 
thermodynamic, and these will be separately addressed, the 
first here and the second in Section 5. Note that a low 
polarizability or refractive index affects directly the radiative 
decay rate (kr) of fluorescent states, given as the ratio of the 
fluorescence quantum yield (φf) and lifetime (τf). The Einstein 
coefficient for spontaneous emission is directly related to the 
square of the refractive index of the environment, 

! 

nD
2 , and 

this results, other things being equal, in longer fluorescence 
lifetimes of chromophores in low-polarizability environments 
(Strickler-Berg equation 1).[56] 
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Indeed, many fluorescent dyes (rhodamines, coumarins, 
pyronins, oxazines, and cyanines) display their longest 
fluorescence lifetimes ever recorded (note here that large 
polyaromatic dyes cannot be vaporized) in the inside of the 
CB cavity.[15,41,48,57] This is surprising for some of the 
fluorescent dyes, which are clearly too large to be fully 
immersed, but where the influence of the cavity nevertheless 
leaves its signature on their spectroscopic properties. The 
CB7 complex of DBO, fully immersed and capped with 
sodium ions, holds presently the world record for “slow-
fluorescing”, displaying a fluorescence lifetime above 1 µs in 
aqueous solution.[48] While the correlation of the oscillator 
strength with polarizability constitutes an empirical measure, 
the exceptionally long fluorescence lifetimes provide direct 
spectroscopic evidence for the low refractive index of the 
inner cavity of CBs,[10,48,58] resulting in a projected value of 
1.10 ± 0.12, well below that of perfluorohexane (1.25).[15] 

For the fluorescence lifetime enhancing effect of CBs, we 
have coined the name ‘supramolecular radiative decay 
engineering’,[57] a term inspired by Lakowicz for the apparent 
increase of radiative decay rates near metal surfaces and 
nanoparticles.[59] Supramolecular radiative decay engineering 
can be generically understood as the combined beneficial 
effects, which the encapsulation of CBs has on the 
performance of fluorescent dyes. These are not limited to 
longer fluorescence lifetimes, but also refer to a higher 
brightness,[15,60] an enhanced photostability,[41,53,57] resistance 
toward (photo)oxidation,[61] and a reduced tendency towards 
aggregation as well as unspecific absorption.[15,41,62] They 
have jointly led to numerous practical applications of CBs, 
particularly CB7, for the construction of (tunable) water-
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based dye lasers[63,64] and for confocal microscopy,[15,65] 
potentially even information storage. Today, the most 
photostable water-soluble fluorescent dye is Rhodamine 6G 
encapsulated by CB7.[41] These applications demonstrate 
nicely how an initially innocuous effect, such as the observed 
low polarizability, can have an immediate impact. 

2.3. Quadrupole Moments 

Owing to their high symmetry, CBs do not possess a 
permanent monopole (charge), dipole, or octupole moment. 
However, they do possess a molecular (electric) quadrupole 
moment. Experimentally, these are challenging to assess, but 
our density-functional theory calculations have revealed 
exceedingly high (negative) quadrupole moments (Table 2), 
which will certainly contribute to the intermolecular 
electrostatic stabilization of the complexes with encapsulated 
dipolar or quadrupolar guests. Although the absolute values 
may be subject to a significant error, the values are 10-40 
times larger than largest values known for small molecules 
such as benzene or carbon dioxide (ca. 10 B). Equatorially 
alkylated CBs have an even larger quadrupole moment 
(values in square brackets in Table 2), which is expected to 
enhance the electrostatic contributions to host-guest binding. 

Table 2. Molecular electric quadrupole moments of CBs. 

CBn Θzz/B [a] 
CB5 –120 [–128] [b] 
CB6 –155 [–168] [b] 
CB7 –194 
CB8 –237 
CB9 –284 
CB10 –334 

[a] 1 B (Buckingham) = 1 D (Debye) × 1 Å = 3.3356 × 10–40 Cm2. 
Obtained by electrostatic analysis of CB structures geometry-
optimized under the highest Dnh, (n = 5-10) symmetry constraints 
at the B3LYP/6-311G** level of theory with the Gaussian 03 
software package,[66] see Supporting Information. [b] Values for 
permethylated derivatives given in square brackets. 

Calculations in the gas phase have revealed a 3-4 kcal 
mol–1 higher binding energy for the orthogonal arrangement 
of the ferrocene axis with that of CBs,[67] in which 
quadrupolar interactions are maximized; note that ferrocene 
has a large quadrupole moment (–9±2 Buckingham, similar to 
that of benzene).[68] The isosteric (see below) adamantane 
anchor, however, has a vanishing quadrupole moment due to 
its spherical charge distribution, but binds similarly strongly 
with CB7;[69] this reveals that the enthalpic contribution of 
quadrupole interactions cannot be large. The contribution is 
sufficient, however, to serve as a structure-determining 
element. In fact, the screening of crystal structures (see 
below) reveals that CBs frequently adapt a “T-type” stacking 
in the solid state,[4,70-73] with the wall of one CB topping the 
portal of another, thereby achieving optimal quadrupolar 
interactions. The molecular quadrupole moment of CBs has 
also been implicated to account for the equatorial alignment 
of (dipolar) ketones in these hosts, which would maximize 
dipole-quadrupole interactions.[74,75] 

3. Binding of Neutral Guests in the Inner Cavity 

The complexation of neutral guests with CBs is interesting 
because it eliminates interferences from charge-dipole 
interactions, which otherwise become readily dominant, and 
therefore allows the isolation of the hydrophobic driving 
force for complexation. Moreover, neutral guests will tend to 
fill partially or completely the inner cavity, which allows not 
only for the size, but also for the intermolecular interactions 
of guests with the inner CB cavity to be explored in detail. 
Known binding constants of neutral guests with CB6 and 
CB7 (the only homologues for which extended data sets are at 
hand) are compiled in Tables 3 and 4. Note in advance that 
the binding constants for CB6 and CB7 cannot be directly 
compared, even for an identical guest: Binding constants for 
CB7 can be readily measured by a variety of titration 
techniques, including NMR, because of the high water 
solubility of this host (ca. 5 mM).[45] CB6 is intrinsically less 
water-soluble (ca. 30 µM)[31] such that binding constants have, 
until recently, routinely been obtained in either mixed 
solvents (commonly formic acid)[25] or in the presence of salts 
(e.g., 50-200 mM Na2SO4).[24,26,28-31,76] Such conditions 
modulate (reduce) the affinity markedly;[24,31,77] for example, 
the binding constant of cyclohexylmethylammonium 
decreases from 1.1 × 105 M–1 in neat water (estimated from 
the solubilization of CB6 in the presence of excess guest, by 
1H NMR) to 170 M–1 in the presence of 200 mM Na2SO4.[31] 
This competitive binding effect is largest for ammonium ions, 
where the docking of cations to the carbonyl rims causes a 
Coulombic repulsion of the guest, but it is also significant for 
neutral guests, as can be implied from the only available data 
set for xenon binding to an alkylated CB6 derivative 
(decrease from 3400 to 180 M–1).[30] 

Table 3. Binding constants of selected neutral guests with CB6 
in water/formic acid mixtures or in salt solutions. 

guest K/M–1 guest K/M–1 
alcohols    
ethanol 90[a,b] butanol 1200[a,b] 
 26[a,c]  340[d] 

 440[d] pentanol 410[a,b] 
propanol 710[a,b]  540[d] 
 490[a,e] hexanol 510[d] 
 120[a,f] heptanol 440[d] 
 410[d]   
    
carboxylic acids    
acetic acid 150[a,g] hexanoic acid 590[d] 
TFA 11[h,i] heptanoic acid 590[d] 
propionic acid 590[d] octanoic acid 560[d] 
pentanoic acid 500[d] nonanoic acid 620[d] 
    
miscellaneous    
propionitrile 200[d] 1-hexane nitrile 370[d] 
THF 1700[h,i] SF6 31000[h,j] 
furan 7100[h,k] Xe 210[h,i] 
benzene 27[h,k]  180[h,l] 
cyclopentanone 2200[h,k]  3400[l,m] 
cyclohexylmethylamine 10[h,n] DBH 1300[h,n] 

[a] From ref. [24]. [b] In 50 mM NaCl. [c] In 50 mM CsCl. [d] In 
50% (v/v) formic acid, from ref. [25]. [e] In 50 mM KCl. [f] In 50 
mM RbCl; value in 50 mM CsCl is < 5 M–1. [g] In 50 mM sodium 
citrate, pH 3.1. [h] In 200 mM Na2SO4. [i] From ref. [26]. [j] From 
ref. [28]. [k] From ref. [29]. [l] Data for an alkylated, water-soluble 
CB6 derivative from ref. [30]. [m] In neat water. [n] From ref. [31]. 
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Besides water molecules, which have been identified early 
in the crystal structures of CBs (see Section 5.1.),[3,4,37,78-80] 
the first neutral guests to form inclusion complexes with CBs 
in general, and CB6 in particular, were tetrahydrofuran 
(THF),[18,29] tetrahydrothiophene,[18] cyclopentane,[18] and the 
bicyclic 2,3-diazabicyclo[2.2.1]hept-2-ene (DBH, Figure 
4).[31] The first neutral guest to form a very stable host-guest 
inclusion complex with CB7 was the bicyclic DBO.[45] Note 
that bicyclic (and polycyclic) binding motifs have 
subsequently become very popular for CB7 due to their 
ultrahigh affinity.[69,81] Binding of small neutral guests is 
especially instructive because they are fully immersed in the 
inner cavity of the two CBs. This allows, for example, the 
additional docking of cations in the dipolar regions of the CB 
hosts under formation of ternary complexes,[10,52,82] i.e., 
without displacement of the guest as is commonly observed 
for alkylammonium salts.[31] 

