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Abstract

Entropy was shown to play an equally important role as enthalpy for how enantioselectivity changes when
redesigning an enzyme. By studying the temperature dependence of the enantiomeric ratio E of an enan-
tioselective enzyme, its differential activation enthalpy, (AH*) and entropy £ AS’) components can

be determined. This was done for the resolution of 3-methyl-2-butanol catalyz€amgida antarctica

lipase B and five variants with one or two point mutatioag.AS" was in all cases equally significant as

A AH* to E. One variant, T103G, displayed an increase in E, the others a decrease. The altered enanti-
oselectivities of the variants were all related to simultaneous changis iAH* and Ag ASF. Although

the changes iM\r SAH* and A AS' were of a compensatory nature the compensation was not perfect,
thereby allowing modifications of E. Both the W104H and the T103G variants displayed MggerH*

than wild type but exhibited a decrease or increase, respectively, in E due to their different relative increase

in Ag AS.
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With the advances in protein engineering the vision of tai-would relieve this need for screening large numbers of bio-
lor-made proteins is becoming a reality. Modified proteinscatalysts to suit a target reaction and allow the introduction
with improved properties have an enormous commerciabf new enzymatic activities. Present-day knowledge of pro-
potential (Rubingh 1997; Nixon and Firestine 2000). Fortein structure—function relationships is, however, insuffi-
instance, enzymes modified for new or improved propertieient to predict the effects of point mutations on proteins.
would greatly improve their usability as catalysts in organic Candida antarcticdipase B (CALB) is an enzyme that
chemistry. The use of enzymes as biocatalysts has alreadhas proved to be a highly useful and versatile biocatalyst. It
become a popular alternative to classic chemistry because displays high activity in organic solvents and is very enan-
their advantageous high selectivity and activity under mildtio- and regioselective, as well as being a robust and stable
reaction conditions (Liese and Filho 1999; Schulze andenzyme (Anderson et al. 1998). A model of CALB’s mecha-
Wubbolts 1999; Carrea and Riva 2000; Faber 2000). Hownism for resolving the enantiomers sdcalcohols based on
ever, finding the optimal biocatalyst and reaction conditionsa combination of experimental and molecular modeling re-
for a specific reaction still requires a great deal of experi-search has been proposed (Orrenius et al. 1998a). This
mental screening. Enabling rational design of enzymesnodel involves the binding of the two enantiomers in two
different modes in transition state to allow for catalysis
(Fig. 1). The slow-reacting enantiomer, usually S, is stericly
Reprint requests to: Karl Hult, Department of Biotechnology, Royal mor? hindered and .hence’. ha_s a much lower reaction rate,
Institute  of Technology, SE-100 44 Stockholm, Sweden; e-mail:Yielding the possibility to kinetically resolve the two enan-
kalle@biochem.kth.se; fax: +46-8-224601. tiomers. However, it has been shown that differences in
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Fig. 1. Simplified scheme of the two productive binding modes in the model proposed by Orrenius et al. (1998a) that rationalizes the
enantioselectivity ofCandida antarcticalipase B. ) Fast-reacting enantiomerB) Slow-reacting enantiomer. (M) medium-sized
substituent; (L) large-sized substituent.

Sakai et al. 1997; Jonsson et al. 1999; Overbeeke et allime of the active site open to the surface of the protein. To
1999; Ottosson and Hult 2001). Differential activation en-keep that hydrogen-bonding pattern, the slow-reacting en-
tropy is not accounted for in this two-mode model. Attemptsantiomer, usually S, has to place its large substituent into
have been made to modify this already popular biocatalysthis stereospecificity pocket. A steric difference between the
to improve thermostability, oxidation stability as well as transition states of the enantiomers can therefore explain the
enantioselectivity through site-directed mutagenesis, andnzyme’s ability to resolve enantiomers. However, the
has been somewhat successful (Patkar et al. 1997, 1998jodel only considers differences in activation enthalpy and
Rotticci et al. 2001). This paper presents a thermodynamiaot entropy.
analysis, which determines the entropic as well as the en- Enantioselectivity is the result of a difference in activa-
thalpic components of enantioselectivity toward 3-methyl-tion free energy between enantiomets, AG*, which is
2-butanol of the T103G, W104H, S47A, T42V, T42VS47A related to the enantiomeric ratio E as -RTInE. Furthermore,
variants of CALB (Scheme 1 and Fig. 1), and compares thé\r AG* is related to the difference in activation enthalpy
components to those of the wild type. The aim is to deterand entropy as\g AG' = Ag AHY - TAR AS'. There-
mine the importance of entropy and enthalpy in enzymeéore, the enthalpic and entropic components of the enantio-
enantioselectivity with the ultimate goal of understandingmeric ratio E is determined by temperature studies and
how these are affected by variations in the enzyme anequated according to equation 1 (Philips 1992).
establishing their implications for rational design of pro-
teins. Ag AHF 1 Ap ASF

