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Apremilast is an important active pharmaceutical ingredient that relies on a resolution to produce the key chiral
amine intermediate. To provide a new catalytic and enzymatic process for Apremilast, we performed the directed
evolution of the amine transaminase from Vibrio fluvialis. Six rounds of evolution resulted in the VF-8M-E variant
with > 400-fold increase specific activity over the wildtype enzyme. A homology model of VF-8M-E was built and
a molecular docking study was performed to explain the increase in activity. The purified VF-8M-E was suc-

cessfully applied to produce the key chiral amine intermediate in enantiopure form and 49% conversion via a
kinetic resolution, representing a new enzymatic access towards Apremilast.

1. Introduction

The chiral amine group is a prestigious motif widely found in
bioactive natural products and man-made compounds, such as phar-
maceuticals and agrochemicals. Many optically pure amines are key
chiral building blocks for these bioactive chemicals and are also useful
chiral ligands, or chiral reagents for resolution. The common chemical
methods to access enantiopure chiral amines include traditional reso-
lution using chiral acids and enantioselective catalysis with metal cat-
alysts and chiral ligands.' However, these methods suffer from the use of
stoichiometric chiral resolution reagents, or toxic transition metals and
costly complex ligands. On the other hand, nature’s catalysts, enzymes,
provide a catalytic, highly selective, and environmentally friendly
alternative method for the production of various chiral chemicals.” For
the synthesis of chiral amines, the enzyme toolbox includes lipases,’
transaminases,” amine dehydrogenases,5 monoamine oxidases,® and
imine reductases.” Despite the availability of these enzymes, due to the
relatively high substrate specificity, natural enzymes usually require
extensive directed evolution® for the production of a specific target,
especially for the active pharmaceutical ingredients (APIs).’

A particularly interesting API containing a chiral amine group is
Apremilast, (S)-N-{2-[1-(3-Ethoxy-4-methoxyphenyl)-2-methanesulfo
nylethyl]-1,3-dioxo-2,3-dihydro-1H-isoindol-4-yl}yacetamide.'? It is an
analog of thalidomide and a potent inhibitor of phosphodiesterase 4 and
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tumor necrosis factor-a.' ' Apremilast was developed by Celgene for the
treatment of autoimmune and inflammatory diseases (plaque psoriasis
and psoriatic arthritis) under the name of Otezla®. The (S)-enantiomer
of Apremilast is much more potent than the (R)-erlantiomer,10 thus the
(S)-form was further developed into the API. The original synthetic route
to Apremilast involves the resolution of racemic 1-(3-ethoxy-4-
methoxyphenyl)-2-(methylsulfonyl)ethanamine (rac-1) to (S)-1 with
stoichiometric N-Ac-L-leucine (Scheme 1a).'° The asymmetric hydro-
genation approach had been explored to produce (S)-1 from the corre-
sponding enamine or ketone with precious and toxic rhodium or
ruthenium complexes.'? To our knowledge, there is only one report of an
enzyme-mediated synthesis of (S)-1: lipase (Novozym 435) had been
employed for the resolution of rac-1 via acylation,'® yet the ee of acyl-
ated product was not perfect.

As part of our research focus on amine transaminases (ATAs
we were interested in developing a novel ATA-based method to produce
(9)-1 in enantiopure form (Scheme 1b), and thus to provide a catalytic,
environmentally friendly, and economic process for Apremilast.

14-16
),

2. Results and discussion
2.1. Identification of a suitable ATA

We screened a range of wild-type (S)-selective ATAs and some of
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their mutants available in our laboratory for the conversion of rac-1 with
pyruvate, and analyzed the reaction products by HPLC. Although several
wild-type and engineered (S)-selective ATAs displayed some activities
towards bulky substrates,'*'® most of them had no detectable activity
towards rac-1. These results indicate the unique structural requirement
of 1 in comparison with the bulky amines previously investigated. The
only ATA with detectable activity was a double mutant of the ATA from
Vibrio fluvialis (F85L/V153A, abbreviated as VF-2M), which was previ-
ously engineered for (S)-phenylbutylamine with a specific activity of
4.99 U/mg.'®* VF-2M was purified, and its specific activity towards rac-
1 was determined by the arylketone assay'’ to be 0.62 mU/mg with
pyruvate (Table 1, entry 2). The wildtype VF-ATA had no detectable
activity (<0.1 mU/mg), demonstrating the importance of the F85L/
V153A mutations for the initial activity.