Table 4. Binding constants of selected neutral guests with CB7, 
in water. 

guest K/(103 M–1) guest K/(103 M–1) 
ketones[a]    
Me2CO 0.58 PhMeCO 9.6 
MeEtCO 3.1 BnEtCO 4.6[b] 

Et2CO 2.1 Bn(tBu)CO 270[b] 
Me(tBu)CO 6.7 cyclopentanone 420[c] 
    
dyes (neutral forms)   
DBH[d] 380[d] neutral red  6.5[e] 
DBO[d] 5.8 × 103 [d] acridine orange  0.95[f] 
    
benzimidazoles[g]   
benzimidazole 1.5 thiabendazole 0.15 
albendazole 65 fuberidazole 0.05 
carbendazim 24 HPBI[h] < 1.0 
    
alcohols (RCH2OH)[i]   
R = 1-adamantyl 2.3 × 107 BCO[j] 6.1 × 106 
R = ferrocenyl 3.2 × 106   
    
carboxylic acids (RCOOH)   
R = adamantyl 3.2 × 105 [k] R = Me3SiCD2CD2 1.8 × 104 [k] 
R = ferrocenyl ---[l]   
    
solvents[a]    

methylacetate 1.0 dimethylformamide 1.0 
dimethylsulfoxide 0.14 acetonitrile 0.0011 
    

miscellaneous    
ranitidine 1.2[m] melamine 39[n] 

[a] From ref. [74]. [b] From ref. [83]. [c] From ref. [14]. [d] See Figure 
4, from ref. [52]. [e] In aqueous solution, pH 11, from ref. [84]. [f] In 
aqueous solution, pH 14, from ref. [85]. [g] Determined at pH 
10.5, except for albendazole (pH 8.4), from ref. [86]. [h] 2-(2’-
hydroxyphenyl)benzimidazole, from ref. [87]. [i] From ref. [69]. 
[j] 1,4-(dihydroxymethyl)bicyclo[2.2.2]octane, see Figure 4. [k] In 
50 mM CD3CO2Na, pH 4.74, from ref. [81]. [l] From ref. [88]; no 
binding constant was extracted, but the inclusion of the guest 
was evidenced by NMR. [m] From ref. [89]. [n] From ref. [90]. 

Alcohols are known to bind with CB6, but with low 
binding constants (≤ 103 M–1).[24,25] Carboxylic acids, up to 1-
nonanoic acid, have also been reported to be included by CB6 

with small binding constants (≤ 600 M–1), and in these cases it 
is clear that it is the neutral protonated form of the acid, and 
not the anionic form, which is encapsulated. The action of 
trifluoroacetic acid (TFA) on the dissociation of the “sodium-
lidded” CB6•THF has in fact been initially interpreted as a 
proton-induced release of THF from the complex,[29] but was 
later reinterpreted to a genuine competitive binding of 
protonated TFA inside CB6.[26] The larger homologue CB7 is 
known to bind acids in their neutral form when they possess a 
strong hydrophobic recognition motif, such as ferrocenyl, 
adamantyl, or trimethylsilyl.[81] Interestingly, binding 
constants of CB8 with (single) neutral guests appear to be 
unavailable. For CB10, the complex with CB5 has been well 
characterized.[7,35] CB5, in contrast, has been found early to 
form inclusion complexes with neutral guests, in particular 
small gases such as He, Ne, H2, Kr, Xe, CH4, N2, O2, Ar, N2O, 
NO, CO, CO2, acetylene,[32] as well as with solvent molecules 
such as acetonitrile and methanol.[33] The crystal structures of 
CB5 reveal even binding with anionic guests such as Cl– or 
NO3

–.[7,91-94] The binding of small gases with CB6 has also 
been studied by Kim and coworkers who characterized 
inclusion complexes with Xe,[26,27] and, more recently, 
CO2.[95] Also SF6 has been reported to bind to CB6.[28] Finally, 
several binding constants of ketones and organic solvents 
with CB7 have been determined.[74,83] 

The trends of the binding constants in Tables 3 and 4 are 
not in all cases systematic. For example, while the increased 
binding constant of butan-2-one (K = 3100 M–1) vs. 3,3-
dimethylbutan-2-one (6700 M–1) could be interpreted in terms 
of a better fitting of the neopentyl motif with CB7, the 
selectivity appears to be small and could be similarly due to 
differential desolvation effects of the uncomplexed guests. 
The selectivity of CB6 towards alcohols as well as carboxylic 
acids is also poorly pronounced, displaying essentially no 
significant dependence on the chain length upon going from 
C2 to C9 homologues.[24-26] A simple explanation for such a 
constancy in binding constants would be that the 
complexation of all homologues is driven by the removal of a 
constant number of, presumably all, water molecules from the 
cavity. Why the smaller furan has a larger binding constant 
(7100 M–1)[29] than THF and cyclopentanone (ca 2000 M–

1)[26,27] is a similarly unanswered question, especially since 
dispersion interactions do not drive the binding to CBs (see 
Section 5). The tiny, but non-negligible binding of 
cyclohexylmethylamine is important, because for this guest 
the maximum capacity of CB6 (cyclohexyl residue included 
in inner cavity) is reached. Guests with more than 6 heavy 
(non-hydrogen) atoms can only be accommodated if the 
structures are spherical, and the maximum is reached for 7 
heavy atoms, a prediction originally made for DBH.[31] This 
was later matched by SF6, although fluorine is effectively not 
much larger than hydrogen and may thus not be considered as 
a “heavy” atom in this context.[28] In contrast, for CB7, the 
maximum affinity coincides with a guest size of 10-11 heavy 
atoms for adamantane[81] and ferrocene,[14,88] while the 
maximum capacity appears to be approached for 12 heavy 
atoms, i.e., for carborane (C2H12B10)[96] or the product derived 
from photocycloaddition of 2 pyridine rings (here, the 2-
amino groups are considered to be located in the bond dipole 
regions, see below).[97] 

Also pertinent in the context of size considerations for 
included residues are the reported binding constants of 
tetraalkylammonium, tetraalkylphosphonium, and 
trialkylsulfonium ions.[98,99] Although these guests are 
cationic, their binding topology is special because the cationic 
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sites do not interact with the dipolar regions of CB7, but they 
are fully or partially immersed in the inner cavity, thus 
revealing an overall hydrophobic driving force. The 
variations of the alkyl substituents have revealed maxima of 
the binding constants on the order of 106 M–1 for tetraethyl 
ammonium (9 heavy atoms), triethylsulfonium, and 
tetramethylphosphonium. Tetrapropyl- (13 heavy atoms, i.e., 
1 too many, see above) and tetrabutylammonium guests were 
found to be too large to be fully included in the cavity of CB7, 
with two alkyl ‘arms’ residing outside the cavity. 

Neopentylammonium associates weakly to CB6, but the 
complex is of the exclusion type, i.e., no inclusion in the 
cavity.[16,18] This can be readily deduced from the 
complexation-induced 1H NMR shifts, which are up-field for 
included protons, negligible for protons in the portal planes, 
and down-field for protons positioned outside the CB and 
above the rim. Consequently, the neopentyl group (even 
though it is composed of only 5 heavy atoms) is too large to 
be included inside CB6,[16,18] a fact which has been exploited 
by using them as stoppers in the construction of rotaxanes.[100] 
Another clear-cut hole-size exclusion effect is that DBO (8 
heavy atoms, 1 too many) cannot be included inside CB6 
while binding of the smaller homologue DBH is feasible with 
a non-vanishing binding constant (1300 M–1, Table 3).[31] 
DBO binds, however, more than one order of magnitude 
stronger than DBH inside the larger cavity of CB7 (Table 
4).[52] 

Recently, it has been recognized that the complexation of 
basic guest molecules with CBs causes shifts in their pKa 
values,[53,84-86,101] which allows the determination of binding 
constants of neutral guests from the corresponding 
experimental binding constants of the higher-affinity 
protonated counterparts even in cases where direct 
measurements are not possible, namely through a 
thermodynamic cycle. This method is limited to optically 
active guests, particularly fluorescent dyes for which accurate 
pH titrations of their UV-Vis and fluorescence spectra can be 
performed. These binding constants are also included in Table 
4 (neutral red, acridine orange, and benzimidazoles). They 
confirm in all cases a 1 to 5 orders of magnitude larger 
binding constant of the protonated forms of the guests, which 
can be used to dissect the contributions of hydrophobic 
binding (as reflected by the affinity of the neutral guests) 
from the synergetic ion-dipole interactions in the protonated 
forms.[53,84-86,101] In general, the introduction of a positive 
charge accounts for an increase by a factor of 10-100000 in 
binding constant (the absolute enhancement factor appears to 
depend critically on the “correct” positioning of the emerging 
charge). 

