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Abstract: The catalytic mechanism of limonene epoxide hydrolase (LEH) was investigated theoretically
using the density functional theory method B3LYP. LEH is part of a novel limonene degradation pathway
found in Rhodococcus erythropolis DCL14, where it catalyzes the hydrolysis of limonene-1,2-epoxide to
give limonene-1,2-diol. The recent crystal structure of LEH was used to build a model of the LEH active
site composed of five amino acids and a crystallographically observed water molecule. With this model,
hydrolysis of different substrates was investigated. It is concluded that LEH employs a concerted general
acid/general base-catalyzed reaction mechanism involving protonation of the substrate by Aspl01,
nucleophilic attack by water on the epoxide, and abstraction of a proton from water by Asp132. Furthermore,
we provide an explanation for the experimentally observed regioselective hydrolysis of the four stereocisomers
of limonene-1,2-epoxide.

Introduction Scheme 1. The Epoxide Hydrolysis Reaction Catalyzed by LEH2

Epoxide hydrolases (EHs) are ubiquitous in nature and are o o OH
found in a variety of organisms including mammals, bacteria,
plants, and insects. EHs' main roles include detoxification,

catabolism, and regulation of signaling molecutésDuring
recent years, EHs have acquired special interest because of their
potent|a_1l to be used as biocatalysts for _asymmetrlp hydrolysis Limonene-1,2-epoxide ~ Limonene-1,2-diol
of epoxides* A number of EHs from various organisms have ) . ) ) .

. . . . aThere exist four stereoisomers of limonene-1,2-epoxide, all of which
been discovered, most of which belong to a group with relatively e sypsrates for LEH.
high internal sequence similarity. The structures of several
members in this group have been determined, and they all ) ]
exhibit an a/B-hydrolase fold~7 However, a few epoxide ~a@nd energy. LEH catalyzes the hydrolysis of limonene-1,2-
hydrolases have been isolated that do not exhibit any sequenc&Poxide to give the vicinal diol limonene-1,2-diol (Schemé 1).
similarity to theo/-hydrolase fold family; among these is the The mechanism of EHs belonging to thgs-hydrolase fold
limonene-1,2-epoxide hydrolase (LEH) froRhodococcus ~ family was for a long time thought to be general base-
erythropolisDCL148 LEH is part of the limonene degradation ~ Catalyzed:*°However, mechanistic studies as well as a number
pathway inR.erythropolisDCL14, a pathway that allows the  Of crystal structures have shown that the reaction occurs via a

bacterium to grow on limonene as the sole source of carbon tWO-Step mechanism, which involves attack of an aspartate
residue on the epoxide, resulting in a stable enzysubstrate

lRoyaI Institute of Technology. intermediate, followed by hydrolysis in the second stef3The

Karolinska Institutet. i ; ; ;

(1) Morisseau, C.; Hammock, B. DAnnu. Re. Pharmacol. Toxicol2005 nUCIeOpth aspartate !S .p"."rt of a catalytlc triad Composed of
45, 311-33. two aspartates and a histidine residéit.has been shown that

(2) Fretland, A. J.; Omiecinski, C. ©@hem.-Biol. Interact200Q 129, 41—59. H i i i

(3) de vries, E.3: Janssen. D. Buir. Opin. Biotechnol2003 14, 414 two tyr03|_nes arg likely to act_ as acid catgl_yst_s and activate the
420. epoxide ring during the reaction, thus facilitating attack by the

(4) Zhao, L.; Han, B.; Huang, Z.; Miller, M.; Huang, H.; Malashock, D. S.; R 14,15
Zhu, Z.; Milan, A.; Robertson, D. E.; Weiner, D. P.; Burk, M.J.Am. nUCIeOph”IC aSpartaté'
Chem. Soc2004 126, 11156-11157.
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D. B.; Dijkstra, B. W.J. Biol. Chem.1999 274, 14579-14586. 1999 65, 2092-2102.
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Valpromide

Figure 1. (A) Overall view of the structure of LEH with the inhibitor valpromide bound in the active site. The cartoon is colored from blue at the N-terminus
to red at the C-terminus. (B) Close-up view of the active site. The experimentally observed water molecule that is putatively important in tr@rmechani
is denoted Wat. Coordinates from PDB deposition 1NU3 have been used to generate th¥ figure.

Scheme 2. Proposed LEH Mechanism (adapted from Arand et al.1?)
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LEH differs in both structural and mechanistic aspects from  The crystal structure of LEH revealed a cury&gheet with
the o/f3-hydrolase fold EHs. For example, LEH is much smaller threea-helices packed on top (Figure 1A). A cluster of five
than theo/S-hydrolase fold EHs and does not contain any of charged and polar residues constitutes the active site (Figure
the highly conserved motifs of the catalytic triad founcbiff- 1B).X” Thus, LEH has a totally different fold and catalytic
hydrolase fold EH$® Also, the recent LEH crystal structure machinery than theo/s-hydrolase fold family of epoxide
revealed that LEH does not have af3-hydrolase fold and hydrolases. In fact, LEH is assumed to be the founding member