2.2. Directed evolution of the Vibrio fluvialis ATA

To further improve the activity towards rac-1, we analyzed the
crystal structure of VF-ATA (PDB: 4E3Q)18 and focused on the residues
forming the substrate binding pocket (Figure 1), including 14 residues of
the small pocket (F19, L56, F85, F86, R88, R146, W147, V153, K163,
Y165, T268, E315, E316), and 11 residues of the large pocket (W57,
W150, A228, V258, 1259, N286, R415, L417, C424, P426, F427). The
residue Y249 at the entry of the substrate binding site was also selected.
Using VF-2M as the starting template, single site-saturated mutagenesis
of these 26 residues was performed with the Q5 mutagenesis method
with NNK codons. For each site, 94 clones were picked and cultured in
deep 96-well plates. The activity of VF-ATA variants in the cell lysate
was screened for conversion of rac-1 with pyruvate. The characteristic
absorbance (A = 310 nm) of the corresponding ketone 2, was measured
by a microtiter plate reader.

The iterative saturation mutagenesis (ISM) ' strategy was applied to
improve the activity of VF-ATA. The first round of directed evolution led
to the triple mutant VF-3M (bearing an additional W57L mutation) with
an activity of 4.38 mU/mg, representing a 7-fold improvement
compared to the template VF-2M (Table 1). Using VF-3M as the next
template, the second round of directed evolution gave two variants,
4M—-A (additional K163A mutation) and 4M—E (additional K163E
mutation), with slightly improved activities (Table 1). Further directed
evolution pursued two different routes with 4M—A and 4M—E as the
templates, respectively (Table 1). The third round of evolution led to
5M—A and 5M—E with the same additional N286C mutation (Table 1).
Continuing these two routes gave 6M—A (12.45 mU/mg) and 6M—E
(15.40 mU/mg) with the same additional R415K mutation (Table 1).
The fifth round of evolution with 6M—A and 6M—E was performed,
however, only the 6M—E direction gave a variant, 7M—E (additional
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Table 1
VF-ATA variants and their corresponding activity towards rac-1/pyruvate, rac-
1/pentanal™

Variant ~ Mutation Specific Activity [mU/mg]
Pyruvate Pentanal

VF-wt - <0.1 <0.1

2M F85L/V153A 0.62+0.07 0.49+0.34

3M W57L/F85L/ V153A 4.38 £0.12 0.96 £+ 0.09

4M-A W57L/F85L/V153A/K163A 5.43 £0.03 2.26 +0.11

4M-E W57L/F85L/V153A/K163E 6.01 £0.07 4.42+0.12

5M—-A W57L/F85L/V153A/K163A/N286C 8.06 £1.41 4.20+0.33

SM-E W57L/F85L/V153A/K163E/N286C 8.65 +0.23 6.03 +£0.33

6M—A W57L/F85L/V153A/K163A/N286C/ 12,45 + 13.38 +
R415K 0.16 0.23

6M—-E W57L/F85L/V153A/K163E/N286C/ 15.40 + 20.95 +
R415K 0.55 0.36

7M-E F19H/W57L/F85L/V153A/K163E/ 3234 + 14.86 +
N286C/R415K 1.82 0.48

8M-E F19H/W57L/F85L/V153A/K163E/ 39.43 £ n.m.”
Y249F/N286C/R415K 3.68

# Arylketone assay conditions: The specific activities of the purified VF-ATA
variants for the conversion of rac-1 were determined by using the arylketone
assay in 96-well microtiter plates, and measured on the Infinite® 200 PRO
(TECAN) plate reader. The assay was performed with rac-1 (5 mM) as amine
donor and pyruvate (2.5 mM) or pentanal (2.5 mM) as amine acceptors in DMSO
(1.25-2.5%), HEPES buffer (50 mM, pH 6.5) at 30 °C. The formation of 2 was
quantified by following the increase of absorption at 310 nm over time. One unit
(U) was defined as the formation of 1 umol 2 per minute. All measurements were
performed in triplicates.