The state of the art of the thermodynamics of binding of 
neutral guests with CBs is therefore such that more than one 
clear-cut binding motif has been recognized for CB7, namely 
quarternary and spherical polycyclic guests as well as 
ferrocene (Figure 4 and Table 4), but that a binding motif for 
CB6 can only be indirectly inferred from studies with 
alkyl(di)ammonium[16,18,24,76,102] and alkylimidazolium[103,104] 
salts as guests. These have shown a pronounced chain-length 
dependence, and affinity maxima appear to be reached for 
C3-C5 residues included in the inner cavity (the ammonium 
methyl groups are located in the bond dipole region, i.e., they 
do not occupy the inner cavity, as established by single-
crystal structures and complexation-induced chemical shifts, 
see also Section 4.1.).[18,76] For (polar) neutral guests, such a 
trend is less obvious and can at best be inferred from the 

slightly larger binding constant of butanol compared to those 
of the other alcohols (Table 3). 

In order to predict binding preferences in more detail, 
knowledge of the inner cavity volumes is indispensable 
because it sets an upper limit to the size of potential guests 
and allows simple predictions based on the goodness of fit, in 
a simplistic approximation according to the key-lock 
principle.[31,73] A more refined method rests on existing 
knowledge of preferred packing coefficients (PCs) in 
conceptually related capsule complexes, according to which 
guests with ideal volumes can be identified.[105-111] Also 
conclusions regarding the potential presence of residual water 
molecules in the cavity can be drawn. 

4. Volumes of the Inner Cavity and Packing 
Coefficients for Guest Binding 

4.1. Methodology for Calculations of Cavity Volumes 

All cavities reported herein were computed and graphically 
represented (see Figure 2) by using the DeepView/Swiss-Pdb 
Viewer software.[112] In contrast to self-assembling 
capsules,[105,107-109] hemicarcerands,[110] and 
cryptophanes,[106,111] for which cavity volumes have been 
frequently reported, CBs possess 2 open portals which need 
to be “sealed” in order to evaluate the cavity volumes from 
computed structures. For this purpose, two identical blocking 
groups were introduced, which served as hypothetical lids to 
artificially seal the cavity. Specifically, we have employed a 
cyclic graphene-like section (Figure 7) and chose it to be 
sufficiently large to cover all CB portals, up to CB10. We 
have evaluated three different cavities for each CB (Figure 2), 
one in which the blocking group approaches with its own van 
der Waals (vdW) surface the vdW radius of the oxygens 
(expanded cavity, Figure 7), another in which it penetrates to 
the plane defined by the portal oxygen nuclei (inner cavity), 
and another one in which it is forced near the vdW radius of 
the carbonyl carbons (truncated cavity). The bond dipole 
regions (Figure 2) were visualized by first defining an 
expanded cavity with 2 blocking groups, and then placing a 
blocking group into the equator. 

 

Figure 7. Capping unit (top) and its positioning (side view, for 
CB8 as an example) utilized in the calculation of the different 
cavities. To define the expanded and truncated cavities the 
capping unit was positioned at the vdW radius of the carbonyl 
oxygens and carbons, respectively. To define the inner cavity, it  
was placed to reach the plane defined by the oxygen atoms. 

201



The Inner Cavity of Cucurbiturils 

 8 

The calculated volumes for the differently defined cavities 
are shown in Table 5. As illustrated in Figure 8, the inner 
cavity volumes increase rapidly, in a parabola-like fashion, 
when going along the homologous CBn series. 

 

Figure 8. The increase of the inner cavity volume (V) of CBs 
obeys exactly (±1Å3, solid line) the functional relationship V/Å3 = 
68 + 62(n–5) + 12.5(n–5)2, where n presents the number of 
glycoluril units. The dashed lines show the corresponding fits for 
the expanded (top) and truncated (bottom) cavity volumes; data 
from Table 5. 

Table 5. Calculated volumes of differently defined cavities and 
the bond dipole regions of CBs. Recommended values are 
shown in boldface. 

 calculated cavity volume/Å3 [a] 
CBn expanded inner truncated X-ray[b] 

bond dipole 
regions[c] 

CB5 81 (82)[d] 68 51 43 ± 7[e] 30 
CB6 164 (164)[d] 142 93 119 ± 21[f] 71 
CB7 282 (279)[d] 242 158 205 ± 18[g] 124 
CB8 479 (479)[d] 367 263 356 ± 16[h] 216 
CB9 642 515 339 - - - 303 
CB10 901 (870)[i] 691 494 - - - 407 

[a] See text as well as Figures 2 and 7 for definition and method 
of calculation; for the volume calculations with capping groups, 
the CBs were geometry-optimized under the highest Dnh, (n = 5-
10) symmetry constraints at the B3LYP/6-311G** level of theory 
with the Gaussian 03 software package,[66] see Supporting 
Information. [b] Determined from experimental crystal structures 
by removing atoms with coordinates within the inner cavity, i.e., 
between the planes defined by the carbonyl oxygens; error 
refers to standard deviation. [c] Taken as difference of the 
expanded and truncated cavities. [d] Values in parentheses were 
estimated (no details provided) from crystal structures of pure 
CBs, i.e., without guests except crystal water, from ref. [4]. [e] 
Value derived from 35 distinct cavities of 29 different CB5 crystal 
structures from the CCDC database, see Table S1 of Supporting 
information. [f] Value derived from 88 distinct cavities of 67 
different CB6 crystal structures from the CCDC database, see 
Table S2 of Supporting information. [g] Value derived from 7 
distinct cavities of 6 different CB7 crystal structures from the 
CCDC database, see Table S3 of Supporting information. [h] 
Value derived from 7 distinct cavities of 7 different CB8 crystal 
structures from the CCDC database, see Table S4 of Supporting 
information.  [i] From ref. [8]. 

Additionally, cavity volumes have also been estimated 
from a statistical analysis of various single-crystal X-ray 
diffraction structures contained in the database of the 
Cambridge Crystallographic Data Centre (CCDC). For this 
purpose, all different CB complexes in the asymmetric units 

were identified, the atoms with coordinates inside the planes 
defined by the carbonyl oxygens were removed to create the 
unfilled cavity, and atoms outside the portals (frequently 
belonging to the outer walls of another CB or inorganic ions) 
were retained as “real” lids. It should be noted that this 
strategy produced in most, but not all cases cavities which 
were recognizable by the software,[112] and the negative 
results were discarded without introducing “artificial” 
boundaries to force the cavity to become closed. The volumes 
of the recognized cavities in the different structures are 
reported as average values with standard deviation in Table 5. 

4.2. The Cavity Relevant for Hydrophobic Binding 

The calculated expanded cavity volumes (Table 5) are, 
surprisingly, in excellent agreement with previous estimates 
(no detailed methodology was described)[4] based on crystal 
structures of neat, guest-free CBs. However, these volumes 
do not provide the preferred measure for the “effective” 
volume of the hydrophobic space, because they include the 
bond dipole regions (Table 5). These are fully or partially 
occupied by atoms and residues carrying positive charges, 
commonly inorganic ions or ammoniummethyl fragments, as 
well as water. The bond dipole regions possess no intrinsic 
affinity for hydrophobic residues or guests, certainly not for 
the smaller CB homologues. In fact, the experimental cavity 
volumes (X-ray values in Table 5) fall far below the volumes 
calculated for the expanded cavities. 

The calculated truncated cavity volumes are, on the other 
hand, unreasonably small in comparison with the 
crystallographic data (with the exception of that for CB5, 
Table 5). As can be deduced from several crystal structures, 
many guests have atoms, which protrude from the inside into 
the planes defined by the vdW radii of the carbonyl oxygens. 
This is structurally viable, because the lone pair electron 
density of the oxygen atoms points, as a consequence of the 
macrocyclic topology and concave geometry, towards the 
poles of the CB axes,[67] and not towards the inside of the 
cavity (where it would disfavor hydrophobic guest binding). 
In other words, hydrophobic guests or residues can penetrate 
partially into the portal regions without interfering with the 
propensity of the oxygens to engage in electrostatic 
interactions with the solvent or cations. 

Consequently, the most useful measure to estimate the 
space available for hydrophobic interactions is that of the 
inner cavity. It provides the best match with the volumes 
derived from the X-ray analyses, and the two volumes, 
calculated and experimental, tend to converge for the larger 
CBs. Closer inspection reveals that the computed values of 
the inner cavities tend to be larger than the experimental ones, 
presumably because they do not include complexing cations 
or water residues electrostatically bound to the portals, which 
may partially protrude with their vdW volumes below the 
plane defined by the carbonyl oxygen. However, the 
experimentally found upper limits (see standard deviations of 
the crystallographic volumes) reveal nicely that in principle 
the entire volume of the inner cavity can become accessible to 
a hydrophobic guest, when it adapts a space-filling structure. 
We therefore recommend the volumes of the inner cavity to 
be used in the evaluation of the capacity of the respective CBs 
and for goodness-of-fit considerations. 
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Figure 9. Visualization of crystal structures (codes from CCDC 
data base) of the complexes of different CBs showing deep 
immersion and ideal fitting with selected hydrophobic guests, 

namely Xe in LOZNUJ from ref. [32] (note that the host is a 
decamethyl-CB5 derivative), pyridine in NERKUR from ref. [113], 
ferrocene in QAVDEX (two distinct complexes in unit cell are 
shown) from ref. [88], cyclam in YAVQIV from ref. [34], and CB5 in 
QOGRUA (with K+ ions at each CB5 portal) from ref. [35]. 

