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Enzymes are powerful catalysts in organic solvents 
where they catalyze a wide variety of reactions that are 
difficult to perform in aqueous so1utions.l This is 
particularly evident in transesterification reactions 
catalyzed by lipases and proteases wherein a variety of 
nucleophiles act as substrates for enzyme-catalyzed acyl 
transfer in nearly anhydrous organic solvents.2 In the 
vast majority of cases, these substrates are hydrophobic 
and highly soluble in a great number of organic solvents. 
Thus, adequate interaction between the soluble sub- 
strate and the insoluble enzyme3 is achieved and 
catalysis ensues. Unfortunately, many polyhydroxy- 
lated compounds are either sparingly soluble in only the 
most polar organic solvents or are completely insoluble 
in organic media. For these substrates, conventional 
nonaqueous enzymology is unable to support catalytic 
transformations, although the high selectivity of en- 
zymes would be a distinct advantage over relatively 
nonselective chemical approaches. A case in point is 
the regioselective acylation of polysaccharides to give 
amphiphilic, biodegradablehiocompatible materials that 
can be used in injection molding operations, biodegrad- 
able emulsifiers, compatibilizers, and  detergent^.^ The 
development of a suitable technique for the selective 
modification of polysaccharides in organic solvents, 
therefore, represents both an opportunity for the syn- 
thesis of novel materials and a means to overcome a 
technical hurdle in the broader uses of enzymes in 
nonaqueous media. 

The problem of employing insoluble substrates in 
organic solvents has been addressed by a number of 
researchers. For example, Halling, Jakubke, and co- 
workers found that chymotrypsin was capable of cata- 
lyzing efficient peptide bond formation in hexane even 
when the amino acid derivative substrates were used 
in their insoluble hydrochloride form.5 Vulfson et al. 
utilized eutectic mixtures to aid in the interaction of 
insoluble substrates with insoluble enzymes.6 In both 
these cases, the lack of a defined dissolved substrate 
solution clearly did not impede enzyme-catalyzed trans- 
formations, yet it remains unclear how direct substrate- 
enzyme interactions proceed. Recently, Paradkar and 
Dordick developed a method to solubilize enzymes in 
hydrophobic organic solvents through the formation of 
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Figure 1. FT-IR spectra of (A) native amylose, (B) derivatized 
amylose on a ZnSe slide, and (C) derivatized cryogenically 
milled amylose powder. 
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Figure 2. Thermogravimetric analysis of native and deriva- 
tized amylose. 

enzyme-surfactant ion pairs.7 These ion-paired, organic- 
soluble enzymes are extremely active in hydrophobic 
solvents, such as isooctane. 

In the present study, we show that amylose (an 
organic solvent-insoluble polysaccharide consisting of 
a-l,4-linked glucose moieties), when deposited as a thin 
film, can be regioselectively acylated by catalysis in 
organic solvents using an organic-soluble enzyme prepa- 
ration of subtilisin Carlsberg (from Baci l lus  lichenifor- 
rnis). This represents the first attempt a t  catalyzing 
solvent-insoluble polymer modification using enzymes 
in organic solvents. 

The enzymatic transesterification reaction was initi- 
ated by adding 60 mM vinyl caprate (CIO) to  an isooctane 
solution containing solubilized subtilisin Carlsberg.8 The 
solution, which contained a 40-fold molar excess of the 
vinyl ester relative to amylose hydroxyl groups, was 
pipetted onto a thin layer of amylose deposited onto 
ZnSe  slide^.^ The reaction was allowed to proceed for 
48 h at 37 "C, at which time the reaction was terminated 
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Figure 3. Proposed structure of modified amylose prepared via subtilisin Carlsberg catalysis. 

