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Substrate-enzyme docking-guided point mutation of a carbonyl reductase from Sporobolomyces salmonicolor  led to mutant enzymes, which
reversed the enantiopreference and enhanced the enantioselectivity toward the reduction of para-substituted acetophenones. Such a dramatic

change in the enantioselectivity indicates that the 245 residue in the catalytic site plays a critical role in determining the enantioselectivity of
these ketone reductions, providing valuable insight into our understanding of how residues involved in substrate binding affect the orientation
of bound substrate and thus control the reduction stereoselectivity.

Because of the increasing importance of enantiomerically design or directed evolution methods. This is especially the
pure compounds to the fine chemical and pharmaceuticalcase for the carbonyl reductases, where it is difficult to
industries, there is a growing demand for reliable, efficient implement a high-throughput method of determining enan-
stereoselective synthetic methods. Biocatalysis is an attractivetioselectivity in the ketone reduction to allow the rapid
tool in asymmetric synthesis and efficiently complements screening of a large number of mutafits.
traditional chemical methods. Naturally occurring enzymes  Sometimes, mutation of active site residues can yield
usually catalyze a given reaction with high specificity and greater effect8.For example, Leadlay and co-workers have
enantioselectivity under their physiological conditions. Enan- recently reported that mutation of residues in motifs | and Il
tioselectivity of biocatalysts is substrate-dependent and notin ketoreductase domains eryKRind eryKR from the
always high enough for unnatural substrates. Improvementerythromycin polyketide synthase altered the stereochemical
in enzyme activity and enantioselectivity is often necessary outcome in reduction of @9-2-methyl-3-oxopentanoic acid
to meet the ever-increasing needs of synthetic chemists.
Although several groups have used both directed evolution (1) For some recent examples, see: (a) Droege, M. J.; Boersma, Y. L.;
and rational design approaches to increase, or even to reverséﬁ}rlls't:rgf‘g‘?w;eg'u;f v\\//r%%krfgr’n.TéiEf ;Cﬁgﬁgggg??i 4C9-. (Jb'i Sg:ttzz" N
the enantioselectivity of lipasésesterase3,and other T.; Carballeira, J. D.; Peyralans, J.; Hobenreich, H.; Maichele, A.; Vogel,
enzymes, improving the stereoselectivity of an enzyme A. Chem.—Eur. J2006,12, 6031. (c) Koga, Y.; Kato, K.; Nakano, H.;

. . . i Yamane, TJ. Mol. Biol. 2003,331, 585.
reaction for synthetic advantage still represents a difficult "5y For some recent examples, see: (a) Horsman, G. P.: Liu, A. M. F.;

problem for the enzyme designers whether using rational Henke, E.; Bornscheuer, U. T.; Kazlauskas, RCHem.—Eur. J2003,9,
1933. (b) Schmidt, M.; Hasenpusch, D.; Kahler, M.; Kirchner, U.;
Wiggenhorn, K.; Lange, W.; Bornscheuer, U. ChemBioChen2006, 7,

T Southern Methodist University. 805. (c) Park, S.; Morley, K. L.; Horsman, G. P.; Holmquist, M.; Hult, K.;
* California State University—Fullerton. Kazlauskas, R. Chem. Biol.2005,12, 45.
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N-acetylcysteamine thioestein the study to confirm the
hypothetical tropinone binding mode, Nakajima et al.

(S)-enantiomer of product alcohol (Figure 1A) dR){
counterpart (Figure 1B), respectively. From these docking

substituted five substrate-binding residues of one tropinonestudies, which are qualitatively consistent with the low

reductase (TR-1) with those found in the corresponding
positions of the other tropinone reductase (TR-2) in the
biosynthetic pathway of tropane alkaloids, resulting in the
switch of stereospecificity of TR-1 into that of TR-2 and
vice versa. Herein, we report the first example of enzyme

substrate docking-guided point mutation of the substrate-

observed enantioselectivity, it was also seen that residues
Q245 and M242 are in close proximity to thara substituent
of the acetophenones in both conformations. We reasoned
that such close interaction might be responsible for the
observed low enantioselectivity in th8 SCR-catalyzed
reduction ofpara-substituted acetophenones, and that muta-