InE= R T + R (@D}

Theory

Orrenius et al. (1998a) developed a model of Hoandida
antarcticalipase B discriminates between the enantiomer
of secalcohols, which involves two different productive
binding modes for the substrate enantiomers. Experiment
and molecular modeling research showed that the two
modes were necessary to allow both enantiomers to develop

the hydrogen-bonding pattern within the active site required 0 CALB %

for catalysis. In Figure 1 a schematic picture of the alcohol-)\g1 F A R O )\C{H+/\°H
binding site and the two productive binding modes are pre-
sented. The active site of CALB is deep and narrow. In the
innermost part, there is a free volume designated as a ste-

reospecificity pocket. The fast-reacting enantiomer, geners .. 1. inetic resolution of the enantiomers of 3-methyl-2-butanol

aIIy_ R, _P'aces_ its medium's_ized SUbStitue.nt of the alcohokatalyzed bycandida antarcticdipase B and its T103G, W104H, S47A,
moiety into this pocket and its large substituent in the vol-T42v, T42VS47A variants.

E will vary with temperature and a racemic tempera-
ture, Tg, at which there is no enantioselectivity,=£ 1 and
Ar.AGF = 0, can be determined ag E= Ap AHYAR ASF
hilips 1992). In the case of the resolution of 3-methyl-2-
utanol, as well as most otheecalcohols resolved by

=0
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CALB, Ar AH* andAg ASF are of the same sign, result- tiomers Qg AG* = -RTINE = Ag AH¥ - TAR ASY). It
ing in a real positive § (Overbeeke et al. 1999; J. Ottosson can be noted that although the W104H mutation caused an
and K. Hult, unpubl.). The enantiomer favored by enthalpyessential decrease in the enantiomeric ratio E, hgtBAH*
is disfavored by entropy and vice versa. Below, E will and Ag_ASF were significantly greater in absolute values
decrease with temperature and the entropic component withan for the other variants and the wild-type enzyme. The
counteract the enthalpic yielding a lower enantioselectivityentropic component increased in number to a greater extent
than expected from purely enthalpic considerations. On théhan the enthalpic and E was decreased, as entropy is coun-
other hand, abovedl the enantiopreference will change to terproductive to enantioselectivity belowyTThe T103G
that favored by entropy and E will increase with tempera-variant also displayed a significant increase in both the en-
ture. Generally | for CALB-catalyzed resolutions afec  thalpic and the entropic component absolute values. How-
alcohols is well above (>100 K) the experimental temperaever, in this case the entropic component did not increase
ture. enough in number to cancel the increase of the enthalpic
Several researchers have shown that differential activacomponent, yielding a more enantioselective enzyme, with
tion entropy significantly affects the enzyme-catalyzedan increase in E from 970 to 2140. This shows that although
resolution of enantiomers (Pham et al. 1989; Philips 1992enthalpy and entropy displayed somewhat compensatory
1996; Galunsky et al. 1997; Sakai et al. 1997; Jénsson et athanges, significant changes in E can be achieved from
1999); therefore, to create a complete model of the mechasingle point mutations.
nism of CALB enantioselectivity, entropy considerations The three remaining variants, T42V, S47A, and
must be included (Overbeeke et al. 1999; Ottosson and HulE42VS47A, all displayed a reduction in the enantiomeric
2001). ratio E. For T42V, this change was caused by a decrease in
both Ag AAH* and A AS absolute values. The lowered E
for S47A and T42VS47A was mainly caused by a decreased
Results absolute value of\g AH*. T42V was the most enantios-
elective of these three variants in the studied temperature
Table 1 summarizes the results of the thermodynamic analyange, whereas S47A and T42VS47A were somewhat less
sis of enantioselectivity in the resolution in Scheme 1 cataenantioselective. The latter two displayed a practically iden-
lyzed by wild-type CALB and five variants with one or two tical temperature dependence of E. Focusing solely on E one
point mutations. One of the variants, T103G, displayed armay wrongfully draw the conclusion that the T42V muta-
increase in enantioselectivity as compared to the wild typetion caused the smallest changes in the reaction system as it
The other variants had a somewhat reduced enantioseledisplayed the smallest change in E. However, this variant
tivity and, in the case of W104H, it was the most pro-was the one of the three variants that gave the largest
nounced, the enantiomeric ratio E dropped from 970 in wildchanges in the enthalpic and entropic components of E. On
type to only 150. All systems hadg$ significantly above the other hand, focusing solely on the thermodynamic pa-
the experimental temperature and hence, the entropic coniametersAg AH¥ and Ag AS', one may conclude that
ponent counteracts the enthalpic component to E. Th&47A alone was responsible for the changes seen in
changes in E were due to changes in both the enthalpi€42VS47A, as it is very similar to S47A. Therefore, the
(Ar.AHY) as well as the entropic (B, AS") components  effects were clearly not additive when more than one point
of the activation free energy difference between the enanmutation was introduced.