Tyr53

exhibits a novel active site structuteFinally, various experi- of a new protein family® Several proteins with significant
ments have shown that the LEH mechanism is substantially structural and sequence similarities have been identified very
different from that of thex/3-hydrolase fold EH&.17-18For LEH, recently?® Crystallization of the epoxide hydrolase Rv2740 from

epoxide hydrolysis seems to occur without the formation of a Mycobacterium tuberculosisevealed an active site that is
covalent enzymesubstrate intermediaté18 LEH-mediated extremely similar to the active site of LE¥4Both proteins share
hydrolysis of 1-methylcyclohexene oxide showed preference for the same putative catalytic residues and are suggested to employ
attack at the most substituted epoxide carbon, and it wasthe same mechanism for epoxide hydroly8isvutagenesis
therefore concluded that the LEH mechanism is acid-catalfzed. studies confirmed the importance of the proposed catalytic
This is based on the observation that epoxide opening underresidues found in the active site of LEHBased on these results
acidic conditions usually leads to attack on the most substitutedas well as structural data, a putative reaction mechanism for
carbon, because this carbon holds a larger partial positive LEH was put forward (Scheme 2j.While Tyr53 and Asn55
charge!® mainly seem to function in positioning a water molecule in a

: — — favorable position for epoxide attack, Arg99, Aspl101, and
14) g_""\'}"vidﬁgﬁ%“ggﬂf‘%e_agj_cgim?éﬁ'r'ﬁéo%a Azggé”gggév'z'_g‘go%gf'sna”SO”' Asp132 are suggested to be actively involved in proton donation

(15) Rink, R.; Kingma, J.; Lutje Spelberg, J. H.; Janssen, DBiBchemistry and abstraction during the reaction and have hence been
200039, 5600-5613.

. - g :
(16) Barbirato, F.; Verdoes, J. C.; de Bont, J. A. M.; van der Werf, M\EBS described as an AspArg As_p tnad: Asp101 is proposed tO.
17 ;ett. é9?ﬂ8_£|1438"§93—é9€'5\)|_2 3. Berafors. T.- Oesch. F.- van der Werf donate a proton to the oxirane ring of the substrate, while
e e ey S TG 5 900892 =" Asp132 abstracts a proton from the water molecule, facilitating
2583-2592. nucleophilic attack on the epoxide carbon. Arg99 positions the

(18) van der Werf, M. J.; de Bont, J. A. M.; Swarts, HT8trahedron:Asymmetry
1999 10, 4225-4230.

(19) Clayden, J.; Greeves, N.; Warren, S.; WothersPRyanic Chemistry (20) Johansson, P.; Unge, T.; Cronin, A.; Arand, M.; Bergfors, T.; Jones, T.
Oxford University Press: New York, 2001. A.; Mowbray, S. L.J. Mol. Biol. 2005 351, 1048-1056.
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Scheme 3. The Substrates Investigated in This Article?

1-Methylcyclohexene Oxide Limonene-1,2-epoxide
= 2 40
% 40 ﬂ
(1R2S) (18,2R) (1R,25,49)
1 2 3

\\\\

(18.29) (1R,2R) (1R.2R,4S) (18,25,4R)
7 8 9 10
1-Methylcyclohexane-1,2-diol Limonene-1,2-diol

aLimonene-1,2-epoxide is the natural LEH substrate.

carboxylate groups of the two aspartates and assists also inComputational Details

P
charge stab|l|z.at|oﬁ. . . . All calculations presented here were performed using the density
Although quite appealing, the proposed catalytic mechanism fctional theory method B3LY2 as implemented in the Gaussian

Of LEH |eaVGS a number Of Iﬂtel’estlng queStlonS UnanSWGI‘Ed.Og program packag@'Geometry Opt|m|zat|0ns were performed W|th
For instance, although experiments with 1-methylcyclohexene the doublez plus polarization basis set 6-31G(d,p). To obtain more
oxide showed a preferred attack on the most substituted c&ffbon, accurate energies, single point calculations on the optimized geometries
hydrolysis of the four stereoisomers of limonene-1,2-epoxide were performed with the larger basis set 6-3Gi(2d,2p), which
results in attack on the most substituted epoxide carbon for theincludes diffuse functions and double polarization functions on each
stereoisomerd and5 ((1S2R49- and (RR,2S4R)-limonene- atom. Solvent effects were calculated at the 6-31G(d,p) level by
1,2-epoxide, Scheme 3) and attack on the less substituted Carborqen‘orming single goint cglculations on the optimized structures using
for the two others,3 and 6 ((IR,254S- and (1S2R4R)- the CPCM modt_e#. In this model, the solvent is represented by a

. . NSO T constant dielectric medium surrounding a cavity containing the solute.
limonene-1,2-epoxide, Scheme®3LAn intriguing question is

. S ; . The dielectric constant was choseneas 4, which is the standard
thus what governs the regioselectivity of epoxide opening. For value used in modeling protein surroundings. In a few additional

example, why are the two isome3saind5 attacked differently, calculations performed on substrate molecules alone (without protein
although they display the sameR2S) stereochemistry at the  surroundings)e = 80 was used. Frequency calculations were performed
oxirane carbons, where attack occurs? The only difference with the 6-31G(d,p) basis set to obtain zero-point vibrational energies
between3 and5 is the orientation of the isopropenyl group, and to confirm the nature of the various stationary points. The latter
indicating that this chiral center, although situated on a carbon implies no negative eigenvalues for minima and one imaginary
atom far from the reacting epoxide, plays a crucial role for the frequency for transition states. Freezing some atoms to their crystal-
regioselectivity of limonene-1,2-epoxide hydrolysis. Yet how Iograph_ic_positions gives rise to a few small negativ_e eigenvalues for
does the isopropeny! group affect epoxide hydrolysis? Other the optimized structuresf; however, these are only_ln the order of _10
. . . . cmL. All reported energies are corrected for solvation and zero-point
interesting questions are of more general nature. For |nstancev .

