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counterintuitive. Based on the finding of a much
stronger molecule-substrate interaction in the LT

occur, according to the existing data, and the order-
disorder transition can thus indeed be a real melting
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C. Stadler, S. Hansen, A. Schéll, C. Kumpf, E. Umbach,
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to a reduction of the short-range order (AS > 0),  chemical short-range order (4). The very pro-  16. L. Kilian et al., Phys. Rev. Lett. 100, 136103 (2008).
which is not completely compensated for by the  nounced anisotropy of the forces involved in the ~ 17- F. S Tautz, Prog. Surf. Sci. 82, 479 (2007).
. . . . . 18. ]. Ziroff, P. Gold, A. Bendounan, F. Forster, F. Reinert,
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The reduction of the bonding strength is most ~ case, where the ratio of the respective energy 19, , Schupper, N. M. Shnerb, Phys. Rev. Lett. 93, 037202
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vertical bond lengths, perhaps induced by the theoretical description. 20. O. Skibbe et al., J. Chem. Phys. 131, 024701 (2009).
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excitation of vertical molecular vibrations (20).
Consequently, the lateral interaction between the
molecules gains more weight and induces the
lateral ordering (/6).

At low temperature, the structural reorganiza-
tion may be explained by different, energetically
favorable adsorption sites of the NTCDA mole-
cules if they are near the substrate, perhaps involv-
ing a distortion of the adsorbed molecule. If the
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at high pressure [250 pounds per square inch (psi)]
using a rhodium-based chiral catalyst (Fig. 1A)
(4). Within the manufacturing scheme, the chem-
istry suffers from inadequate stereoselectivity and
a product stream contaminated with rhodium, ne-
cessitating additional purification steps at the ex-
pense of yield to upgrade both enantiomeric excess
(e.e.) and chemical purity. By using a transaminase
(5-8) scaffold and various protein engineering
technologies, we have developed a catalyst and
process that substantially improve the efficiency
of sitagliptin manufacturing (Fig. 1B).

Transaminases have a limited substrate range,
most accepting only substrates with a substituent
no larger than a methyl group at the position ad-
jacent to the ketone (Fig. 2A) (9-14). Not sur-
prisingly, screening a variety of commercially
available transaminases provided no enzyme with
detectable activity for amination of the prosita-
gliptin ketone (Fig. 2B). We therefore applied a
combination of in silico design and directed evo-
lution in an effort to confer such activity.

An (R)-selective transaminase [ATA-117 (15),
a homolog of an enzyme from Arthrobacter sp.]
(16) was previously used for R-specific transam-
ination of methyl ketones and small cyclic ketones
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Pharmaceutical synthesis can benefit greatly from the selectivity gains associated with enzymatic
catalysis. Here, we report an efficient biocatalytic process to replace a recently implemented
rhodium-catalyzed asymmetric enamine hydrogenation for the large-scale manufacture of the
antidiabetic compound sitagliptin. Starting from an enzyme that had the catalytic machinery to
perform the desired chemistry but lacked any activity toward the prositagliptin ketone, we applied
a substrate walking, modeling, and mutation approach to create a transaminase with marginal
activity for the synthesis of the chiral amine; this variant was then further engineered via directed
evolution for practical application in a manufacturing setting. The resultant biocatalysts showed
broad applicability toward the synthesis of chiral amines that previously were accessible only via
resolution. This work underscores the maturation of biocatalysis to enable efficient, economical,
and environmentally benign processes for the manufacture of pharmaceuticals.

symmetric hydrogenation technologies are
being increasingly used for commercial-
scale manufacture of fine chemicals and

pharmaceuticals (/). Solutions that address remain-
ing shortcomings of such technologies, including

insufficient stereoselectivity (requiring further up-
grading of the product), are still being sought. Even
though biocatalysis is rarely constrained by these
shortcomings, enzymes may suffer from other im-
itations, such as low turnover numbers, instability
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and screening and synthesis, and the generally
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volves asymmetric hydrogenation of an enamine
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(11, 12). To assess the feasibility of developing an
enzyme for sitagliptin synthesis, we generated a
structural homology model of ATA-117 (17) to
develop hypotheses for initial library designs.
Docking studies using this model suggested that
the enzyme would be unable to bind prositaglip-
tin ketone (Fig. 2B) because of steric interference
in the small binding pocket and potentially un-
desired interactions in the large binding pocket
(Fig. 2C). By using a substrate walking approach
(18) with a truncated substrate (Fig. 2D), we first
engineered the large binding pocket of the en-
zyme and then evolved that enzyme for activity
toward prositagliptin ketone.