Table 1. Thermodynamic components of E for the kinetic resolution of 3-methyl-2-butanol
catalyzed byCandida antarcticlipase B, CALB, and variants with point mutations

Enzyme E Ar AGH Ag AH* Ar.AS AAAHY  TAAAS Te
(296 K) (296 K) (296 K)

(kd/mole)  (kJ/mole) (J/mole, K)  (kJ/mole) (kJ/mole)  (K)
Wild type 970 -16.9 -20.8+0.9 -13.2+3.0 0 0 1570
T103G 2140 -18.9 -31.7+0.1 -43.4+0.4 -10.9 -8.9 730
W104H 150 -12.3 -447+10 -109.5+3.3 -23.8 -28.5 410
T42V 520 -15.4 -16.7+0.9 -45+29 +4.1 +2.6 3740
S47A 340 -14.3 -18.3+0.7 -13.4+24 +2.6 -0.1 1360
T42VS4TA 390 -14.7 -18.1+0.4 -115+14 +2.8 +0.5 1570

AAAH* and AAAS' represents the change iy AAH* and Ag ASF relative wild type. Errors are +
standard error of the linear regression of InE versus 1/T. E at 296 K was calculated from the linear
relation.
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Discussion increased enantioselectivity observed in the present inves-

. tigation must tructural chan in th tiv
As previously shown, for substrate effects on CALB enan- gatlo ust be caused by structural changes € active

tioselectivity, modifications of the protein affect both the site that either enthalpically favors and entropically disfa-

. . . .vors the R-enantiomer transition state, vice versa for the
enthalpic and the entropic components of the enanuomeng . ... o .
-enantiomer transition state, or a combination to increase

ratio E (Overbeeke et al. 1999; Ottosson and Hult 2001) +
This fact stresses the importance of entropy in enzyme ¢ fhe absolute numbers diz AH andAg AS' (see energy

a :
talysis, in general, and enantioselectivity, in particular. Theproﬁle in Fig. 2). When comparing the average structure of

observed changes in enthalpy and entropy displayed a CorT%_()O—ps long molecular dynamics runs of the T103G variant

pensatory character in that, &~ AH* was large, so was to the wild type with the tetrahedral intermediate enzyme—

. r r r model of the transition n
A AS', and vice versa. However, they were not perfectlySUbSt ate structure as a model of the transition state, no

. o significant structural changes were seen. However, there
compensatory, allowing for modifications of the enzyme to o
was a tendency for the angle of the nucleophilic elbow to

improve E. Figure 2 shows the general energy profile dia; ecrease in T103G compared with wild type, causing struc-
grams of enthalpy and entropy for an enzyme-catalyze

L . . . 1ural changes in the innermost parts of the active site. Such
kinetic resolution. Changes in the components of enantio- 9 P

selectivity, A AH? and A AS, caused by mutations on a change could minimize the stereospecificity pocket and

. restrict the large substituent of the S-enantiomer, causing an
the enzyme must be related to one or both enantiomers g g

; S
shifting their individual activation energiH* andAS, up  "crease IMH's
or down relative to each other.