. . ibrational effects.
can the LEH mechanism be referred to as acid-catalyzed? If
yes, does it occur in a stepwise fashion, that is, protonation of Results and Discussion
the epoxide as a distinct first step, or is it a one-step reaction
mechanism, where proton transfer and epoxide attack by water
occur concertedly?

In this paper, we report quantum chemical calculations on
the LEH-mediated reaction. We probe the energetics of the
reaction mechanism with a model of the LEH active site
consisting of the five residues proposed to be implicated in the
reaction mechanism. The aim of this paper is to obtain a deeper(22) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789. (b)

Chemical Model. A model of the active site of LEH was
made on the basis of the crystal structure of LEH in complex
with the valpromide inhibitor (PDB code 1NU3jCoordinates
for the five amino acids proposed to be important for catalysis
were extracted from the PDB file as well as those for a water
molecule, which in the crystal structure was observed to be

i _ i i i i Becke, A. D.Phys. Re. A 1988 38, 3098-3100. (c) Becke, A. DJ. Chem.
undgrstandlng of LEH mediated catalysis, in partlcylgr to Phys. 1992 96, 21552160, (d) Becke, A. DJ. Chem, Physl992 97
provide an explanation for the observed regioselectivity of 9173-9177. (e) Becke, A. D., hem. Phys1993 98, 5648-5652.

; _ _ ; P (23) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Wallingford, CT, 2004.
limonene 12 EpOXIde hydr0|ySIS' (24) (a) Klamt, A.; Schiurmann, G.J. Chem. Soc. Perkin. Trank993 2, 799—
805. (b) Andzelm, J.; Kimel, C.; Klamt, A.J. Chem. Phys1995 103
(21) van der Werf, M. J.; Orru, R. V. A,; Overkamp, K. M.; Swarts, H. J.; 9312-9320. (c) Barone, V.; Cossi, M. Phys. Chem. A998 102, 1995~
Osprian, |.; Steinreiber, A.; de Bont, J. A. M.; Faber,Appl. Microbiol. 2001. (d) Cossi, M.; Rega, N.; Scalmani, G.; BaroneJMComput. Chem.
Biotechnol.1999 52, 380—385. 2003 24, 669-681.
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Scheme 4. The Two Possible Helicities of the Half-Chair
Conformation of Cyclohexene Oxide

(e} (e}
.
< X
3,4 M helicity 3,4 P helicity

substrate
1-Methylcyclohexene OxideAlthough 1-methylcyclohexene
oxide is not a natural substrate of LEH, it can still be hydrolyzed
by this enzyme with a relative activity of 47% as compared to
(4R)-limonene-1,2-epoxid&. However, one of the two enan-
tiomers of 1-methylcyclohexene oxide, thd&y(2S) stereoisomer
(1), is the preferred substrate, whileS2R)-1-methylcyclohex-
ene oxide ) is hydrolyzed at a slower rai€ Regioselectivity
for 1-methylcyclohexene oxide is reported to be 85:15 (C1:
C2); that is, attack at the most substituted carbon is favored.
Hydrolysis of 1 thus mainly yields (§2S)-1-methylcyclo-
hexane-1,2-diol%), while conversion o2 mainly gives (R,2R)-
1-methylcyclohexane-1,2-dioB);'® see Scheme 3.

In the quantum chemical calculations performed on this
substrate, it must be taken into account that the epoxide is a
substituted cyclohexane. While cyclohexane normally adopts a
Figure 2. LEH-active site model including a substrate molecul&@R,4R)- chair Conformatlon' presgncg of the oxirane ring only a"OYVS
limonene-1,2-epoxide). Asterisks () show atoms that are kept frozen to for a half-chair conformation, in which four of the atoms are in
their crystallographically observed positions in calculations. the same plane. This conformation can exist in two different
forms, which are best described by their helicitiglsor P (see

located close to the putative catalytic residues. Hydrogen atomsfscheme 4). The helicities play a crucial role for the understand-

were added manually, and the five amino acids were truncated'"9 of the regioselectivity of epoxide opening of cyclohexene
so that in principle onlly side chains were part of the active site oxides. The two different conformers of the various substituted

model. The two aspartates were thus represented by acetic acidcyclohexene oxides described in this text will be referred to as

tyrosine by phenol, asparagine by acetamide, and arginine byﬁ’4 cl\j/|25(,)22|?"1hP, lr;ﬁanln? 3?‘4 totththell;:lty aroun(_]l tthe 34 ¢
N-methyl-guanidine. The points of truncation were kept frozen ona: should be noted that the two forms can interconver

to preserve the spatial arrangement of the active site residuesf’janI are rapidly equilibrating with ratios depending on the energy

