CHEMBIO .

Enantiocomplementary Enzymatic Resolution
of the Chiral Auxiliary: cis,cis-6-(2,2-Dimethyl-
propanamido)spiro[4.4]lnonan-1-ol

and the Molecular Basis for the High
Enantioselectivity of Subtilisin Carlsberg

Paul F. Mugford,™ < Susan M. Lait,"™ Brian A. Keay,” and Romas J. Kazlauskas*™ ¢

cis,cis-(+ )-6-(2, 2-Dimethylpropanamido}spiro[4.4lnonan-1-0l, 1, a
chiral auxiliary for Diels—Alder additions, was resolved by
enzyme-catalyzed hydrolysis of the corresponding butyrate and
acrylate esters. Subtilisin Carlsberg protease and bovine cholester-
ol esterase both showed high enantioselectivity in this process,
but favored opposite enantiomers. Subtilisin Carlsberg favored
esters of (15,55,65)-1, while bovine cholesterol esterase favored
esters of (IR,5R,6R)-1, consistent with the approximately mirror-
image arrangement of the active sites of subtilisins and lipases/
esterases. A gram-scale resolution of 1-acrylate with subtilisin
Carlsberg yielded (15,55,65)-1 (1.1 g, 46% yield, 99% ee) and
(1R,5R,6R)-1-acrylate (1.3 g, 44% yield, 99% ee) although the re-

Introduction

The enantiomer preference (which enantiomer is favored) is a
key characteristic of enantioselective catalysts. For asymmetric
syntheses, desymmetrizations, and dynamic kinetic resolutions,
the enantiomer preference of the catalyst determines which
enantiomer forms. Since most applications (for example, prep-
aration of a pharmaceutical or pharmaceutical precursor) re-
quire only one enantiomer, it is important that the enantiomer
formed is the desired one. Although kinetic resolutions yield
both enantiomers, the enantiomer preference still determines
which enantiomer will be the unreacted starting material and
which will be the product of the reaction. This discrimination
can simplify the next synthetic steps or, in a moderately enan-
tioselective kinetic resolution, give higher enantiomer purity
because the remaining starting material can be recovered in
higher enantiomeric purity than the product.””

To reverse the enantiomer preference of a chemical catalyst,
one uses the enantiomeric catalyst, for example, a p-tartrate-
derived epoxidation catalyst in place of an L-tartrate-derived
catalyst. For enzymes, the switch to an enantiomeric form is
possible but not practical because it requires chemical synthe-
sis of the enzyme from p-amino acids® The practical solution
for enzyme-catalyzed reactions is to use an enantiocomple-
mentary enzyme, that is, one that favors the opposite enan-
tiomer. Enantiocomplementary enzymes favor opposite enan-
tiomers because either the substrate or the active-site machi-
nery is oriented differently.
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action was slow. The high enantioselectivity combined with the
conformational rigidity of the substrate made this an ideal exam-
ple to identify the molecular basis of the enantioselectivity of
subtilisin Carlsberg toward secondary alcohols. When modeled,
the favored (15,55,6S) enantiomer adopted a catalytically produc-
tive conformation with two longer-than-expected hydrogen
bonds, consistent with the slow reaction rate. The unfavored
(1R,5R,6R) enantiomer encountered severe steric interactions with
catalytically essential residues in the model. It either distorted the
catalytic histidine position or encountered severe steric strain
with Asn155, an oxyanion-stabilizing residue.

Researchers have discovered many examples of enantiocom-
plementary enzymes. For example, dehydrogenases as well as
yeast reductases with opposite stereopreferences are
common.?* In Escherichia coli, separate enantiocomplementa-
ry enzymes reduce the enantiomeric sulfoxide configurations
in methionine sulfoxide epimers.™ In Neisseria gonorrhoeae,
one protein, containing mirror-image active sites in separate
domains, reduces these enantiomeric sulfoxide configura-
tions.® In an oxidation example, the active site of p-amino
acid oxidase is a mirror image of that in flavocytochrome-b,.
Both enzymes catalyze amino acid oxidation, but with oppo-
site enantiomer preference.” Toluene dioxygenase and naph-
thalene dioxygenase are enantiocomplementary® Researchers
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reported diastereocomplementary aldolases® and enantiocom-
plementary aldolase catalytic antibodies."” Enantiocomplemta-
ry pinene synthases cyclize geranyl diphosphate to give either
(+)-(3R,5R)-a-pinene or (—)~(35,55)-a-pinene.l'” Researchers
have also used protein engineering to reverse the enantiose-
lectivity of enzymes.'?

Enantiocomplementary hydrolases include esterases, lipases,
and proteases,”"”! epoxide hydrolases,!'¥ hydantoinases,™ and
lactamases."® Serine proteases and lipases have approximately
mirror-image active sites and thus usually prefer opposite
enantiomers of secondary alcohols and primary amines
(Figure 1)."” In this paper, we report the enantiocomplementa-
ry resolution of a secondary alcohol that is useful as a chiral
auxiliary by using subtilisin Carlsberg or cholesterol esterase.