W104H variant of CALB

T103G variant of CALB The W104H mutation also caused the absolute values of the

. _ _ . enthalpicAg_AH* and the entropidg_ASF components of
T103G s an_examp!e_ of an enzyme v_anant with an Im'enantioselectivity to increase. As a matter of fAgt AS
proved enantioselectivity. This mutation introduces the con

; . fqr this variant was more than eight times the value of the
sensus sequence G-X-5-X-G around the active serine, fourﬁ"d type andAr SAH* was more than doubled. In this case
in most other Ilpases,_lnto C_:ALB (Patkar et al. 1997). Thethe entropic component, which is counterproductive for
CONSENSUS Sequence 1s positioned on what is usually refemi‘é%antioseIectivity, more than canceled the increase in the
Itp as ghe nuctleo%hl!m l(_albow, aTsr:larp iulrnt_betwgenfhe- . enthalpic component, causing, in contrast to T103G, a sig-
x and ap-strand, In lipases. The catalytic serine IS pOSi-iicant decrease in E. The residue W104 is positioned deep
tloneq at the very tip of this elbow (O”'S. etal. 1992) Th|.s in the active site and makes up part of the boundary of the
mutation, T103G, has been shown to give a significant in+ o hinding site and its stereospecificity pocket (Fig. 1),

crease in thermostability (Patkar et al. 1997). They SU9Tne mutation of a tryptophan to a histidine liberates a vol-

gested that the mcreaseql thermp stability is caused _by ''e of the active site in close contact with the chiral alco-
increase in the number of interactions between the helix an ol. Whether this causes structural changes or leaves an

the sheet, either through a structural adaption or addition mpty space within the enzyme remains unknown until the
waters in the empty space formed by the mutation. Thestructure is solved. The fact thAt, LAH significantly in-

creased for W104H would result in an erroneous prediction

HA SA of a very high enantioselectivity if only enthalpic energy

considerations were made, as is done in most contemporary
T molecular modeling of enzyme catalysis where the entropic
IARVSAHt components generally are neglected (Heeffner et al. 1998;
Ke et al. 1998; Orrenius et al. 1998a,b). Attempts to calcu-
late activation entropy in enzyme catalysis with computer
modeling have recently appeared in literature (Strajbl et al.
2000; Villa et al. 2000).

N S
E+S 18 —E+P 7 E+8 —15 —E+P”

T42V, SATA, and T42VS47A
Fig. 2. Enthalpy and entropy profile diagrams of the enantioselective re-

action catalyzed bgandida antarcticdipase B. Dashed lines representthe Amino acid residues 42 and 47 as well as 104 constitute part
slow-reacting enantiomer and solid lines the fast-reacting enantiomer, gemof the boundaries of the active alcohol-binding site. In a
erally S and R, respectively. The double-headed arrows display possiblguccessfm attempt to rationally design an enzyme enantios-
changes to obtain the increase A, AH* and Ag AS' caused by the . . .

T103G and W104H mutations. The decrease in the thermodynamic paran%lecuye toward haIOhydr!nS these residues were changed by
eters as caused by the T42V, S47A, and T42VS47A mutations are showdite-directed mutagenesis to T42V, S47A, and T42VS47A

with single-headed arrows. (Rotticci et al. 2001). These residues were chosen as they
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constitute part of the stereoselectivity pocket in the alcoholselectivity as the enthalpic contributiak SAHY. We see
binding site (Fig. 1). By exchanging the hydroxyl groups for that changes in the enzyme yield changed jn,AH* and