The model had a total size of 53 atoms without added substrate.d'ﬁfrﬁnce betw_(e;ent;he t_WO conformec;'_sf.f For urE)Sli\t:Istltuttehd
Depending on which substrate was added, the model increase(fycz ?Xi_ne OXId?h ere 1s no etm(ejrgt]y |_etr_ence ? een i €
to either 73 (with 1-methylcyclohexene oxide) or 80 atoms (with Wo helicilies and they are expected to exist In equal amounts.

limonene-1,2-epoxide). A picture of the LEH active site model For 1-methylcyclohexene oxide, there will be a very small

with (1S2R,4R)-limonene-1,2-epoxide as substrate is shown in energy difference betweenl the Jtand the.3,43 form duelto
Figure 2. the methyl group. Calculations @walone (without LEH active

Substrates.Various substrates were modeled into the LEH site moo_le_l) ShOW_ a _differencg of 0.2 kcal/mpl in favor of the
active site model, followed by geometry optimizations. The six 3,4P helicity 2’ This difference is so small that it can be assumed

chosen substrates that were investigated theoretically are thethat a mixture of 1-methylcyclohexene oxide is composed of

two enantiomers ®,25) and (1IS2R) of 1-methylcyclohexene 3,4 M and 3,4.P.|n approxmately equal amounts. Howeyer,
oxide (L and 2, respectively) and the four sterecisomers often one helicity .W'" be preferred over the other during
(1IR2549), (1S2R4S), (IR 254R), and (552R 4R) of the natural enzymatlc_hydrplyss, usually _b(_acause itis better_ accomn_wod_ated
LEH substrate limonene-1,2-epoxid 4, 5, and6, respectively, by the actlye site. For LEH, it IS not known Wh'Ch. h?“c'ty IS
see Scheme 3). Because there does not exist any crystal structur%referred’ if any, and calculations on both helicities have

of LEH in complex with a substrate or substrate analogue, the Efrefo(r:ez been.perfcirm?da F_?L eacfh of];[hein, atttsclk Orll either
crystal structure of LEH in complex with the competitive or C2 was investigated. Thus, forR23-1-methylcyclo-

inhibitor valpromide (dipropylacetamidé) was used as a hexene oxide, four different reactions have been investigated,
guideline for positioning of the substrates in the active site attack of water on either C1 or C2 for 3M and attack on

model. In the crystal structure, the valpromide carbonyl is found either C1 or C2 for 3,4.

in hydrogen-bonding distance to Asp101, and it is assumed that LEH-'Mediated Hydrolysis of (1R,ZS)-l-Methngyclohex-
valpromide binds in a position similar to that of the LEH ene Oxide.The substrate was modeled into the active site model

substrate$” The substrates were modeled into the active site PréSented above in elthe}r tor 3’4hp heI|C|t|y_, and geometry
model with the epoxide carbon pointing in the same direction ©OPtimizations were performed. The resulting reactant (Re)

as the valpromide carbonyl, thus allowing for hydrogen bonding geometries will be referred to as Rbiand Re-P, respectively,
to Asp101. This pOSItI'O.n of the substrates is ,aISO supported by (25) Bellucci, G.; Berti, G.; Ingrosso, G.; Mastrorilli, H. Org. Chem198Q
the fact that nucleophilic attack by the catalytic water molecule 45,299-303. o _ .

has to occur from the opposite side of the oxirane ring to allow (26) This helicity assignment is independent of starting numbering fronRthe

. . ) or the S carbon of cyclohexene oxidé.
for optimal orbital overlap and epoxide cleavage to occur. (27) Solvent correction performed with= 80.

14342 J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005
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Table 1. Calculated Barriers and Reaction Energies (in kcal/mol) for LEH-Mediated Conversion of 1-Methylcyclohexene Oxide to
1-Methylcyclohexane-1,2-diol

attack on reaction

reaction substrate? carbon TSP product® barrier energy
Re-IM — Pr-IMC1 (IR,29), 3,4M C1 twist-boat (529 175 —-3.4
Re-IM — Pr-IMC2 (1R,29), 3,4M C2 chair (R2R) 15.9 —-9.9
Re-1P — Pr-1PC1 (IR,29), 3,4P C1l chair (8529 14.9 —9.5
Re-1P — Pr-1PC2 (IR,29), 3,4P Cc2 twist-boat (R2R) 19.2 —-4.0
Re-2M — Pr-2ViC1 (1S2R), 3,4M C1 chair (R2R) 16.0 -9.0
Re-2M — Pr-2MC2 (1S2R), 3,4M C2 twist-boat (529 19.1 —-3.2
Re-P — Pr-2PC1 (1S2R), 3,4P C1l twist-boat (R2R) 19.0 —2.8
Re-P — Pr-2PC2 (1S2R), 3,4P Cc2 chair (8529 15.7 -95

aEpoxide stereochemistry and helicity around the 3,4 béi@bnformation of substrate in the transition st&t8tereochemistry of the resulting diol.

