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Biocatalytic resolution of chiral molecules has received consider-
able attention in recent years because of the significant demand
for optically pure compounds.1-3 Along these lines, efforts have
been made to alter enzyme specificity for enantiomeric resolution
through various approaches, including reaction environment modi-
fication and protein engineering.4-7 Thus far, however, only the
use of organic solvents to enhance enzyme enantioselectivity has
proven especially useful, although in most cases the general
mechanism of action remains unclear.8 Despite this fact, several
important features governing enzyme selectivity have been deter-
mined, among which is the importance of catalyst structural
rigidity.8,9 Enzyme rigidity has been implicated in controlling
accessibility and positioning of substrates within the active site.
As enzymes become more flexible, arising from changes in their
reaction environment, these conformational restraints are relaxed
and a concomitant loss of enantioselectivity may be observed.10

Biocatalysts from hyperthermophilic sources seem to be inher-
ently more rigid at suboptimal temperatures, a characteristic related
to their need to function at elevated temperatures.11,12As such, these
enzymes may represent viable alternatives to their mesophilic
counterparts for enzymatic chiral resolutions. Currently, little is
known about the potential of hyperthermophilic enzymes for this
purpose, with one notable exception being thermostable secondary
alcohol dehydrogenases.13-16 Few reports exist detailing what, if
any, differences exist between the mechanisms by which thermo-
philic and mesophilic enzymes interact with chiral molecules. To
further explore these issues, a carboxylesterase from the extreme
thermoacidophileSulfolobus solfataricusP1 (Sso EST1)17 was
compared to mesophilic esterases for the resolution of (R,S)-
Naproxen methyl ester18-21 (Scheme 1).

An enzyme’s resolving power for two competing enantiomers
is described by the enantiomeric ratio (E),22 which is usually
temperature dependent.23 This ratio can be related to differences
in the free energy of activation (∆∆Gq) of competing enantiomers
and subsequently connected to the differences in activation enthalpy
(∆∆Hq) and entropy (∆∆Sq).16 In the absence of enantiomeric
discrimination,∆∆Gq ) 0, and the racemic temperature,Tr, for a
given system can be defined:∆∆Gq ) 0, ∆∆Hq/∆∆Sq ) Tr,).
System temperatures aboveTr (entropically controlled) result in
an increase ofE with temperature, while temperatures belowTr

(enthalpically controlled) result in a decrease ofE with increasing
temperature.24 Table 1 lists∆∆Hq, ∆∆Sq, and Tr for the chiral
resolution of a racemic Naproxen methyl ester mixture, as catalyzed
by Sso EST1, a lipase fromCandida rugosa(CRL),18 and a lipase
from Rhizomucor miehei(Palatase®),25 as determined from the
corresponding lnE versus 1/T plots shown in Figure 1.

Table 1 indicates that the separation of Naproxen enantiomers
by the hyperthermophilic and mesophilic enzymes is driven by

contrasting thermodynamic features.26 Sso EST1-catalyzed hy-
drolysis is predominantly enthalpically controlled. This indicates
that the (S)-methyl ester is more tightly bound to the enzyme in
the transition state, presumably due to favorable van der Waals
interactions and hydrogen bonding between the (S) enantiomer and
the amino acid residues lining the substrate binding pocket.24,27,28

CRL- and Palatase®-catalyzed hydrolyses are both predominantly
under entropic control. This may arise from a number of factors
associated with the preferred enantiomer,27 such as favorable
interactions with the solvent and an increase in conformational
entropy of the ligand.29 The predominant entropic contribution,
however, is likely connected to an increase in rotational motion of
the preferred substrate in relation to the residues within the enzyme’s
substrate binding pocket.24

The contrast in controlling thermodynamic features between the
hyperthermophilic and mesophilic enzymes is not likely the result* Corresponding author. E-mail: rmkelly@eos.ncsu.edu.

Scheme 1. Esterase-Catalyzed Hydrolysis of (R,S)-Naproxen
Methyl Ester

Table 1. ∆∆Hq (kcal/mol), ∆∆Sq (cal/(mol‚K)), and Tr (°C) for the
Enzyme-Catalyzed Hydrolysis of Racemic Naproxen Methyl Estera

enzyme selectivity ∆∆Hq ∆∆Sq Tr

Sso EST1 S(T < Tr) -19.5( 0.74 -54.0( 2.2 88.1( 6.9
CRL S(T > Tr) 6.8( 0.76 30.0( 2.4 -46.3( 8.9
Palatase R (T > Tr) 3.7( 0.72 13.5( 2.4 1.1( 0.4

a Thermodynamic values were calculated by plotting the lnE versus
1/T35,36 (Figure 1) and represent the differences in the fast versus slow
reacting enantiomer.

