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Per-O-methylated cyclodextrins containing a single 2-O-

(2-acetate), 2-O-(3-propanoate) or a 6-carboxylate were investi-

gated for glycosidase activity on p-nitrophenyl glycosides. The

former two compounds displayed enzyme catalysis giving rate

accelerations of 500–1000, while the latter compound gave

marginal catalysis. These results show that per-O-methylated

cyclodextrins direct substrate binding from the secondary face

leading to better catalysis.

Enzymes have fascinated chemists since the time of Emil

Fischer. This is not surprising since they are crucial for essen-

tially every biological event, and their power and selectivity are

of a magnitude beyond normal chemical standards.1 While a

century long major research effort in protein chemistry, bio-

chemistry, molecular biology and crystallography has unraveled

much about existing enzymes, actually building new enzymes

is still very difficult.2 Thanks to a monumental effort by

Breslow3 and others,4 cyclodextrin derivatives have proven

to be the most successful artificial enzymes, but the number of

compounds that actually display Michaelis–Menten kinetics is

still quite small.5 One of the problems with cyclodextrins is

perceived to be a tendency to indiscriminate binding allowing

guests to bind from both faces of the cavity and opposite

orientations.3b

Diacid 1 (Fig. 1) is an example of a cyclodextrin based

artificial enzyme.7 It catalyses hydrolysis8 of nitrophenyl

glycosides at 59 1C, pH 8 in phosphate buffer with a rate

increase (kcat/kuncat) of bound substrate (relative to unbound)

of 989 (Table 1). The catalysis is presumably a result of

electrostatic effects: when the substrate binds to the primary

face of 1 (Fig. 2, top left) the anomeric center comes close to

the negatively charged carboxylate, which promotes the

formation of a positively charged transition state. It is likely

that the substrate can bind in several orientations only some of

which allow catalysis. Thus a complex between 1 and substrate

with the sugar at the secondary face (Fig. 2, top right) will be

unproductive and, as it undoubtedly also is formed, leads

to a decrease in overall catalysis. If binding orientations

could be limited it would obviously pave the way for better

artificial enzymes. In this communication we report that per-

O-methylation can be used to obtain such substrate control.

Per-O-methylation of cyclodextrins is potentially attractive

since it gives these molecules a wider range of solvent

solubilities, while retaining or even increasing water solubility.

More important in this context it is known that per-O-methylated

cyclodextrins have a more narrow primary face opening.9 Also it

has been shown by crystallography that several guests, among

them p-nitrophenol, bind to cyclodextrin and per-O-methylated

cyclodextrin in opposite orientations.10

The per-O-methylated analogues of 1, 26 and 3
11 (Fig. 1)

were quite disappointing: both 2 and 3 displayed poor or

no enzymatic activity (Table 1). However in contrast the

O-methylated derivatives 411 and 511 that have a single carboxylic

acid attached to the secondary face (Fig. 3) were found to be

much better. Under similar conditions 4, which has an

acetic acid residue attached to 2-OH, catalysed hydrolysis

of p-nitrophenyl b-glucoside displaying Michaelis–Menten

Fig. 1 Cyclodextrin derivatives 1–3 having carboxylic acids at the

primary rim.

Table 1 Kinetic parameters for hydrolysis of nitrophenyl glycosides
in 0.5 M phosphate buffer, pH 8.0, 59 1C

Catalyst Substratea kcat (�107 s�1) Km/mM kcat/kuncat

1
7 PNP b-glc 188 7.90 989
2
6 PNP b-glc 17 — 122
3 PNP b-glc 1.5 — 14
3 PNP a-glc — — —
3 PNP a-gal — — —
3 ONP b-gal — — —
4 PNP b-glc 269 4.68 975
4 PNP a-glc 217 4.88 538
4 PNP a-gal 289 3.02 763
4 ONP b-gal 55 0.59 56
5 PNP b-glc 173 5.53 517
5 PNP a-glc 273 6.37 646
5 PNP a-gal 131 1.97 326
5 ONP b-gal 31 — 19

a PNP= p-nitrophenyl, ONP= o-nitrophenyl, glc= D-glucopyranoside,

gal = D-galactopyranoside.