Table 2. Important Distances (A) of the Eight Transition States Optimized for 1-Methylcyclohexene Oxide

distance TS-1MC1 TS-1MC2 TS-1PC1 TS-1PC2 TS-2MC1 TS-2MC2 TS-2PC1 TS-2PC2
rl Asp132-O to water-H 1.55 1.54 1.57 1.51 1.57 1.48 1.56 151
r2 water-H to water-O 1.02 1.03 1.02 1.03 1.02 1.04 1.02 1.03
r3 water-O to epoxide-C 2.28 2.18 2.32 2.14 2.37 2.14 2.29 2.18
r4 epoxide-Cto epoxide-O 2.04 1.92 1.98 1.95 1.97 1.94 2.04 1.91
r5 epoxide-O to Asp101-H 1.06 1.07 1.08 1.06 1.06 1.06 1.04 1.08
ré6 Asp101-H to Asp101-O 1.43 1.39 1.38 1.44 1.41 1.42 1.47 1.39

aSee Figure 3 for definitions afl—r6. ® The epoxide carbon that is attacked by water, that is, C1 or C2.

where 1 indicates the substrate in Scheme 3, lsindnd P This, however, was not possible, further supporting that the
indicate the helicity around bond 3,4. Transition state (TS) reaction is concerted and not stepwise.
structures for attack on either carbon were optimized and will |t should be noted that, although LEH-mediated epoxide

be referred to as TSMC1, TS-MC2, TS-PC1, and TS-PC2, cleavage is shown to involve epoxide protonation, it cannot
where C1 and C2 denote the carbon on which attack occurs.immediately be concluded that attack on the most substituted
The vicinal diols that are the resulting products (Pr) from the carbon (C1) is preferred. The obtained energies (see Table 1)
above reactions were also optimized and are referred to as Prshow that for Re-, attack is actually preferred on C2 (a barrier
IMC1, Pr-MC2, Pr-PC1, and Pr-BC2. Calculated barriers  of 15.9 kcal/mol as compared to 17.5 kcal/mol for attack on
and reaction energies are listed in Table 1. Figure 3 shows Re-C1). For RelP, on the other hand, attack is preferred on C1 (a
1P, TS-1PC1, TS-PC2, Pr-PC1, and Pr-BC2. The geometries  parrier of 14.9 kcal/mol as compared to 19.2 kcal/mol for attack
obtained for calculations on ReMLare analogous to those on C2). If the resulting transition state structures are examined
obtained for Re-B and are not shown. Distanced—r6 in detalil, the explanation for this becomes obvious. For both
corresponding to bonds that are broken or formed during the TS-1MC2 and TS1PC1, the conformation of the substrate in
reaction are shown in Table 2 for all four transition states TS- the transition state is close to that of a chair, while for TS
IMC1, TS-MC2, TS-PC1, and TS-EC2 (see Figure 3fora  1MC1 and TS-PC2 a twist-boat conformation is observed (see
definition of r1-r6). Figure 3). A twist-boat conformation lies several kcal/mol higher
Our results support the proposed reaction mechanism (Schemen energy than a chair conformation, and a reaction that proceeds
2) involving protonation of the substrate by Asp101, nucleophilic through a chair conformation will therefore be preferred. For
attack of the water molecule on one of the epoxide carbons, the individual conformers, 3,M or 3,4 P, attack is thus not
and proton abstraction of a proton from water by Asp132. Tyr53, determined by electronic factors but by the conformation of the
Asnb5, and Aspl32 form hydrogen bonds with the water resulting transition state. It should also be noted from Figure 3
molecule and hold it in a perfect position for nucleophilic attack that the diol products still exhibit the same chair or twist-boat
on the oxirane ring of the substrate. Hydrogen bonds betweenconformations as the transition state. This explains why the
Arg99 and the two aspartates stabilize the negative charge foundproducts resulting from a reaction proceeding through a twist-
on Aspl32 in the reactant and on Asp101 in the product. boat transition state lie higher in energy than the ones formed

From our results, it can be concluded that LEH employs a by proceeding through a chair conformation (see Table 1).
general acid/general base-catalyzed mechanism, with Asp132 Having established that attack occurs on the carbon that leads
acting as general base and Asp101 as general acid. The observet a chair conformation, it should be remembered that the 3,4
mechanism of proton abstractieproton donation isa common M and the 3,4 forms are expected to be in rapid equilibrium;
theme in enzyme catalysis and is sometimes referred to as ahat is, both conformers are present during LEH-mediated
push-pull mechanism. It might be noted that epoxide cleavage hydrolysis of 1. The question is thus on which of the two
involving an acid catalyst is often understood as implying helicities attack is preferred. The calculated energies reveal that
carbocation formation and agSreaction mechanism. We find, for the two chair TSs the barrier is 14.9 for TEQ1 and 15.9
however, that protonation, epoxide cleavage, and formation of for TS-IMC2, showing that TSPC1 will be preferred over
the bond between the water oxygen and the epoxide carbonTS-1IMC2. The difference of 1.0 kcal/mol corresponds very well
occur concertedly through a one-steg2Sike reaction mech- to the experimentally observed regioselectivity of 85:15
anism. It was also tried to geometry optimize the protonated (C1:C2) for 1-methylcyclohexene oxid&The observation that
intermediate that would be expected in a stepwise mechanism.TS-1PC1 will be preferred over TRMC2 can have two origins
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Figure 3. LEH-mediated hydrolysis of @,29-1-methylcyclohexene oxide (3/). (A) Re-1P, (B) TS-1PC1, (C) TS-PC2, (D) Pr-PC1, (E) Pr-PC2.
Insets show the substrate conformation. Distandes6 are in angstroms.

