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Substrate and product inhibitions in enzyme-catalyzed reactions are major limitations in the preparative

biosynthesis of valuable chemicals. In the present study, we described a modulation of the conformational

dynamics of lysine cyclodeaminase from Streptomyces pristinaespiralis (SpLCD) for synchronously reducing

substrate and product inhibitions. LCD is the key enzyme in the biosynthesis of piperidine derivatives, but

incurs both severe substrate and product inhibitions due to steric hindrance by the narrow delivery tunnels

of the substrate and product. Conformational dynamics studies via molecular simulations, which revealed

the detailed atomic structures of both substrate and product delivery processes of SpLCD, indicated two

separate intrinsic motions affected by the position of NAD+. Two key residues, Ile61 and Ile94, were ob-

served to play a key role in regulating the shape of the substrate and product delivery processes. Via satu-

ration mutagenesis studies, the Val61-Val94-SpLCD variant, which improved the KM/kcat, Ki-lys and Ki-LPA

by 3.6, 19.4 and 9.2 times, respectively, was obtained. The structure analysis showed that the superior cata-

lytic performance of the Val61-Val94-SpLCD variant is mainly due to the expanded substrate and product

delivery tunnels when compared with the wild-type enzyme. By using recombinant Escherichia coli

containing Val61-Val94-SpLCD as the whole-cell biocatalyst, a 2.5-fold higher substrate loading concen-

tration with a total space-time yield of 0.83 g L−1 h−1 was achieved. Moreover, the L-pipecolic acid titer in-

creased to 73.4 g L−1 without a decrease in yield, which was 4.2-fold higher than that achieved with the

original recombinant whole-cell biocatalyst. The results of this study provide insights into the application of

conformational dynamics of protein substrate and product delivery processes for simultaneously reducing

both substrate and product inhibitions.

Introduction

Natural enzymes can rarely meet the needs of different appli-
cations in industrial catalysis due to highly regulated enzy-
matic reactions.1 In typical enzymatic processes, substrate
binding and product dissociation are usually considered to
determine the overall catalytic rate.2 Thus, from a practical
standpoint, substrate and product inhibitions of enzymes are

considered to be the dominant limitations in biosynthesis of
valuable chemicals.3 Traditional protein engineering methods
targeting shared binding sites of substrates and products
based on static crystal structure evidence have provided a way
to design specific enzyme mutations that can reduce individ-
ual substrate or product inhibition.4 However, due to the dis-
tinct tunnel of the substrate entrance and product exit, some
enzymes are inhibited by both the substrate and product si-
multaneously.5 As static structural or functional studies are
inadequate to search for all the delivery modes of substrates
and products, the identification, analysis, and re-design pro-
cedures for relieving substrate and product inhibitions by sep-
arate substrate and product delivery processes are more
difficult.6

Protein conformational dynamics affects the essential
steps in enzyme catalysis, including substrate recognition and
binding, allosteric regulation, transition state formation, and
product release.7 Recent reports on protein conformational
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dynamics have indicated its significant advantages in study-
ing integrated substrate binding and product dissociation
processes by revealing the detailed atomic structures of rare
states.8 For example, by using NMR and stopped-flow spectro-
scopy, the area of product release in dihydrofolate reductase
was investigated. The conformational dynamics of ligand dis-
sociation processes showed another efficient product exit
pathway which was not observed in the crystal structures, and
is likely to occur with allosteric effects.6b Despite many ad-
vances in understanding the fundamental aspect of protein
conformational dynamics, practical implementation of such
knowledge for designing superior enzymes by targeting sepa-
rate substrate and product delivery processes for synchro-
nously reducing both substrate and product inhibitions re-
mains a challenge.9,10

L-Pipecolic acid (LPA) is a key chiral component for the
synthesis of many important groups of drugs including local
anesthetics ropivacaine, bupivacaine and chloroprocaine as
well as predominant immunosuppressants rapamycin, FK-
506 and FK-520.11 Similar to the preparation of other
enantiomeric organics, pure LPA is mainly produced by
chemical enantioselective synthesis and stereoselective trans-
formation.12 However, the chemical methods for commercial-
scale preparation of LPA require harmful substrates, expen-
sive metal catalysts and complicated product purification
processes.13 With the development of genome mining, lysine
cyclodeaminase (LCD) catalyzes the heterocyclic bioconver-
sion of linear L-lysine to circular LPA in one step by combin-
ing cyclization and deamination processes, which was discov-
ered from Streptomyces (Fig. 1).14 Although a few studies
have focused on the bio-production of LPA and its derivatives
since the discovery of LCD in 2006, owing to the poor soluble
protein expression level and severe substrate and product in-
hibitions, efficient accumulation of LPA could not be
achieved.15 In our previous studies, the pipA gene from Strep-
tomyces pristinaespiralis ATCC 25486 encoding lysine cyclo-
deaminase (SpLCD) was cloned and introduced into recombi-
nant E. coli. Using E. coli-SpLCD as the original recombinant
whole-cell biocatalyst, by optimizing the reaction conditions,