OH ' HO
protease l lipase/esterase
0 0
tBu)kN_l-’i on HO [—lN)J\tBu

6 1
((1S,58,88}1 |

(+)-(1R, 5R, 6R}-1

Figure 1. Empirical rule to predict the fast-reacting enantiomer in hydrolysis re-
actions. M represents a medium-size substituent—in 1 this corresponds to the
C2 methylene group. L represents a large substituent—in 1 this corresponds to
the CS spiro center.

The cis,cis-1,3-amino alcohol 1 is an excellent chiral auxiliary
for the Diels—Alder reaction because it shows excellent stereo-
control and high reactivity and it is easily removed. The acry-
late of 1 forms a Diels-Alder adduct with cyclopentadiene in
>98% de with an endo:exo ratio of >99:1 (Scheme 1).'¥ In

(e} e} (!) [0}
\J\o tiN)J\tBu @ @ "‘ko [-lN)l\tBu

(1R, BR, 6R)-1-acrylate 84% yield, > 98% de

> 99:1 endo:exo

Scheme 1. The highly diastereoselective Diels-Alder addition of cyclopentadiene
to (1R,5R,6R)-T-acrylate.

addition, it reacts with the less reactive dienes isoprene, furan,
1-vinylcyclopentene, and 1-vinylcyclohexane with good diaster-
eoselectivities and yields. Removal of auxiliaries linked through
an amide bond can be difficult, but the ester link of this auxili-
ary cleaves readily by saponification.

The synthesis of racemic 1 controls the relative configuration
of the three stereocenters to give the ciscis stereoisomer."®
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Fractional crystallization of the amine precursor of 1 (lacking
the N-pivaloyl group) as the mandelate salt provided pure
enantiomers with a yield of only 28% for each enantiomer,
plus 28% recovered starting material. Here we report a kinetic
resolution of (+)-1 by two enantiocomplementary enzymes,
both with an enantioselectivity greater than 200.

Results

We screened approximately 100 commercially available hydro-
lases for their ability to catalyze hydrolysis of racemic 1-ace-
tate. For the initial screen, we used p-nitrophenol as a pH indi-
cator to detect proton release upon hydrolysis!” At the
second stage, we monitored reactions on a scale of 1-5 mg by
using gas chromatography. This screening identified only two
hydrolases that catalyzed hydrolysis of 1-acetate—subtilisin
Carlsberg (or protease from Bacillus licheniformis) and protein-
ase N from Bacillus subtilis (Table 1). Even these two hydrolases
were inefficient catalysts as the mass of enzyme required was
12-19 times higher than the mass of substrate. Subtilisin Carls-
berg was approximately four times faster than proteinase N.
The slow reaction with these two hydrolases and the inability
of most hydrolases to catalyze hydrolysis of 1-acetate is proba-
bly due to the rigid and hindered nature of this substrate.

Even though it showed no activity in the initial screen, we
also checked the ability of bovine cholesterol esterase (CE) to
catalyze hydrolysis of 1-acetate because this esterase had pre-
viously resolved several spiro compounds.”™ We expected the
reaction, if any, to be slow. Indeed, the reaction was very
slow—with a 14-fold greater mass of esterase than of sub-
strate, the reaction reached 36% conversion after 30 h. Even
after 110 h it did not proceed beyond 38% conversion. It is
possible that our screen missed other slow-reacting enzymes.
However, we had identified three hydrolases that could cata-
lyze hydrolysis of this unnatural substrate.

All three hydrolases showed an excellent enantiomeric ratio,
E (Table 1). We calculated the enantioselectivity of the candi-
date enzymes from the enantiomeric purity measured by gas
chromatography on a chiral stationary phase. For 1-acetate,
subtilisin Carlsberg gave an E value greater than 200 while pro-
teinase N gave an E value of 100. CE was also highly enantio-
selective towards 1-acetate with an £ value greater than 200.
The absolute configuration of the favored enantiomer was de-
termined by comparison with a sample of 1 with known con-
figuration."®?" The two proteases favored esters of (15,55,65)-
1, while CE favored esters of (1R,5R,6R)-1. This opposite enan-
tiopreference is consistent with the secondary alcohol rules for
proteases and lipases/esterases (see Figure 1 above). The two
proteases and CE are enantiocomplementary enzymes and all
show high enantioselectivity.

We tested the resolution of the 1-butyrate ester, since sepa-
ration of the starting material and the ester by column chro-
matography is easier with 1-butyrate than with 1-acetate, and
also tested the resolution of 1-acrylate since this yields the
reactant for the Diels-Alder addition directly (Table 1). Upon
changing the acetate to a butyrate or acrylate, the enantio-
selectivity remained unchanged. The rate for the acetate and
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Table 1. Enzymatic resolution of esters of (1 )-1.