— either that attack at C1 is preferred over attack at C2 or that Comparing the water to epoxide distances (r3) for the four
attack on helicity 3,47 is preferred over helicity 3,M. The transition states, it can be seen that for attack on C1 they are
latter is expected if one of the two helicities fits better into the 2.28 and 2.32 A, while for attack on C2 they are 2.18 and 2.14
active site. However, our active site model does not have a sizeA (see Table 2). The transition state for attack on C1 hence
with which such a preference could be observed. The most likely lies earlier with respect to this degree of freedom.

explanation is that LEH preferably catalyzes attack on the most It might be added that for all products the two hydroxyls are
substituted carbon, at least for this particular substrate. The observed in diaxial positions (Figure 3D and E). It is generally
preference for the most substituted carbon is easily understandknown that ring opening of cyclohexene oxides always leads
able, because the observed protonation of the epoxide resultdo diaxial products (sometimes referred to as thesFBlattner

in a polarization of the epoxide-60 bond. The partial positive  rule)1® The diaxial products can in principle subsequently ring-
charge developed will preferentially be situated on the most flip to give diequatorial products, which lie lower in energy.
substituted carbon (C1), because of the possibility of charge This would be expected to occur for 1-methylcyclohexane-1,2-
stabilization, and attack on C1 will therefore be facilitated. diol, because there is no large substituent present that would
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Figure 4. Different positions of the isopropenyl substltuent dependent on the heI|C|ty of the substRRS 4R)-limonene-1,2-epoxidé with (A) 3,4 P
helicity and (B) 3,4M helicity, (1S2R4R)-limonene-1,2-epoxidé with (C) 3,4 P helicity and (D) 3,4M helicity. Arrows point toward the isopropenyl
group, while axial and equatorial refer to the position of the group. The energy difference of (B) relative to (A) is 3.0 kcal/mol and of (D) rel@jive to (
is 5.7 kcal/mol.

impair ring-flipping. However, this flipping is not expected to  transition states will determine where attack is likely to occur,
be catalyzed by LEH and was therefore not the subject of our as presented for 1-methylcyclohexene oxide above. However,

investigation. while 1-methylcyclohexene oxide gives a mixture of proddets,
LEH-Mediated Hydrolysis of (1S,2R)-1-Methylcyclohex- because the two possible helicities will favor attack on different

ene Oxide.(1S2R)-1-Methylcyclohexene oxide2] was also carbons (see above), limonene-1,2-epoxide hydrolysis is abso-

modeled into the LEH active site model in either 8)4or 3,4 lutely regioselectivé:? This can be explained by the presence

P helicity and geometry optimized. Resulting reactants are Re- of the isopropenyl substituent in limonene-1,2-epoxide. In
2P and Re-®/. Transition states for attack on either C1 or C2 principle, limonene-1,2-epoxide can exist in two different
were optimized and are referred to as TS24, TS-PC2, TS- helicities just as 1-methylcyclohexene oxide. However, in this
2MC1, and TS-RIC2. The diaxial products are PRZ1, case, one helicity will be considerably lower in energy than the
Pr-2PC2, Pr-MC1, and Pr-BIC2. Because all geometries are other due to the position of the isopropenyl group, as shown
analogous to those obtained witfR(2S)-1-methylcyclohexene ~ below.
oxide, these are not shown here. However, calculated barriers It is generally known that a substituent on a six-membered
and reaction energies are shown in Table 1, and importantring will be preferred to be in a position referred to as equatorial,
distances of the transition state geometries are given in Tablebecause steric interactions are minimized in this way. The
2. alternative axial position is normally avoided.@fis taken as
For this substrate, we observe the same one-step mechanisnan example, the 3,41 form would have the isopropenyl group
as for the other enantiomer. Regarding the regioselectivity, the in an axial position, while the 3,® form has the isopropenyl
situation is opposite to that for the RRS)-isomer, because  group positioned equatorially (Figure 4). Calculations show that
reactions resulting in a chair conformation are obtained by attack the 3,4M conformer of6 lies 5.7 kcal/mol higher in energy
on C2 of the 3,47 conformer and C1 of the 3 conformer. than the 3,4P form2’ These calculations were performed
However, the obtained energies of 16.0 kcal/mol for M8 without LEH, and the energy difference between the two forms
and 15.7 kcal/mol for TSRC2 are so close that we cannot is thus solely due to the orientation of the isopropenyl group.
conclude that one of them will be preferred over the other. This For 5, the situation is in principle the same. The energy
is in slight disagreement with experimental results, because thesdlifference is somewhat smaller, because in this case the axial
data do not support the reported preference for attack on C1 ofisopropenyl group points in the opposite direction of the oxirane
(1S2R)-1-methylcyclohexene oxid&. However, it might be ring, which is not as sterically unfavorable as having an axial
noted that the experimental data on which the reported regio- isopropenyl pointing in the same direction as the oxirane (Figure
selectivity of (152R)-1-methylcyclohexene oxide is based harbor 4). The energy difference between the axial and the equatorial