the highest LPA yield of 17.4 g L−1 was obtained. However,
the long reaction time (average of 48–72 h), severe substrate
and product inhibitions, and high biocatalyst consumption
(cell density of the whole-cell biocatalyst controlled at OD600

= 200) made it impractical to perform preparative and sus-
tainable production of LPA.15a

In the present study, a rational protein engineering strat-
egy was developed by modifying the protein conformational
dynamics of the substrate and product delivery processes for
simultaneously relieving substrate and product inhibitions.
Molecular dynamics (MD) simulations revealed two substrate
delivery tunnels and two distinct product exits for LCD,
which were affected by the location of NAD+. The first sub-
strate delivery tunnel was observed between Asp236 and
Glu264 with the corresponding product exit in the vicinity of
Ile61 and NAD+. The other substrate delivery tunnel was ob-
served between Ile61 and Asp236 with the corresponding
product exit near Ile94 and NAD+. Via analyzing the distance
between the C4 position of the NAD+ ribose ring and α-NH2

of L-lysine (substrate), both the substrate and product deliv-
ery processes were confirmed to be functional. Subsequently,
the key role of two non-polar residues, Ile61 (involved in sub-
strate delivery process 2 and product release process 1) and
Ile94 (involved in product release process 2), was confirmed
through CAVER tunnel computation and mutagenesis. By
screening saturation mutations on these two positions, the
variant Val61-Val94-SpLCD was obtained and exhibited maxi-
mum improvement in the biosynthesis ability of LCD, im-
proving the KM/kcat, Ki-lys and Ki-LPA by 3.6, 19.4 and 9.2
times, respectively, and achieving the highest concentration
of LPA reported so far. With the rapid development of new
enzyme structures and molecular modeling dynamics soft-
ware, more and more valuable enzymes affected by both sub-
strate and product inhibitions could be improved by modify-
ing their distinct substrate and product delivery processes
using a similar strategy, making them attractive biocatalysts.

Results and discussion
Construction and catalytic performance of the SpLCD
biocatalyst

The pipA gene from S. pristinaespiralis ATCC 25486 encoding
SpLCD was amplified and cloned into the vector pET-28a to
generate the recombinant plasmid pET-28a-pipA, followed by
transformation into E. coli BL21(DE3) cells and overexpression.
However, SDS-PAGE revealed the formation of a large amount
of inclusion bodies. To obtain higher SpLCD expression levels,
molecular chaperones were used to assist in the folding of the
SpLCD protein. Four recombinant E. coli strains were
constructed by introducing different molecular chaperones in-
cluding pG-KJE8, pGro7, pKJE7 and pTf16 (information on
plasmids is summarized in ESI† Table S1), into the E. coli-
SpLCD biocatalyst. Positive effects were observed with the co-
expression of molecular chaperones pG-KJE8, pGro7 and pKJE7
(Fig. S1†). However, pTf16 did not appear to be suitable for co-
expression with SpLCD, because the enzyme was barelyFig. 1 Reaction process of lysine cyclodeaminase.
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generated. In contrast, SDS-PAGE revealed that the amount of
intracellular soluble SpLCD increased by approximately three
fold when using pGro7, indicating that pGro7 could signifi-
cantly promote correct folding of SpLCD. Using the purified en-
zyme, the enzymatic kinetics of SpLCD was determined and is
summarized in Table 1. As expected, both substrate LYS and
product LPA inhibit SpLCD severely with a relatively low Ki

value of 1.0 mM and 1.7 mM, respectively.

Two ligand delivery processes detected by MD simulations of
SpLCD

The active site of many enzymes is buried inside the protein
core and is connected to the bulk solvent through transport
tunnels.16 The anatomy, physiochemical properties and dy-
namics of these tunnels have a large influence on enzymatic
catalysis by determining the exchange rate of substrates or
products between the active sites and solvent environment.17

The importance of transport processes for enzymatic catalysis
has prompted many engineering studies to focus on protein
tunnels and overcome many natural limitations.18 In our pre-
vious studies of SpLCD crystal structures,19 a buried active
site and a potential substrate delivery tunnel were identified,
indicating that the substrate delivery or product release steps
might be a rate-limiting bottleneck.