Enzyme Ester t Enzyme/ester  ee o< e, Conv.  fgoM
[h] ratiol! (yield)™ lyield) [%]"

subtilisin Carlsberg acetate” 48 120 37 99 27 >200 (5)
from butyrate! 24 17 89 99 47 >200 (5)
Bacillus licheniformis acrylate 48 15 99 (44 %) 99 (46 %) 50 >200 (5)
proteinase N from acetate 46 190 20 98 17 100 (5)
Bacillus subtilis butyrate 96 39 69 96 42 102 (5)
cholesterol esterase acetate 30 144 55 99 36 > 200 (R)

butyrate  24% 26 61 98 38 >200 (R)

[a] Ratio of mass of enzyme to mass of ester of (£)-1. [b] The measured ee values of the product and substrate,
ee, and eeg respectively, as determined by GC analysis. [c] The ee value for the butyrate was determined after
column chromatography and hydrolysis to the alcoho! 1. [d] Yield of 1-acrylate after isolation. [e] Yield of 1
after isolation. {f] The conversion [%] was determined from the ee and eep values by the formula conv. = ees/
(ees+eey). [g] The enantiomeric ratio, E, measures the relative rate of hydrolysis of the fast-reacting enantiomer
as compared to the slow-reacting enantiomer, according to Equation (1). [h] The absolute configuration was
determined by comparison to an authentic sample of (18,5R,6R)-1.'%?) [ The rate of reaction for 1-acetate
should not be compared with the rates for 1-butyrate/acrylate as the reactions were performed under different
conditions. [j] When the amount of enzyme is more than twice the weight of substrate, Michaelis—Menten ki-
netics and the equations used to calculate enantioselectivity may not be valid because the molar amount of
enzyme is no longer negligible compared to the amount of substrate. Nevertheless, the high enantiomeric
purity of the product and experiments with smaller amounts of enzyme clearly indicate that the enantioselec-
tivity is high. [k} This reaction was performed at 37°C; the other butyrate reactions were performed at 25°C.

R. J. Kazlauskas et al.

Molecular basis for the high
enantioselectivity of subtilisin
Carlsberg toward 1-butyrate

Starting with the X-ray crystal
structure of subtilisin Carlsberg,
we added 1-butyrate to the
active site by using computer
modeling.?? We further replaced
the reacting ester carbonyl
moiety of 1-butyrate with a
phosphonate group to mimic
the transition state (Scheme 3a)
and linked this phosphonate
group to the catalytic serine resi-
due. The chiral alcohol moiety
has only a few accessible confor-
mations because it has only
three rotatable bonds and its
large size excludes many confor-
mations within the active-site
pocket. We manually searched

butyrate/acrylate reactions in Table 1 should not be compared
as these reactions were under different conditions. Butyrate re-
actions were carried out on a slightly larger scale (20 mg) and
the relative amount of enzyme was reduced. Again we found
that a high conversion could not be obtained with CE and the
reaction temperature of 37°C was crucial for any reaction with
this enzyme. In contrast the subtilisin-catalyzed hydrolysis of
1-butyrate proceeded to 47% conversion in 24h at room
temperature.

0 subtilisin I
\))\ Catlsberg :
OoR +
£>200
(£)-1-acrylate (1R. 5R, 6R)-1-acrylate (18, 55, 65)-1
29g 1.3 g (44% yield) 1.1 g (46% yield)
99% ee 99% ee

Scheme 2. Preparative-scale resolution of 1-acrylate with subtilisin Carlsberg.

For a practical resolution, we chose the subtilisin-catalyzed
hydrolysis of 1-acrylate (Scheme 2). Subtilisin Carlsberg is
stable and inexpensive and this reaction directly yields the re-
actant needed for the subsequent Diels—Alder reaction. A 2.6-g
resolution with subtilisin Carlsberg (4.3 g) in approximately
600 mL of buffer reached 50% conversion after 48 h at room
temperature. Isolation and separation by column chromatogra-
phy vielded unreacted (1R,5R.6R)-1-acrylate in 44% yield and
99% ee and product (15,55,65)-1 in 46% yield and 99 % ee.
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conformations by rotating the
P—O bond, the 0—C1 bond, and
the C6—N bond. Catalytically
productive structures were those
that contained all five catalytically essential hydrogen bonds
(Scheme 3b) and avoided steric clashes with the protein.

The phosphonate structure mimicking hydrolysis of the fast-
reacting (15,55,65) enantiomer adopted a catalytically produc-
tive orientation (Scheme 3b) but the alcohol substituents
made little contact with the substrate-binding site. The alcohol
moiety rested above the active site with the medium substitu-
ent (the C2 methylenesee Figure 1) slightly above the right
side of the shallow S, binding site (defined by Met222, yellow,
at the bottom, Leu217, red, on the left, and the backbone of
Asn218, green, on the right in Figure 2 ). The large substituent
(the C5 spiro center and ring, see Figure 1) was unbound and
pointed toward the solvent (to the left in Figure 2 1). The closest
contact between the medium substituent and the S, binding
site was longer than the van der Waals contact distance (4.52 A
between the €3 atom of the 1 moiety and the sulfur atom of
Met222 versus 4.09 A" for a van der Waals contact). But this
distance is close enough to exclude water and create a favora-
ble hydrophobic interaction. Thus, the substituents in the alco-
hol moiety were only partly in the substrate-binding site.

