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ABSTRACT: Direct synthesis of aliphatic amines from alkynes is highly
desirable due to its atom economy and high stereoselectivity but still
challenging, especially for the long-chain members. Here, a combination of Au-
catalyzed alkyne hydration and amine dehydrogenase-catalyzed (AmDH)
reductive amination was constructed, enabling sequential conversion of
alkynes into chiral amines in aqueous solutions, particularly for the synthesis of
long-chain aliphatic amines on a large scale. The production of chiral aliphatic
amines with more than 6 carbons reached 36−60 g/L. A suitable biocatalyst
[PtAmDH (A113G/T134G/V294A)], obtained by data mining and active site
engineering, enabled the transformation of previously inactive long-chain
ketones at high concentrations. Computational analysis revealed that the
broader substrate scope and tolerance with the high substrate concentrations
resulted from the additive effects of mutations introduced to the three
gatekeeper residues 113, 134, and 294.
KEYWORDS: chiral aliphatic amines, chemoenzymatic, alkyne hydration, amine dehydrogenase, reshaping pocket

1. INTRODUCTION
Chiral aliphatic amines are key intermediates in the synthesis
of various antistatic agents, pigment dispersants, metal
preservatives, and drugs.1−7 In 2019, nearly half of the small
molecule drugs among the top 200 best-selling drugs contained
a chiral aliphatic amine as key building blocks.8 (Figure 1) The
market for aliphatic amines is anticipated to be the most
rapidly expanding sector within the amine market, with an

estimated valuation of $2.9 billion by the year 2025.9

Nonetheless, in contrast to the well-established methodologies
for aromatic amines, the synthesis of chiral aliphatic amines
remains notably arduous, particularly for those with elongated
carbon chains. Therefore, the development of a straightforward
and efficient synthetic approach is of significant interest.
Several chemical methods have been developed to

synthesize aliphatic amines. Maulide et al.10 developed a
hydrated amination reaction of ynamides/thioalkynes to
synthesize α-amino acid derivatives using sulfamides as
nitrogen sources. (Figure 2A) Fu et al.8 designed a streamlined
method to produce the chiral amines and their derivatives via
nickel-catalyzed conversion of enamides and enecarbamates.
Kempe et al.11 reported the conversion of aliphatic compounds
to primary amines catalyzed by an iron-based catalyst.
However, these synthetic reactions remain limited due to
poor selectivity and harsh reaction conditions.12 To address
this challenge, the biocatalytic synthesis of chiral amines offers
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Figure 1. Pharmaceuticals and biologically active molecules
containing aliphatic amine building blocks.
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sustainable and environmentally friendly pathways, with a
focus on reactions catalyzed by amine dehydrogenases
(AmDHs), which exhibit several features indicative of an

ideal process, including the direct utilization of cheap ammonia
as amino donors and the production of water as the sole
byproduct.13 AmDHs are primarily acquired through two
distinct pathways: (1) via the discovery of novel natural
AmDHs, and (2) through the engineering of amino acid
dehydrogenases (AADHs).13 Despite the fact that many
AmDHs have been studied, there are few reports on the
asymmetric synthesis of long-chain aliphatic amines. A mutant
LfAmDH-M3 (K68S/A113G/T134G/N261L) from Lysiniba-
cillus fusiformis constructed by Chen et al.14 showed catalytic
activity on several long-chain aliphatic ketones. Franklin et al.15

developed a variant L-AmDH-TVL39A/A112G/T133G by introduc-
ing three additional mutations to the previously reported
AmDH from Geobacillus stearothermophilus (GsL-AmDH),
which can catalyze the transformation of 2-decanone and 5-
methyl-2-octanone to the corresponding chiral amines. Never-
theless, these synthetic reactions were mainly performed at low
substrate concentrations. Thus, the mining of a new AmDH for
long-chain aliphatic substrates with a higher tolerance to high
substrate concentrations is still urgent.
Beyond the efficient biocatalysts, for the large-scale synthesis

of chiral amines, the development of new synthetic methods
using low-cost raw materials presents more practical
advantages in industrial production. Alkynes are easily available
and commonly used as building blocks in organic synthesis,

Figure 2. Methods for hydrating and aminating alkynes.