binding residues in a carbonyl reductase, generating mutanttion of the residues Q245 and M242 in the catalytic site might
enzymes with reversed enantiopreference and enhancedmprove the enzyme enantioselectivity, with hydrogen bond-

enantioselectivity toward the reduction péra-substituted

ing or hydrophobic interactions playing significant roles. In

acetophenones. These results provide some insight into thehe present study, the residue Q245 was mutated to all other
fundamental question of how substrate-binding residues 19 amino acids, and the mutants were screened for enhanced

affect substrate binding orientation and thus control the
reaction stereoselectivity.

Although the carbonyl reductase froBporobolomyces
salmonicolor (SSCR) catalyzes the reduction of various
ketones to the corresponding chiral alcohols in excellent
enantiomeric purity, it shows low enantioselectivity for the
reduction ofpara-substituted acetophenones 120% ee)

To better understand the enantioselective versatility in this
ketone reduction, an initial substratenzyme docking study
of 4’-methoxyacetophenone into the crystal structure of
SSCR was performed using ICM-Pro 3.4.%IDuring these
simulations, two opposite conformations which are energeti-

enantioselectivity toward the reduction péra-substituted
acetophenones.

A focused library of mutants was created by saturation
mutagenesis of the residue Q245 in the catalytic cavity of
the carbonyl reductase fro®. salmonicolor. The resulting
mutant library was screened using 4'-methoxyacetophenone
as substrate. The colonies which showed higher activity than
wild-type SSCRenzyme were selected to further determine
their enantioselectivity. Surprisingly, five colonies were
found to catalyze the reduction of-thethoxyacetophenone
to (9-1-(4-methoxyphenyl)ethanol with ee values of
79—98%, while R)-1-(4'-methoxyphenyl)ethanol was ob-

cally close to each other have been found in the high scoringtained in 57% ee with the wild-typ&SCR enzyme. No

docking conformations. Figure 1 shows the opposite con-
formations of 4-methoxyacetophenone, which vyield the

(3) (a) Cyclopentanone monooxygenase: Clouthier, C. M.; Kayser, M.
M.; Reetz, M. T.J. Org. Chem.2006, 71, 8431. (b) Cyclohexanone
monooxygenase: Reetz, M. T.; Brunner, B.; Schneider, T.; Schulz, F.;
Clouthier, C. M.; Kayser, M. MAngew. Chem., Int. E®004,43, 4075.

(c) Epoxide hydrolase, Reetz, M. T.; Wang, L. W.; Bocola, Mhgew.
Chem., Int. Ed2006,45, 1236. van Loo, B.; Spelberg, J. H. L.; Kingma,
J.; Sonke, T.; Wubbolts, M. G.; Janssen, D.Ghem. Biol.2004,11, 981.

(d) Hydroxynitrile lyase, Weis, R.; Gaisberger, R.; Skranc, W.; Gruber,
K.; Glieder, A. Angew. Chem., Int. EQ2005, 44, 4700. (e) Aldolase,
Williams, G. J.; Domann, S.; Nelson, A.; Berry, Rroc. Natl. Acad. Sci.
U.S.A.2003,100, 3143. (f) Vanillyl-alcohol oxidase: van den Heuvel, R.
H. H.; Fraaije, M. W.; Ferrer, M.; Mattevi, A.; van Berkel, W. J. Froc.
Natl. Acad. Sci. U.S.A£00Q 97, 9455. (g) Hydantoinase, May, O.; Nguyen,
P. T.; Arnold, F. H.Nature Biotechnol2000, 18, 317. (h) Phosphotri-
esterase: Chen-Goodspeed, M.; Sogorb, M. A.; Wu, F.; Raushel, F. M.
Biochemistry2001,40, 1332. (i) Arylmalonate decarboxylase: ljima, Y.;
Matoishi, K.; Terao, Y.; Doi, N.; Yanagawa, H.; Ohta, Bhem. Commun.
2005, 877.

