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Silicate matrices effectively replicate both the isolation and
preorganization found in the active sites of flavoenzymes.

The peptide scaffolding found in proteins performs two crucial
roles in defining the active site environment. First, it provides
isolation of this active site from unwanted interactions with
water and other entities. Second, it presents reactive function-
ality in the geometry required for efficient recognition and
catalysis. While researchers have been able to use solution-
based model systems to explore key aspects of both isolation1

and recognition,2 the creation of models that simultaneously
replicate both functions remains an intimidating prospect.3

One means of obtaining isolation is through the use of
nanoporous4 and mesoporous5 media. In recent research we
have demonstrated efficient hydrogen bond recognition of
flavin mononucleotide (FMN)6 in sol-gel silicates.7 In these
systems, incorporation of the flavin into the cybotactic region of
the silicate effectively modeled the isolation provided by the
active site. Hydrogen bond recognition of the flavin was then
provided by doping with a diaminopyridine-based receptor,
replicating the enzyme-cofactor hydrogen bonding found in the
flavoenzymes.8

Aromatic–aromatic interactions are an important motif in
flavoenzyme architecture (Fig. 1). As with hydrogen bonding,
aromatic stacking plays a dual role in flavoenzyme function,
providing efficient recognition of the flavin cofactor, and
serving to modulate its reactivity.9 In recent investigations, we
created effective solution-phase models for enzyme–cofactor
aromatic stacking.10 We report here the use of silicate sol-gels
to provide both isolation and preorganization for flavin–
aromatic complexes, effectively replicating the role of the
protein scaffolding.

Flavin-containing sols were prepared via the addition of
dilute acid and tetraethyl orthosilicate (TEOS) to an aqueous
solution of flavin mononucleotide (FMN) 1, followed by

sonication to homogeneity. Aromatic stacking interactions were
probed by addition of varying quantities of anthracene deriva-
tive 2 to the sol.12 Sols were then poured into cuvettes and
sealed: wet gels formed within 100 h.

The optical transparency of the silicate matrix allowed direct
spectroscopic observation of aromatic stacking. As shown in
Fig. 2, increasing quantities of receptor 2 resulted in decreased
flavin fluorescence emission. This is consistent with solution-
based studies, where we have established that aromatic stacking
between the electron-rich anthracene and the electron-poor
flavin effectively quenches flavin fluorescence.13

During the course of hydrolysis and gelation, there is
negligible change ( < 2%) in the volume of our sol-gels. We can
therefore calculate an approximate pore volume by calculating

the quantity of EtOH released during the hydrolysis of the
orthosilicate. Assuming complete hydrolysis of TEOS, the final
gel will be 17% silicate and 83% EtOH. Given this volume, the
association constant for the FMN 1–receptor 2 complex can be
fitted to a 1 : 1 binding isotherm,14 providing an estimated
binding constant of 200 ± 50 m21 (Fig. 3).15 This is
considerably higher than that observed for N10-isobutylflavin
316 with acylated aminoanthracene 4 ( < 3 m21), demonstrating

an active role of the silicate matrix in preorganizing the flavin
1–receptor 3 complex in the sol-gel. This result is consistent
with our previous studies,17 further demonstrating this unusual
matrix-assisted recognition enhancement.

In summary, we have demonstrated that aromatic stacking to
a sol-gel-bound flavin can be established through addition of an

Fig. 1 Flavin binding site of the flavodoxin isolated from Desulfovibrio
vulgaris (ref. 11).

Fig. 2 Flavin fluorescence emission profiles of sol-gels containing FMN 1
and receptor 2: (a) 0, (b) 10, (c) 20 and (d) 30 equiv. 2. [FMN] = 0.0196
mmol dm23. Excitation wavelength = 445 nm; uncertainty of fluorescence
values = ±5%.
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anthracene-based receptor. This interaction is greatly enhanced
in the sol-gel relative to solution-phase studies. This indicates
that the silicate matrix replicates the two-fold role of the protein
scaffolding of flavoenzymes: isolation of the active site,18 and
preorganization of the active site functionality. Application of
silicate sol-gels to the creation of functional flavoenzyme
models is currently underway, and will be reported in due
course.
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Fig. 3 Plot of flavin (1/3) fluorescence emission vs. receptor (2/4)
concentration (8) 1 + 2 in sol-gel and (.) 3 + 4 in EtOH. [FMN] = 0.0196
mmol dm23, [3] = 0.236 mmol dm23 (calculated concentration of FMN
inside the porous sol-gel matrix).
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