Figure 3. Structural comparison of amino acid dehydrogenases (AADHs). Analysis of the active sites of AADHs; the active site was divided into
three segments. Sequence logos were generated from a multiple sequence alignment of 8 natural AADHs previously using Weblogo3 (https://
weblogo.berkeley.edu/logo.cgi).
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which can be converted to ketones via metal-catalyzed alkyne
hydration reactions.16,17 Given the toxicity of the initial
catalysts Hg(II) salts, many other metals were developed for
the hydration of alkynes, such as Ag(I), Pt(II) and Au(III), but
were found to be less efficient.18−21 Until the introduction of
Au(I) as catalysts by Teles et al.,22 the research on the Au-
catalyzed alkyne hydration reactions has attracted more
attention. Nolan et al.23 designed a (IPr)AuBr3/MeOH
system, which showed good catalytic performance for
electron-rich aromatic terminal alkynes but low activity for
aliphatic alkynes. Zuccaccia et al.24 used cationic NHC gold as
catalysts to achieve the hydration of alkynes under solvent-,
silver-, and acid-free conditions, and the yield of ketones was
up to 99%. Dutta and Phukan25 developed the CoFe2O4−
SiO2−SH−Au(0) nanocatalyst, which showed excellent
catalytic activity for the hydration of alkyl and aryl alkynes
and can be reused many times through magnetic recovery.
Thus, the development of Au-catalyzed hydration reactions for
converting aliphatic alkynes to various aliphatic ketones is
feasible.

Furthermore, the cascade reaction coupling the alkyne
hydration reactions and enzymatic reductive amination
reactions in one pot is worth considering from an industrial
application standpoint. This approach not only utilizes
inexpensive raw materials but also streamlines operational
procedures. One significant challenge within this process lies in
determining the compatibility between metal-catalyzed reac-
tions and biocatalytic processes.26 Mathew et al.27 converted
alkynes to ketones using AuCl as catalysts in the organic
reaction mixture [DMSO/H2O (98:2)], and the products were
further converted to the corresponding amines by a trans-
aminase. (Figure 2B) Recently, Gotor-Fernańdez and co-
workers designed a sequential one-pot strategy utilizing Au(I)
catalysis and amine transaminase for the synthesis of chiral
amines.28 These reports mainly focused on the synthesis of
aromatic amines, as well as required organic solvents as
reaction media and expensive Au/carbene complexes as
catalysts. Given the increasing demand for long-chain aliphatic
amines, the design of new cascade systems to synthesize the
chiral aliphatic amines in aqueous solutions continues to be
highly desirable.

Figure 4. (A) Model of the active pocket. (B) Relative activity of PtAmDH and engineered mutants toward substrates 2a−5a. (C) Illustration of
the substrate-binding cavities of PtAmDH and its mutant. PtAmDH-M0 with docked substrate 2a. (D) PtAmDH-M0 with docked substrate 3a. (E)
PtAmDH-M0 with docked substrate 4a. (F) PtAmDH-M0 with docked substrate 5a. (G) PtAmDH (A113G/T134G/V294A) with docked
substrate 2a. (H) PtAmDH (A113G/T134G/V294A) with docked substrate 3a. (I) PtAmDH (A113G/T134G/V294A) with docked substrate 4a.
(J) PtAmDH (A113G/T134G/V294A) with docked substrate 5a. Residues surrounding the substrate-binding pocket are shown in surface
representation, and the substrates are shown as wheat and red sticks. Residues 113, 134, and 294 are highlighted in red.
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Herein, a novel AmDH for the asymmetric synthesis of long-
chain aliphatic amines was discovered and subsequently
optimized through structurally based mutagenesis to enhance
its catalytic efficiency and substrate tolerance. For satisfying the
requirements of industrial synthesis, the best AmDH mutant
was coupled with glucose dehydrogenase (GDH) to achieve
the reductive amination process successively without the
supplement of NADH. Subsequently, this system was
integrated with Au-catalyzed hydration reactions in a one-pot
sequential cascade system, enabling the direct conversion of
inexpensive alkynes into chiral amines, offering a promising
alternative route for the production of chiral aliphatic amines
(Figure 2C).