4.3. Packing Coefficients (PCs) 

Cavity volumes are not equivalent with capacities; any phase 
tends to retain a characteristic void space in order to 
maximize entropy. Leaning on what was known for packing 
in different phases, Rebek has proposed a relationship (the 
“55% solution”),[105] which predicts an optimum packing 
coefficient (PC, volume of the guest divided by the volume of 
the host cavity), generally associated with highest binding 
affinity. This rule has been developed for self-assembling 
capsules,[105,107-109] later transferred to other hosts with closed 
cavities,[106,110,111] and there is no lucid reason why it should 
not be applicable, with variations, to the cavities offered by 
CBs. Recall that the underlying reason for the void space, 
which remains in such host-guest complexes (typically 45%), 
lies in the retention of vibrational degrees of freedom of both 
host and guest, and rotational, eventually even translational 
ones of the guest, which would be lost for a compressed 
packing. Important to keep in mind, the ideal PC provides 
only information on the preferred packing; smaller and larger 
values are tolerated, at the expense of lower binding 
constants.[105,106] The latter can only be determined in solution, 
such that solid-state structures provide less meaningful 
information on the preferred packing inside the host-guest 
complex, and too large or too small PCs inside the cavity 
could well be overcome by the stability of the crystal as a 
whole; moreover, PCs in the solid state are larger than 55% 
(typically larger than 68%), which in fact characterizes this 
phase (see below). This explains why some guests, such as 
diethyl ether, which have a low affinity for CB6 in solution 
may nevertheless crystallize as their host-guest 
complexes.[114] 

We have therefore computed the volumes for a 
representative set of guest molecules with the QSAR module 
of HyperChem,[115] after geometry optimization with the AM1 
semiempirical method. The selected guests (Table 6) are 
known from crystal structures or characteristic 1H NMR shifts 
to be either fully immersed in the cavity of a particular CB, or 
to be immersed in a well defined manner with a single residue. 
Some representative examples of essentially perfect inclusion 
complexes of the different CBs are shown in Figures 5 and 9. 
Most immersed residues are hydrophobic, except for CB5, 
where also simple anions were considered;[94] these would 
certainly not bind to the carbonyl rims and can therefore be 
assumed to be deeply included.[7,91-93] 

Only guest atoms positioned with their nuclei within the 
truncated cavity must be taken into account because only 
these are expected not to protrude with their vdW radii 
outside the limits of the inner cavity (recall that the 
definitions of these two cavities differ by the vdW radius, 
Figure 7). This was judged from molecular models or, where 
available, crystal structures. In particular, cationic (amino or 
ammoniummethyl) or neutral (hydroxy or hydroxymethyl) 
pendant groups were removed in the hydrophobic guest 
volume calculations, because they occupy space above the 
carbonyl oxygen plane, i.e., outside the inner cavity. In those 
cases, the portions of the guests, which were considered to be 
hydrophobic and deeply immersed, are indicated in the 
structure charts in Figures 4 and 10 as regular bonds. For the 
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same reason (atoms outside the inner cavity), no calculation 
was performed for the CB10•CB5 complex (see CB10 
structure in Figure 9). For CB7, only guests with reported 
binding constants higher than 103 M–1 were incorporated in 
the data set, while both aromatic ketones[74] and peralkylated 
onium ions[98] were excluded because of their incomplete 
immersion in CB7. 

Table 6. Guest volumes and packing coefficients (PCs) with 
CBs; guests listed in approximate order of increasing volumes in 
the following sequence of categories: gases, solvents, aliphatic, 
aromatic, bicyclic, and miscellaneous guests. 

host guest Volume/Å3 PC/%[a] 

 CB5 O2 [b] 19 28 
 N2 [b] 24 35 
 CO2 [b] 31 46 
 Xe[b] 43 63 
 CH3OH[c] 36 53 
 CH3CN[c] 47 69 
 Cl– [d] 23 34 
 NO3

– [e] 34 50 
CB6[f] Xe 43 30 
 SF6 52 37 
 2 × CO2

[g] 62 44 
 Me2CO, propionitrile 64 45 
 furan 67 47 
 THF 77 54 
 diethyl ether[h] 88 62 
 cyclopentanone 87 61 
 butane-1,4-diamine[i] 76 54 
 pentane-1,5-diamine[i] 93[j,k] 65 
 hexane-1,6-diamine[i] 110[j,l] 77 
 cyclopropylmethylamine[m] 56[m] 39 
 cyclobutylmethylamine[m] 74[m] 52 
 cyclopentylmethylamine[m] 86[m] 61 
 cyclohexylmethylamine 104[m] 73 
 benzene[n] 89[m] 63 
 pyridine[o] 82 58 
 DBH 96 68 
 [DBO] [p] [111] [p] [78] [p] 
CB7[q] Et2CO 98 40 
 Me(tBu)CO 114 47 
 cyclopentanone 87 36 
 trimethylsilyl propionic acid 107 44 
 1[r,s] 132 55 
 DBH 96 40 
 DBO 111 46 
 bicyclo[2.2.2]octane (BCO) 121 50 
 adamantane 147 61 
 2 (cycloadduct)[r,t] 151 62 
 2 × 2-aminopyridine (dimer)[t] 161 67 
 carborane[u] 147 61 
 cis-SnCl4(H2O)2 [v] 136 56 
 ferrocene[w,x] 141 58 
CB8 cyclen[y] 217 59 
 cyclam[y] 265 72 
 3[r.z] 132 36 
 2 × p-cyanopyridine (dimer)[aa] 161 44 
 2 × 1 (dimer)[r,s] 265 72 
 trans-[Ni(en)2(H2O)2]2+ [w,aa] 158 43 
 trans-[Co(en)2Cl2]+ [w,bb] 171 47 

[a] Packing coefficient. [b] See ref. [32]. [c] See ref. [33]. [d] See 
ref. [7,92] [e] See ref. [91,93]. [f] Same references as in Table 3, 

unless stated differently. [g] See ref. [95]. [h] See ref. [114]. [i] See 
ref. [18,76]. [j] The included methylene groups were identified from 
1H NMR shifts in ref. [18], which up to hexane-1,6-diamine 
coincide with the included portions in crystal structures, cf. 
ref.[76]. [k] Same volume determined for heptane-1,7-diamine, 
see Figure 10. [l] Same volume determined for octane-1,8-
diamine, see Figure 9. [m] From ref. [31]. [n] Same included 
volumes for 4-methyl-benzylamine (ref. [31]), p-xylylenediamine 
(ref. [116]), p-phenyldiamine (ref. [117]), and 1,4-dihydroxybenzene 
(ref. [118], CB6 derivative), see Figure 10. [o] See ref. [119]. 
[p] This guest is not included in CB6 even after 1 year, negative 
control, cf. ref. [31]. [q] Same references as in Table 4, unless 
stated differently. [r] Structures depicted in Figure 10. [s] See 
ref. [4]. [t] See ref. [97]. [u] Structure from ref. [96]. [v] See ref. [120]. 
[w] Volume of guest calculated directly from the crystal structure. 
[x] See ref. [88]. [y] See ref. [34]. [z] See ref. [121]. [aa] See ref. [122]. 
[bb] See ref. [123]. 
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Figure 10. Chemical structures of selected guests investigated 
for volume calculations; the portions considered not to be 
encapsulated in the inner cavity are shown as dashed lines. 

It should be noted that arguments related to guest volumes 
have already been occasionally used to rationalize binding 
phenomena in CB chemistry. In an own early study, we 
concluded that the “capacity” or “effective volume” of CB6 is 
105 Å3, based on the volume of the cyclohexyl group,[31] the 
largest one encapsulated. But we could then not reconcile this 
value in view of the reported volume (164 Å3),[4] which we 
see now (Table 5) corresponds to that of the expanded cavity. 
The same cavity volume has been employed for the 
calculation of the PC for SF6 (48%),[28] for which a guest 
volume of 78 Å3 has been assumed, based on a “diameter” of 
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5.3 Å rather than the actual volume. The latter should be 
principally calculated with a comparable method to that of the 
cavity volume calculations, and we do in fact find a much 
smaller volume for SF6 (52 Å3, PC = 37%, Table 6). Finally, 
the guest volume of the ferrocene core was specified as 154 
Å3 (no details of calculation given),[14] which with the 
reported[4] (expanded) cavity volume of 279 Å3 gives 55%. 
While this provides an exact match with Rebek's rule, the size 
estimates for the ferrocene core vary (our own value amounts 
to 141 Å3, Table 6) and the choice of the expanded cavity 
volume would, for consistency, require the volumes of the 
attached hydroxymethyl and (trimethylammonium)methyl 
groups to be counted fully or partially into the guest volume. 
It transpires that large uncertainties in the PCs can result 
depending on how the included guest and cavity volumes are 
defined and calculated. 

Guest versus cucurbituril cavity volumes were also 
estimated with the Voronoi-Dirichlet method, which defines 
confinements with molecular polyhedra rather than vdW 
surfaces;[124] this approach produces cavity volumes which are 
similar to that of the inner cavity for CB5 (Table 5), but only 
slightly larger than that of the truncated cavity for the larger 
homologues. In fact, the volume produced for CB6 (113 ± 10 
Å3) appears to resemble more the capacity or effective 
volume of CB6 estimated previously (105 Å3).[31] The guest 
volumes produced by this method cannot be directly 
compared with (are larger than) the volumes in Table 6. It 
also predicts molecules to serve as ideal guests, which are 
very unlikely to be encapsulated on the basis of their 
molecular size (e.g., several molecules with 6 heavy atoms 
for CB5), which calls for refinement of this method. 