Two of the catalytically essential hydrogen bonds were
longer than expected. The alcohol orientation pointed the al-
cohol oxygen atom toward the catalytic histidine residue to
form a hydrogen bond. This bond was longer than expected:
the Ne2—O distance was 3.33 A and the N-H-O angle was
135°, while the normal limits for a hydrogen bond are ~3.1 A
length and an angle greater than 120°. The hydrogen bond
from the His64 Ne2 atom to the Ser221 Oy atom was also
longer than expected at 3.42 A (N-H-O angle of 133°). These
two long hydrogen bonds may explain the very slow reaction
for this substrate **

ChemBioChem 2004, 5, 980 - 987
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a) b) Sy

(o Leu217 /" Met222
]
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His64 2 NH”'"O\
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e
(18, 58, 6S)-1
Asp32

Scheme 3. a) Phosphonate transition-state analogue derived from the fast-reacting (15,55,65)-1-butyrate. b) Key hydro-
gen bonds between the phosphonate group and the catalytic residues of subtilisin Carlsberg.
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Figure 2. Geometry-optimized conformations of the tetrahedral intermediates for hydrolysis
of 1-butyrate in the active site of subtilisin Carlsberg. The residues defining the S, site are
Met222 (yellow), Leu217 (dark red), and Asn218 (green). I) The catalytically productive con-
formation of the fast-reacting enantiomer (15,55,65)-1-butyrate. Three nonproductive confor-
mations of the slow-reacting enantiomer (1R,5R,6R)-1-butyrate: ll) Conformation A is missing
key hydrogen bonds because of the distorted histidine orientation, Ilf) conformation B has
several distorted bond angles as a resuit of steric interactions with Asn155, and IV) confor-
mation C has a syn-pentane-like interaction and several other distorted bond angles.

We examined three different conformations for the slow-
reacting (1R,5R,6R) enantiomer, but they either lacked key hy-
drogen bonds or encountered severe steric clash with the pro-
tein. The first conformation for the (1R,5R,6R) enantiomer (Fig-
ure 2ll, conformation A) had a severely distorted histidine ori-
entation. It placed the medium substituent of 1 into the left
side of the shallow S, pocket (deeper than the fast-reacting
enantiomer); the distance from the C3 atom to the sulfur atom
of Met222 was 4.20 A. The large substituent pointed directly
out of the active site and toward the solvent. The different ab-

ChemBioChem 2004, 5, 980-987 www.chembiochem.org
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solute configuration of the alco-
hol stereocenter pointed the al-
cohol oxygen atom away from
the catalytic histidine residue. In
addition, the medium substitu-
ent hit the catalytic histidine,
thereby causing the plane of the
imidazole ring to rotate down
into the active site by 60° (as
compared with the fast-reacting
enantiomer). The resulting dis-
tance between the C2 atom of
the substrate and the Ne2 atom
of His64 was 3.44 A, This shift se-
verely disrupted all three of the
catalytically essential hydrogen
bonds involving the catalytic histidine residue
(Table 2). The distance from the Hisé4 Ne2 atom to
the Ser221 Oy atom was too long form a hydrogen
bond (4.04 A, N-H-O angle of 124°), as was the dis-
tance to the alcohol oxygen atom (5.17 A, N—H-O
angle of 96°). Although the distance between the
Asp32 OS atom and the His64 N&1 atom remained
small (2.95 A), the O—H-N angle decreased to 66°,
8 which is too acute to form a hydrogen bond. These
disruptions of the catalytic-hydrogen-bond network
make it extremely unlikely that the slow-reacting
enhantiomer could react through conformation A.

In the second slow-reacting (1R,5R,6R) conforma-
tion (conformation B), the alcohol moiety rotated
clockwise along the P—O bond to relieve the histidine
distortion and restore the catalytically essential hy-
drogen bonds (Table 2). This rotation placed the
medium substituent above the left side of the S,
pocket and the closest distance was significantly
longer than the van der Waals contact distance
(5.06 A between the C3 atom and the sulfur atom of
Met222). This rotation also pointed the large group
to the right (from the perspective of Figure 21ll)
where its bulky pivalamide group hit the side of the
active site at Asn155. Asn155 also has a catalytic
role—the N,H group stabilizes the oxyanion of the
transition state by forming a hydrogen bond. The
pivalamide carbonyl group made hydrogen bonds to
the NH, (N;,) group of Asn155 (N-O distance of
2.92 A, O—H—N angle of 163°) and to the backbone
NH (N,) group (3.07 A, N—H—0 angle of 125°), as well
as a close steric contact with the S-carbon atom (3.27 A). This
pivalamide-Asn155 contact also distorted bond angles in the
alcohol moiety: the P—O—C1 angle was 128°, rather than 120°
as in the ideal case, and the O—-C1-C5 angle was 116° instead
of 109° (Table 3). Restoring these two angles to their ideal
values dramatically increased the steric interactions between
the pivalamide carbonyl group and Asn155 (distances: N~
0=229A, N,~0=3.04 A, and C;—0=2.54 A). To confirm that
conformation B is a strained conformation, we calculated its
energy (AM1, heat of formation) after removal from subtilisin