large uncertaintie& forms of 5 is calculated to be 3.0 kcal/mol, which, however,
Limonene-1,2-epoxide The experimental hydrolysis of li-  still can be considered fairly large. It can thus be assumed that
monene-1,2-epoxide has shown interesting re8dksor all for each limonene-1,2-epoxide stereoisomer, only the helicity
four substrates, hydrolysis is completely regioselective with With the isopropenyl in an equatorial position will be observed.
attack on the most substituted carbon (C1)4@nd5 and the ~ LEH-mediated hydrolysis of limonene-1,2-epoxide has hence
less substituted carbon (C2) f8rand 6. The only product of only been modeled for one helicity for each stereoisomer. It
conversion of8 and4 is thus (R 2R 45)-limonene-1,2-diol 9), should be noted that the above explains how the stereochemistry

while (1S2S4R)-limonene-1,2-diol 10) is the only product for of the isopropenyl substituent affects the regioselectivity of
conversion of ands6; that is, the stereoisomers are hydrolyzed limonene-1,2-epoxide hydrolysis, because the isopropenyl group
in an enantioconvergent manner. It has been |mp||ed that the'OCkS the substrate in one heliCity, in which attack will occur
regioselectivity of substrate hydrolysis can be explained by only on the carbon that results in formation of a chair transition
active-site structure imposed variation of the relative orientations state, as shown below.

of the sterecisomers.However, as shall be shown below, our LEH-Mediated Hydrolysis of Limonene-1,2-epoxide The
quantum chemical calculations indicate that the observed different stereosiomers of limonene-1,2-epoxRjet, 5, or 6
regioselectivity of limonene-1,2-epoxide hydrolysis is not were modeled into the active site model and geometry opti-
governed by the orientation of the substrate in the active site mized. For all stereosiomers, the isopropenyl substituent was
but is rather due to the half-chair conformation of limonene- placed equatorially, implying 3,4 helicity for stereosiomers
1,2-epoxide. The chair and twist-boat conformations of the 3 and4 and 3,4P helicity for 5 and6. The optimized reactants
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Table 3. Calculated Barriers and Reaction Energies (in kcal/mol) for LEH-Mediated Conversion of Limonene-1,2-epoxide to
Limonene-1,2-diol

attack on reaction

reaction substrate? carbon TSP product® barrier energy
Re-3— Pr-3C1 (R2S49), 3,4M C1 twist-boat (52549 17.6 —-35
Re-3— Pr-3C2 (R 2549, 3,4M C2 chair (R2R4S 16.5 —-9.7
Re-4— Pr-4C1 (B2R49), 3,4M C1l chair (R2R4S 16.1 —-9.5
Re-4— Pr-4C2 (B52R49), 3,4M Cc2 twist-boat (52549 19.0 —3.6
Re-5— Pr-5C1 (R2S4R), 3,4P C1 chair (5254R) 14.9 —-9.7
Re-5— Pr-5C2 (R2S4R), 3,4P Cc2 twist-boat (R2R4R) 19.5 —4.1
Re-6— Pr-6C1 (B2RA4R), 3,4P C1l twist-boat (R2R4R) 19.0 —2.8
Re-6— Pr-6C2 (B2R4R), 3,4P Cc2 chair (B5254R) 16.3 —-94

aEpoxide stereochemistry and helicity around the 3,4 b8i@bnformation of the substrate in the transition statereochemistry of the resulting diol.

Table 4. Important Distances (A) of the Eight Transition States Optimized for the Four Stereosiomers of Limonene-1,2-epoxide
distance? TS-3C1 TS-3C2 TS-4C1 TS-4C2 TS-5C1 TS-5C2 TS-6C1 TS-6C2

rl Asp132-O to water-H 1.54 1.53 1.58 1.48 1.56 151 1.56 151
r2 water-H to water-O 1.02 1.03 1.02 1.04 1.02 1.03 1.02 1.03
r3 water-O to epoxide-C 2.26 2.12 2.37 2.14 2.31 2.14 2.28 2.18
r4 epoxide-Cto epoxide-O 2.04 1.93 1.98 1.94 1.98 1.96 2.04 1.92
r5 epoxide-O to Asp101-H 1.06 1.07 1.06 1.06 1.08 1.06 1.04 1.08
ré6 Asp101-H to Asp101-O 1.42 1.39 141 1.42 1.37 1.42 1.47 1.38

aSee Figure 5 for definitions afl—r6.  The epoxide carbon that is attacked by water, that is, C1 or C2.

r2
r3
rd
r5
ré

14.9 kcal/mol B 19.5 kcal/mol

Asp132 Asp132
r1 1.56 o

r2 1.02
r3 2.28
r4 2.04
r5 1.04
r6 1.47

19.0 kcal/mol 16.3 kcal/mol

Figure 5. Optimized transition state structures for LEH-mediated hydrolysis (@R, 2S4R)-limonene-1,2-epoxide (3,B) and of6 (1S 2R,4R)-limonene-
1,2-epoxide (3,#). (A) TS-5C1, (B) TS-5C2, (C) TS-6C1, (D) TS-6C2. Insets show the substrate conformation. Distenc@sre in angstroms. Calculated
barriers for the different transition states are also shown.
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are referred to as Re-3, Re-4, Re-5, and Re-6, respectively. For
all reactants, attack on either C1 or C2 was investigated, and
the resulting transition states are accordingly referred to as
TS-3C1, TS-3C2, TS-4C1, TS-4C2, TS-5C1, TS-5C2, TS-6C1,
and TS-6C2. The products are called Pr-3C1, Pr-3C2, Pr-4C1,
Pr-4C2, Pr-5C1, Pr-5C2, Pr-6C1, and Pr-6C2. Barriers and
reaction energies are listed in Table 3, and important distances
are shown in Table 4. The geometries for TS-5C1, TS-5C2,
TS-6C1, and TS-6C2 are shown in Figure 5.