(4) Li, Z.; Butikofer, L.; Witholt, B. Angew. Chem.,Int. EQR004,43,
1698.

(5) Toscano, M. D.; Woycechowsky, K. J.; Hilvert, Bngew. Chem.,
Int. Ed.2007,46, 3212—3236.

(6) (a) Baerga-Ortiz, A.; Popovic, B.; Siskos, A. P.; O'Hare, H. M.;
Spiteller, D.; Williams, M. G.; Campillo, N.; Spencer, J. B.; Leadlay, P. F.
Chem. Biol.2006,13, 277. (b) O’'Hare, H. M.; Baerga-Ortiz, A.; Popovic,
B.; Spencer, J. B.; Leadlay, P. Ehem. Biol.2006,13, 287.

(7) Nakajima, K.; Kato, H.; Oda, J.; Yamada, Y.; HashimotoJBiol.
Chem.1999,274, 16563.

(8) (&) Zhu, D.; Yang, Y.; Buynak, J. D.; Hua, Qrg. Biomol. Chem
2006,4, 2690. (b) Zhu, D.; Hua, LJ. Org. Chem2006,71, 9484.

(9) (@) Kamatori, S.; Iguchi, A.; Ohtaki, A.; Yamada, M.; Kita, K.
Mol. Biol. 2005,352, 551. (b) Cundari, T. R.; Dinescu, A.; Zhu, D.; Hua,
L. J. Mol. Mod.2007,13, 685—690.

(10) (a) Schapira, M.; Abagyan, R.; Totrov, M. Med. Chem2003,

46, 3045. (b) Schapira, M.; Raaka, B. M.; Das, S.; Fan, L.; Totrov, M.;
Zhou, Z.; Wilson, S. R.; Abagyan, R.; Samuels, H.Pfoc. Nat. Acad.
Sci. U.S.A2003,100, 7354. (c) An, J.; Totrov, M.; Abagyan, Rlol. Cell
Proteom.2005,4, 752.

(11) Wallace, A. C.; Laskowski, R. A.; Thornton, J. Nrotein Eng.
1995,8, 127.
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colony showing higher activity than the wild-tyf@SCR
enzyme was found to catalyze the reduction 'efriethoxy-
acetophenone tdj-1-(4-methoxyphenyl)ethanol. Sequenc-
ing of the five colonies revealed three colonies showing the
same mutation, Q245L, while the other two colonies showed
mutations Q245H and Q245P, respectively.

These mutanSSCR enzymes were further screened to
determine whether they also inverted enantioselectivity
toward the reduction of othg@ara-substituted acetophenones.
The results as summarized in Table 1 show that when the
residue Q245 was replaced with H, P, or L (Q245H, Q245P
and Q245L), reductions of all othgara-substituted aceto-
phenones gaves-configurated chiral alcohols in greater than
90% ee, while the unsubstituted acetophenone was reduced
in a relatively lower enantioselectivity. When compared to
the wild-typeSSCR, which catalyzed the reduction to give
(R)-enantiomer in 1459% ee, these mutaBISCRenzymes
exhibited inverted enantiopreference and enhanced enantio-
selectivity. Therefore, the residue 245 in the catalytic cavity
plays an important role in determining the enantioselectivity
for the reduction of thepara-substituted acetophenones.
Furthermore, this residue affected the enzyme activity for
the reduction of acetophenones. For example, compared to
the wild-typeSSCRand mutant Q245L, mutants Q245H and
Q245P greatly improved the enzyme activity toward the
reduction of acetophenones when fiera substituent was
Cl or Br.

