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Mucins are glycoproteins that constitute 80% of the organic
components of mucus,1 which coats many organs, including the
respiratory, digestive, and reproductive tracts and, in some amphibia,
the skin.2 It is believed that the main function of these glycoproteins
is to protect epithelial cells from infection and dehydration as well
as from physical and chemical injuries.1-3 Although mucins exhibit
a broad range of adhesive interactions with various hydrophobic
materials,1a,2,4 including polycyclic aromatic hydrocarbons,2c there
has been no clear evidence that mucins are capable of promoting
chemical reactions. Here we demonstrate for the first time that under
physiological conditions, two representative mucins, bovine sub-
maxillary mucin type I (BSM) and porcine gastric mucin type III
(PGM), accelerate the rate of fatty acid ester hydrolysis up to 337
times relative to the mucin-free reference reaction. Moreover, under
the same reaction conditions, a Diels-Alder (DA) reaction between
N-propylmaleimide and anthracene is promoted by these glyco-
proteins. The latter reaction does not occur in aqueous media
without mucins, and the rate was accelerated up 200 times in the
presence of a mucin relative to the rate of the reference process
performed in chloroform. Mucins consist of branched oligosaccha-
ride chains attached to a protein backbone.1,4a,5 This unique
structure was discovered to be critically important to the rate
acceleration, as various cyclic and noncyclic oligosaccharides were
far less efficient in promoting the same reactions.

The first reaction we investigated was the hydrolysis of car-
boxylic esters6 (Figure 1a). A series of p-nitrophenol (pNP) esters
of octanoic, decanoic, dodecanoic, and tetradecanoic acids were
used as substrates. The reaction was evaluated under physiological
conditions using a mucin concentration of 1 mg/mL. For all of the
evaluated substrates, both the BSM and PGM glycoproteins
dramatically increased the hydrolysis rate relative to that for the
reaction in the absence of mucin. The rates fitted typical pseudo-
first-order kinetic curves,7 with longer alkyl chain esters reacting
at lower rates (Figure 1b). The evaluated mucins were capable of
accelerating the rate of fatty acid ester hydrolysis up to 337 times
relative to the mucin-free reference reaction performed in sodium
phosphate buffer (Figure 1b). We found that in the case of both
BSM and PGM, complete conversion of pNP esters to the
corresponding products was achieved. Interestingly, PGM exhibited
a much greater difference in hydrolysis rates (kobs) than BSM for
pNP octanoate and pNP tetradecanoate (16-fold). Also, BSM
demonstrated less selectivity: there was only a 4-fold difference
between the highest and lowest rates for the evaluated esters. These
rate variations probably result from differences in the spatial
arrangements of these amorphous glycoproteins.

To assess the influence of the glycosidic moieties on the
capability of mucins to promote hydrolytic reactions, we compared
the rate of ester hydrolysis in the presence of BSM and PGM
glycoproteins with those observed in the presence of various
oligosaccharides. A series of oligosaccharides, including lactose,

γ-cyclodextrin,8 amylose,9 and arabic acid, were evaluated as
promoters of pNP octanoate and pNP dodecanoate ester hydrolysis.

We found that the smaller lactose and γ-cyclodextrin sugars had
practically no effect on the rate of hydrolysis of either pNP ester.
In contrast, a clearly detectable acceleration in the reaction rate
was observed when the larger amylose and arabic acid oligosac-
charides were present in the solution. More specifically, amylose
promoted hydrolysis of pNP octanoate and dodecanoate with 5-
and 24-fold rate increases, respectively, relative to the reference
oligosaccharide-free reactions, whereas arabic acid exhibited 9- and
21-fold accelerations, respectively. However, the rate accelerations
by amylose and arabic acid oligosaccharides were significantly less
than those observed with BSM and PGM glycoproteins (Figure S1
in the Supporting Information). Our findings strongly suggest that
the spatial arrangement of glycosidic moieties resulting from their
attachment to mucin protein backbone1,4a,5 plays an important role
in the hydrolytic activity of these glycoproteins. To support this
hypothesis, a deglycosilated BSM (dBSM) was prepared and
evaluated as a hydrolysis promoter. For the pNP octanoate and
dodecanoate ester hydrolyses, the dBSM gave 26-fold and 13-fold
slower reactions, respectively, than the corresponding parent BSM
(Figure S1). For comparison, a control mixture of dBSM and arabic
acid (mimicking the parent BSM) was capable of promoting the
hydrolysis of these esters at rates very similar to that for arabic
acid only.