Due to the largely different methods, in particular for 
calculating the guest volumes, and the previous restriction to 
a single known volume as parameter (that approximated for 
the expanded cavity), it was desirable to analyze larger data 
sets of PCs to draw better conclusions. We have thus 
calculated PC values for the known inclusion complexes of 
selected guest and residues with different CBs by using the 
volume of the inner cavity as reference point (Table 6). In all 
cases the calculated volumes of the guests fell below the 
calculated volume of the inner cavity, which was sensible to 
expect. 

The PCs for molecules, which are included in CB5 range 
from 28 – 69%, suggesting that a sizable amount of void 
space remains in the case of smaller guests. Unfortunately, no 
accurate solution-phase binding constants for CB5 complexes 
are available, but when the data set in Table 6 is being taken 
as representative, a value of 47±14% is obtained as average 
and standard deviation. This is reasonable, especially because 
the data for CB5 include several gases, for which smaller PCs 
than 55% have also been reported for other host-guest 
complexes.[106,109,110] For example, methane complexed with a 
hemicarcerand[110] and cryptophane-A[106] exhibits PCs as low 
as 18% and 35%, respectively. In fact, the low PCs in the 
case of gaseous guests are in line with predictions for phase 
behavior.[125] When the occupancy factor, k, is above 0.68, the 
phase of matter is associated with the solid state; liquids tend 
to exhibit a sharp drop, to approximately 0.58. Lower values 
than 0.5 are characteristic for the gaseous phase of matter. 
Condensed phases with such low PCs, including the inside of 
host-guest complexes, resemble the environment of 
supercritical fluids,[106] where the gaseous guests behave as 
small spheres colliding with the cavity walls. 

For CB6, the average PC was found to be 58±13%, in 
nice agreement with Rebek's rule. The two investigated gases 

(Xe and SF6) have, again as expected, PCs at the lower end 
(30% and 37%). In the case of CB6, it is also known that the 
binding constants frequently reach a maximum when C4-C5 
residues are encapsulated. This has been found to be the case 
for the series of alkylammonium, diammoniumalkyl, and 
cycloalkylammonium salts. The determined PCs for these C4 
groups (e.g., 52% for the cyclobutyl ring group) are in fact 
close to 55% and rationalize this experimental finding. In 
contrast, some guests are sufficiently small to be included 
inside CB6, but too large to be comfortably bound, at least in 
solution. Interestingly, the benzene group is with 6 carbons 
already somewhat too large (PC = 63%) to be ideally bound, 
and, not surprisingly, it is a poor recognition motif for 
CB6.[16,126] For the cyclohexyl group, the PC increases even 
to 73%, and the corresponding cyclohexylmethylamine has 
indeed a hardly detectable binding (10 M–1, Table 3).[31] The 
azoalkane DBH has a PC of 68%; it binds somewhat more 
strongly (1300 M–1, Table 3), but clearly more weakly than 
smaller guests. The PC of DBO (78%) becomes ultimately 
too large to allow it to bind, although in this case a kinetic 
hindrance towards binding cannot be ruled out either.[31] 

For CB7, many groups are known to bind inside the cavity, 
but for the smaller ones, particularly alkyl chains, the co-
existence of residual water in the cavity cannot be 
excluded.[127-130] We have therefore entered in Table 6 only 
neutral guests, which have 6 or more heavy atoms included, 
and residues, which give rise to large binding constants (see 
Table 4). The resulting average PC (52±10%) agrees with 
what is expected for guests immersed in such cavities, 
although the maximum affinity appears to peak at 60% 
packing (values for ferrocene and adamantane); however, the 
“potential” appears to be rather shallow since guests with PCs 
of only 45-50% (DBO and BCO) bind also very strongly with 
CB7 (Table 4). The same agreement holds for the 
representatively selected guests for CB8 (PC = 53±15%), 
although this appears to be a coincidence in view of the error, 
which is expected to become larger as the size of the host 
increases and its rigidity decreases. 

While the agreement with the ideal PC between these 
largely different host molecules (cucurbiturils and capsules) 
may come as a surprise, the associated analysis is extremely 
valuable to rationally design guests with maximum 
binding,[14] to modulate binding constants by structural 
modifications, and to predict whether a guest can be at all 
included. The consistency between the determined PCs and 
the anticipated one, regardless of the investigated CB 
homologues, demonstrates also that the choice of the inner 
cavity as the one relevant for binding of hydrophobic residues 
is self-consistent. The use of the expanded or truncated 
cavities would have led to average PCs quite different from 
55% (e.g., 44% for the expanded cavity of CB7), and for 
some combinations far too large (e.g., 88%, for the truncated 
cavity of CB6) when compared with the accepted range of 
typical PCs in host-guest complexes (45%-65%).[105] 

4.4. Bond Dipole Regions 

The bond dipole regions (Table 5) can be fully occupied by 
added inorganic ions or cationic pendant groups of the guests. 
Also water molecules can be centered in the portal region, as 
seen in one polymorphous crystal structure of CB6.[80] The 
bond dipole regions of CB5 are very small, only 15 Å3 per 
side, and this value is very likely to be insufficient to allow 
atoms to be permanently positioned in this “bottleneck”, 
although a breathing motion of the portals can be imagined to 
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allow the entry of guests into the interior. In fact, there is only 
a single report in which a guest molecule has been presumed 
to be threaded through the CB5 portal.[131] 

The bond dipole regions for CB6 are more than twice as 
large (ca. 35 Å3 on each side), while a very early prediction 
has placed this volume as 30 Å3.[31] This is sufficiently large 
for threading, a property which has been abundantly 
employed in the construction of rotaxanes.[132-135] The isobutyl 
group is still sufficiently small to thread through the 
portal,[136] while the neopentyl group serves as a permanent 
stopper in rotaxane architectures.[100] Commonly, methylene 
groups, firstly the size-matching ammonium-methyl groups, 
are the ones found to occupy the bond dipole region in many 
CB6 complexes;[18,76] already a 1-ammonium-ethyl group is 
too large to fit in.[18] The bond dipole regions for the larger 
homologues become ultimately so spacious (> 100 Å3, Table 
5) that the permanent positioning of larger fragments such as 
phenyl rings becomes spatially viable,[23,137-139] and has in fact 
been observed in crystal structures, e.g., for CB8.[140] 
Hydrophobic regions of guests positioned in the bond dipole 
region of the larger CBs may still not be favorable, though, 
because they prevent or decrease synergetic electrostatic 
interactions. 

5. The Hydrophobic Driving Force for 
Complexation 

It is well established that the complete immersion of organic 
guests inside macrocyclic hosts, or their partial immersion, 
namely of certain residues of larger organic molecules, is 
driven by “hydrophobic interactions”. These have already 
given rise to ample discussions in the biological[141-143] as well 
as supramolecular communities,[144,145] starting from their 
definition to how they can be characterized both conceptually 
and experimentally. They are routinely considered, in 
combination with electrostatic interactions as well as specific 
topological interactions, such as C–H---π or π-π 
interactions,[38] to present the driving force for complexation 
of most organic molecules or residues inside the cavities of 
cyclodextrins, calixarenes, resorcinarenes, cavitands, and self-
assembling capsules. CBs present no exception in this respect. 
The statement that “the encapsulation of alkyl chains of 
ammonium or diammonium salts into CB6, or of adamantyl 
or ferrocenyl residues into CB7 is driven by hydrophobic 
interactions” will accordingly meet no opposition. 

But what are exactly the hydrophobic interactions with 
CBs, and why are they fundamentally different from those 
with cyclodextrins and calixarenes? Most importantly, 
hydrophobic interactions are frequently lumped together with 
dispersion interactions. These two intermolecular interactions 
are often difficult to dissect, because they are both thought to 
reach their maximum for “hydrophobic” guests in aqueous 
solution.[38] This conjecture, however, turns out to be 
incorrect for CBs, because the polarizability of their cavity is 
actually lower than that of water, such that dispersion 
interactions of hydrophobic guests or residues will actually 
slightly favor immersion in water over that in the CB cavity. 
Consequently, the immersion of neutral guests or organic 
residues in CBs is the result of “pure” hydrophobic 
interactions (assuming that the electrostatic interactions with 
the carbonyl rim are either negligible or have been corrected 
for). 

5.1. Release of Water Molecules from the Cavity 

The driving force, which leads to the encapsulation of 
hydrophobic guests inside CBs, will be largely determined by 
the number of water molecules contained in their cavity 
(mainly an entropic contribution according to the Frank-
Evans effect)[38] and the height of their energy (nonclassical 
effect with predominant enthalpic contribution).[146] Estimates 
for the number of water molecules are found in Table 7. 
Three methods were employed: 1) Crystal structures of CBs 
with or without cations complexed to the carbonyl portals, but 
always without encapsulated guests, were inspected. 2) 
Molecular dynamics (MD) calculations in explicit water were 
carried out. 3) Predictions were made from the calculated 
inner cavity volumes, the volume of a water molecule (17 Å3) 
and by assuming an ideal PC of 55%. The entirely 
independent approaches afforded values in very good 
agreement, especially if one considers that some water 
molecules in the crystal structures of the smaller CBs may 
have escaped detection due to disorder. We recommend the 
values derived from the PCs as best estimates of the number 
of water molecules contained in the inner cavity of the 
different CBs. They have the added advantage that they can 
be directly compared with the guest volumes in Table 6, 
which allows estimates on how many water molecules a 
particular guest can expel at the minimum. Note that 
predictions on the number of water molecules occupying the 
bond dipole regions near the portals are more challenging, 
because specific dipole-dipole interactions are expected to 
become dominant, and those may differ strongly in the solid 
phase versus solution. 