2. RESULTS AND DISCUSSION

2.1. Mining of Amine Dehydrogenases

Given the structural similarity of catalytic substrates, a
representative leucine dehydrogenase (LeuDH) from L.
fusiformis14 was chosen as the starting template to identify
new AmDH candidates for the asymmetric synthesis of long-
chain aliphatic amines. Using a BLAST search, the sequences
with 40−80% identity (excluding Escherichia coli) were
collected from the NCBI database. After sequence redundancy
and phylogenetic tree analysis, 57 sequences were selected for
further sequence alignment (Figure S1).
Based on the above, 8 sequences from distinct branches

were selected as candidates. Sequence alignment results
revealed that certain amino acid residues, especially those
located in the active pocket, were highly conserved, such as the
residues corresponding to K68, K80, D115, and N261 in the
template LfLeuDH (Figures 3 and S2). Previous reports have
indicated that the amino group of leucine interacts with residue
D115, while the carboxyl group interacts with residues K68
and K80. This interaction facilitates substrate binding in the
active pocket and subsequent reaction processing.29,30 Upon
mutation of K68 to Ser (S) and N261 to Leu (L), the resulting
mutant exhibited AmDH activity.31

To acquire the ability to catalyze the reductive amination of
ketones, two residues in these candidates, corresponding to
K68 and N261 of LfLeuDH, were mutated to construct
AmDHs (K68S/N261L).31 The activities of these AmDHs
were tested with 4 different long-chain aliphatic ketones, and
the AmDH from Pueribacillus theae (PtAmDH-M0, K68S/
N261L) displayed significant reductive amination activity
when the number of side-chain carbons in the substrate was

up to seven (Table S3). Also, PtAmDH-M0 showed good
stability under alkaline conditions (Figure S4C,D), thus being
a potential candidate for further engineering.
2.2. Protein Engineering of PtAmDH

To broaden the substrate scope of PtAmDH-M0, its structure
model was built based on the crystal structure of LeuDH from
Lysinibacillus sphaericus (PDB code: 1LEH) with a sequence
similarity of 70% and docked with the active substrates 1a−3a
(1a: 2-pentanone, 2a: 2-hexanone, 3a: 2-heptanone) and the
nonactive substrates 4a−5a (4a: 2-octanone, 5a: 2-nonanone),
respectively. In PtAmDH-M0, substrates 1a−3a all exhibited
similar conformations, in which the carbonyl group of each
substrate was close to the K80 and the aliphatic chain was
securely accommodated within the cavity formed by L40,
A113, E114, D115, T134, V291, and V294. In contrast to
substrates 1a−3a, substrates 4a and 5a assumed distinct and
unstable conformations due to the steric hindrance imposed by
their longer carbon chains, consequently leading to their lack
of activity. (Figures 4 and S9) Thus, increasing the volume of
the binding cavity for the aliphatic chains may be beneficial for
improving the enzymatic activity against these long-chain
substrates.
We inspected the amino acids encompassing the active

pocket of PtAmDH-M0 utilizing HotSpot Wizard,32 to extract
the amino acid hotspots (excluding the catalytic residues K80
and D115) and cross-referenced with the outcomes of
molecular docking, thus suggesting that five amino acids
neighboring the active pockets may possibly influence their
steric hindrance (namely, L40, A113, T134, V291, and V294).
Consequently, these five amino acids were mutated to smaller
Gly and Ala, respectively. As expected, the obtained mutants
A113G, T134G, V291A, V291G, V294A, and V294G all
showed improved activity against the long-chain aliphatic
ketones. For example, the mutant A113G displayed activity
toward the previously nonactive substrates 4a and 5a, and the
specific activity against 3a was also increased to 320.4 U/gprotein
about 10-fold higher than that of PtAmDH-M0. The pocket
analysis of A113G revealed that its volume was increased to
733.8 Å3 from 711.9 Å3 of the PtAmDH-M0. Similar
phenomena were also observed in the other mutants. However,
mutating L40 to small amino acids (A or G) yielded
unsatisfactory results. Although the active pocket volume of
L40A (730.3 Å3) or L40G (747.9 Å3) was larger than that of
M0 (711.9 Å3), the activity decreased or was even completely
lost. The mutations of L40 primarily affected the depth of the

Table 1. Specific Activity of PtAmDH-M0 and Its Mutants toward Aliphatic Ketones with Varied Chain Lengths

aSpecific activity was measured in NH4Cl/NH3·H2O buffer (2 M, pH 9.5) containing 0.2 mM NADH and 20 mM substrate at 35 °C, 50 μL
AmDH cell extract. bn.d. = not detected.
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active pocket. Compared with the L40 mutants, other mutants,
e.g., A113G, mainly contributed to increasing the width of the
active pocket to accommodate long side chains of aliphatic
substrates (Tables 1 and S4). Overall, the increasing width of
the pocket of PtAmDH-M0 by mutating gatekeeper residues
into small amino acids enables the effective alleviation of steric
hindrance caused by long side chains and improves activity,
but blindly enlarging the depth of the pocket may lead to
adverse effects.
To further enhance the activity toward long-chain aliphatic

ketones, the beneficial mutations were combined to yield
several combinatorial mutants. As shown in Table 1, all the
combinatorial mutants displayed good activities toward 4a and
5a, and the triple mutant A113G/T134G/V294A exhibited the
best activity of 192.1 and 152.8 U/gprotein, respectively. (Table
1) Thus, residues 113, 134, and 294 exhibited additive effects
on the activity of PtAmDH.

