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Apoprotein of horse-heart myoglobin promoted enantio-
selective hydrolysis of 4-nitrophenyl esters of amino acids,
which allowed nearly perfect kinetic resolution of racemic
N-Boc-phenylalanine ester (Boc-Phe-ONp).

Protein catalysis has a potential for asymmetric synthesis.1
Apoproteins of cofactor-dependent proteins have attracted
attention as the new candidates, since they possess a chiral
hydrophobic cavity which can bind asymmetric substrates
stereoselectively.2,3 However, the successful examples are
limited. Recently, we have found that the apoprotein of
cytochrome b562 binds chiral porphyrins enantioselectively4

and catalyzes template-assisted metalation of porphyrins.5
Herein we report a novel asymmetric catalysis of apomyoglobin
in hydrolysis of amino acid esters,6 and wish to highlight an
extremely high enantioselectivity for N-Boc-phenylalanine
4-nitrophenyl ester (Scheme 1).

Apomyoglobin is one of the most extensively studied
apoproteins,7 and has been reported to catalyze hydrolysis of
4-nitrophenyl alkanoates.8 Horse-heart myoglobin was treated
with dilute hydrochloric acid and butanone to give apomyoglo-
bin, which was subjected to extensive dialysis against phos-
phate buffer (pH = 7.0, 10 mM).9 Hydrolysis of N-Boc-
phenylalanine 4-nitrophenyl ester (Boc-Phe-ONp) (Scheme 1)
was investigated in a phosphate buffer containing 1% dioxane at
4 °C,10 where the uncatalyzed hydrolysis ([Boc-Phe-ONp]0 =
6.25 mM) proceeded sluggishly (Fig. 1d; Ω) to furnish only 11%
conversion even after 240 min.11 On the other hand, addition of
apomyoglobin to the system resulted in a considerable accelera-
tion of the reaction, where the L-isomer was preferentially
hydrolyzed over the D-isomer. For example, when racemic Boc-
Phe-ONp (12.5 mM) was mixed with apomyoglobin (62.5 mM),
the hydrolysis proceeded smoothly to reach 60% conversion in
only 8 min. Upon mixing of the reaction mixture with ether or
ethyl acetate, the products (Boc-Phe-OH and 4-nitrophenol) and
unreacted Boc-Phe-ONp were completely extracted into the
organic phase. Chiral HPLC analysis of the organic phase with
Chiralcel™ OD-H or Sumichiral™ OA-4700 showed that
unreacted Boc-Phe-ONp is predominantly the D-isomer with an
L+D ratio of 1+99 (98% ee), while the hydrolyzed product (Boc-
Phe-OH) has an L+D ratio of 18+82. Thus, the hydrolysis with
apomyoglobin enables nearly perfect kinetic resolution of
racemic Boc-Phe-ONp.

The hydrolysis of Boc-Phe-ONp (62.5 mM) also proceeded to
attain 100% conversion by using an equimolar amount of
apomyoglobin. Furthermore, upon addition of a fresh feed of
the substrate (0.2 equiv.) to this reaction mixture, the hydrolysis
ensued without significant loss of the activity, indicating that
the reaction turns over catalytically with respect to apomyoglo-
bin. The hydrolysis most likely occurs via acyl transfer to an
imidazole group located within the heme pocket. In fact, the
reaction was not accelerated by holomyoglobin, whose heme
pocket is blocked by the native guest.8 On the other hand, when
imidazole was used as a reference catalyst, Boc-Phe-ONp was
hydrolyzed much more slowly than with apomyoglobin. For
example, the hydrolysis in the presence of 10 equiv. of
imidazole (62.5 mM) with respect to Boc-Phe-ONp proceeded
to 4% conversion in 20 min (Fig. 1c; 8), where the pseudo first-
order rate constant (kobs = 1.4 3 1023 min21) was only 2.7
times as high as that of the uncatalyzed reaction (kuncat = 5.2 3
1024 min21) (Fig. 1d; «).12