Table 7. Occupancy of the inner cavities of CBs with water 
molecules (recommended values shown in boldface). 

number of water molecules in inner cavity 
CBn 

X-ray [a] MD simulations [b] PC analysis [c] 
CB5 1-2 [d] 2 2 
CB6 3-4 [e] 4 [3] [f] 4 
CB7 - - - 7 8 
CB8 11-12 [g] 10 12 
CB9 - - - 14 16 
CB10 - - - 20 22 

[a] Number of water molecules found in the cavity in the absence 
of encapsulated guests; disordered molecules were counted 
according to their occupancy, where available. [b] Determined 
from MD simulations with the Amber8 software,[151] see 
Supporting Information for details. [c] Determined by assuming 
an ideal PC of 55%, a volume per water molecule of 17 Å3, and 
the inner cavity volumes from Table 5. [d] The following three 
CB5 structures were analyzed (CCDC codes): LIRTEL, BOHXEC, 
and TANJEY from refs [4,78,79]. [e] The following three CB6 
structures were analyzed (codes from CCDC database): 
BEBDOB, RIPKUX, and KOBNEV from refs [3,78,80]. [f] Value in 
square brackets from ref. [152]. [g] The following two CB8 
structures were analyzed (codes from CCDC database): 
RIPKOR and LIRTOV from refs [4,78]. 

Accordingly, the cavity of CB5 houses 2 water molecules, 
that of CB6 4, that of CB7 8, and that of CB8 12 (see Table 7). 
The comparison with cyclodextrins (CDs) is interesting, 
where the α homologue accommodates also 2 water 
molecules, the β homologue 6 to 7, and the γ one 12.[147,148] 
Thus, even though α -CD is frequently compared with CB6 
due to its similar dimensions,[149] it presents a better match 
with CB5 in terms of the number of water molecules released 
upon guest binding. CB7, in turn, may have a slightly higher 
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“water content” than β-CD, to which it is frequently 
compared.[49,84] Only for CB8 and γ-CD the common 
conception in terms of identical cavity sizes works out 
perfectly.[5] The largest isolated CB, CB10, seems to contain a 
similar amount of water as the large-ring ε-CD (22 to 26).[150] 

For CB7, the adamantyl, ferrocenyl, and bicyclic 
bicyclo[2.2.2]octyl groups (DBO and BCO, Table 4) are good 
examples of large hydrophobic groups, which are capable of 
removing all water molecules from the inner cavity (Figure 4). 
Their inclusion should result in a comparable nonclassical, 
i.e., enthalpic, hydrophobic effect due to removal of very-
high-energy water. The modulation in binding constants for 
these guests must consequently be due to differential 
desolvation of the hydrophobic residues, which presents an 
important factor in the thermodynamics of binding to any 
macrocycle, not only CBs. Instructive is the comparison of 
equally large residues. While the ferrocenyl/adamantyl couple 
is discussed below, among the neutral bicyclo[2.2.2]octyl 
derivatives, the ca. 3 orders of magnitude lower binding 
constant of DBO relative to BCO (Table 4) can be accounted 
for in terms of the strongly dipolar azo group in DBO, which 
renders this residue highly water-soluble even in the absence 
of auxiliary hydroxyl groups. The bicyclic hydrocarbon 
anchor in BCO has, however, a smaller solvent-accessible 
surface than the tricyclic adamantyl core, which results in a 
comparably smaller desolvation and, therefore, lower affinity 
to CB7. Only if the desolvation of both host and guest remain 
rather constant, similar affinities are expected. This has been 
found to be the case for longer chains with hydrophilic heads 
such as alcohols and carboxylic acids, which always penetrate 
with the same head group and approximately the same depth 
into CB6, and consequently afford very small variations in 
binding constants (Table 3). 

If one assumes that the number of released very-high-
energy water molecules dominates the driving force of CB 
complexation (this should hold best for the smaller 
homologues, up to CB7), one expects a strong increase in 
maximal binding constant for neutral cavity binders with 
increasing size of the host.[153] Indeed, such a trend becomes 
very obvious when comparing the binding constants of CB6 
(Table 3) with those of CB7 (Table 4). 

Unfortunately, few homologous series of binding 
constants of neutral guests with different CBs are available to 
further test these predictions, while the available calorimetric 
data are yet too heterogeneous to draw rigorous 
conclusions.[14,24,25,76,88,102,130,139,154] The ultrahigh affinity 
guests for CB7,[69] for example, differ in their pendant groups, 
e.g., one versus two hydroxymethyl groups or an 
aminomethyl versus a trimethylammoniummethyl one. 
Discussions of calorimetric data have frequently focused on 
enthalpy-entropy compensations (or the lack of them), mainly 
for organic ammonium salts.[14,69,139,154] These are interesting 
to be contrasted to the findings for other macrocycles such as 
cyclodextrins, but allow limited conceptual understanding, 
which would facilitate to pin-point the peculiarities of the 
inner-cavity binding of neutral guests with CBs. In fact, the 
value of enthalpy-entropy correlations in the context of 
supramolecular binding mechanisms has been questioned.[155-

162] 

5.2. The Unimportance of Dispersion Interactions 

The discussion on the unimportance of dispersion 
interactions, which we have started early,[31] and continue 
here is not a semantic one. A famous example of a CB host-

guest complex is that of 1,1'-
bis(trimethylammoniummethyl)ferrocene, which achieves 
avidin-biotin affinity with CB7.[14,69] Optimal vdW contacts 
have been held responsible for the high affinity, which would 
imply that dispersion interactions between the ferrocene core 
and CB7 are an important contributor. We contend that the 
complexation of ferrocene is not driven by dispersion (i.e., 
attractive vdW) interactions, but solely by the complete 
removal of very-high-energy water from the CB cavity 
(which can be achieved by many other, also slightly smaller 
residues) and the concomitant desolvation of the large 
ferrocenyl core. Recall that the dispersion energy, within 
London's theoretical framework of dispersion 
interactions,[38,141,145,163] increases linearly with the product of 
the polarizabilities of the interacting partners, and decreases 
steeply with increasing distance (R–6 dependence). However, 
the most recent affinity data (see alcohols in Figure 4 and 
Table 4)[69] reveal that the saturated and less polarizable 
adamantane anchor and even the considerably smaller (cf. 
Table 6) bicyclo[2.2.2]octane scaffold have larger or similar 
affinities to CB7 than ferrocene, respectively. It appears that 
the ferrocenyl group is better “solvated” in water than the 
isosteric adamantyl one (cf. Table 6), in line with the notion 
that a polarizable residue will experience a larger 
microenvironmental polarizability (Table 1) and, thus, 
dispersive stabilization in bulk water. It transpires that 
dispersion interactions inside the CB cavity do not present an 
overall enthalpic driving force for guest inclusion. 

Further in-depth scrutiny of the literature reveals that there 
is not a single experimental or theoretical indication that 
dispersion interactions drive the complexation of CBs in 
aqueous solution. On the opposite – experimental evidence 
speaks against it. Dispersion interactions are always larger for 
aromatic molecules and those containing heavy atoms than 
for saturated hydrocarbons. However, such molecules do not 
possess a particularly high affinity for CBs. The exchange of 
methylene groups by sulfur in alkylammonium guests causes 
no systematic increase in affinity with CB6.[18] The benzene 
versus cyclopentyl rings as well as the toluene versus 
cyclohexyl rings have comparable volumes (are 
approximately “isosteric”, Table 6) and are both sufficiently 
large to efficiently remove all water molecules from the CB6 
cavity. However, as previously noticed, it is the less 
polarizable cyclopentyl ring, which binds strongly with CB6, 
not the benzene ring:[31] The gain in dispersion interaction of 
a benzene ring with water is larger than the gain of a 
cycloalkyl residue with water, such that it shows a weak 
affinity for CBs in general.[164] There is also no experimental 
indication that aryl rings would bind more strongly to CB7 
than cyclohexyl rings, and the example of ferrocene versus 
the isosteric adamantane has already been elaborated on.[14,81] 
The accurate theoretical evaluation of dispersion interactions 
in CB complexes would, on the other hand, require MP2 
calculations at high levels instead of the popular DFT 
calculations.[165] To the best of our knowledge, these have not 
yet been performed. 