by removing the solid amylose film and washing it with 
fresh isooctane to remove unreacted vinyl ester. FT- 
IR spectroscopy was used to determine whether enzy- 
matic acylation of amylose occurred. As depicted in 
Figure 1, the enzymatic reaction resulted in a deriva- 
tized amylose with a spectrum that contained clear 
peaks at 2920 and 2850 cm-l, corresponding to the 
methylene stretching mode of an alkyl chain in the 
amylose reaction product, as well as a peak in the region 
1693-1760 cm-l, corresponding to a C=O group. None 
of these peaks is present in the unmodified amylose or 
in amylose treated with the vinyl esters in the absence 
of enzyme or with enzyme predeactivated by boiling in 
water for 30 min prior to extraction and preparation in 
the soluble form (Figure 1). Moreover no vinyl group 
is present in the modified amylose, as detemined by the 
lack of absorbance at  900 and 1000 cm-' in the FT-IR 
spectrum. Thus, nonselective adsorption of the vinyl 
esters to the amylose during the reaction does not 
occur.1o 

In addition to amylose film, cryogenically milled 
amylose powder was examined as an insoluble substrate 
in isooctane.ll The FT-IR spectrum of the amylose 
powder following enzymatic reaction also showed clear 
evidence of acylation (Figure 1C). It is important to note 
that when subtilisin powder was used as a catalyst, no 
amylose acylation occurred. Specifically, in the presence 
of 60 mM vinyl caprate and 10 mg/mL of subtilisin 
Carlsberg powder, no evidence of amylose derivatiza- 
tion12 was apparent when amylose was either used in 
the powder form or deposited onto ZnSe as a thin film. 
Thus, soluble enzyme is an absolute prerequisite for 
acylation of the insoluble polymer. 

The degree of amylose substitution in the powdered 
form was determined by thermogravimetric analysis 
(TGA) and in the thin film by both TGA and ESCA 
(electron spectroscopy chemical analysis). Figure 2 
depicts the TGA profile for native amylose and enzy- 
matically acylated amylose film and powder. The only 
significant difference between the modified and native 
amylose preparations (prior to substantial thermal 
degradation) was the weight loss in the former a t  180 
"C, which is characteristic of alkyl chain degradation 
and is absent in the native amylose. Quantification of 
the weight loss of the modified amyloses as compared 
to the native amylose indicates that ca. 0.15 and 0.30 
acyl chains are associated per glucose moiety of the 
amylose for the film and powder forms, respectively. 
Unfortunately, only surface accessible amylose chains 
can be enzymatically acylated. Such surface area may 
represent only a small fraction of the total amylose 
present in the reaction suspension. To characterize the 
inherent ability of subtilisin to catalyze the acylation 
of insoluble, yet surface oaccessible amylose, ESCA 
analysis of the top 100 A of the amylose film was 
performed. This analysis indicated that the acylated 
surface had a degree of substitution of 0.9 f 0.1 acyl 
chains per glucose moiety, based on the C:O ratio. It is 

tempting to speculate that this degree of substitution 
can be achieved if the enzyme is highly regioselective 
and can acylate only one hydroxyl per glucose unit in 
the amylose. Indeed, subtilisin is known to acylate 
primary hydroxyl groups on sugars13 in organic solvents. 
Amylose contains free hydroxyls at  the 2, 3, and 6 
positions, the last being a primary hydroxyl. 'H-NMR 
was used to determine the position of enzymic acylation 
of amylose. In comparison to underivatized amylose, 
the only significant shift occurred in the 6-hydroxyl 
proton.1° Thus, subtilisin appears to  be highly efficient 
in catalyzing the acylation of nearly all available 
primary hydroxyl groups on accessible amylose poly- 
mers. Figure 3 depicts the proposed structure of the 
modified amylose polymer using vinyl caprate as acyl 
donor. 

The enzymatic process described herein can be envi- 
sioned as a new method for the synthesis and modifica- 
tion of polymers in nonaqueous media, even when the 
substrate is insoluble in the organic solvent. We expect 
this approach to be amenable to a wide range of 
enzymes and acyl donors. We are presently using this 
technique to derivatize other polysaccharides and hy- 
droxylated polymers. 
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