a methyl group, T42V, or hydrogen, S47A, the enantio-Ar AS', which are partly compensatory in nature. Because
selectivity of secalcohols containing halogens on the me-this compensation is not perfect it allows modifications on
dium substituent was hypothesized to increase due to thine protein to optimize enantioselectivity. Improvement of
removal of the repulsion between the halogen and the hyenzyme enantioselectivity is therefore possible through ra-
droxyls. Table 2 shows how the enantiomeric ratio fortional design, although it requires enzyme catalysis models
1-chloro-2-octanol and 1-bromo-2-octanol increased for theéhat also consider entropy. This calls for more research to
enzyme variants containing the S47A mutation. E has alselucidate the role of entropy in enzyme catalysis.
decreased for the resolution of 3-methyl-2-butanol cata-

lyzed by the same variants. This is in agreement with the )

model, as the variants were designed to improve E for comMaterials and methods
pounds with halogenated medium substituent and as a side

effect, lower E for those with alkyl substituent. However, on Site-directed mutagenesis

closer inspection of the thermodynamic components of thehe T42v, S47A, and T42VS47A variants were obtained by using
resolution of 3-methyl-2-butanol (Table 1) one notes thatthe overlap-PCR technique (Ho et al. 1989). The following primers
the largest changes i, AH* andAg ASF are found for  were used to insert the desired mutations: fCALBT42V; 5
the T42V variant, the mutation that from inspection of E GGAACCGGCGTCACAGGTCC; rCALBT42V, SGGACCT
GTGACGCCGGTTCC; fCALBS47A, 5TCCACAGGCTTTC

only seems to yield the smallest or no effect. Although theGACTCGAA; and rCALBSA47A. 5GTTCGAGTCGAAAGCCT

design of the S47A and T42VS47A variants was based on g GG The CALB gene was inserted in the plasmid YpDC541
model including only enthalpic and no entropic consider-using Xhd and Notl restriction sites, placing the lipase gene di-
ations, these variants were successful in improving theectly after thea-factor secretion signal sequence, as previously
enantioselectivity toward the halohydrins, as seen in Tablgescribed by Rotticci-Mulder et al. (2001). Concerning the

: ] _»_WI104H variant, the Transformer site-directed mutagenesis kit was
2. However, the results from the resolution of 3-methyl-2 used as described by the manufacturer (Clontech Laboratories

butanol show that the largest changes in acti\{ation e_nthalpylc_)_ The plasmid YpCALB (Rotticci-Mulder et al. 2001) was
and entropy were found for the T42V mutation. This un-mutagenized using the mutagenic priméf@TTCCCGTGCT
derlines the importance of not drawing premature concluTACCCACTCCCAGGGTGG and the selection primer-GCT

sions from an enzyme model that excludes considerations ¢ T TCCAGGGATCGCAGTGGTGAG. The selection primer al-
lowed a silent mutation in the plasmid that removed the unique

entropy. restriction-siteSmal. All different CALB variants were sequenced
on both strands using Sanger sequencing reactions with dye ter-
Conclusion minators (Sanger et al. 1977) and were analyzed on an ABI Prism

377 DNA sequencer (Perkin-Elmer, Wellesley, MA). Plasmids
The findings in the present investigation show that varia-containing the desired mutated lipase gene were transformed by

. . . .electroporation into the methylotrophic ye&thia pastoris One
tions, even minor ones, in the enzyme affect both the aCtIIipase-expressing transformant of each mutant was selected for

vation enthalpy and the activation entropy of the reaction ther cultivation.

Enzyme models that neglect contributions by entropy will

always be incomplete. In the case of enantioselectivity,

the entropic contributiom\r AS' is just as significant to Protein production and purification

Wild-type lipase and its variants were produced in a 3-L fermentor

according to instructions given by the manufacturer (Invitrogen,
Table 2. Enantioselectivity, E, o€andida antarctictipase B Carlsbath, CA). The cultivation medium had a volume of 1 L at the
beginning of the fermentation. Using the fermentor the expression

and variants . e . .
levels, measured after the protein purification, incred@itimes

1-bromo-2- 1-chloro-2- as compared to production in shake flasks. The T42VS47A variant
octanof octanoft 3-methyl-2-butand ~ Was produced in shake flasks. The lipase variants were purified by
Enzyme (296 K) (296 K) (296 K) hydrophobic interaction chromatography and gel filtration (Rot-
ticci-Mulder et al. 2001). Fermentor cultivation not only increased
Wild type 6.5+£0.4 14+2 970 the amount of desired protein, but also drastically decreased the
W104H 1.7+0.1 2£0.1 150 amount of alcohol oxidase that was released into the medium,
T42V 6.7+0.3 15+2 520 making the gel filtration step unnecessary.
S47A 124+04 28+3 340
T42VSATA 9.4+0.8 20+£2 390

Kinetic resolution of 3-methyl-2-butanol in hexane

aTransesterified with vinyl butyrate.