Department of Chemistry, University of Copenhagen,
Universitetsparken 5, 2100 Kbh Ø, Denmark.
E-mail: bols@kemi.ku.dk
w Electronic supplementary information (ESI) available: Experimental
procedures, plot of kcat vs. phosphate, kinetic plots and data with
errors included and Roesy spectra. See DOI: 10.1039/c0cc02071k

COMMUNICATION www.rsc.org/chemcomm | ChemComm

Pu
bl

is
he

d 
on

 2
4 

Se
pt

em
be

r 
20

10
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
C

ru
z 

on
 2

3/
10

/2
01

4 
17

:2
4:

22
. 

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/c0cc02071k
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC046041


7770 Chem. Commun., 2010, 46, 7769–7771 This journal is c The Royal Society of Chemistry 2010

kinetics and giving a kcat/kuncat of 975 (Table 1). The corres-

ponding a-glucoside and galactoside substrates were also

accepted with kcat/kuncat of 538 and 763, respectively. Only the

o-nitrophenyl b-galactoside was a poor substrate probably

because the change in aromatic substitution leads to unproductive

or poor binding.

The analogue 5, which had a 3-propionate at a 2-OH

(Fig. 3), behaved very similar to 4, the only difference being

that the rate accelerations for most substrates were slightly

smaller (Table 1).

On first sight the catalysis displayed by 4 and 5 appears very

similar to that of unmethylated primary face substituted

cyclodextrin acids such as 1. Thus the catalysis by 4 shows

similarly a linear dependence in phosphate (Fig. 4), which

indicates that phosphate is involved in the reaction as a

nucleophilic catalyst.12 However, only one acid group is

required for the catalysis here while for the primary face

substituted acids two carboxylate groups are necessary. Also

4 (unlike 1) does not need phosphate assistance for catalysis as

a component of the catalysis will occur without the presence of

phosphate (Fig. 4). Therefore these secondary face substituted

cyclodextrin acids appear more potent than the primary face

substituted cyclodextrin acids.

Overall the data show that while per-O-methylation decreases

catalysis for cyclodextrin acids with the carboxylate at the primary

face, per-O-methylated cyclodextrins with a carboxylate at the

secondary face works well. This behavior can be explained

by a change in binding equilibria as shown in Fig. 2. If

unmethylated cyclodextrin derivatives, such as 1, bind nitro-

phenyl glycosides both from the primary and the secondary

face (Fig. 2, top), while per-O-methylated derivatives predo-

minantly bind at the secondary face (Fig. 2, bottom) catalysis

as the one observed would be expected. To verify this binding

behaviour NMR spectra of the complexes of 4-nitrophenyl

b-D-glucoside (PNP glc) with either b-cyclodextrin (CD) or

per-O-methyl-b-cyclodextrin (MCD) were analyzed. In the

complex between CD and PNP glc NOEs were observed

between the aromatic protons (in PNP glc) and H-5 and H-3

(in CD), while in the complex with MCD the o-nitro protons

(in PNP glc) show NOE to both H-3 and H-5 (in MCD), while

the m-nitro protons only have NOE to H-3 (see ESIw). This
clearly shows a change in binding conformations towards

more predominant binding from the secondary face when

MCD is host.

In summary this work shows that per-O-methylation of a

cyclodextrin artificial enzyme can direct its substrate binding

towards the secondary face. In this particular case the more

discriminative binding appears to cause more efficient catalysis.

Catalysis is presumably caused by electrostatic interactions

(for suggested transition state see ESIw). Limited substrate

control is undoubtedly one of the drawbacks when cyclo-

dextrins are used in artificial enzymes and per-O-methylation

may be one of the solutions to this problem.
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