2.3. Kinetic Parameters

To evaluate the catalytic ability of the triple mutant A113G/
T134G/V294A, its kinetic parameters were determined against
different substrates and compared with those of the PtAmDH-
M0. (Figure S13 and Table 2) The mutant A113G/T134G/
V294A exhibited improved activity against all aliphatic ketones
containing more than 5 carbons. Beyond the broader substrate
scope, the catalytic efficiency (kcat/KM) of the mutant A113G/
T134G/V294A against 2a and 3a increased 3.5-fold and 12.5-
fold, respectively, resulting from both the decrease of KM and
the increase of kcat. (Table 2) Therefore, for the long-chain
substrates, the mutations toward small amino acids of residues
113, 134, and 294 have direct effects on the activity of
PtAmDH by increasing substrate affinity and catalytic
efficiency.

Table 2. Kinetic Parameters of PtAmDH-M0 and the Triple Mutant toward Different Aliphatic Substrates 1a−5a

entry mutant substrate KM (mM) kcat (s−1) kcat/KM (s−1 mM−1)

1 PtAmDH-M0 1a 9.02 ± 1.38 0.895 0.099
2 2a 19.42 ± 2.49 0.428 0.022
3 3a 25.71 ± 4.73 0.211 0.008
4 4a n.d. n.d.a n.d.
5 5a n.d. n.d. n.d.
6 PtAmDH (A113G/T134G/V294A) 1a 21.89 ± 2.17 0.545 0.025
7 2a 15.64 ± 2.37 1.193 0.076
8 3a 10.05 ± 1.02 1.011 0.101
9 4a 26.53 ± 3.56 0.273 0.011
10 5a 31.14 ± 5.39 0.284 0.009

an.d. = not detected.

Figure 5. Molecular dynamics simulation. (A) Distance between substrate and K80 in the M0 system at 50 ns; (B) distance between substrate and
K80 in the mutant protein system at 50 ns; (C) RMSD range statistics; (D) Rg range statistics; (E) comparison of binding free energy. (F)
Comparison of distance distribution relative frequency between substrate and K80. (M0: PtAmDH-M0).
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2.4. Molecular Mechanism of Improved Activity

To explore the mechanism of the improved activity against the
long-chain substrates, the active substrates (2a−3a) and the
substrates that PtAmDH-M0 cannot catalyze (4a−5a) were
docked into the triple mutant A113G/T134G/V294A,
respectively, and compared with the docking results of
PtAmDH-M0. Molecular docking results revealed that the
binding modes of substrates 2a−3a were similar in PtAmDH-
M0 and the triple mutant A113G/T134G/V294A, while the
binding modes of the long-chain substrates (4a−5a) were
obviously different in the two enzymes. For PtAmDH-M0, the
long-chain substrates (4a−5a) adopted inactive conformations
with the bulky side chain located outside the pocket of
PtAmDH-M0, due to the steric hindrance of residues A113,
T134, and V294. (Figure 4E,F) For the triple mutant A113G/
T134G/V294A, the long aliphatic chains of substrates (4a−
5a) can be accommodated in the larger cavity formed by
residues G113, G134, and A294, enabling these substrates to
adopt conformations similar to those of substrates 2a−3a
possessing shorter aliphatic chains and to be easily catalyzed.
In addition, the distance between the carbonyl group and K80
was also reduced (Figure 4I,J).
Meanwhile, the molecular dynamics simulations (MD

simulations) were performed using 3a as the model substrate,
to further analyze the dynamic interactions and changes of
molecular structures during the reaction process, as well as the
reasons for the higher activity.33−35 In the AmDH-catalyzed
reactions, residues K80 and NH4

