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Abstract Unexpected inversion of the 30:50-regi-

oselectivity was observed in the enzymatic methac-

ryloylation, crotonylation and cinnamoylation of

floxuridine (1.5:1, 2.3:1 and 4.4:1, respectively),

where Thermomyces lanuginosus lipase preferentially

catalyzed the acylation of 30-hydroxyl rather than that

of 50-hydroxyl group. The possible reason might be

the presence of a remote interaction between the

unsaturated bond in the acyl group and the aromatic

ring of amino acid residue Trp89 in the lid of the

lipase.
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Introduction

Floxuridine (FUdR), a fluorinated uridine, is exten-

sively used an anticancer agent. Fatty acid esters of

FUdR have higher oral bioavailability and better

biological activities than the parent drug (Landowski

et al. 2005). Therefore, it is desirable to synthesize new

ester derivatives, such as crotonate, cinnamate, meth-

acrylate, and pivalate, that might be potentially good

pro-drugs. Many biological active compounds contain

these groups. For example, the anti-tumor agents,

COTC [2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-trihy-

droxy-2-cyclohexenone] (Aghil et al. 1992) and COMC

(2-crotonyloxymethyl-2-cyclohexenone) (Takeuchi

et al. 1975), both contain crotonyl moieties. The

cinnamoyl group is present in 5-caffeoylquinic acid,

which has a broad spectrum of biological activities

(Kroon and Williamson 1999). Additionally, methac-

rylates of FUdR are polymerizable pro-drug monomers.

Regioselective acylation is one of the important

approaches for the enzymological protection of

hydroxyl and amino groups (Li et al. 2008a). Ther-

momyces lanuginosus lipase (TLL) is a glycosylated

hydrolase with a molecular weight of 30 kDa and an

optimum pH of 11–12 (Neves Petersen et al. 2001).

The lipase has a unique lid which lies over the catalytic

triad and shields the active site from the external

environment. Although enzymatic regioselective acyl-

ation of nucleosides has been well-established (Ferrero

and Gotor 2000; Li et al. 2007, 2008b), there have been

few reports regarding TLL-catalyzed acylation of
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nucleosides (Wang et al. 2007). In most cases,

TLL exhibited preferential regioselectivity toward

the primary hydroxyl over the secondary ones (Ferrer

et al. 2005; Wang et al. 2007). In this work, we report

unexpected inversion of the regioselectivity of the

lipase in the acylation of FUdR, where the lipase

favored the acylation of the secondary hydroxyl over

that of the primary one (Fig. 1).

Materials and methods

Materials

Floxuridine (FUdR) was purchased from Shanghai

Hanhong Co. Ltd., China. Thermomyces lanuginosus

lipase (lipozyme TL IM) was from Novozymes Co.

Ltd., China. The specific esterification activity of

Thermomyces lanuginosus lipase (433 U/g) was

assayed as described previously (Li et al. 2007).

Vinyl crotonate and vinyl methacrylate were from

Sigma-Aldrich, USA. Vinyl butyrate, vinyl cinna-

mate, vinyl pivalate and vinyl 2-ethylhexanoate were

from TCI, Japan. Vinyl oleate was synthesized by

ourselves (see in Supplementary Information). All

other chemicals were from commercial sources and

of the highest purity available.

General procedure for the enzymatic reaction

In a typical experiment, the reaction was initiated by

adding TLL (60 U) to 2 ml anhydrous tetrahydrofuran

containing FUdR (20 mM), vinyl ester (120 mM) at

200 rpm and 40�C. Aliquots were withdrawn at

intervals and diluted 25-fold with corresponding

mobile phase prior to HPLC analysis.

Results and discussion

Solvent engineering is a simple and efficient approach

for the manipulation of the selectivity in non-aqueous

biocatalysis (Rubio et al. 1991). For example, regi-

oselectivity can be inverted in the acylation of 6-O-

trityl-b-D-glycopyranosides via solvent engineering

(MacManus and Vulfson 1997). Herein, the reversal of

the regioselectivity in TLL-catalyzed acylation of

FUdR was observed.

The TLL-catalyzed acylation of FUdR was con-

ducted with seven acyl donors (Table 1). The reac-

tion rate of crotonylation (entry 1) was much lower

than that of the butanoylation (entry 2) (3.9 vs.