Consistent with the model, ATA-117 was poorly
active on the truncated methyl ketone analog
(Fig. 2D), giving 4% conversion at 2 g/l substrate
loading (table S2). Site saturation libraries of res-
idues lining the large pocket of the active site pro-
vided new variants with increased activity toward
the methyl ketone analog. The best variant con-
tained a $** — P?** [S223P (/9)] mutation and
showed an 11-fold activity improvement (Fig. 3
and table S1). On the basis of this improved var-
iant (ATA-117: S223P), we generated a small
library of enzyme variants for potential activity
on prositagliptin ketone. Analysis of the enzyme
model suggested four residues that could poten-
tially interact with the trifluorophenyl group [V69,
F122, T283, and A284 (19)]. Each of these po-
sitions was individually subjected to saturation
mutagenesis and also included in a combinatorial
library that evaluated several residues at each po-
sition on the basis of structural considerations
[V® - G and V¥ — A% (V69GA), F122AVLIG,
T283GAS, and A284GF; library size of 216 var-
iants]. A variant containing four mutations, three
in the small binding pocket and one in the large
pocket, provided the first detectable transaminase
activity on prositagliptin ketone (Fig. 3 and table
S3). No detectable activity was identified in any
of the variants from the single amino acid site sat-
uration libraries. Initial activity was accomplished
via an F122I, V, or L mutation in combination
with V69G or A284G. Docking studies indicated
that these mutations may relieve the steric inter-
ference in the small binding pocket (Fig. 2E). En-
zyme loading of 10 g/l provided 0.7% conversion
of 2 g/l of ketone over 24 hours, corresponding to
an estimated turnover of 0.1 per day. Screening
the same combinatorial library in the ATA-117
context without the S223P large binding pocket
mutation did not provide any variant with detect-
ible activity toward prositagliptin ketone. Having
attained activity through computer-aided catalyst
design, we started evolving an enzyme variant for
a practical, large-scale process.

The variant with the highest activity toward
prositagliptin ketone from round 1b was chosen
as the parent for the second round of evolution,
and all the beneficial mutations from both the
small-pocket combinatorial library and the large-
pocket saturation mutagenesis libraries were
combined into a new library. Screening of this li-
brary resulted in a variant with 75-fold increased
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Fig. 1. (A) The current synthesis of sitagliptin involves enamine formation followed by asymmetric hy-
drogenation at high pressure (250 psi) using a rhodium-based chiral catalyst, providing sitagliptin in 97% e.e.,
with trace amounts of rhodium. Recrystallization to upgrade e.e. followed by phosphate salt formation
provides sitagliptin phosphate. (B) Our biocatalytic route features direct amination of prositagliptin ketone
to provide enantiopure sitagliptin, followed by phosphate salt formation to provide sitagliptin phosphate.

L F3C

Fig. 2. Previous substrate range studies suggested that the active site of transaminase consists of large (L)
and small (S, typically limited to substituents about the size of a methyl group) binding pockets as mapped
on the structure of acetophenone (A). Accordingly, the structure of prositagliptin ketone (B) can be mapped
on these binding pockets and docked into the active site of the homology model (C). A prositagliptin ketone
analog (D) was designed to fit the large pocket for initial optimization of this part of the active site. After
initial engineering of the large pocket, an enzyme variant was generated with activity on the desired
substrate (E) by excavating the small pocket (gray/blue, transaminase homology model; orange, large
binding pocket; turquoise, small binding pocket; green, PLP and catalytic residues).
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pH 8.5
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P297S; S321P
2 Y60F; L94l; A169L; 100 10 to 20% MeOH 6 1.6
S178T; G217N; L273Y
2 S124H 100 20% MeOH to 7 1.1
25% DMSO
1122M; H124N 100 1.1
Q329H 100 1.9
N124T; Y150S; V152C; 50 25 to 50% 10 2
H329Q DMSO; 0.5%
acetone
2 S126T 50 11 14

Fig. 3. Performance of evolvants in HTP screening over the course of evolution. *Mutations accumulated
in each round of evolution; reference amino acid refers to parent from previous round of evolution. TFold
improvement over parent refers to the parent for that round of evolution. *Mutagenesis experiments
showed that these mutations were not critical for activity toward prositagliptin ketone. The top variant
from round 1b contained three mutations in the small pocket; however, two are sufficient for achieving
detectable activity. Dash entry indicates starting enzyme; RT, room temperature.

activity compared with that of the second-round
parent. This variant contained 12 mutations, 10 of
which map to the binding pocket model (Fig. 3
and table S5).