+ attack the electrophilic
carbon and initiate the reaction; thus, the distance between the
carbonyl group of the substrate and residue K80 is a reliable
parameter reflecting the reaction activity.36 In the simulation
process within 50 ns, the distance between the carbonyl oxygen
atom of 3a and the amino nitrogen atom of K80 was frequently
around 11.0 Å in PtAmDH-M0 and longer than that of the
triple mutant (3.2 Å), indicating that the substrate was more
easily reduced in the mutant. Meanwhile, the binding free
energies of 3a in PtAmDH-M0 and the triple mutant were
calculated as −14.18 and −16.61 kcal/mol, respectively
(Figure 5E), suggesting that the affinity between the substrate
and enzyme was enhanced after the introduction of the three
mutations. These results were consistent with the increased kcat
value and the decreased KM value of the mutant. Additionally,
comparisons of the RMSD, RMSF, and Rg values of these two
enzymes showed a similar trend, and the three indexes of the
triple mutant were lower than those of the PtAmDH-M0
during the whole simulation (Figures 5 and S23), suggesting
that the conformation of the triple mutant after substrate
binding was more stable and beneficial to increase the activity
(Figures 5 and S23).
Overall, the three mutations not only are favorable for the

substrate binding in the positive conformations via eliminating
the steric hindrance of residues A113, T134, and V294 but also
facilitate the reaction process more easily via shortening the
distance between the carbonyl group of the substrate and
residue K80, lowering the binding free energy as well as
increasing the structural stability.
2.5. Construction of a NADH-Regeneration System for
Successive Reductive Amination of High Concentration
Ketones

Given the large consumption of NADH in the successive
synthesis of chiral amines, an AmDH-GDH cascade was
constructed. To improve the catalytic efficiency, the ratio of

the two enzymes, the amount of cosubstrate glucose, as well as
the type of the cosolvents and their addition amounts were
optimized, respectively. Taking 5 g/L (50 mM) 2a as a model,
when GDH/AmDH was 1.25 (U/U) and 20 g/L glucose was
added, the yield is the highest (Figures S10 and S11). To
increase the solubility of the long-chain substrates, five types of
cosolvents were screened37−39 (Figure S12), and three
cosolvents with good effects were selected to further optimize
their addition amount (Table S5). It was found that strong
hydrophobic cosolvents are better than others, and the mixture
of 5% heptane and 5% 2-propanol as the cosolvent showed the
most positive effect.
Under optimal conditions, asymmetric reductive amination

of 2a was performed at concentrations ranging from 100 to
2000 mM. (Figure S14) For all the tested concentrations, the
synthesis of chiral amines was carried out successively, and the
yield reached more than 88% within 16 h when the substrate
concentrations were below 800 mM, producing a maximum
yield of 71 g/L. Also, the AmDH-GDH coupled system
showed good conversion performance against other substrates
at the high concentrations, which catalyzed 1−5a at 400 mM
with a yield of more than 70% and excellent ee values of 99%.
To verify the universality of the mutant A113G/T134G/

V294A, its catalytic activity was also evaluated using more
long-chain aliphatic ketones, various cyclic ketones, and
aromatic ketones as substrates. (Figure 6) Compared with
PtAmDH-M0, the mutant A113G/T134G/V294A displayed
better catalytic activity against all the tested substrates. Taking
the dietary supplements 6b, 7b, and 8b as examples, the yields
of products reached more than 35 g/L when 50 g/L substrates
were added, providing a new synthetic route to dietary

Figure 6. Direct asymmetric reductive amination of different ketones
using PtAmDH-M0 (M0) and engineered PtAmDH (A113G/
T134G/V294A) (MT). N.D. = not detected.
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supplements and avoiding precious-metal catalysis. The mutant
led to a 2-fold improvement in the yield for 11a which was up
to 65%. Notably, PtAmDH (A113G/T134G/V294A) showed
obviously improved activities toward alkyl(hetero)aryl ketones
12a−17a. The yields reached more than 54%, which were 3−5
fold higher than those of PtAmDH-M0. Structural comparison
of the PtAmDH mutant and PtAmDH-M0 revealed that, upon
the introduction of these three mutations, the size of the active
pocket was increased [PtAmDH (A113G/T134G/V294A)
793.5 Å3 vs PtAmDH-M0 711.9 Å3], as well as its
hydrophobicity was enhanced, probably beneficial for the
binding of aromatic ketones. (Figure S23B) Molecular docking
results also showed that the active pocket of the PtAmDH
mutant could accommodate the substrate in better binding
modes (Figure S15). Thus, the high substrate tolerance and
the wide substrate scope of the AmDH-GDH coupled system
make it more suitable for industrial application.
2.6. Recyclable Gold-Catalyzed Hydration of Alkynes