47.5 mM/h). This could be attributed to the resonance

effect of the C–C double bond present in the crotonyl

moiety. This would lead to the increment of the

electron density of the carbon of the carbonyl group,

thus making the formation of the tetrahedral inter-

mediate more difficult. Likewise, low initial reaction

rates were observed for methacryloylation and cin-

namoylation (6.7 and 5.3 mM/h, respectively, entries

3 and 4). Nevertheless, the reaction rate of oleoyla-

tion was only slightly affected by the double bond

(45.8 mM/h, entry 7) as it is far away from the

carbonyl group. When there exists an a-substituent in

the acyl donors (pivaloyl and 2-ethylhexanoyl), the

initial acylation rates were even lower (entries 5 and

6), owing to the steric effect. Unexpectedly, although

the steric hindrance of methacryloyl group seems to

be more severe than that of crotonyl group due to the

presence of a-methyl, the initial methacryloylation

rate was approximately twice that of the crotonyla-

tion (6.7 vs. 3.9 mM/h, entries 1 and 3).

TLL has excellent regioselectivities toward the

50-hydroxyl group in the acylation of 5-fluorouridine

(Wang et al. 2007). Although the enzyme catalyzed

Fig. 1 Regioselective acylation of floxuridine (FUdR) catalyzed by Thermomyces lanuginosus lipase
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the acylation of 50-hydroxyl preferentially in the

butanoylation, pivaloylation and 2-ethylhexanoyla-

tion, the 30:50-selectivities were still low to moderate

(1:2.2, 1:1.4 and 1:5.3, respectively, entries 2, 5 and 6).

This suggests that the difference is marginal between

the activation energy of 30-acylation and that of

50-acylation. Interestingly, reversal of the regioselec-

tivity was observed in the crotonylation, methacry-

loylation and cinnamoylation (2.3:1, 1.5:1 and 4.4:1,

respectively, entries 1, 3 and 4), where the secondary

hydroxyl group was acylated preferentially.

The structure of TLL-inhibitor complex indicates

that the acyl chain interacted closely with amino acid

residue Trp89 in the lid of the lipase (Lawson et al.

1994). In addition, Martinelle et al. (1996) demon-

strated that Trp89 played an important role in the acyl

chain-length specificity of the lipase through site-

directed mutagenesis. Hence, a remote interaction

Table 1 Effect of acyl donors on the enzymatic acylation

Entry Acyl donor V0 (mM/h) C (%) 50 (%) 30 (%) 30,50 (%) 30:50-Regio-selectivitya

1 3.9 95 24 67 9 2.3:1

2 47.5 99 62 17 21 1:2.2

3 6.7 95 32 54 14 1.5:1

4 5.3 98 13 80 7 4.4:1

5 0.9 42 59 41 0 1:1.4

6 0.3 41 84 16 0 1:5.3

7 45.8 99 75 19 6 1:3.2

Conditions: 20 mM FUdR, 120 mM vinyl ester, 60 U TLL (433 U/g), 2 ml anhydrous THF at 40�C, 200 rpm
a The selectivity was defined as the molar ratio of the 30- and 50-esters. 30,50-Diester included both a 30-and a 50-acylation, so the

amount of diester was added to both of the 30-and 50-esters to estimate the selectivity
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might occur between the double bond of the acyl chain

and the aromatic ring of Trp89 in the conformation of

30-acylation transition state. This remote interaction

might contribute to the reversal of the regioselectivity

in the crotonylation, methacryloylation and cinna-

moylation. Compared to that in the crotonylation,

the higher regioselectivity might be ascribed to the

stronger interaction in the cinnamoylation due to the

bigger conjugate system in the cinnamoyl group (2.3:1

vs. 4.4:1, entries 1 and 4). Likewise, Botta et al. (2002)

attributed the high regioselectivity toward the C-2

side-chain hydroxyl group in Mucor miehei lipase-

catalyzed acylation of resorcin[4]arenes to a favorable

p-interaction between the phenyl of the sub-

strate and the aromatic ring of Trp88 in the lid of the

enzyme. The preferential acylation position remained

50-hydroxyl in the enzymatic oleoylation, in spite of

the presence of the C–C double bond in the oleoyl

moiety (1:3.2, entry 7). This is not surprising in that the

double bond is too far away from the carbonyl group to

form a remote interaction with Trp89 in the lid of the

lipase.

Conclusion

Regioselectivity in TLL-mediated acylation of FUdR

could be reversed and the secondary hydroxyl was

preferentially acylated with the acyl donors bearing a

conjugate double bond. This might be attributed to

the presence of a remote interaction between the

unsaturated bond in the acyl group and the aromatic

ring of amino acid residue Trp89 in the lid of the

lipase. This study would provide some novel and

interesting information about the interactions

between the substrates and the enzyme. Doubtlessly,

further work is necessary to get an in-depth under-

standing of their interactions.
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