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Rotaxane and pseudorotaxane architectures are starting to
attract interest as a means of molecularly encapsulating
substrates for potential biological applications.[1–5] �Nano-
valves� that can store and release cargo molecules have been
developed,[1] and the encapsulation of squaraine dyes within
rotaxanes has been shown to enhance dye fluorescence and
stability as well as imparting different cell-localization
propensities on the substrates.[2] A stilbene-based rotaxane
has been used to control the reactivity of a dipeptidic thread
against protease hydrolysis,[3] and functionalized rotaxanes
have also been shown to serve as effective vehicles for the
intracellular delivery[4] of fluorescein-derivatized peptides.
Polyrotaxanes have been studied for their potential as drug-
delivery systems.[5] Herein, we report the synthesis and
properties of a rotaxane in which a macrocycle protects an
extended pentapeptide thread from degradation by different
types of peptidases and the cocktail of enzymes present in
human plasma. The glycosidase-catalyzed cleavage of a
carbohydrate unit in a �stopper� of the rotaxane triggers the
release of the bioactive parent peptide through a self-
immolative mechanism (Scheme 1). The demonstration that
a macrocycle is able to protect an oligopeptide of significant
length from degradation by peptidases, whilst simultaneously
allowing an orthogonal enzyme-activated release mechanism

to be built into the structure, is an important step toward the
ultimate goal of a �molecular sheath� peptide delivery system.

Benzylic amide macrocycles can be templated around
dipeptides in which glycine is the N-terminal amino acid
residue, to form [2]rotaxanes in good yields.[6] Unfortunately,
investigation of their efficacy in protecting peptide-based
threads from enzymatic degradation (a common drawback to
the use of oligopeptides in biological applications[7]) has been
hampered because the yield of the rotaxane-forming reaction
decreases rapidly with increasing peptide length.[6c,8] We
envisaged that a solution might lie in employing a bulky
nitrophenol ester[9] as a stopper for an extendable,[10] shorter,
and more efficiently constructed, peptide rotaxane. We used
this synthetic methodology to target a [2]rotaxane 1 based on
Met-enkephalin 2 (H-Tyr-Gly-Gly-Phe-Met-OH), also known
as opioid growth factor (OGF). Met-enkephalin 2 is a
pentapeptide with a range of bioactivities that include
regulation of nociception and also antitumor activity by
control of cell growth.[11] Release of the free pentapeptide was
designed to occur through cleavage of an enzyme-accessible
monosaccharide on one of the stoppers (Scheme 1) using
E. coli b-galactosidase, an enzyme that has been successfully

Scheme 1. Enzyme-triggered release of Met-enkephalin 2 from [2]rotax-
ane propeptide 1.
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targeted[12] to specific cell types in antibody-directed
enzyme prodrug therapy (ADEPT[13]) strategies.

Met-enkephalin 2 possesses the glycine residue neces-
sary for rotaxane assembly and a C-terminal amino acid
sequence (Phe-Met) that is bulky enough to act as a
stopper for a benzylic amide macrocycle. The carbohydrate
trigger[14] intended to release the bioactive peptide is
covalently attached to the rest of the thread by a nitro-
benzyloxycarbonyl linker. Following enzymatic activation
with b-galactosidase, self-immolation of the deglycosylated
stopper should result in the release of 2 along with the
mechanical disassembly of the rotaxane architecture
(Scheme 1).

Glycorotaxane[15] 4 was prepared from galactosylated
thread 3, which bears a bulky 2,6-diphenyl-4-nitrophenyl
stopper, in 26% yield (Scheme 2, step a). The rotaxane
yield is not dissimilar to that found previously[6c] using Phe-
Gly threads (32%), despite the presence of both a
nitrophenyl and tyrosyl ester in 3 that could potentially
react with p-xylylenediamine. We were delighted to find
that although nucleophile access to the activated ester
group was hindered by both the macrocycle (which was
tightly locked on the short peptide portion of the thread)
and the phenyl groups on the stopper, treatment of 4 with
H-Phe-Met-OH in CHCl3 at reflux afforded the elongated
[2]rotaxane 5 in 40 % yield (Scheme 2, step b), with no
evidence of any dethreading of 4 or 5 (59 % of 4 was
recovered from the reaction). Deprotection of the hydroxy
groups (Scheme 2, step c) furnished Met-enkephalin rotax-
ane propeptide 1. The corresponding thread 7 was also
prepared (see the Supporting Information).

The partial 1H NMR spectra of [2]rotaxane 1 and
thread 7 are shown in Figure 1. Apart from the signals that
correspond to the carbohydrate protons (shown in black),
most of the resonances in the thread are shifted upfield in
the rotaxane, thus indicating that the macrocycle is able to
(and does) move beyond the original template. Although

the rotaxane Gly-Gly methylene protons H14 and H16 are the
most shielded, which indicates that the macrocycle spends
most of its time in this region, various peptide protons
(orange) near the C terminus (e.g., H24) and protons in the
nitrobenzyloxycarbonyl spacer (green) near the N terminus
are shielded to some extent by the aromatic rings of the
macrocycle.[6]

The ability of the benzylic amide macrocycle to access
almost the full length of the extended peptide augured well
for its ability to protect the thread from degradation. We first
confirmed that Met-enkephalin rotaxane 1 was stable in
phosphate buffer at 37 8C. After 48 hours, no decomposition

Scheme 2. Synthesis of [2]rotaxane propeptide 1. a) Isophthaloyl chlo-
ride, p-xylylenediamine, Et3N, CHCl3, 26 %; b) H-Phe-Met-OH, N,N-
diisopropylethylamine (DIPEA), CHCl3, reflux, 96 h, 40 %; c) NaOMe,
MeOH, 0 8C, quantitative.

