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Insertion of hydrophobic groups in a silica matrix, by addition

of propyl- or trifluoropropyltrimethoxysilane, leads to a

surprising increase in the helical content of apomyoglobin

following encapsulation by the sol–gel technique.

Sol–gel entrapment of biological molecules in a silica glass material

has been utilized for many applications including biosensor

development and production of stable catalysts,1 trapping of

conformational intermediates,2 high-throughput screening assays,3

investigations on the effects of macromolecular crowding,4 and

even single-molecule studies.5 Previously, apomyoglobin (apoMb),

a model protein for folding studies, was found to have a highly

unfolded conformation in wet-aged silica-glass samples prepared

by an established protocol.4 It was proposed that the silica surface

has an unfavorable effect on the structure and properties of

confined water in the pores of the glass and that these altered

properties lead to the unfolded state of apoMb.4b With this

hypothesis in mind, we set out to examine the effects of modifying

the silica surface with functional groups not found in the standard

glass prepared from tetramethoxysilane.

When a hydrophobic alkyl group was incorporated into the

silica matrix by addition of propyltrimethoxysilane to the standard

sol–gel recipe, a dose-dependent increase in the helical content of

apoMb was observed, as monitored by circular dichroism (CD)

spectroscopy in the far-UV region (Fig. 1a). At a molar value of

12% propyl-modified silane relative to total silane, the ellipticity of

encapsulated apoMb approaches the same value observed in dilute

solution, indicating an increase in helical content and overall

structure. This result was surprising to us because one would

expect a more-hydrophobic environment to favor the unfolded

state of the protein over the native, folded conformation.

Fluorinated silica aerogels, made by the sol–gel technique, have

been demonstrated to be excellent materials for adsorbing

nonpolar molecules from water.6 Because organic fluorine is

considered to be more hydrophobic than its non-fluorinated

counterpart, we decided to examine the effects of trifluoropropyl-

modified glasses on the structure of encapsulated apoMb. These

glasses also yield a dose-dependent increase in the secondary

structure of apoMb, and the gain in secondary structure is

significantly greater than that obtained with the same molar

quantity of propyltrimethoxysilane (Fig. 1b). For example, 4% of

the trifluoropropyl reagent has approximately the same effect as

12% of the propyl reagent, and further increases in the

fluoropropyl-group content lead to apoMb conformations that

exceed the helicity of the protein observed in dilute solution. At a

value of 12% trifluoropropyl incorporation, the mean residue

molar ellipticity of encapsulated apoMb is 222 400u cm2 dmol21,

whereas the ellipticity of the native state of the apoprotein, as

defined in dilute solution, is approximately 219 000u cm2 dmol21

at a wavelength of 222 nm. For comparison, the heme-bound

holoprotein has a value near 224 000u cm2 dmol21 at 222 nm.

We do not report any results for glasses made with higher

percentages of alkyl-substituted silane reagents because modified

glasses were found to lose optical transparency above a value of

14%, preventing analysis by far-UV CD.

In our previous studies with unmodified glasses, the unfolded

state of encapsulated apoMb was found to be highly responsive to

molar salt solutions in an order corresponding to the ranking of

the Hofmeister series of ions.4 When we examined the effect of

1.0 M potassium phosphate on the structure of apoMb in the
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Fig. 1 Addition of (a) propyltrimethoxysilane or (b) trifluoropropyltri-

methoxysilane increases the helicity of encapsulated apoMb. The molar

percentage of mono-substituted silane reagent employed for each wet-aged

glass is given next to the corresponding CD spectrum. In both panels, the

spectrum of apoMb in dilute solution is given as a reference (…). All

samples are in 10 mM potassium phosphate, pH 7.0.
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propyl- and trifluoropropyl-modified glasses, a minor increase in

ellipticity was observed, however, the favorable effects of high

phosphate concentration and glass modification were not fully

additive.{ In the case of a glass made with 8% trifluoropropyl

content, the gain in ellipticity is about the same as that observed in

dilute solution when the phosphate concentration is increased

100 fold, from 10 mM to 1.0 M (Fig. 2a,b).