To gain insight into how the single mutation at residue
245 results in such a drastic change of enantioselectivity for
the reduction ofpara-substituted acetophenones, in silico
mutagenesis of Q245 to H and docking of a varietpafa-
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Figure 1. Substrate 4'-methoxyacetophenone docked into the active site of the carbonyl reductaSpdrotvolomyces salmonicolor
(SSCR). (A) The substrate (MAP) is shown at the center of the binding site, oriented wikettaee toward the cofactor, NMN, at the

upper right of the pocket. Catalytic residues S133 and Y177 are shown at the upper left of the pocket, Q245 is at the lower right, with
additional residues F97 and M242 shown. Hydrogen-bonding interactions are shown as dotted lines. For clarity, only polar hydrogens are
shown. Rendered with ICM-Pro 3.4.9d. (B) The substrate (MAP) is shown at the center of the binding site \@iffiattee toward the

cofactor, NMN. Residues and cofactor labeled as in (A). (C) Ligpkitowing significant binding interactions between the flexibly docked
substrate in (A) an&SCR. (D) Ligplot! showing significant binding interactions between the flexibly docked substrate in (B386®R.

substituted acetophenone substrates to the mutant Q245Hhis configuration, protonation and subsequent hydride attack
were performed. The substrate typically adopted an energeti-would lead to selective reduction to the correspondi®) (
cally preferred conformation where the NMN ring of the 1-(4'-methoxyphenyl)ethanol. The docking dira-substi-
cofactor was optimally positioned at tHee face of the tuted acetophenone substrates into the mutants Q245P and
substrate, and the carbonyl oxygen atom of the substrateQ245L showed that the substrates also adopted the energeti-
formed a hydrogen bond with Y177 or S133. This orientation cally preferedReface conformation. Thus, structural details
was facilitated by the hydrophobic contacts between the 4 provided by the docking study validate the data shown in
methoxy group and the mutated residue H245 (Figure 2). In Table 1, and our hypothesis that Q245 affects enantioselec-

Table 1. Asymmetric Reductions dPara-Substituted Acetophenones Catalyzed38CRand Its Mutants

(o} OH OH
/@* SSCR /@)\ . /@/\
X X X
S R

SSCR-WT SSCR-Q245H SSCR-Q245P SSCR-Q245L
specific ee (%) specific ee (%) specific ee (%) specific ee (%)
X activity® abs config activity® abs config activity?® abs config activity® abs config

4'-OCHgs 20 57 (R) 16 79 (S) 62 98 (S) 20 96 (S)
4'-H 28 42 (R) 85 78 (S) 39 64 (S) 86 82 (S)
4'-F 14 46 (R) 72 92 (S) 25 90 (S) 36 93 (S)
4'-Cl 20 14 (R) 238 90 (S) 309 96 (S) 67 96 (S)
4'-Br 13 42 (R) 203 92 (S) 403 98 (S) 47 97 (S)
4'-CHs 11 59 (R) 25 95 (S) 45 96 (S) 20 95 (S)
4'-C(CHjy)s 11 31 (R) 32 96 (S) 84 99 (S) 9 99 (S)

aThe specific activity is defined as nmolin~t-mg2.
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Figure 2. Substrate 4'-methoxyacetophenone docked to the Q245H mutant of SSCR. (A) The substrate is shown at the center of the
binding site, with catalytic residues S133 and Y177 shown at the left of the pocket. H245 is at the lower right. The NMN is shown at the
upper right. For clarity, only polar hydrogens are shown. Rendered with ICM-Pro 3.4.9d. (B) Liglotving significant binding interactions
between the flexibly docked substrate and SSCR.

tivity toward reduction ofpara-substituted acetophenones way in our laboratories. Furthermore, the in silico docking-

is substantiated. guided semirational approach has shown to be a very
In summary, based on the knowledge of the crystal valuable methodology for discovery of new enzymes with

structure and enzymesubstrate docking studies, residues Synthetic advantage, particularly carbonyl reductases, where

Q245 and M242 in the catalytic cavity of the carbonyl high-throughput methods for rapid screening of large num-

reductase fronS. salmonicolomwere identified to C|Ose|y bers of mutants to determine enantioselectivity are difficult

interact with thepara substituent of acetophenone substrates. to implement.

Saturation mutagenesis of residue Q245 coupled with screen-
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change in the enantioselectivity. It is clear that residue 245

in the catalytic site plays a critical role in determining the ~ Supporting Information Available: Flexible docking

enantioselectivity of these ketone reductions. Single-crystal and experimental details. This material is available free of

X-ray diffraction analysis of the Q245H mutant in complex charge via the Internet at http://pubs.acs.org.
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