Y n.m. = not measured.

F19H mutation), with an improved activity of 32.34 mU/mg (Table 1).
The sixth round of evolution of 7M—E led to the best variant, 8M-E
(additional Y249F mutation), with an activity of 39.43 mU/mg
(Table 1). The VF-8M-E variant thus contains eight mutations: F19H/
W57L/F85L/V153A/K163E/Y249F/N286C/R415K. In comparison with
the wildtype VF-wt (<0.1 mU/mg) and starting template VF-2M (0.62
mU/mg), the final VF-8M-E variant displays > 400-fold and > 60-fold
increased activity, respectively.

2.3. Characterization of the best three variants of VF-ATA

The best three variants, VF-6M—E, VF-7M—E, and VF-8M-E, were
selected for further characterization. Because the protein engineering
rounds were performed with rac-1, we further examined the enantio-
selectivity of the three variants for converting (S)-1. Fortunately, all the
VF-ATA variants did not show any detectable activity towards (S)-1
(<0.1 mU/mg). This proved the excellent enantioselectivity of VF-ATA
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Scheme 1. a The original synthetic route to Apremilast involves resolution of rac-1 to (S)-1. b Kinetic resolution of rac-1 to (S)-1 by the evolved VF-ATA.
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Figure 1. Structure of VF-ATA (PDB: 4E3Q) with the key residues labeled. Key
residues are shown as sticks: pyridoxamine-5'-phosphate (PMP) in pink, the
catalytic lysine (K285) is highlighted in red, other sites for mutation are in blue.

variants. The three variants were purified and tested in different reac-
tion buffer (Figure 2). The maximum specific activity was achieved at
the optimal pH of 6.0 or 6.5. Then, the best three variants were applied
for the kinetic resolution of rac-1 under the optimal conditions. As
shown in Figure 3, 20 mM of rac-1 was resolved by VF-8M-E in 24 h to
reach 51% conversion, while VF-7M—E and VF-6M—E took 48 h to
reach > 50% conversion. The optical purity of the remaining (S)-1 at 48
h was determined to be > 99% ee. During the reaction, a small per-
centage (~10%) of byproduct 1-(3-ethoxy-4-methoxyphenyl)ethenone
was observed, probably due to the a,B-elimination of (R)-1. Neverthe-
less, these results demonstrated that the highly enantioselective VF-ATA
variants could be applied to produce the enantiopure amine interme-
diate for Apremilast. The unpurified cell lysates were also proven as
catalysts for the kinetic resolution (see Figure S2 in SI). To demonstrate
the synthetic application, the kinetic resolution was performed on 20 mL
scale (100 mg) using the stable variant (VF-6M—E). The reaction took
48 h to reach a conversion of 50%. Simple workup (filtration, extraction,
and evaporation) afforded (S)-1 (>99% ee) in 41% isolated yield, and
ketone 2 in 43% isolated yield.
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Figure 2. Specific activity of the best three VF-ATA variants for conversion of
rac-1 in different buffers. Assay conditions: 5 mM rac-1, 50 mM potassium
phosphate buffer (pH 5.5-6.5) or HEPES buffer (pH 6.5-8.5), 0.1 mM PLP, 2.5
mM pyruvate, 1% (vol/vol) DMSO, 30 °C.
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Figure 3. Kinetic resolution of rac-1 with the best three VF-ATA variants. Assay
conditions: 20 mM rac-1, 50 mM HEPES buffer pH 6.5, 0.1 mM PLP, 200 mM
pyruvate, 10% (vol/vol) DMSO, 0.3-0.8 mg/ml purified enzyme, 37 °C and
180 rpm.