As indispensable precursors of chiral aliphatic amines, aliphatic
ketones are preferably prepared by more effective and
economical synthetic methods. Au-catalyzed alkyne hydration
is a considerable approach in the synthesis of ketones due to its
high atom economy as well as the easy availability and low cost
of alkynes.40,41 However, there have been a few reports
focusing on the hydration of aliphatic alkynes. As such, the
development of effective aliphatic alkyne hydration and its
further integration with AmDHs in a one-pot cascade reaction
enable the direct conversion of cheap alkynes into chiral
aliphatic amines, presenting great potential in industrial
applications.
Given the inhibitory effect and cost of the Au catalyst, a

recyclable catalyst capable of converting the aliphatic alkynes
into ketones was designed. Au−HS@SO3H−PMO(Et)
reported by Li42 displayed good catalytic ability toward all
the tested aliphatic alkynes and reusability.
HAADF-STEM results revealed that Au nanoparticles were

well dispersed in Au@HS/SO3H−SiO2, (Figure S16A−F) in
which the loading of Au NPs was up to 2.3 wt % determined
using inductively coupled plasma emission spectrometry, and
the average particle size was small, mostly around 1.3 nm
(Figure S17B). XPS spectra showed that Au in Au@HS/
SO3H−SiO2 existed at Au(0), corresponding to the binding
energy (B.E.) of 84.6 eV in 4f7/2 Au (Figure S16G). The results
of Figure S16H showed that S had two oxidation states of +2
and +6, corresponding to the −SH and −SO3H, respectively,
and B.E. was about 163.5 and 167.4 eV in the S 2p,
respectively, suggesting that the Au@HS/SO3H−SiO2 catalyst
was successfully prepared.42

Subsequently, the conditions for Au catalysis were optimized
by adjusting parameters such as temperature, solvent, and time
(Table 3). Given the compatibility with the following enzyme
catalysis and the promoting roles in the alkyne hydration
reactions, 20% 2-propanol was chosen as a cosolvent to
enhance substrate solubility in the system. When the
temperature reached more than 70 °C, 3b could be completely
generated within 2.5 h.
2.7. Construction of the Au-AmDH Cascade Catalytic
System

As we have previously established a method for converting
aliphatic alkyne 3j to the corresponding ketone 3a, we
attempted to combine Au catalysis with enzymatic catalysis
in a one-pot, one-step system. Unfortunately, no satisfactory

result was obtained. The results showed that Au was not
compatible with the enzyme, and the overall yield was only
27% (Table S6), which is mainly due to two reasons. First, the
activity of PtAmDH was seriously impacted by Au@HS/
SO3H−SiO2, only 25% of the initial enzyme activity can be
retained after coincubation with Au-catalyst for 20 h. Second,
the catalytic activity of the Au catalyst was reduced in NH4Cl/
NH3·H2O buffer with a high salt concentration. (Table 3) To
solve the incompatibility issue between metal and enzyme, we
tried a one-pot, two-step approach to separate metal and
enzyme catalysts by temporal compartmentalization. The
reaction mixture of the Au-catalyzed alkyne hydration can be
directly used for the further biosynthesis of the target amino
product 3b catalyzed by the PtAmDH mutant only after simple
centrifugation. As expected, we got satisfactory results with a
yield of 98%, ee >99%. We monitored the progress of the Au-
AmDH cascade catalytic system. The experimental results
showed that 3j (100 mM) can be almost completely converted
to 3b within 19 h. (Figure S18) Meanwhile, the recyclable
catalyst Au@HS/SO3H−SiO2 showed good reusability (Figure
S19), which not only can maintain a yield of over 90% even
after 6 times of reuse but also remains less than 0.01% in the
reaction mixture determined by the ICP test, thus in line with
the concept of green sustainability.
2.8. Gram Synthesis of Chiral Amines in a Au-AmDH
One-Pot, Two-Step System

Having constructed the Au-AmDH cascade system for the
direct synthesis of chiral amines from alkynes, we extended this
system to synthesize more aliphatic amines and various
alkyl(hetero)aryl amines on a large scale. To our satisfaction,
except for short aliphatic product 1b affected by its
effumability, gram-scale syntheses of all other products 2b−
8b were achieved through this cascade system, with yields over
80% and excellent ee values (>99%). The yield of 2b−8b (100
mM) could reach up to 36−60 g/L when 500 mM aliphatic
alkynes was added. Moreover, more than 25 g/L of
alkyl(hetero)arylamines was also obtained using the corre-
sponding alkynes as raw materials (Figure 7).