Despite this substantial activity enhancement,
this catalyst was not yet of practical utility. Re-
action conditions in a chemical plant are much
different from the conditions that an enzyme en-
counters in nature, making the development of
practical biocatalytic processes a multidimensional
challenge (20, 21). The solubility of the prosita-
gliptin ketone in water is low (<1 g/l), necessitat-
ing a substantial amount of organic cosolvent to
prevent precipitation during reaction. After an
evaluation of various cosolvents, methanol and
dimethylsulfoxide (DMSO) were identified as

www.sciencemag.org SCIENCE VOL 329

optimal with regard to both enzyme performance
and ketone solubility (table S7). Solubility can
also be enhanced by operating at higher tem-
peratures, prompting our selection of higher boi-
ling DMSO as the preferred solvent. Because
transaminase-catalyzed reactions are equilibrium
controlled, product accumulation is favored by a large
excess of the amine donor isopropylamine (i-PrNH,)
and/or removal of acetone coproduct. Thus, in
order to meet the required performance for practical
application, the biochemical characteristics of the
transaminase needed to be improved to withstand
the harsh conditions of at least 100 g/l (250 mM)
prositagliptin ketone, 1 M i-PrNH,, >25% DMSO,
and a temperature of >40°C for a period of 24
hours, and to give product with >99.9% e.e.

REPORTS

Biocatalyst libraries were generated by using
a variety of methods in subsequent iterative rounds
of directed evolution (22-25). Screening of these
libraries under processlike conditions provided var-
iants that were increasingly tolerant to the desired
process conditions. Specific reaction conditions
could not be devised at project inception because
no catalyst was available for evaluation of such
conditions. Consequently, chemical process devel-
opment and enzyme optimization were performed
in parallel, with process conditions iteratively op-
timized as improved enzymes became available.
Over the course of 11 rounds of evolution, high
throughput (HTP) screening conditions were ren-
dered more stringent with the rising activity and
tolerance of the biocatalyst. Specifically, we in-
creased the substrate concentration from 2 to 100 g/,
the i-PrNH, concentration from 0.5 to 1 M, the
cosolvent from 5 to 50% DMSO, the pH from
7.5 to 8.5, and the temperature from 22° to 45°C,
ultimately leading to a catalyst that met the re-
quired process targets (table S8). All active tran-
saminase variants tested met the >99.9% e.e.
target. Variants generated via this approach were
simultaneously optimized for several performance
criteria: activity; tolerance to DMSO, acetone, and
i-PrNH,; stability to the elevated temperature of
the reaction medium; and expression in an Esche-
richia coli manufacturing host.

The sequence changes accumulated through
this process gave rise to a compounded improve-
ment of four orders of magnitude in activity from
the initial prositagliptin transaminase (26). The
final catalyst contained 27 mutations; of the 17
noncatalytically essential amino acid residues pre-
dicted to be interacting with the substrate, 10 were
mutated in the final variant. The 27 mutations
were obtained by screening various libraries that
included diversity identified via structure-aided
design of the small binding pocket (4 mutations),
site saturation mutagenesis of the large binding
pocket (5 mutations), site saturation mutagenesis
of the small binding pocket (1 mutation), site
saturation mutagenesis of positions outside the
binding pockets (2 mutations), homology libraries
(10 mutations), and random mutagenesis (5 muta-
tions). The progression of mutagenesis is depicted
on the homology model (Fig. 4). After the active
site was engineered to accommodate the substrate
in the initial rounds, further improvements to gen-
erate a productive catalyst came from substantial
modification in the dimer interfacial region. The
enzyme is presumably active only as a dimer (27);
we can speculate that these mutations serve to
strengthen dimer interactions in the face of in-
creasingly destabilizing reaction conditions (28).