Figure 1. ln E versus 1/T (K-1) for the enzymatic hydrolysis of Naproxen
methyl ester by Sso EST1, CRL, and Palatase®.E ) ln[1 - c(1 + eep)]/
ln[1 - c(1 - eep)].37
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of environmental factors, as the reaction conditions used between
the experiments were identical. The significant differences relate
to the thermostability of these enzymes, as both CRL and Palatase®
have optimal temperatures of activity of approximately 40°C,30,31

while Sso EST1 has been reported as being extremely thermostable
with an optimal temperature of greater than 95°C.17 Consequently,
these enzymes, over the temperature range investigated, will be in
different conformational states.32-34 Sso EST1, at temperatures well
below 70 °C, will be in a conformationally rigid state, thus
mitigating the possibility of an increase in rotational motion of one
enantiomer in the substrate binding pocket. Therefore, at these
temperatures, the reaction proceeds under enthlapic control and is
based more on steric and electrostatic interactions between the
preferred enantiomer and the enzyme. Both CRL and Palatase®
approach and surpass their thermal optima over the temperature
range investigated and, thus, their structural states have an increased
level of plasticity. Therefore, differences in entropic interactions
with the preferred enantiomer are more likely and, as a result,
govern selectivity.

In summary, the thermodynamic strategy by which enzymes
discriminate between enantiomers is based on either enthalpic or
entropic interactions, or a combination of both. Changes in an
enzyme’s conformational flexibility with temperature, at least in
this case, play a major role in the thermodynamic features governing
substrate selectivity.

Acknowledgment. This work was supported by the National
Science Foundation, grants BES-9817067 and BES-0000487, and
by the STC Program of the National Science Foundation under
agreement No. CHE-9876674. We also are grateful to J. Preston
for his assistance in the synthesis of (R,S)-Naproxen methyl ester.

References

(1) Ke, T.; Klibanov, A. M.J. Am. Chem. Soc.1999, 121, 3334.
(2) Droge, M. J.; Bos, R.; Quax, W. J.Eur. J. Biochem.2001, 268, 3332.
(3) Klibanov, A. M. Acc. Chem. Res.1990, 23, 114.
(4) Berkowitz, D. B.; Hartung, R. E.; Choi, S.Tetrahedron: Asymmetry1999,

10, 4513.
(5) Faber, K.Biocatalysis1993, 8, 91.
(6) Ke, T.; Rariy, R. V.; Schmitke, J. L.; Klibanov, A. M.Biocatal.

Biotransform.1999, 17, 81.
(7) Reetz, M. T.; Jaeger, K. E.Superior biocatalysts by directed eVolution;

Springer-Verlag Berlin: Berlin, Germany, 1999; Vol. 200, p 31.
(8) Rariy, R. V.; Klibanov, A. M.Biocatal. Biotransform.2000, 18, 401.
(9) Dordick, J. S.Biotechnol. Prog.1992, 8, 259.

(10) Fitzpatrick, P. A.; Klibanov, A. M.J. Am. Chem. Soc.1991, 113, 3166.
(11) Danson, M. J.; Hough, D. W.; Russell, R. J. M.; Taylor, G. L.; Pearl, L.

Protein Eng.1996, 9, 629.
(12) Sehgal, A. C.; Kelly, R. M.Encycl. Catal.2002, In press.
(13) Heiss, C.; Phillips, R. S.J. Chem. Soc., Perkin Trans. 12000, 2821.
(14) Simpson, H. D.; Cowan, D. A.Protein Pept. Lett.1997, 4, 25.
(15) Pham, V. T.; Phillips, R. S.J. Am. Chem. Soc.1990, 112, 3629.
(16) Pham, V. T.; Phillips, R. S.; Ljungdahl, L. G.J. Am. Chem. Soc.1989,

111, 1935.
(17) Sehgal, A. C.; Callen, W.; Mathur, E. J.; Short, J. M.; Kelly, R. M.Methods

Enzymol.2001, 330, 461.

(18) Gu, Q. M.; Chen, C. S.; Sih, C. J.Tetrahedron Lett.1986, 27, 1763.
(19) Quax, W. J.; Broekhuizen, C. P.Appl. Microbiol. Biotechnol.1994, 41,

425.
(20) Xin, J. Y.; Li, S. B.; Xu, Y.; Wang, L. L.Biotechnol. Bioeng.2000, 68,

78.
(21) Racemic Naproxen methyl ester was synthesized according to existing

techniques.30,38Essentially, 30 g of (R,S)-Naproxen was added to 100 mL
of methanol in a round-bottomed flask. Concentrated sulfuric acid, which
was used as a catalyst, was then added and the mixture was brought to
reflux for 5 h. The residual methanol was then removed via vacuum
evaporation and the remaining material was then washed three times with
both 1 M NaHCO3 and pico-pure water to remove any unreacted acid,
methanol, or catalyst. The material, (R,S)-Naproxen methyl ester, was then
dried and used for subsequent enzymatic reactions.