Figure 1. Partial 1H NMR spectra (400 MHz, 298 K, CD3OD) of
a) thread 7 and b) rotaxane propeptide 1. The assignments and color-
ing of signals correspond to that shown in Scheme 2. Residual solvent
peaks are shown in gray.
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was observed by HPLC. The protease resistance of the
rotaxane was then probed by comparing the behavior of Met-
enkephalin 2, rotaxane 1, and the thread 7 under the action of
different types of peptidases, the results of which are shown in
Figures 2–4.

Enzymatic digestion of each of the three substrates with
aminopeptidase M, an exopeptidase that hydrolyses Met-
enkephalin sequentially from the N-terminal amino acid,[16]

was monitored by HPLC (Figure 2). While Met-enkephalin

was rapidly degraded (< 30 minutes) using 0.005 units (U) of
enzyme per mmol of substrate, thread 7 and rotaxane 1 proved
stable for many hours under identical conditions and more
than 70% of 7 and more than 95% of 1 were recovered after
2 days. In this case, the stability of both thread and rotaxane
presumably arises from the fact that the part of Met-
enkephalin that is recognized by the enzyme (the N terminus)
is chemically derivatized in both 1 and 7.

We next explored (Figure 3) the stability of 1, 2, and 7
towards angiotensin converting enzyme (ACE), a peptidase
that hydrolyses Met-enkephalin between the Gly and Phe
residues.[17] HPLC showed that while both pristine Met-
enkephalin 2 and the N-functionalized, but non-interlocked,
derivative 7 were degraded within hours, rotaxane 1 exhibited
exceptional resistance towards the action of ACE (> 90%
remaining after 2 days). The difference in stability between
the rotaxane and thread can be attributed solely to the
mechanical barrier to the enzyme provided by the macro-
cycle.

Finally, the stability of each of 1, 2, and 7 to the cocktail of
peptidases and other enzymes present in human plasma was
evaluated (Figure 4). Met-enkephalin 2 was completely con-
sumed in less than 5 minutes in reconstituted human plasma
at 37 8C. The non-interlocked thread 7 was degraded with a
half-life of approximately 5 hours, whilst 90 % of rotaxane 1
was still present after 5 days incubation in the plasma.

Whilst the resistance to peptidases conferred by the
macrocycle on the extended oligopeptide in the rotaxane is

remarkable, if the parent peptide cannot ultimately be
liberated from the molecular sheath then the structure can
have no utility as a propeptide system. HPLC showed that the
incubation of 1 with E. coli b-galactosidase in phosphate
buffer (0.02m, pH 7.0) at 37 8C resulted in the disappearance
of 1 over 2–3 minutes (traces 2 and 3 in Figure 5b) and the
emergence of a new peak with a retention time of 28 minutes
and m/z 1318, which corresponds to the degalactosylated
rotaxane 9.[18] This peak also quickly disappeared (traces 3
and 4 in Figure 5b) concomitantly with the appearance of
benzylic alcohol 6 (the product formed by spontaneous
reaction with water of the quinone methide intermediate
released by self-immolation of the nitrohydroxybenzyl unit
(Scheme 1)), the dethreaded macrocycle (m/z 532), and free
Met-enkephalin 2. Despite the presence of the macrocycle in
1, and its efficacy in protecting the peptide portion of the
rotaxane axle from enzymes, the remote siting of the b-
galactose trigger results in no significant difference between

Figure 2. Enzymatic digestion of rotaxane propeptide 1 (blue dia-
monds), thread 7 (green squares), and Met-enkephalin 2 (orange
circles) with porcine kidney aminopeptidase M. Reactions were carried
out at 25 8C in 95 % phosphate buffer (0.05m, pH 7.2), 5% DMSO,
using 0.005 U mmol�1 of substrate. 0.0025 Ummol�1 of enzyme was
added every 12 h.

Figure 3. Enzymatic digestion of rotaxane propeptide 1 (blue dia-
monds), thread 7 (green squares), and Met-enkephalin 2 (orange
circles) with rabbit lung angiotensin converting enzyme (ACE). Reac-
tions were carried out at 25 8C in 95 % HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer (0.05m, pH 8.3), 5% DMSO,
0.3m NaCl, using 0.8 U mmol�1 of substrate. 0.4 U mmol�1 of enzyme
was added every 12 h.

Figure 4. Stability of rotaxane propeptide 1 (blue diamonds), thread 7
(green squares), and Met-enkephalin 2 (orange circles) in human
plasma reconstituted from lyophilized powder with 0.01m Tris (tris(hy-
droxymethyl)aminomethane) buffer at pH 7.4, at 37 8C.
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the rate of formation of free Met-enkephalin from rotaxane
propeptide 1 and thread 7 (Figure 5).

In conclusion, we have demonstrated a rotaxane-based
molecular device in which an oligopeptide can be protected
from a broad range of peptidases for several days and then
released in bioactive form in a matter of minutes through a
specific glycosidase-mediated controlled-release mechanism.
The concept may prove useful for the development of
practical propeptide delivery methods, derivatizing the mac-
rocycle to further improve the properties and characteristics
of the system.
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