The observed trend towards a preferential binding of 
saturated over unsaturated hydrocarbons with CBs is opposite 
to that observed for the formation of complexes with 
porphyrins, where dispersion interactions are in fact 
dominant.[38] It is also in contrast to the binding preferences 
of cyclodextrins and calixarenes, for which the dispersion 
interactions are presumed to be largest between aryl rings and 
the cavities.[38] This “inverted” selectivity establishes CBs as 
macrocycles with highly distinctive binding preferences. 
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6. Outlook 

Cucurbit[n]urils stand out among macrocyclic hosts with 
respect to their high affinities for cationic guests and the low 
polarizability of their cavity, which gives rise to interesting 
selectivities, e.g., a preferential binding of aliphatic versus 
aromatic guests. This intrinsic selectivity has still not been 
fully exploited. The study of neutral guest binding, in 
particular, is still in its early stages, but essential to 
understand the hydrophobic driving force for complexation 
by cucurbiturils. (i) The interplay between repulsive and 
attractive van der Waals interactions (the latter being 
dispersion), (ii) between the classical and nonclassical 
hydrophobic effect (the latter being related to the release of 
the very-high-energy water molecules from the inner cavities), 
(iii) the contribution of quadrupole interactions, and (iv) the 
packing coefficients discussed herein are all desiderata which 
deserve more detailed attention in future studies. These may 
include experimentally in the solution phase the systematic 
investigation of homologous series of neutral guests, also by 
calorimetric methods, and mass spectrometry with neutral 
guests in the gas phase to eliminate the influence of the 
solvent (ionization could be achieved either by docked metal 
ions or, for CB8, by employing a charged first guest). High in 
demand are also quantum-chemical calculations at 
sufficiently high levels (e.g., MP2) to quantify dispersion 
contributions and quantum mechanics/molecular mechanics 
hybrid calculations with explicit water molecules in order to 
evaluate their release from the cavity. 
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Gas Binding DOI: 10.1002/anie.200((will be filled in by the editorial staff)) 

Strong Binding of Hydrocarbons to Cucurbituril Probed by Fluorescent 
Dye Displacement: A Supramolecular Gas-Sensing Ensemble** 
Mara Florea and Werner M. Nau*

The inclusion of small hydrocarbons into molecular container 
compounds in solution has received considerable attention.[1-9] It 
allows for a puristic understanding of the solvophobic driving force 
for the formation of discrete host-guest complexes,[10] and has 
additional potential for gas storage, uptake, and separation, thus 
complementing solid-state applications of porous materials[11,12] or 
surface-immobilized macrocycles.[13] Studies on the precipitation of 
complexes between the smallest alkanes with α-cyclodextrin date 
back to the 1950’s.[14] Subsequently, synthetic hosts such as 
cryptophanes[1], self-assembling capsules,[2-5] and 
hemicarcerands[6,7] have been investigated for their potential to 
entrap small hydrocarbons. Herein, we describe a highly sensitive 
fluorescence-based method for the quantification of volatile 
hydrocarbons binding with cucurbituril. We observe exceptionally 
strong, highly selective, and reversible binding in aqueous solution. 
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Cucurbit[n]urils (CBn) are water-soluble, highly symmetrical 
pumpkin-shaped synthetic macrocycles,[15,16] and their unique 
supramolecular chemistry is presently unfolding.[17,18] They are well 
established to bind organic ammonium ions through a combination 
of hydrophobic interactions inside the nonpolar inner cavity and ion-
dipole interactions with the carbonyl portals. While a CB5 
derivative has been reported to bind very small guests such as 
methane and acetylene,[12,19] the homologue which holds most 
promise for hydrocarbon binding is CB6,[20] the original cucurbituril, 
which possesses an intermediary size to allow inclusion of guests 
with up to 7 heavy atoms into its inner cavity.[18,21] Unfortunately, 
CB6 has an intrinsically low water solubility of about 30 µM, which 
complicates the determination of actual binding constants.[21,22] In 
particular, it prevents 1H NMR titrations, which have been routinely 
employed in all previous studies on solution-phase gas binding by 

molecular containers.[1-9] The binding of xenon with CB6 has been 
studied by 129Xe NMR in the presence of 0.2 M Na2SO4,[23] where 
the solubility is increased (but where also the binding strength 
suffers, see below). Alternatively, an alkylated CB6 derivative with 
higher water solubility has been employed, which was also 
investigated by isothermal titration calorimetry, to afford a binding 
constant of 3400 M–1 with xenon.[24] The binding constants, which 
we report herein for several simple hydrocarbons, are much larger 
than those observed for xenon, and, in fact, the largest ones reported 
for neutral guests with CB6.[18] In several cases, they exceed those 
previously observed for any molecular container.[1-9] 
In the quest for a convenient method to monitor volatile 
hydrocarbon binding to CB6, we selected an indicator displacement 
strategy[25] based on our recently developed anchor dye approach.[26] 
In detail, compound 1 possesses a putrescine anchor for strong 
binding with CB6,[27] and a microenvironmentally highly sensitive 
1-naphtylamine-5-sulfonic acid chromophore to ensure a robust 
fluorescence response upon binding. Complexation of 1 by CB6 
increases its locally excited fluorescence band (λexc = 283 nm, λobs = 
334 nm) by a factor of 50-1000, depending on pH; the binding 
constants were extracted from direct host-dye fluorescence titrations 
(see Supporting Information) to afford values of 4.3 × 107 M–1 in 1 
mM HCl (pH 3.0) and 2.5 × 103 M–1 in 50 mM NaOAc (pH 5.5). 

 

Figure 1. Fluorescence-based approach for gas sensing in 
aqueous solution. The trace refers to actual experiments with 
sequential uptake and release of n-butane and isobutane. 

The working principle for gas sensing is depicted in Figure 1. 
Starting from the pre-assembled highly fluorescent host-dye 
complex (4 µM CB6 and 1), the addition of gas results (with an 
immediate onset signaling fast exchange on the time scale of the 
experiment) in a continuous displacement of the dye until the 
saturation limit has been achieved. As can be seen from Figures 1 
and 2, the different hydrocarbons showed sizable effects and 
markedly different fluorescence responses. From the final plateau 
of the fluorescence intensity and the accurately known (owing to 
their importance for fossil energies) aqueous solubility of the 
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volatile hydrocarbons, the binding constants were directly calculated 
by assuming a 1:1 complexation stoichiometry (see Supporting 
Information), akin to competition experiments carried out, for example, 
by 1H NMR.[28] Higher-order complexes were not expected in the 
solution phase on the basis of packing arguments (see below) and 
since even xenon (volume 42 Å3) shows only 1:1 binding with 
CB6.[23,29] Moreover, representative titrations at different gas pressures 
(and assuming Henry's law, Supporting Information) showed 1:1 
binding isotherms and afforded the same binding constants, within 
error, as those obtained from repeated end-point measurements of the 
fluorescence intensity of gas-saturated solutions. The accuracy of the 
fluorescence-based method for measuring binding constants was also 
cross-checked for other neutral guests such as Xe, SF6, tetrahydrofuran, 
furan, cyclopentanone, and benzene (Supporting Information), which 
had been previously studied by NMR in saline solution. Finally, the 
inclusion nature of the complexes was established by 1H NMR up-
field shifts (in the presence of salts to achieve sufficient solubility of 
CB6 (Supporting Information). 

Table 1. Binding constants of hydrocarbons with CB6. 

K [103 M–1] [a] Hydrocarbon 
[Volume / Å3] [b] 

PC[c] 
[%] Water, 

pH 3.0[d] 
NaOAc, 
pH 5.5 

C1 methane [29] 20 < 2 < 0.05 
C2 ethane [45] 32  24 [e] 2.6 ± 0.7 
 ethene [41] 29 3.9 0.25 [e] 
 acetylene [35] 25 0.11 [e] 0.047 [e] 
C3 propane [63]  44 180 [e] 10 
 propane-d8 [63]  44 160 [f] - - - 
 propene [58] 41 25 [e] 1.4 
C4 n-butane [80] 56 280 4.4 
 1-butene [75] 53 79 1.3 
 cis-butene [74] 52 150 2.1 
 trans-butene [74] 52 21 0.32 
 isobutane [79] 56 850 23 
 isobutane-d10 [79] 56 910 [f] - - - 
 isobutene [75] 53 84 1.9 
C5 n-pentane [96] 68 9 ± 4 0.14 
 isopentane [96] 68 15 ± 5 0.30 
 neopentane [96] 68 < 2 < 0.05 
 cyclopentane [86] 61 1300 ± 300 25 ± 10 
≥C6 higher alkanes[g] [> 102] > 72 < 2 < 0.05 
[a] Determined by competitive fluorescence displacement with the 
1·CB6 reporter pair at 298 K; error in data is 20% unless specified 
differently. [b] Obtained from AM1-optimized geometries. [c] Packing 
coefficient, obtained by dividing the guest volume by the inner cavity 
volume of CB6 (142 Å3, from ref. [18]). [d] Adjusted with 1 mM HCl. [e] 
10% error. [f] Measurement relative to protiated form. [g] n-hexane, 
isohexane, 2,3-dimethylbutane, cyclohexane, n-heptane.  

The binding constants for the different hydrocarbons are shown 
in Table 1. Most important, because the fluorescence-based method 
allows the use of very low CB6 concentrations (0.1-4 µM), well 
below its solubility limit, measurements could not only be 
performed in 50 mM NaOAc (pH 5.5), but also in salt-free solution 
at pH 3.0 (1 mM HCl was employed in order to exclude pH 
fluctuations in the course of the measurements). The first surprise 
from the data in Table 1 is that the affinity of simple hydrocarbons 
to CB6 in water is exceptionally high, contrasting the common 
conception of CBs as cation-receptor macrocycles.[30] The 
selectivity of CB6 towards hydrocarbon binding stands out also 
when compared to previously investigated molecular 
containers.[1,2,4,9] Figure 3 shows DFT-optimized structures of the 
corresponding inclusion complexes, which nicely illustrate the hole-
size and cavity-height matching of some representative gases. 

 

Figure 2. Displacement of dye 1 (4 µM) from CB6 (4 µM) monitored 
by fluorescence after saturation of aqueous solutions with different 
gaseous a) alkanes and b) alkenes and acetylene. Measurements in 
water at pH 3.0, λexc = 283 nm. Note that hydrocarbons showing 
similar displacements may exhibit different binding constants due to 
varying solubilities (cf. Supporting Information). 