In order to obtain further insight into the enantioselective
catalysis of apomyoglobin, the kinetics of the hydrolysis of the
L- and D-isomers of Boc-Phe-ONp (12.5 mM) were investigated
in the presence of apomyoglobin (62.5 mM). When Boc-L-Phe-
ONp was the substrate, the hydrolysis took place smoothly to
give Boc-L-Phe-OH and 4-nitrophenol quantitatively within
only 10 min (Fig. 1a). The pseudo first-order rate constant
(kL

obs) was 4.9 3 1021 min21, which is 940 times larger than
that in the absence of the apoprotein. In contrast, hydrolysis of
the D-isomer proceeded very slowly (Fig. 1b) with a rate
constant (kD

obs) of only 3.1 3 1022 min21 (kD
obs/kuncat = 59),

which is 16 times smaller than that of the L-isomer under the
same conditions.

Upon increasing the initial concentration of the apoprotein
from 25 to 125 mM, the hydrolysis rates of Boc-L-Phe-ONp and

Scheme 1

Fig. 1 Time courses of the hydrolysis of Boc-Phe-ONp in phosphate buffer
(pH 7.0, 10 mM) containing 1% dioxane at 4 °C: (a) Boc-L-Phe-ONp–
apomyoglobin (12.5+62.5 mM), (b) Boc-D-Phe-ONp–apomyoglobin
(12.5+62.5 mM), (c) Boc-Phe-ONp–imidazole (6.25+62.5 mM) and (d) Boc-
Phe-ONp (6.25 mM) without catalyst.
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Boc-D-Phe-ONp both showed a saturation signature (Fig. 2a),
indicating that the apoprotein and Boc-Phe-ONp form a
complex which serves as a reactive intermediate. Lineweaver–
Burk plots11,13 gave a maximum rate constant for the L-isomer
(kL

cat) of 6.1 3 1021 min21, which is approximately 16 times
larger than that for the D-isomer (kD

cat = 3.8 3 1022 min21)
(Fig. 2b).14 On the other hand, the Km value for the hydrolysis
of Boc-L-Phe-ONp (KL

m) was evaluated to be 1.5 3 1025 M,
which is comparable to that of the D-isomer (KD

m = 1.4 3 1025

M).12 Thus, the high stereoselectivity of the hydrolysis is not
due to the enantioselective binding of the substrate (KL

m
21/

KD
m
21 = 0.95) but is more likely due to the large difference in

reactivity between the L- and D-isomers of Boc-Phe-ONp within
the heme pocket.

The enantioselectivity of the apomyoglobin-mediated hy-
drolysis was found to be highly sensitive to the substrate. For
example, when the N-protecting Boc group (R2) of the substrate
was replaced with benzyloxycarbonyl (Z-Phe-ONp, 12.5 mM),
the rate constant of the hydrolysis of the L-isomer with
apomyoglobin (62.5 mM) was considerably decreased (kL

obs =
5.5 3 1022 min21, kD

obs = 3.1 3 1022 min21) to furnish a
kL

obs+kD
obs of only 1.8.15 Lower enantioselectivities were also

observed when Boc-PhGly-ONp (R1 = Ph, kL
obs/kD

obs = 1.8)16

and Boc-Ala-ONp (R1 = Me, kL
obs/kD

obs = 1.9)16 were the
substrates in place of Boc-Phe-ONp, although the L-isomers
were again preferentially hydrolyzed.

In conclusion, through the present studies on the utilization of
the apoprotein of horse-heart myoglobin as a potential chiral
catalyst, we have demonstrated a highly enantioselective
hydrolysis of a phenylalanine 4-nitrophenyl ester (Boc-Phe-
ONp), whose selectivity is one of the highest reported to date.
Exploration with other natural and mutated apoproteins is one
of the subjects worthy of further investigation for extending the
scope of reactions.
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