Under optimal conditions (/7), the best var-
iant converted 200 g/l prositagliptin ketone to
sitagliptin of >99.95% e.e. (the undesired enan-
tiomer was never detected) by using 6 g/l enzyme
in 50% DMSO with a 92% assay yield at the end
of reaction (table S11). In comparison with the
rhodium-catalyzed process (Fig. 1A), the bio-
catalytic process provides sitagliptin with a 10 to
13% increase in overall yield, a 53% increase in
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Fig. 4. Structural models of variants from sequential stages of the evolution
program. Accumulated mutations are highlighted in purple on the homology
model of the transaminase used in this study (size exclusion chromatography
data show that the enzyme forms a dimer). The top row shows the mutations

mapped on the monomer with the active site of the enzyme exposed and
substrate bound. The bottom row shows the mutations mapped on the dimer.
The active site, the subunit interface, and a few exposed surface areas can be
identified as structural hot spots for mutations.
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Computational Design of an Enzyme
Catalyst for a Stereoselective
Bimolecular Diels-Alder Reaction

Justin B. Siegel,®* Alexandre Zanghellini,?*t Helena M. Lovick,® Gert Kiss,*
Abigail R. Lambert,® Jennifer L. St.Clair,* Jasmine L. Gallaher,* Donald Hilvert,®
Michael H. Gelb,? Barry L. Stoddard,® Kendall N. Houk,* Forrest E. Michael,® David Baker™?7%

The Diels-Alder reaction is a cornerstone in organic synthesis, forming two carbon-carbon
bonds and up to four new stereogenic centers in one step. No naturally occurring enzymes
have been shown to catalyze bimolecular Diels-Alder reactions. We describe the de novo
computational design and experimental characterization of enzymes catalyzing a bimolecular
Diels-Alder reaction with high stereoselectivity and substrate specificity. X-ray crystallography
confirms that the structure matches the design for the most active of the enzymes, and
binding site substitutions reprogram the substrate specificity. Designed stereoselective catalysts
for carbon-carbon bond-forming reactions should be broadly useful in synthetic chemistry.

ntermolecular Diels-Alder reactions are impor-

tant in organic synthesis (/-3), and enzyme

Diels-Alder catalysts could be invaluable in
increasing rates and stereoselectivity. No natu-
rally occurring enzyme has been demonstrated
(4) to catalyze an intermolecular Diels-Alder
reaction (7, 2), although catalytic antibodies have
been generated for several Diels-Alder reactions
(3, 4). We have previously used the Rosetta
computational design methodology to design
novel enzymes (3, 6) that catalyze bond-breaking
reactions. However, bimolecular bond-forming
reactions present a greater challenge, because
both substrates must be bound in the proper
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relative orientation in order to accelerate the
reaction and impart stereoselectivity. Also, pre-
vious successes with computational enzyme de-
sign have involved general acid-base catalysis
and covalent catalysis, but the Diels-Alder
reaction provides the opportunity to alter the re-
action rate by modulation of molecular orbital
energies (7). To investigate the feasibility of de-
signing intermolecular Diels-Alder enzyme cata-
lysts, we chose to focus on the well-studied model
Diels-Alder reaction between 4-carboxybenzyl
trans-1,3-butadiene-1-carbamate and N,N-
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dimethylacrylamide (Fig. 1, substrates 1 and 2,
respectively) (8).

The first step in de novo enzyme design is to
decide on a catalytic mechanism and an asso-
ciated ideal active site. For normal-electron-demand
Diels-Alder reactions, frontier molecular orbital
theory dictates that the interaction of the highest
occupied molecular orbital (HOMO) of the diene
with the lowest unoccupied molecular orbital
(LUMO) of the dienophile is the dominant inter-
action in the transition state (7). Narrowing the
energy gap between the HOMO and LUMO will
increase the rate of the Diels-Alder reaction. This
can be accomplished by positioning a hydrogen
bond acceptor to interact with the carbamate NH
of the diene (thus raising the energy of the HOMO
energy and stabilizing the positive charge accumu-
lating in the transition state), and a hydrogen bond
donor to interact with the carbonyl of the dieno-
phile (lowering the LUMO energy and stabilizing
the negative charge accumulating in the transition
state) (9). Quantum mechanical (QM) calculations
predict that these hydrogen bonds can stabilize the
transition state by up to 4.7 kcal mol™. (fig. S1). In
addition to electronic stabilization, binding of the
two substrates in a relative orientation optimal for
the reaction is expected to produce a large increase
in rate through entropy reduction (/0). Thus, a
protein with a binding pocket (Fig. 1) that po-
sitions the two substrates in the proper relative
orientation and has appropriately placed hydro-
gen bond donors and acceptors is expected to be
an effective Diels-Alder catalyst.

CO,H
3 4

Fig. 1. The Diels-Alder reaction. Diene (1) and dienophile (2) undergo a pericyclic [4 + 2] cycloaddition (3)
to form a chiral cyclohexene ring (4). Also shown in (3) is a schematic of the design target active site, with
hydrogen bond acceptor and donor groups activating the diene and dienophile and a complementary
binding pocket holding the two substrates in an orientation optimal for catalysis.
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