 
Figure 3. Optimized geometries of the CB6 complexes with a) n-
butane, b) 1-butene, c) isobutane (side view), and d) isobutane (top 
view) at the B3LYP/6-31G** level of theory (gas phase). 

Gases, which were known to bind – although with unknown 
affinity – to CB5,[12] (CH4, but also Ar, Kr, N2, and O2) did not show 
any detectable binding with CB6. Isobutane is bound strongest, with 
a binding constant approaching 106 M–1. Different hexanes and 
larger alkanes caused no fluorescence displacement at all, 
suggesting a more than 2 orders of magnitude lower affinity, which 
is consistent with the previously measured very low binding of a 
neutral cyclohexane derivative (10 M–1).[21] As might be expected 
from the spherical void, CB6 preferentially includes branched and 
cyclic hydrocarbons (isobutane > n-butane and cyclopentane >> n-
pentane), which reveals an interesting constitutional selectivity. 

The size selectivity can be illustrated by considering the packing 
coefficients (PCs) of the different gases (Table 1).[18] As can be seen, 
a maximum is reached for isobutane and cyclopentane with guest 
volumes of 79-86 Å3, corresponding to a packing coefficient of 56-
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61%, in good agreement with Rebek´s “55% solution”.[2,3,31] The 
affinity drops expectedly for smaller and larger guests, 
corresponding to a too loose or too tight packing. CB6 also 
differentiates well between saturated and unsaturated hydrocarbons: 
alkenes show a 4-10 times weaker binding. This drop is unlikely to 
be due to the minimal size variation (5-10%, Table 1), but rather to 
the 3-5 times higher water solubility of alkenes, which reduces the 
driving force for inclusion. The same trend applies for acetylene, 
which has not only a factor of 9 higher water solubility than 
ethylene, but also a more than a factor of 30 lower affinity to CB6. 
Stereoselective binding is also observed, as revealed by the 7 times 
larger binding of cis-butene versus its trans form, a stereochemical 
effect which manifests itself on the larger-molecule scale in the 
preferential binding of a cis-azobenzene with the homologous 
CB7.[32] The comparison of the four butene isomers is particularly 
intriguing. They display virtually the same water solubilities and 
volumes, and are consequently capable of displacing the same 
number of very-high-energy water molecules from the cavity of 
CB6.[18] Also attractive van der Waals interactions are expected to 
be comparable due to their comparable polarizability, which leaves 
the observed order (cis-butene > isobutene ≈ 1-butene > trans-
butene) presently unaccounted for. 

Neopentane is equally large as isopentane and 2,3-
diazabicyclo[2.2.1]hept-2-ene (all 96 Å3) and shows additionally an 
essentially perfect shape fitting. Nevertheless, only the latter two 
guests show sizable binding with CB6 (Table 1 and ref. [21]). The 
absence of binding of neopentane must consequently be due to a 
kinetic effect, i.e., the tight cucurbituril portals block the ingression 
of the most bulky guest (constrictive binding).[6,21,33] Indeed, already 
Mock and Shih have shown that neopentylammonium does not form 
inclusion complexes with CB6.[34] 

Alkali cations affect the thermodynamics and kinetics of binding 
of guest molecules to cation-receptor macrocycles in an adverse 
fashion.[22,27,35,36] Nevertheless, the addition of salts is routinely 
applied when working with CB6 to increase solubility and enable 
NMR measurements.[15,21,28,35] Even though salts are not expected to 
interact with the inert nonpolar hydrocarbons investigated herein, 
they destabilize the resulting host-guest complexes. In detail, the 
binding constants dropped by 1-2 orders of magnitude in the 
presence of 50 mM Na+ ions, which are known to bind to the 
carbonyl portals, and thereby compete with the binding of guests. 
Our data also reveal a guest-size dependence: The C4 and C5 
hydrocarbons show the most pronounced drop in binding constant in 
the presence of salt. This is well in line with a steric hindrance, 
where the sodium ions bound to the portals interfere strongly with 
the binding of large guests (Figure 3), and only weakly with smaller 
ones such as the C2 hydrocarbons. From a conceptual viewpoint, the 
differential salt effects set precedent that cations do not only lead to 
much smaller absolute binding constants, but that they also 
adulterate the intrinsic selectivity of CB6. For example, in the 
presence of sodium, ethane, cis-butene, and isobutene appear to 
have the same affinity for CB6, while in its absence the true 
selectivity order emerges, with cis-butene > isobutene > ethane. The 
different gases do therefore not only show different absolute 
fluorescence responses, but also exhibit characteristic salt effects 
towards the fluorescent sensing ensemble. The possibility to 
modulate the binding constant by simple addition of salts (or other 
competitors for CB6 such as cadaverine) offers, on the other hand, 
the possibility to effectively trigger the release of an encapsulated 
analyte.[21,26] 

 
Figure 4. 1H NMR spectra of neopentane-saturated D2O before and 
after addition of CB6. 

The apparent isotope effects for complexation of perdeuterated 
propane and perdeuterated isobutane with CB6 were determined by 
relative measurements. The resulting values (K'H/K'D, assuming 
identical solubilities of the isotopomers)[37] were 1.1±0.1 and 
0.9±0.1 (Table 1) and are therefore negligible within experimental 
error. Significant deuterium isotope effects have been occasionally 
observed on host-guest complexation equilibria (0.98–0.58),[38] but 
in all previously investigated cases the binding was driven by C–H--
-π interactions between the aromatic guest and aromatic host, which 
respond sensitively, through variations of the partition function 
caused by changes of the C–H versus C–D vibrational energies, to 
deuterium isotope effects. The complexation of hydrocarbons by 
CB6 does not involve specific interactions of the C–H and C–D 
bonds, such that the observed absence of a sizable deuterium isotope 
effect can be well accounted for. 

In conclusion, we have applied for the first time a fluorescent 
dye displacement approach to the real-time monitoring of gas 
binding. Volatile hydrocarbons bind very tightly and selectively to 
cucurbituril in water. The set of binding constants is the most 
extensive one so far obtained for binding of nonpolar neutral guests 
with a cucurbituril, and the largest one for complexation of gaseous 
hydrocarbons to macrocycles in general. They will serve as a 
benchmark, in particular since the measurements refer to aqueous 
solution, for the choice of force fields and solvation models in MD 
simulations in an effort to reproduce hydrophobic effects in 
supramolecular host-guest binding phenomena. The affinity data 
provide the thermodynamic foundation for patented claims,[20] and 
practical applications of the differential binding of CB6 towards 
different gases are indeed not far-fetched. For example, even though 
commercial neopentane is already highly pure (99%), it contained 
traces of an unknown impurity at approximately 1.66 ppm (Figure 
4), which accumulated upon prolonged bubbling. Addition of solid 
CB6 to a D2O solution of neopentane resulted in the selective 
removal of the impurity. Neopentane is too large to be encapsulated 
and, hence, very effectively purified. 

Experimental Section 
Gases of highest commercial purity (≥ 99%) were purchased from Air 
Liquide, Germany, except for cis- and trans-butene (Sigma-Aldrich, 
Germany), neopentane (ChemSampCo, USA), propane-d8 (ISOTEC™, 
USA), and 2-methylpropane-d10 (CDN Isotopes, Canada). Liquid 
hydrocarbons were from Sigma-Aldrich, Germany. CB6 was 
synthesized as reported[15,16] and an independently prepared sample 
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(which afforded the same results) was kindly provided by Dr. H.-J. 
Buschmann. Fluorescence measurements were done with a Varian 
Eclipse fluorometer at 25.0 ± 0.1 oC (using an external Peltier 
thermostat). Experiments for the sensing of gaseous hydrocarbons 
and noble gases were performed in a rubber-sealed long-neck quartz 
cuvette. The different gases were administered to the aqueous 
mixture containing the 1·CB6 complex by purging with a needle. For 
the on-line monitoring of the uptake of volatile liquid analytes, we 
employed N2 as carrier gas for transferring the hydrocarbon of interest 
through the gas phase into the aqueous solution containing the 
reporter pair until the solubility limit was reached. Experiments at 
varying gas pressures were performed by deaerating a home-built 
cuvette by three freeze-pump-thaw cycles and subsequently dosing 
different gas pressures on a vacuum manifold, as detailed in our 
previous gas-phase work.[39] Acetylene was also dosed in this manner 
(instead of bubbling) to avoid the accumulation of acetone, an 
ubiquitous stabilizer in acetylene samples. For those hydrocarbons, 
which showed no immediate effect on the fluorescence signal, the 
solutions were exposed for a prolonged time (several hours) to 
exclude the possibility of a slower guest exchange kinetics being 
responsible for the absence of binding. 
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Strong Binding of Hydrocarbons to 
Cucurbituril Probed by Fluorescent 
Dye Displacement: A Supramolecular 
Gas-Sensing Ensemle 

 

No more hydrophobia for volatile 
hydrocarbons, which can now be 
reversibly encapsulated by cucurbituril. 
Surprisingly, the pumpkin-shaped 
molecular container exhibits a wider 
array of likings as initially believed and 
their high affinity and selectivity towards 
neutral molecules have been unveiled 
for the first time in salt-free aqueous 
solution. A supramolecular sensing 
ensemble, composed of cucurbit[6]uril 
and an anchored indicator dye, is 
introduced as a highly sensitive 
fluorescence-based on-line detection 
tool for gas binding in solution. 
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