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The macrocyclic host cucurbit[7]uril exhibits highly specific

inhibitory effects on the activity of proteases, which can be

analyzed by a host–substrate complexation model.

Interactions of biomolecules (e.g., peptides and proteins) with

macrocyclic receptors are of current interest for sensor1 and

therapeutic applications2–4 as well as enzyme-assisted synthesis.5,6

While calixarenes1,2 and cyclodextrins3–5 have been frequently used

in this context, studies with cucurbiturils are scarce,7–11 although

interesting differences between these classes of macrocyclic

receptors have frequently been found. Herein, we compare the

activity of a set of peptide model substrates (Scheme 1) towards the

proteases chymotrypsin (CT), trypsin, and leucine aminopeptidase

(LAP) in the absence and presence of cucurbit[7]uril (CB7). We

demonstrate that the supramolecular complexation affords a

highly efficient inhibition of several substrates, which has a direct

bearing on drug delivery systems and potential biological effects.

Substrate hydrolysis was monitored by fluorescence (1–3) or

absorbance (4–6) (see ESI{). In the absence of CB7, all proteases

cleaved the model substrates with the expected rates (cf. Fig. 1 and

Table 1). Addition of CB7 had an inhibitory effect on the activity
of trypsin towards 1 and 6 and the activity of LAP towards 2–3. In

contrast, the activity of trypsin towards 4 and 5 as well as the

activity of CT towards 1 was not significantly affected. The

conservation of enzymatic activity for several protease/substrate

combinations (e.g., 4 and 5 with trypsin) and pronounced

substrate-dependent variations (e.g., 2 vs. 3 with LAP) revealed

immediately that a complexation of the substrate and not an inter-

action with the enzyme was responsible for the inhibitory effect.

Naturally, CB7 will bind to several sites of the large and

polyfunctional substrates with different affinity. For example,

control experiments by 1H NMR, UV-Vis absorption, and

fluorescence spectroscopy confirmed that also those substrates,

whose activity was not influenced, were complexed by CB7 under

the employed conditions. In addition, the exchange kinetics of CB7

is fast on the timescale of the enzymatic digestion.10 We therefore

introduced an apparent binding constant Ka (eqn (1)), assuming a

1 : 1 host–guest binding model for simplicity, as a measure of the

complexation-induced inhibition. Accordingly (eqn (2)), the initial

hydrolysis rate k0 under equilibrium conditions is given by a linear

combination of the cleavage rates for the uncomplexed (kS) and

complexed (kS?CB7) substrate, weighted by their molar fractions (xS

and xS?CB7). A plot of the initial rate vs. CB7 concentration

provided Ka and kS?CB7 (Table 1).12
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Scheme 1 Substrates for CT, trypsin, and LAP; dashed lines indicate

cleavage sites, arrows indicate the presumed interaction sites with CB7.

Fig. 1 Enzyme kinetic traces in the absence (black) and presence (red) of

CB7 for the activity of (a) trypsin towards 30 mM peptide 1 (red: with

100 mM CB7), (b) CT towards 30 mM peptide 1 (red: with 1 mM CB7), (c)

trypsin towards 500 mM amide 6 (red: with 1 mM CB7), and (d) trypsin

towards 500 mM ester 4 (red: with 5 mM CB7).
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k0 = xSkS + xS?CB7kS?CB7 =
kS + (kS?CB7/[S]0 2 kS/[S]0)[S?CB7] (2)

Interestingly, in those cases where inhibition was observed, the

fitted kS?CB7 values (the cleavage rates of the complexed substrates)

became vanishingly small, such that only an upper limit is

provided in Table 1. This suggests that complexation by CB7 leads

to an efficient protection against enzymatic cleavage.

The inhibitory effect of CB7 on proteases needs to be considered

in the context of its biological activity (e.g., by suppression of

proteolytic metabolic pathways) and for potential drug delivery

applications.8 For example, the inhibition by CB7 can be viewed as

a stabilizing effect on the substrate against enzymatic degradation

which could be of great interest for the delivery of peptide-based

drugs.3,4 Cyclodextrins, for example, are utilized as such drug

stabilizing additives.3,4 However, concentrations of up to 80 mM

cyclodextrin, well above the presently used concentrations of CB7,

are required to afford similarly stabilizing effects.3b In addition, the

action of cyclodextrins is attributed to complexation of hydro-

phobic amino acid residues (Phe, Tyr, Trp) which serve as

recognition sites for several hydrolytic enzymes. CB7, in its role as

a cation receptor, is complementary because it has a high affinity

for positively charged residues (Arg, Lys).

The latter conjecture was nicely confirmed by the contrasting

effects of CB7 on substrate 1, which contains well-known

recognition sites for both, trypsin and CT. Trypsin recognizes

the positively charged arginine, and its activity was efficiently

suppressed at high CB7 concentrations (Fig. 1(a)), as would be

expected from a complexation of the arginine residue. In contrast,

cleavage of peptide 1 by CT, which specifically recognizes the

hydrophobic phenyl residue of phenylalanine, was not inhibited

(Fig. 1(b)), presumably because phenylalanine has only a very low

affinity to CB7.11

In addition, cucurbiturils are known for their preferential

complexation of positively charged N-terminal amino acids.10,11

LAP cleaves off such N-terminal residues and we therefore trace

the inhibition of substrates 2–3 back to a complexation of the

N-terminal amino acid residues. Most likely, CB7 causes steric

hindrance towards binding of the enzyme to the N terminus and

‘‘masks’’ (through ion–dipole interactions with the ureido carbonyl

groups of the CB7 portal) the positively charged ammonium

group, which are both critical for enzyme–substrate recognition.13

The more than one order of magnitude difference between the Ka

values for 2 and 3 (with exchanged terminal amino acids) supports

this model. CB7 binds more strongly with the spherical 2,3-

diazabicyclo[2.2.2]oct-2-ene residue (4 6 105 M21)7c than with the

Trp indole ring (2400 M21 for Trp-OMe in Tris buffer at pH 7.8,

this work), which results in an improved ‘‘protection’’ of the N

terminus of substrates 2 towards cleavage by LAP compared to

substrate 3.

Surprisingly, the activity of trypsin towards the esters 4 and 5

was unaffected even with 3 mM CB7 (Fig. 1(b)), while hydrolysis

of the amides 1 and 6 was inhibited as expected. Such a clear-cut

differential reactivity of esters and amides has long been sought for

when using proteases for organic synthesis, namely to increase the

selectivity of their kinetically controlled hydrolysis reactions.15 The

observed selectivity of trypsin was the more surprising since NMR

measurements (cf. ESI{) confirmed similar complexation patterns

with CB7, i.e., we observed strong upfield shifts of the aromatic

protons, consistent with binding inside the cavity, and downfield

shifts of the arginine side chain protons, suggesting portal

binding.14 The investigation of the underlying reasons for the

contrasting inhibitory effects on ester and amide hydrolysis will

consequently require the design of additional peptide model

substrates in future studies.

In summary, cucurbiturils can inhibit the hydrolysis of

substrates (and potentially drugs) towards LAP, trypsin, and

other enzymes recognizing positively charged residues. This

complements the use of cyclodextrins, which are used as stabilizers

of drugs towards CT and other enzymes recognizing hydrophobic

residues. Additionally, the observed effects of cucurbituril on

protease activity are directly relevant for potential medicinal

applications.
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