Table 3. Catalytic Performance of Au@HS/SO3H−SiO2 for
the 3j Hydration Reactionab

entry temperature (°C) solvent (v/v) time (h) yield (%)a

1 80 20% 2-propanol 3.5 99
2 75 20% 2-propanol 3.5 99
3 70 20% 2-propanol 3.5 99
4 65 20% 2-propanol 3.5 87
5 70 H2O 3.5 90
6 70 bufferb 3.5 51
7 70 10% 2-propanol 3.5 95
8 70 30% 2-propanol 3.5 93
9 70 20% 2-propanol 2.5 99
10 70 20% 2-propanol 2 98
11 70 20% 2-propanol 1.5 93
12 70 20% 2-propanol 1 87

aYield was measured by GC analyses. Reaction conditions: 20 mM 3j,
5 mol % Au@HS/SO3H−SiO2.

bbuffer: pH 9.5 1 M NH4Cl/NH3·
H2O.
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3. CONCLUSIONS
In conclusion, a chemoenzymatic cascade system specific for
the synthesis of long-chain aliphatic amines was constructed,
which catalyzed the direct conversion of various aliphatic
alkynes to the corresponding chiral amines with excellent ee
(>99%), and the product yields were all more than 57% at high
alkyne concentrations. In particular, the yields of (R)-2-
heptamine and (R)-6-methyl-2-heptamine reached up to 60 g/
L. To adapt the reductive amination of aliphatic ketones, a new
AmDH was mined and engineered by using structure-guided
mutagenesis. The best mutant PtAmDH (A113G/T134G/
V294A) can catalyze the asymmetric reductive amination of
the long-chain aliphatic ketone substrates at 400 mM with
yields of more than 70% (ee >99%). Molecular docking and
molecular dynamics simulations confirmed the importance of
“gatekeepers” on the catalytic activity, namely residues 113,
134, and 294. This study presents a green and efficient one-pot
sequential cascade system for directly converting inexpensive
alkynes into chiral long-chain aliphatic amines in aqueous
solutions, further demonstrating the potential significance and
availability of chemo-enzymatic cascade in large-scale industrial
synthesis.

4. EXPERIMENTAL SECTION

4.1. Mining of Amine Dehydrogenases
The LfAmDH from L. fusiformis was used as the template to
conduct a protein BLAST search in the NCBI database, and
sequences with 40−80% homology were selected (E. coli and
strains reported in the literature were excluded). Through the
Novopro website (https://www.novopro.cn/tools/prot-sol.
html) for the analysis of soluble protein sequences, select
solubility values greater than 0.46 sequence for the
construction of the evolutionary tree, through pairwise
sequence alignment, remove redundant sequences. The
obtained evolutionary tree was further screened, and sequence
alignment analysis was performed to select the appropriate
proteins for expression verification.

4.2. Prediction of Amino Acid Hotspots
The three-dimensional (3D) structure of PtAmDH-M0 was
constructed from the SWISS-MODEL web server (https://
swissmodel.expasy.org) by using LeuDH from L. sphaericus
(PDB code: 1LEH) as the template. Different substrates (1a−
5a) were docked into the active pocket of PtAmDH-M0. K80
and D115 of PtAmDH-M0 were set as the center of the grid
box, and the size of the gridbox in each direction was set as 40.
100 docking poses were set for each substrate. The sequence of
PtAmDH-M0 was also submitted to HotSpot Wizard 3.0, and
the hot spots were predicted by using the function of
consensus sequence computation in HotSpot Wizard 3.0
(https://loschmidt.chemi.muni.cz/hotspotwizard/).
4.3. Construction, Expression, and Purification of PtAmDH
and Its Mutants
The gene PtAmDH was cloned into plasmid pET28a(+) and
then transformed into E. coli BL21(DE3) cells for protein
expression. To obtain the expression plasmids of the PtAmDH
mutants, PCR was performed using primers (Table S2) and
plasmid pET28a(+)-PtAmDH as the template DNA with
KOD plus DNA polymerase. The PCR products were digested
by Dpn I and transformed into E. coli DH5α for amplification.
All plasmids harboring mutated genes were verified by
sequencing and transformed into E. coli BL21(DE3) cells.
The protein expression of PtAmDH and its mutants was