Asn218
Ser221

NHR HN._-Asniss
p—0-"" Y

Q
\ s,

acyl binding pocket
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Table 2. Lengths and angles of catalytically essential hydrogen bonds as determined by molecular modeling.” Discussion
Hydrogen-bond length [A] (angle) Two enantiocomplementary en-
(15,55,65) (TRSR6R) zymes—subtilisin and cholesterol
conformation A conformation B conformation C esterase—show high enantiose-~
His64—0iconei 333 (1359 5.17 (96°) 330 (146°) 3.30 (147°) lectivity toward esters of (&)-1.
His64—0Og,5, 3.42 (1339 4.04 (124°) 3.36 (1379 3.39 (138°) Th .
) e favored enantiomer for both
oxyanion—NHs.y, 2.80 (154%) 272 (159°) 2.86 (149°) 2.85 (1519
oXyanion—NH s 279 (164°) 278 (129°) 276 (128°) 275 (140°) follows the secondary alcohol
Asp32-His64 2.76 (162°) 2.95 (66°) 278 {173°) 278 (174°) rules developed to predict the
enantioselectivity of serine hydro-
conclusions productive key hydrogen high-energy syn-pentane-like lases."” Kim and co-workers also
conformation bonds missing structure interaction ) . i
recently used subtilisin and lipas-
[a] Bold font indicates distances that are too long to form a hydrogen bond. es as enantiocomplementary en-

Table 3. Energy of substrate and substrate angles for tetrahedral intermedi-
ates.

(15, 55, 65) (1R, 5R, 6R)
conformation
A B C
heat of formation'® [kcalmol™] 0 +2 +16 +17
C1-C5-C4 102° 103°  100° 99°
C1-C5-C6 116° 116° 17° 119°
CQ1-C5-C9 13° 113° 16° 17°
N-C6-C5™! 12° 110° 110° Nn7°
0-C1-cs™ 109° 109° 116°  116°
p—0-C1¥ 122° 123 127°  128°

fal AM1 heat of formation of the substrate removed from subtilisin.
[b] Bold font indicates bond angles distorted from their ideal values. Re-
storing the angles in bold font to their ideal values in conformations B
and C gave severe steric clashes with the Asn155 residue.

Carlsberg and found this to be 16 kcalmol™' higher than the
energy of the conformation for the fast-reacting enantiomer. in
summary, although conformation B contains the catalytically
essential hydrogen bonds, steric clash between the pivalamide
carbonyl group and Asn155 make this a highly strained confor-
mation.

Rotation of the pivalamide group along the C6—-N bond to
avoid the steric clashes with Asn155 yields conformation C.
Unfortunately, this rotation creates a new steric strain—a syn-
pentane-like interaction between the oxygen atom of the pival-
amide moiety and the spiro stereocenter (O—C5 distance of
3.00 A, Figure 2 IV). Typically a syn-pentane interaction increas-
es the energy by ~3.6 kcaimol ' The main close contact
with the enzyme was between the pivalamide NH group and
the NH, group of Asn155 (3.16 A). The significantly distorted
angles in this structure were the N—-C6—C5 angle (117°), the
P—O—C1 angle (128°), and the O—-C1-C5 angle (116°, Table 3).
Restoring these angles to their ideal values dramatically short-
ened the distance from the NH group of the pivalamide to the
NH, group of Asn155 (2.51 A). The calculated energy of the
transition-state analogue removed from the protein was
17 kcalmol " higher than the fast-reacting enantiomer, a result
indicating that this conformation is highly strained.
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zymes in the dynamic kinetic res-
olution of secondary alcohols*

The gram-scale resolution of 1-acrylate with subtilisin gave
high yield and enantiomeric purity but was very slow. We used
a mass of subtilisin 1.7 times higher than the mass of sub-
strate. Nevertheless, this resolution is a practical procedure be-
cause subtilisin Carlsberg is an inexpensive enzyme (US$12 per
gram from Sigma). In addition, subtilisin Carlsberg is stable
and could be reused. Given the bulky nature of this substrate,
it is not surprising that it might react slowly. Other bulky sub-
strates such as esters of u-branched amino acids also reacted
slowly with subtilisin Carlsberg.”” The advantage of this proce-
dure over resolution by crystallization of the amine precursor
as the mandelate salt is that this kinetic resolution yields the
desired acrylate ester directly.