The second chemical transformation that we studied was a DA
cycloaddition. To demonstrate the remarkable and unprecedented
properties of mucins to promote the DA reaction in phosphate buffer
solution, highly hydrophobic unsubstituted anthracene and N-
propylmaleimide were selected as the diene and dienophile,
respectively (Figure 2a).10 Both the BSM and PGM glycoproteins
not only were capable of solubilizing these substrates2c (anthracene
was added to the reaction mixture in its solid form and not as a
nanosuspension) but also markedly promoted the DA process

Figure 1. (a) Hydrolysis reaction of pNP esters 1a-d. (b) Kinetic data
for hydrolysis of 1a-d by BSM and PGM vs the mucin-free reference
reaction.
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between them; in contrast, without the presence of mucins, no
product 3 could be detected, eliminating possibility of an
“on-water”-type10d,h chemical process involving these reactants. For
kinetic studies, solutions of either BSM or PGM were preincubated
with solid anthracene for 48 h. Next, mucin-bound anthracene
complexes were separated from nonbound solid anthracene by
filtration and reacted with excess N-propylmaleimide. After workup,
the amount of extracted product 3 was determined by HPLC using
separately synthesized 3 as a reference standard. We found that in
case of BSM, a typical conversion of anthracene to 3 was 65%,
whereas for PGM, 47% conversion was observed. Under the tested
conditions, the reaction was accelerated 39- and 24-fold by BSM
and PGM, respectively, relative to the rate of the same reaction in
chloroform (Figure 2b).

To date, several investigators have reported a rate enhancement
for certain DA reactions performed in aqueous solutions.10 This
phenomenon has generally been explained by the hydrophobic “on-
water” effect. However, in those cases, starting materials with better
water solubility were used, such as anthracene-9-carbinol and
N-ethylmaleimide.10e It should be stressed that numerous thermal
DA reactions between unsubstituted anthracene and various dieno-
philes are known.10f All of these thermal reactions require organic
solvents and high temperatures. In contrast, our mucin-promoted
DA process was successfully performed in phosphate buffer at 37
°C.

The importance of the mucin glycosidic moieties was evaluated
by analysis of the same cycloaddition reaction in the presence of
lactose, γ-cyclodextrin, amylose, or arabic acid oligosaccharides.
Only arabic acid accelerated the rate of the DA reaction (Figure
2b). However, in the presence of the latter oligosaccharide, the
measured acceleration in the rate was an order of magnitude less
than in the presence of either the BSM or PGM glycoprotein. We
hypothesize that the lack of activity of lactose, γ-cyclodextrin, and
amylose is due to the inability of these oligosaccharides to solubilize
anthracene. When the aforementioned dBSM protein was tested as
a promoter of the DA reaction, we found that for the evaluated
substrates the DA reaction was 6-fold slower than in the presence
of the parent BSM, while the dBSM-arabic acid mixture performed
at the level of arabic acid only (Figure 2b).

The discovered property of mucins to accelerate organic chemical
reactions provides a new and unique example of natural nonenzy-
matic proteins capable of promoting reactions of hydrophobic
materials in aqueous solution. As heavily glycosylated mucins
showed unique properties in comparison with various oligosaccha-

rides, dBSM, and their mixtures, we propose that mucins perform
the task of dissolving the hydrophobic compound (with subsequent
promotion of organic reactions) by folding of their amorphous
oligomeric structure in order to create local hydrophobic environ-
ments in which such reactions can take place. Furthermore, our
results may lead to a better understanding of how various highly
reactive therapeutic agents undergo metabolic processes in a mucus
layer. Studies of mucin chemical reactivity are also relevant to
development of biocompatible materials for implantable devices,
such as birth control devices, orthodontic devices, digestive-tract-
implantable devices, and contact lenses, all of which have surfaces
that come into direct, long-term interaction with mucus.1a,4c,5,11,12

In this report, we have demonstrated mucin-based acceleration
of carboxylic ester hydrolysis and Diels-Alder carbon-carbon
bond-forming reactions. Further studies will determine whether
these glycoproteins accelerate other organic transformations in
aqueous solution, such as hetero-DA reactions and dipolar
cycloadditions.
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Figure 2. (a) DA reaction for the preparation of compound 3 catalyzed by
mucins. (b) Kinetic data for DA reactions catalyzed by BSM, PGM, and
arabic acid vs the reference reaction performed in chloroform.
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