(22) Chen, C. S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J.J. Am. Chem. Soc.
1982, 104, 7294.

(23) Phillips, R. S.Enzyme Microb. Technol.1992, 14, 417.
(24) Phillips, R. S.Trends Biotechnol.1996, 14, 13.
(25) Alcantara, A. R.; de Fuentes, I. E.; Sinisterra, J. V.Chem. Phys. Lipids

1998, 93, 169.
(26) Enzymatic reactions were carried out in 1.0 mL reaction volumes with

0.235 mg of Sso EST1 and 45 mg of CRL, or 24 mg of Palatase and 25
mg of racemic Naproxen methyl ester, suspended in 0.2 M sodium
phosphate buffer pH 7.9 and energetically stirred for a 16 h.39 The reaction
material was then centrifuged for 15 min at 16000× g and supernatant
removed. The remaining pellet was resuspended in 1.0 mL of 0.2 M
sodium phosphate buffer at pH 7.9 and the suspension was centrifuged at
16000× g for 15 min. The supernatant was then combined with the
previous supernatant, sterile filtered with a 0.45 mm syringe filter
(Acrodisc GHP, Pall Gelman Laboratory, Ann Arbor, MI), and acidified
with concentrated HCl to precipitate the acid. The resulting R,S-Naproxen
acid was then isolated by centrifugation (16000× g, 15 min) and analyzed
by HPLC. The functional temperature range used for the experiments was
48.5-70 and 4-55 °C for Sso EST1 and CRL and Palatase, respectively.
Temperatures greater than higher 70°C could not be evaluated because
of substrate lability. In addition, both CRL and Palatase were not evaluated
at temperatures greater than 55°C because of poor enzyme stability.

(27) Overbeeke, P. L. A.; Ottosson, J.; Hult, K.; Jongejan, J. A.; Duine, J. A.
Biocatal. Biotransform.1999, 17, 61.

(28) Galunsky, B.; Ignatova, S.; Kasche, V.Biochim. Biophys. Acta-Protein
Struct. Mol. Enzymol.1997, 1343, 130.

(29) Carver, J. P.Pure Appl. Chem.1993, 65, 763.
(30) Lee, E. G.; Won, H. S.; Chung, B. H.Proc. Biochem.2001, 37, 293.
(31) Novozymes; Novozymes Product Sheet No. 2001-07042-01; Novozymes

A/S: 2880 Bagsvaerd, 2001.
(32) Tilton, R. F.; Dewan, J. C.; Petsko, G. A.Biochemistry1992, 31, 2469.
(33) Tang, K. E. S.; Dill, K. A.J. Biomol. Struct. Dyn.1998, 16, 397.
(34) D’Auria, S.; Herman, P.; Lakowicz, J. R.; Tanfani, F.; Bertoli, E.; Manco,

G.; Rossi, M.Proteins2000, 40, 473.
(35) Lopez-Serrano, P.; Wegman, M. A.; van Rantwijk, F.; Sheldon, R. A.

Tetrahedron: Asymmetry2001, 12, 235.
(36) Ottosson, J.; Hult, K.J. Mol. Catal. B-Enzym.2001, 11, 1025.
(37) The extent of conversion (c), percent enantiomeric excess of product (eep

%), and the enantiomeric ratio (E) were calculated according to established
methods.22 The concentration of (R) and (S) Naproxen was determined
by HPLC (Waters Breeze System, Franklin, MA), using the (S,S)-Whelk-
O-1 chiral column derived from 1-(3,5-dinitrobenamido)tetrahydro-
phenanthrene covalently bound to 5µm of silica (Regis Technologies,
Morton Grove, IL). The mobile phase used was a mixture of 80%
methanol/20% water/0.1% acetic acid (v/v) at a flow rate of 1 mL/min
with 254 nm being used as the wavelength of detection. Retention times
for (R) and (S) Naproxen were 4.1 and 4.9 min, respectively.

(38) Ogliaruso, M. A.; Wolfe, J. F.Synthesis of carboxylic acids and their
deriVatiVes.; Patai, S., Rappoport, Z., Eds.; John Wiley & Sons: Chich-
ester, 1991; p 145.

(39) Manetti, F.; Mileto, D.; Corelli, F.; Soro, S.; Palocci, C.; Cernia, E.;
D’Acquarica, I.; Lotti, M.; Alberghina, L.; Botta, M.Biochim. Biophys.
Acta-Protein Struct. Mol. Enzymol.2000, 1543, 146.

JA026512Q

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 28, 2002 8191