Subtilisin Carlsberg usually shows only low to moderate
enantioselectivity toward secondary alcohols, but in this case
the enantioselctivity is very high. Molecular modeling revealed
the molecular basis for this high enantioselectivity. The fast-
reacting (15,55,65) enantiomer fits in the active site and makes
all five catalytically essential hydrogen bonds, although two of
these are longer than normal, which probably explains the low
reactivity for the substrate. On the other hand, the slow-react-
ing (1R,5R,6R) enantiomer encounters severe steric interactions
with catalytically essential residues. These interactions either
distort the catalytic histidine position or cause severe steric
strain with Asn155, an oxyanion-stabilizing residue.

Ema and co-workers proposed an alternative explanation for
the enantioselectivity of lipases” and subtilisin®” toward sec-
ondary alcohols. They suggest that the fast-reacting enantio-
mer adopts a conformation where stereoelectronic effects
favor reaction, while the slow-reacting enantiomers cannot
adopt this conformation. Thus, the fast-reacting enantiomer
should adopt a gauche (g— for proteases) conformation along
the C,conorOacono—Ce—o—0Y dihedral, thereby allowing overlap
of the antiperiplanar lone-pair orbital of the O, g atom with
the o* orbital of the breaking C—Oy bond. They propose that
the slow-reacting enantiomer cannot adopt this favorable ori-
entation because the large substituent would hit the catalytic
histidine residue.

Our modeling does not support this proposal because the
fast-reacting enantiomer cannot adopt a gauche orientation
along the Cicono—Ouicono—Cco—0y dihedral. The fast-reacting
enantiomer adopted an anti conformation along this bond

ChemBioChem 2004, 5, 980 - 987
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(—=172°) in order to make the catalytically essential hydrogen
bonds. Imposing a gauche conformation (—60°) along this di-
hedral caused a severe steric clash between the medium sub-
stituent (C2) and His64 (1.78 A, with the C1 hydrogen atom syn
to the oxyanion). The slow-reacting enantiomer, predicted to
adopt an anti conformation by the stereoelectronic effects
model, indeed adopted the anti conformation in conforma-
tions B (151°) and C (159°); however, because the orientation
is also anti for the fast-reacting enantiomer, it cannot contrib-
ute to enantioselectivity. Conformation A of the slow-reacting
enantiomer adopted a gauche conformation, (63°, g+ rather
than g-) but still hit the catalytic residue His64. Thus, we find
no evidence to support the notion that stereoelectronic effects
along the C,ono~Ouicona—Ce o—0Y dihedral contribute to the
enantioselectivity of subtilisin Carlsberg toward alcohol 1.

Previous X-ray crystal structures of phosphonate transition-
state analogues containing secondary alcohols also do not
support the notion that stereoelectronic effects along the
CatconoOaicono—Cc.o—0vy dihedral contribute to enantioselectivi-
ty. The fast-reacting enantiomer of menthol bound to a lipase
from Candida rugosa did not adopt the predicted gauche con-
formation (130°).%% On the other hand, the slow-reacting enan-
tiomer did adopt a gauche conformation (71°), again contrary
to predictions.

The X-ray crystal structures of bovine cholesterol esterase
are only of inactive forms,®" so we did not model their interac-
tions with alcohol 1.

Experimental Section

General: Chemicals were purchased from Sigma-Aldrich (Oakville,
ON) and were used without further purification. Subtilisin from Ba-
cillus licheniformis (EC 3.4.21.62) was obtained from Sigma (Oakville,
ON; catalogue no.P5459) and proteinase N from Bacillus subtilis
was obtained from Fluka (Oakville, ON; catalogue no. 82458). Cho-
lesterol esterase from beef pancreas (EC 3.1.1.13) was obtained
from Genzyme (Cambridge, MA; catalogue no. 1081).

Synthesis: The alcohol 1 and the acrylate ester were synthesized
according to a previous method."® The 1-acetate and 1-butyrate
were made by a similar method.