2.4. Homology modeling and docking study of VF-8M-E

To elucidate the possible mechanism and the molecular rational for
the observed improved activity towards rac-1, a homology model of the
VF-8M-E was built with YASARA. As shown in Figure 4a and 4b, in
comparison to the wildtype VF-wt, the substrate binding pocket was
significantly expanded in the VF-8M-E variant, which hence can now
accommodate the bulky substrate (R)-1 much better. The molecular
docking of the reaction intermediate, PLP-(R)-1 complex, to the model
of VF-8M-E was simulated with YASARA. As depicted in Figure 4c, the
position of PLP in VF-8M-E was very similar to that of PMP in VF-wt,
which validated that PLP-(R)-1 complex was docked in a reasonable
conformation. It is clear that, the W57L and R415K mutations signifi-
cantly expanded the substrate binding pocket to accommodate the
challenging methylsulfonyl group. On the other side of the binding
pocket, F19H, F85L, and V153A contributed to host the 3-ethoxy-4-
methoxyphenyl group. The contribution of the other three mutations
is minor.

3. Conclusion

To provide a new enzymatic access to the chiral amine intermediate
(S)-1 for the synthesis of Apremilast, we identified a double mutant of
the ATA from Vibrio fluvialis, which had initial activity for the conver-
sion of rac-1. Subsequently, six rounds of directed evolution resulted in
the VF-8M-E variant with > 60-fold increase specific activity. A ho-
mology model of VF-8M-E was built and molecular docking study was
performed to explain the increase of activity. The purified VF-8M-E was
successfully applied in the kinetic resolution of rac-1 to produce enan-
tiopure (S)-1 in 49% conversion. The preparative kinetic resolution was
performed with the stable variant VF-6M—E to afford enantiopure (S)-1
in 41% isolated yield. The application of this ATA variant represents an
alternative method for the synthesis of the key chiral amine intermedi-
ate for the manufacturing of Apremilast.

4. Experimental section
4.1. Site-directed mutagenesis

All variants were prepared using Q5® site-directed mutagenesis kit
from New England BioLabs. The degenerated primers were designed
non-overlapping by using the standard setting of NEBaseChanger. For
the PCR, template plasmid (0.25 ng/pL, carrying the VF-2M gene),
forward and reverse primers (0.5 pM each), Q5® hot start high-fidelity



C. Xiang et al.

Bioorganic & Medicinal Chemistry 43 (2021) 116271

Figure 4. Structural study of VF-wt and VF-8M-E. a The substrate binding pocket of VF-wt; b the substrate binding pocket of the homology model of VF-8M-E; ¢
docking of PLP-(R)-1 complex to the model of VF-8M-E. The PMP and PLP-(R)-1 are in pink, the catalytic lysine (K285) is highlighted in red, and the mutated residues

are highlighted in blue.

2X master mix were used. The PCR was performed as follows: (i) 98 °C,
30 s; (ii) 30 cycles: 98 °C, 10 s; 50-72 °C, 30 s; 72 °C, 0.5 min/kbp; (iii)
72 °C, 2 min. The resulting PCR product was directly treated with the
kinase, ligase & Dpnl (KLD enzyme mix; NEB) at room temperature for
30 min and then transformed in chemically competent E. coli TOP10
cells. After confirmation of the codon distribution in the case of site-
saturation mutagenesis, the PCR products were transformed in chemi-
cal competent E. coli BL21(DE3) cells for expression.

4.2. Protein expression and purification of the enzyme variants

The plasmid constructs containing the genes of VF-ATA variants
were transformed into E. coli BL21(DE3) cells, and the resulted cells
were incubated in an LB-medium (Lysogeny Broth, 5 mL) preculture
with kanamycin (50 pg/mL) at 37 °C overnight. The preculture was
transferred into TB-medium (Terrific Broth, 100 mL) with kanamycin
(50 pg/mL) and incubated at 37 °C, 180 rpm. The expression of the Vf-
ATA variants was induced with IPTG (0.5 mM, isopropyl p-p-thio-
galactopyranoside) at an optical density of approx. 0.6 at 600 nm, and
incubated at 26 °C overnight. The cells were harvested by centrifugation
(20 min, 4000 g).