® Transesterified with vinyl octanoate. The enzymes, immobilized on Accurel MP (Membrana GMBH,
Errors are + one standard deviation. E for 3-methyl-2-butanol is calculated®bernburg, Germany), were equilibrated in the reaction vessels to
from the linear relation of InE versus 1/T. a water activity of 0.11 (LiCl, sat. ag.) for more than 10 h. Dried
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(molecular sieves) 3-methyl-2-butanol (0.43 M) and hexane weré.iese, A. and Filho, M.V. 1999. Production of fine chemicals using biocatalysis.
added to the reaction vessel and equilibrated in temperature. A Iov&y&( CU’; gp'”-dBl':Qtectr_‘”O'180;w59250—06(?3é ional and “irational” desian of
; ; on, A.E. and Firestine, S.M. . Rational and “irrational” design of pro-
e P . ! p » y .~ Ollis, D.L., Cheah, E., Cygler, M., Dijkstra, B., Frolow, F., Franken, S.M.,
ticci et al. (2000). The reaction was started by t_he addl_t|on of vinyl ™ Harel M., Remington, S.J., Silman, I., Schrag, J., Sussman, J.L., Versch-
octanoate (0.43 M). Samples were removed with a syringe at regu- ueren, K.H. G., and Goldman, A. 1992. Thé3-hydrolase fold.Protein
lar intervals for conversions of the substrate50%. Eng.5: 197-211.
Orrenius, C., Heeffner, F., Rotticci, D., Ohrner, N., Norin, T., and Hult, K.
1998a. Chiral recognition of alcohol enantiomers in acyl transfer reactions
Determination of enantioselectivit catalysed byCandida antarcticdipase B.Biocatal. Biotransform16: 1-15.
y Orrenius, C., van Heusden, C., van Ruiten, J., Overbeeke, P.L.A., Kierkels, H.,
The samples were analyzed for the enantiomeric excess of the Duine, J.A., and Jongejan, J.A. 1998b. Simple conformation space search

e B o _ protocols for the evaluation of enantioselectivity of lipas&atein Eng.11:
remaining substrate 3-methyl-2-butanol,,emd the produced oc 1147-1153.

tanoate ester, gewith chiral capillary GC. The column used Was oyoss0n, 3. and Hult, K. 2001. Influence of the acyl chain length on the
Chirasil-Dex CB column from Chrompack, the Netherlands. The  enantioselectivity oicandida antarcticalipase B and its thermodynamic
enantiomeric ratio E was calculated as an average of 5-12 samples components in kinetic resolution sécalcohols.J. Mol. Catal. B: Enzymol.

at conversions 0-50% according to Rakels et al. (1993) from the 11:1025-1028.

enantiomeric excess of both substrate @ed product eg Overbeeke, P.L.A., Ottosson, J., Hult, K., Jongejan, J.A., and Duine, J.A. 1999.
The temperature dependence of enzymatic kinetic resolutions reveals the

relative contribution of enthalpy and entropy to enzymatic enantioselectiv-
Mol | deli ity. Biocatal. Biotransform17: 61-79.
olecular modeling Patkar, S.A., Svendsen, A., Kirk, O., Clausen, |.G., and Borch, K. 1997. Effect

Mol lar d . lculati f d . | of mutation in non-consensus sequence Thr-X-Ser-X-GIZafdida ant-
olecular dynamic calculaions were periormed as previously  yeiica lipase B on lipase specificity, specific activity and thermostability.

published by Raza et al. (2001). J. Mol. Catal. B: Enzymol3: 51-54.

Patkar, S., Vind, J., Kelstrup, E., Christensen, M.W., Svendsen, A., Borch, K.,

and Kirk, O. 1998. Effect of mutations i€andida antarcticaB lipase.
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