(+)-1-Acetate: (+)-1 (62.0 mg, 0.259 mmol) and lithium hexa-
methyldisilanazide (LHMDS; 100 mg, 0.598 mmol) were dissolved
in tetrahydrofuran (THF; 6 mL) and stirred for 1 h to give a gold-
colored suspension. Acetic anhydride (60 ulL, 0.64 mmol) was
added and the solution was stirred for 16 h. The resulting gold sol-
ution was quenched with water (10 mL) then aqueous HCl (4 m,
10 mL) and extracted with CH,Cl, (3 x 20 mL). The combined organ-
ic layers were washed with saturated aqueous Na,CO; (20 mL) and
dried over MgSO, Concentration in vacuo followed by flash
column chromatography (silica, hexanes/EtOAc 4:1) gave (£)-1-
acetate (47.6 mg, 0.169 mmol, 65.3%) as a white solid: M.p. 122-
123°C; [a}? —47.2 (c=1.08 in CHCLy); IR (film): A, =3328 (N-H),
2956 (C—H), 2873 (C—H), 1727 (ester C=0), 1625 (amide C=0), 1538
(C=Q), 1373, 1245, 1100, 1016 cm '; 'H NMR (400 MHz, CDCly): =
6.00 (brd, 1H, HN), 5.02-4.96 (m, 1H, H1), 4.28-4.20 (m, 1H, H6),
2.03 (s, 3H, H14), 2.05-1.45 {m, 12H, H2-H4, H7-H9), 1.16 (s, 9H,
H12) ppm; "C NMR (100 MHz, CDCl,): 6=177.4 (C, C10), 1704 (C,
C13), 81.2 (CH, C1), 56.2 (CH, C6), 56.1 (C, C5), 38.7 (C, C11), 34.8
(CH,), 34.7 (CH,), 32.2 (CH,), 31.8 (CH,), 27.5 (CH,, C12), 21.5 (CH;,
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C14), 21.1 (CH,), 20.2 (CH,) ppm; MS: m/z (%) 281 (6) (M,
238 (12) [M-CH,CO}*, 196 (30) [M—(CH,);CCQI*, 121 (64)
[M—{(CH;);CCONH, +CH,COJ1*, 120 (100) [M—{(CH,),CCONH,+
CH,CO,HNI*, 102 (75) [(CHL),CCONH,1*, 57 (86); HRMS: calcd for
C,HoNO;: 281.19909; found: 281,20062.

(£)-1-Butyrate: {+)-1 (810mg, 338 mmof) and LHMDS-OEt,
(1.72 9, 7.12 mmol) were dissolved in THF (40 mL) and stirred for
1h to give a gold-colored suspension. Butyryl chloride (750 pL,
7.22 mmol) was added and the solution was stirred for 1 h. The re-
sulting clear yellow solution was quenched with water (20 mL)
then aqueous HCl (4m, 50mb) and extracted with CH,Cl, (3x
50 mL). The combined organic layers were washed with saturated
aqueous Na,CO; (50 mL) and dried over MgS0O,. Concentration in
vacuo followed by flash column chromatography (silica, hexanes/
EtOAc 4:1) gave (+)-1-butyrate (901 mg, 2.91 mmol, 86.1%) as a
white solid: M.p. 107-108°C; [a]¥ —44.6 (c=1.01 in CHCL); IR
(film): A= 3339 (N—H), 2962 (C—H), 2872 (C—H), 1730 (ester C=0),
1632 (amide C=0), 1537 (C=C), 1453, 1435, 1416, 1394, 1367, 1305,
1203, 1186, 1100, 994, 945 cm™'; 'H NMR (400 MHz, CDCl,): 6 =6.04
(brd, 1H, HN), 5.01 (dd, /=5.5, 2.5 Hz, 1H, H1), 426-4.18 (m, 1H,
He6), 2.26 (t, J=7.5 Hz, 2H, H14), 2.08-1.45 (m, 14H, H2-H4, H7-H9,
H15), 1.16 (s, 9H, H12), 0.94 (t, J=7.4 Hz, 3H, H16) ppm; *C NMR
(100 MHz, CDCl): 6=177.5 (C, C10), 1729 (C, C13), 81.0 (CH, Q1),
56.4 (CH, C6), 55.8 (C, C5), 38.7 (C, C11), 36.6 (CH,), 35.0 (CH,), 349
(CH,), 324 (CHy), 317 (CH,), 276 (CH; C12), 21.1 (CH,), 202
(CH,), 184 (CH,), 13.7 (CH; C16); MS: m/z (%): 309 (4) [MI™,
238 (15) [M-C,H,COI*, 224 (35) [M—(CH,),CCOI*, 121 (64)
[M—{(CH,);CCONH, + C,H,CO)1*, 120 (100) [M—{(CH,);CCONH,+
CH,COHN™T, 102 (82) [(CH,);CCONH,1*, 57 (78); HRMS: calcd for
C,sH3;NO;,: 309.23039; found: 309.23114.

Identifying the active hydrolases: An enzyme library of commer-
cial hydrolases was prepared as previously described.””® Hydrolase
solutions (20 pL per well) were placed in a 96-well microplate and
assay solution (80 pL per well) was added. The final concentrations
were 5.1 mM 1-acetate, 3.6 mm N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid (BES), 0.36 mwm 4-nitrophenol, and 8% acetoni-
trile. The plate was placed in the microplate reader and shaken for
10 s to ensure complete mixing, and the decrease in absorbance at
404 nm was then monitored at 25°C every 11 s for 30 min. Each
hydrolysis was carried out in triplicate and averaged. The normal-
ized initial decrease in absorbance for the interval 20-300 s after
initiation was —13 s~ for subtilisin from Bacillus licheniformis (ini-
tial hydrolase solution of 22 mgmL ') and —6s ' for proteinase N
(initial hydrolase solution of 60 mgmL™"). These enzymes were
then tested for enantioselectivity in small-scale reactions.