For purification of the VF-ATA variants, the cell pellets were resus-
pended in HEPES buffer (50 mM, pH 7.5) containing NaCl (300 mM),
PLP (0.1 mM), imidazole (10 mM), and then lysed by ultrasonication
(50% power, 50% pulse, 2 x 5 min). The lysate was clarified by
centrifugation (1 h, 10,000 g, 4 °C) and purified by affinity chroma-
tography (Ni-NTA agarose) with the following buffers: washing buffer
containing HEPES (50 mM, pH 7.5) PLP (0.1 mM), NaCl (300 mM), and
imidazole (20 mM), and elution buffer containing HEPES (50 mM, pH
7.5) PLP (0.1 mM), NaCl (300 mM), and imidazole (300 mM). The VF-
ATAs were desalted in HEPES buffer (50 mM pH 7.5) with PLP (0.1
mM) using the PD-10 desalting column (GE Healthcare). The purified
VF-ATAs were stored in 30% glycerol at —20 °C.

4.3. Determination of activity of VF-ATA variants

The specific activities of the purified VF-ATA variants for the con-
version of rac-1 were determined by using the arylketone assay in 96-
well microtiter plates, and measured on the Infinite® 200 PRO
(TECAN) plate reader. The assay was performed with rac-1 (5 mM) as
amine donor and pyruvate (2.5 mM) or pentanal (2.5 mM) as amine
acceptors in DMSO (1.25-2.5%), HEPES buffer (50 mM, pH 6.5) at
30 °C. The formation of 2 was quantified by following the increase of
absorption at 310 nm over time.

4.4. Kinetic resolution of rac-1 with VF-ATA variants
To a 100-mL flask, the following components were added to form a

10-mL system: HEPES buffer (50 mM, pH 6.5) with PLP (0.1 mM), rac-1
(20 mM), pyruvate (200 mM), DMSO (10%), purified VF-ATA (0.3-0.8

mg/mL). The reaction was incubated in a shaking incubator at 37 °C and
180 rpm. At 1, 2, 4, 6, 8, 24, and 48 h of the reaction, samples (100 pL)
were taken and mixed with acetonitrile (500 pL) and trifluoracetic acid
solution (0.1%, 400 pL) for HPLC analysis of the conversion of 1. The
samples (125 pL) were basified with NaOH (100 mM, 125 pL) and
extracted with ethyl acetate (0.5 mL). The organic phase was dried over
NaySOy, filtered and the supernatant was subjected to evaporation. The
dried residues were diluted in a mixture of hexane/ethanol/isopropanol
(50:40:10) for chiral HPLC analysis of ee.

4.5. Preparation of (S)-1 with VF-ATA variants

To a 100-mL flask, HEPES buffer (50 mM, pH 6.5, including 0.1 mM
PLP and 100 mM pyruvate), rac-1 (100 mg), and purified VF-6 M—E (20
mg) were added to form a 20 mL reaction volume system. The reaction
was maintained at pH 6.5 and 30 °C until reaching 50% conversion
analyzed by HPLC. Afterwards, the reaction was quenched with HCl
(100 mM) to pH 2.0 and the mixture was filtered. The filtrate was
washed with CH5Cl; (2 x 5 mL) and then NaOH solution (1 M) was
added to adjust the pH to 12. The basified solution was extracted with
CH4Cl; (2 x 25 mL), and the CH,Cl, was evaporated to afford (S)-1 (41
mg, 41% yield) as yellow solid. Iy NMR (DMSO-dg) 6: 7.02 (m, 1H),
6.89 (m, 2H), 4.28-4.23 (m, 1H), 4.03-3.98 (q, J = 6.9 Hz, 2H), 3.73 (s,
3H), 3.45-3.20 (m, 2H), 2.96 (s, 3H), 2.07 (brs, 2H), 1.35-1.30 (t, J =
6.9 Hz, 3H). To isolate 2, the solid of the initial filtration was washed
with HCI (100 mM), dissolved in acetonitrile, and filtered again, the
filtrate was evaporated to give ketone 2 (43 mg, 43% yield) as white
solid. 'H NMR (DMSO-dg) 6: 7.73-7.72 (m, 1H), 7.50-7.49 (m, 1H),
7.13-7.09 (m, 1H), 5.04 (s, 2H), 4.13-4.05 (q, J = 7.2 Hz, 2H), 3.87 (s,
3H), 3.13 (s, 3H), 1.38-1.32 (t, J = 7.2 Hz, 3H).
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