The stability of apoMb in hydrophobic glasses was tested by

addition of chemical denaturants and by heating. In the presence

of 10 mM HCl or 4 M guanidinium chloride, the secondary

structure of apoMb is largely absent in dilute solution, as indicated

by the decrease in molar ellipticity (Fig. 2a). In the hydrophobic

glass, however, the ellipticity of apoMb was only modestly

reduced, demonstrating that glass encapsulation provides out-

standing resistance against acidic conditions or guanidinium

chloride treatment (Fig. 2b). The thermal stability of glass-

entrapped apoMb is equally impressive; upon heating the sample

from 25 uC to 95 uC, only a slight decrease in ellipticity from

221 000 to 217 000u cm2 dmol21 was observed at a wavelength

of 222 nm. By contrast, in dilute solution, apoMb proceeds to

unfold through a broad transition with a midpoint near 66 uC
(Fig. 2c). We conclude that the enhanced protein stability observed

in the organically-modified glasses described here is equal to or

better than that reported for proteins encapsulated in unmodified

silica glasses.4a

To this date, hydrophobic, organically-modified sol–gel materi-

als have been employed primarily for encapsulating proteins that

associate with lipid interfaces or proteins that bind nonpolar

ligands, such as lipases.7 The increase in activity of lipases in

hydrophobic silica glasses relative to unmodified glasses has been

attributed, in part, to an increase in the partitioning and diffusion

of nonpolar substrates from the aqueous phase into the glass

matrix. The results presented here, using CD to assess the structure

of the encapsulated protein, suggest that organically-modified

glasses may also increase the fraction of properly-folded and

functional enzymes in the pores of the glass. It should be noted

that the previously-reported lipase studies typically used a much

higher ratio of organically-modified silane, and the samples were

air-dried to form xerogels, unlike the wet-aged glasses described in

this work.

It is known that alcohols, in general, and trifluoroethanol (TFE)

and hexafluoroisopropanol (HFIP), in particular, are potent

inducers of helical structure in polypeptides. At high concentra-

tions, TFE and HFIP have been shown to induce helices at the

expense of tertiary structure.4a Because the trifluoropropyl group

used in our study is a structural analog of TFE and HFIP, it

follows that the observed increase in secondary structure of

apoMb in trifluoropropyl-glasses may not correspond to a more

native, properly-folded protein. To partially address this concern,

the structure and stability of two other proteins, each known to

have the same structure in the standard unmodified glass as in

dilute solution, were examined in the hydrophobic glasses. Both

chicken egg white lysozyme and human serum albumin retained

their native structures after encapsulation in 8% fluoropropyl-

modified glasses; there was no indication that these proteins

became hyperhelical at the expense of tertiary structure.{
Furthermore, encapsulated lysozyme and serum albumin exhibited

remarkable thermal stabilities, similar to apoMb. In the case of

lysozyme, the reversibility of thermal denaturation was better in

the 8% trifluoropropyl-glass{ than reported previously for the

standard unmodified glass.4a

The ‘polar hydrophobicity’ of organic fluorine has been

exploited in the design of enzyme inhibitors for medicinal

chemistry8 and, more recently, as a tool in protein engineering.9

We hypothesize that the mechanism by which alcohols induce

helical structure in polypeptides is the same mechanism by which

hydrophobic, organically-modified glasses induce structure in

apoMb. Although the physical basis of this phenomenon is still

unclear, our data suggest that it is the hydrophobic component of

alcohols, and not the hydroxyl group or the amphiphilic character,

that induces helical structure in proteins because propyl- and

trifluoropropyl-modified silica glasses have a similar effect on

apoMb. Sol–gel encapsulation in organically-modified silica glass

appears to be an interesting experimental system for probing the

influence of interfacial chemistry on protein folding equilibria.
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