Measuring hydrolase enantioselectivity: BES buffer (450 pl.,
50 mM, pH 7.2) and 1-acetate (50 pL, 76 mm in MeCN) were placed
in a 1.5-mL centrifuge tube along with enzyme (12-19 mg). Reac-
tions were shaken at 600 rpm and 37°C for 12 h in an Eppendorf
Thermomixer R and then extracted with EtOAc (0.5 mL). The organ-
ic extract was dried with MgSO, and analyzed by gas chromatogra-
phy on a Chrompack Chirasil-DEX CB column (25 mx0.25 mm}
with He as the carrier gas (120°C for 5 min then 2.5°Cmin”" in-
crease up to 195°C, 10 psi): 1-acetate: k', =15.94 (S), a=1.01; 1:
K.,=17.10 (R), a=1.02 (where k', is the capacity factor given by
K\ == (tgr—ty)/ty such that tz; is the retention time of the sample
and t,, is the dead time. « is the selectiveity factor given tby the
ratio of the R and S capacity factors. For 1-acetate, the (5,5,5) enan-
tiomer elutes first while for the alcohol 1, the (R,R,R) enantiomer
elutes first. Both 1-acetate and 1 showed similar retention during
TLC (silica gel): R;=0.65 and 0.57, respectively, in hexanes/ethy!
acetate (1:1). To measure the enantioselectivity of reactions involv-
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ing 1-butyrate, the remaining 1-butyrate and product 1 were sepa-
rated by TLC (R;=0.81 and 0.57, respectively, in hexanes/ethyl ace-
tate (1:1)). The product 1 was analyzed by GC as above, but the
enantiomers of 1-butyrate did not separate under these conditions,
so the 1-butyrate was hydrolyzed to 1 with NaOH (1 mL, é6m) in
MeOH (4 mL) and extracted with EtOAc (2 mL). The organic extract
was dried and the hydrolyzed product was then analyzed by GC as
above. To measure the enantioselectivity of reactions involving 1-
acrylate, the remaining T-acrylate and product 1 were separated
by chromatography (1-acrylate: R;=0.77 in hexanes/ethyl acetate
(1:1)) and analyzed by GC (130°C then 0.5°Cmin ' increase up to
185°C, 10 psi): 1-acrylate: k', =34.71 (5), a=1.01; 1: k', =34.62 (R),
= 1.04. Separation of 1-acrylate and 1 was required because they
overlap in the GC trace. The enantiomeric ratio, £, was calculated
from the measured ee values of the product and substrate, ee; and
ee,, respectively, according to:

_Infees(1—ees)/(eep+ees))
" Infee, (1+ees)/ (eep+ee)]

(M

as defined by Sih and co-workers.*?

Resolution of 1-acrylate: Protease from Bacillus licheniformis
(60 mL aqueous propylene glycol solution, 73 mgmL=, 9.1 Umg™)
was placed in BES buffer (2 mm, 560 mL) and MeCN (25 mL), and
the pH value was adjusted to 7.2 by using a pH stat. 1-Acrylate
(2.88 g, 98.2 mmol} in MeCN (25 mL) was then added and the pH
value was maintained at 7.2 by the addition of NaOH (0.1 m). At
50% conversion, the reaction was extracted with EtOAc (3x
200 mL). The combined organic layers washed with water (200 mL)
and brine (200 mL), then dried over MgS0,. The solvent removed
under reduced pressure. Separation by chromatography (hexanes/
EtOAc (5:1)) yielded (15,55,65)-1 (1.07 g, 44.7 mmol, 46%, 99% ee)
as a white solid (m.p. 102-104°C) and (1R,5R,6R)-1-acrylate (1.27 g,
43.3 mmol, 44%, 99 % ee) as a white solid (m.p. 126-127°C).

Computer modeling: Molecular modeling was performed by using
the Biosym/MSI Insightll 97.0/Discover software (San Diego, CA)
with the Amber 95.08% force field. A distance-dependent dielectric
constant of 4.0 was used and 1-4 van der Waals interactions were
scaled by 50%. The starting subtilisin Carlsberg structure was ob-
tained from the Brookhaven protein data bank® (file: 1cse).”? The
elgin ¢ inhibitor was removed, hydrogens were added to corre-
spond to a pH value of 7.0, and the catalytic histidine (His64) was
protonated. Initial relaxation of the enzyme was performed with a
simple phosphonate transition-state analogue. With the backbone
constrained, 200 iterations of the steepest descent algorithm were
performed, followed by 200 iterations of the conjugant gradients
algorithm with the backbone tethered by a 10 kcalmol 'A ' force
constant, and finally by 200 iterations without any constraints. The
substrate was then added and minimizations were performed in
an analogous manner. Crystallographic water molecules were in-
cluded in all minimizations. Final minimization was continued until
the root mean square value was less than 0.0001 kcalmol ™.
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