induced by isopropyl-β-thiogalactopyranoside (IPTG).
PtAmDH was purified on a HisTrap chelating HP column
(GE Healthcare). Detailed experimental methods are provided
in the Supporting Information.
4.4. Enzyme Activity Assay
The activity of PtAmDH and its mutants was measured by
monitoring the change in the absorbance at 340 nm using a
SpectraMax 190 (Molecular Devices, USA). The activity assay
was carried out in 1 mL of reaction mixture containing
NH4Cl/NH3·H2O buffer (2 M, pH 9.5), 0.2 mM NADH, 20
mM substrate, and an appropriate concentration of enzyme at
30 °C. One unit activity (1 U) was defined as the amount of
enzyme that catalyzed the conversion of 1 μmol NADH during
1 min.
4.5. Kinetic Assay
Kinetic parameters toward ketone substrates were determined
with varied ketone substrate concentrations by using the
activity assay method described above. The substrate
concentration was varied from 0 to 80 mM while keeping
the NADH and ammonia concentrations fixed. Kinetic
parameters (KM and kcat) were calculated by nonlinear curve
fitting of initial velocity versus substrate concentration data to
the Michaelis−Menten equation.
4.6. Molecular Dynamics Simulation
Gromacs 5.1.5 was used in this study for molecular dynamics.
The simulation system was set in a closed environment with
289.15 K, pH 9.5, and 1 bar. The periodic boundary setting of
the simulation system was centered on the protein, and the
minimum distance between the protein edge and the box edge
was set as 0.1 nm. The GAFF force field was used to deal with
ligand atoms. TIP3P water molecules were added to simulate
the water environment, and NaCl was used to balance the
system charge. After building the initial system, it will use the
steepest descent method for all atoms to minimize the system’s
energy. Constant number of particles, volume, and temper-
ature (NVT), and constant number of particles, pressure, and

Figure 7. Chemoenzymatic cascade catalyzed hydrating amination of
alkynes.
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temperature (NPT) (1000 ps). After NVP and NPT balance,
the PtAmDH-M0 and mutant systems were simulated for 50 ns
of finished product dynamics, and the system was simulated
every 2 fs.
4.7. Preparation of Chiral Amines Using PtAmDH
(A113G/T134G/V294A)

50 mM 1−18a was added into the reaction system (10 mL)
and reacted for 16−20 h. The product was extracted by ethyl
acetate/methyl tert-butyl ether and the yield was determined
by GC. Reaction system: 1.25 mL PtAmDH (A113G/T134G/
V294A), 1 mL GDH, 0.25 mM NAD+, pH 9.5, 35 °C. NMR:
the solvent was evaporated under reduced pressure, and the
remaining residue was dissolved in distilled water (20 mL).
The solution was acidified to pH 1 with concentrated HCl and
then washed with EtOAc (3 × 20 mL), discarding the organic
layer. Then, the aqueous phase was basified to pH = 12 with an
aqueous NaOH 10 M solution (5 mL) and extracted with
CH2Cl2 (3 × 20 mL). The organic layers were combined, dried
over Na2SO4, and filtered, and the solvent was evaporated
under reduced pressure.
4.8. Optimization of Conditions for Alkynes’ Hydration
Catalyzed by Au@HS/SO3H−SiO2

3j was taken as the model substrate, with the following reaction
conditions: 20 mM 3j, 5 mol % Au@HS/SO3H−SiO2.
Temperature, solvent, and reaction time were adjusted. The
products were extracted by ethyl acetate. The yield was
determined by GC.
4.9. Preparation of Chiral Amines from Alkynes Using
Chemoenzymatic Cascade Reactions

In the first step (hydration reaction), 100 mM alkyne (1−8j,
12−15j) was added to a 5 mL system; then, 20% 2-propanol
and 5 mol % Au@HS/SO3H−SiO2 were added and reacted for
2.5 h. In the second step (asymmetric reduction amination),
the insoluble matter was removed by centrifugation, and 5 mL
of NH4Cl/NH3·H2O buffer (4 M, pH 9.5), 1.25 mL PtAmDH
(A113G/T134G/V294A), 1 mL GDH, 4 equiv glucose, and
0.25 mM NAD+ were added and reacted at 35 °C for 16 h. The
products were extracted by ethyl acetate/methyl tert-butyl
ether. The yield was determined by GC.
Also, the scale-up preparation was carried out at the

concentrations of 500 mM alkynes (1−8j and 12−15j) with
other reaction conditions remaining unchanged.
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