We observe the same general acid/general base-catalyzed one-
step mechanism for LEH-mediated hydrolysis of the natural
substrate as for 1-methylcyclohexene oxide. The different
stereoisomers of limonene-1,2-epoxide also exhibit an equivalent
transition from half-chair conformation in the reactant geom-
etries to chair or twist-boat conformation in the transition states
and finally to diaxial chair or twist-boat products. The barrier
for LEH-mediated hydrolysis 05 is calculated as 14.9 kcal/
mol for the reaction proceeding through a chair transition state
(TS-5C1), while the barrier for attack on C2 (TS-5C2) is found
to be as large as 19.5 kcal/mol. It can be concluded from the
energy difference that attack will only occur on C1, which is Figure 6. Optimized transition state structure for general base-catalyzed
in agreement with the experimentally observed regioselectiv- ?ﬁ:‘i‘g’: i;’fa é;tzr?mls methylcyclohexene oxide (3#). Distances
ity.%21 It can also be noted that the experimentally determined ’
activation energy of LEH for hydrolysis & has been reported  base-catalyzed reaction mechanism only. One can, furthermore,
to be 12.4 kcal/mot:28 The calculated barrier of 14.9 kcal/mol  envision that in case Asp101 is not protonated in the pre-
is thus reasonably close to the experimental value. The barrierscatalytic state of LEH, protonation could be a distinct first step
observed for the other stereoisomers of limonene-1,2-epoxidein the catalytic mechanism, probably with bulk water as the
indicate that, also for these, transition states with the substrateproton donor. This would only be associated with a small
in a chairlike conformation will be preferred (see Table 3). In energetic cost, in which case the energies presented in the
each case, our results reproduce the experimentally observegrevious subsections would be slightly higher, but no more than
regioselectivity, that is, attack on C2 f8¢ C1 for4, and C2 a few kcal/mol.
for 6.921 The regioselectivity of imonene-1,2-epoxide hydrolysis  qnclusions

is thus not determined by electronic factors, but by conforma- ) ) o
tional factors. In this paper, we have reported a theoretical examination of

On the Protonation State of Asp101.The above results  the catalytic mgchanism of limonene e.poxid.e hydrolgse (LEH).
clearly support the proposed LEH mechanism. However, one Hydrolygls of different syb;trates was |n\{est|gated with an LEH
feature of this mechanism that might seem questionable is the@ctive site model consisting of five residues and a crystallo-
protonation state of Asp101. We have investigated if LEH- 9raphically observed water molecule. From our calculations,
mediated epoxide hydrolysis is possible without the assistanceWe conclude that LEH employs a general acid/general base-
of the Asp101 proton, that is, employing a general base- catalyzed concerted reaction mechanism, which involves epoxide
catalyzed mechanism only. Epoxide opening at C1 &2%)- protonation by Aspl01, nucleophilic attack by water, and
1-methylcyclohexene oxide (3/) 1 was modeled without a ~ @bstraction of a proton from water by Asp132. We were also
proton present on Aspl01. The optimized transition state @Plé provide an explanation for the experimentally observed
structure is displayed in Figure 6. The barrier for the general 'egioselectivity of limonene-1,2-epoxide hydrolysis. The iso-
base-catalyzed reaction was found to be as large as 44.1 kcalPoP€nyl group of limonene-1,2-epoxide was shown to play a
mol. This should be compared to the barrier of 14.9 kcal/mol Ccrucial role, because it restricts the half-chair conformation of
found for the general acid/general base-catalyzed mechanisniimenene-1,2-epoxide to one of two possible helicities. In this
(Figure 3, Table 1). The high barrier can be explained by the conformation, attack on the different epoxide carbons will lead
lack of stabilization of the formed oxyanion. From the crystal O €ither a chairlike or a twist-boat transition state structure,
structure of LEH, it was not possible to identify any residues the latter, however, resulting in a higher barrier. The regio-
that could aid in oxyanion stabilization, except Asp101 in its Selectivity of limonene-1,2-epoxide is thus governed by con-
protonated form. The obtained results are consistent with formational and not electronic factors.
observations that chemical hydrolysis of imonene-1,2-epoxide  Acknowledgment. We gratefully acknowledge financial help
and 1-methylcyclohexene oxide only occurs under acidic from The Swedish Research Council, The Wenner-Gren Foun-
conditions, while the substrates are stable under basic condi-dations, The Carl Trygger Foundation, and The Magn Bergvall
tions1618]t can thus be excluded that LEH employs a general Foundation.

(28) It might be noted that the experimental activation energy of LEH was  Supporting Information Available: Complete list of authors

determined with a diastereomeric mixture ofR(2S4R)-limonene-1,2-  for ref 23 and coordinates for all LEH structures. This material
epoxide and ($2R,4R)-limonene-1,2-epoxide. However, because their . . . .

hydrolysis occurs sequentially, it can be assumed that the determined valueiS available free of charge via the Internet at http://pubs.acs.org.
only is based on the substrate that is converted first, that B28UR)-
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