To overcome substrate and product inhibitions, as well as
to improve the efficiency of SpLCD, the conformational dy-
namics of the substrate delivery and product release pro-
cesses was investigated via theoretical computational calcula-
tions based on SpLCD crystal structures. Firstly, MD
simulations of the LCD-NAD+-lysine (SpLCD-LYS) system were
conducted for 100 ns to explore the substrate delivery mecha-
nism (Fig. S2†). MD simulations of SpLCD-LYS showed the
substrate dynamic movement from the initial binding state
to a temporary steady state. Although substrate lysine was
not actually located in the appropriate reaction position at
the end of the simulation, our calculations revealed the ten-
dency of two substrate delivery states. Based on the MD tra-
jectory, these two substrate delivery tunnels were visualized
using the CAVER program to obtain an overall perspective
and bottlenecks.20 First, consistent with our previous analysis
of the SpLCD crystal structures, a relatively short and uni-
form substrate delivery tunnel 1 (‘state 1’) was revealed in
the MD simulations. As shown in Fig. 2a and c, the entrance
of substrate delivery tunnel 1 existed in the vicinity of Glu264
and Asp236 (Fig. 2c), and no obvious bottleneck was observed
as the radius of the tunnel seemed to be similar (radius of
2.0–2.5 Å). The MD simulations indicated that Asp236 forms

a stable H-bond with cofactor NAD+, whereas the H-bond net-
work of the substrate could only be formed between Glu63
and Glu264 (Fig. S3†). As a result, lysine was pulled down by
Glu264 and is dragged along the gap between Glu264 and
Leu237 to the active site. On the other hand, owing to the
possible alternative location of the pyridine ring of NAD+,
and featuring the rotation of Asp236, another relatively long
and irregular substrate delivery tunnel 2 was revealed
(Fig. 2b and d). The entrance of substrate delivery tunnel 2
existed at the opposite site of Glu264 and a bottleneck could
be observed between Asp236 and Ile61 (Fig. 2d) (radius of 1.6

Table 1 Kinetic parameters of WT-SpLCD and its variants

Enzymes Km (mM) kcat (min−1) kcat/Km (min−1 mM−1) Ki-LYS (mM) Ki-LPA (mM)

WT-SpLCD 1.7 ± 0.4 0.61 ± 0.04 0.36 ± 0.03 1.0 ± 0.3 1.7 ± 0.2
V61-SpLCD 4.9 ± 0.5 6.79 ± 0.28 1.38 ± 0.11 14.2 ± 2.1 4.9 ± 0.8
V94-SpLCD 3.5 ± 0.4 4.74 ± 0.65 1.35 ± 0.42 8.1 ± 1.4 9.5 ± 1.2
V61-V94-SpLCD 9.6 ± 0.2 12.5 ± 2.11 1.30 ± 0.31 19.4 ± 3.7 15.7 ± 2.6

Fig. 2 Distinct substrate delivery tunnels and product release exits of
SpLCD analysed by MD simulation. a. Representative conformations of
substrate delivery state 1. b. Representative conformations of substrate
delivery state 2. The residues, cofactor and ligand are presented in
green in substrate delivery state 1 and presented in cyan in substrate
delivery state 2. c. Visualization of substrate tunnel 1 via CAVER. The
tunnel is presented in green, residues are presented in pink and NAD+
and LYS are presented in yellow. d. Visualization of substrate tunnel 2
via CAVER. The tunnel is presented in red, residues are presented in
cyan and NAD+ and LYS are presented in green. e. Representative
conformations of product release exit 1. f. Representative conformation
of product release exit 2.
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Å). The MD simulations of SpLCD-LYS suggested that the car-
boxylate moiety of Asp236 in substrate delivery state 2 rotated
and formed a stable H-bond with lysine, thereby helping to
anchor the substrate among Asp236, Glu63, and Glu264.
Once lysine was captured, delivery occurred through the syn-
ergistic action of these three residues (Fig. S4†).

In addition, the real-time distance between the C4 posi-
tion of the NAD+ ribose ring and α-NH2 of substrate lysine
(dC–N) was measured during the MD simulation. Although
the substrate lysine is not actually located in the reaction po-
sition at the end of the simulation but in a temporary stable
situation, dC–N could be interpreted as the probability and
tendency of the occurrence of substrate delivery processes
from the protein surface to the active site (near the NAD+).21

As shown in Fig. 3, in substrate delivery state 1, the distance
sharply shortened from 10 ns and subsequently stabilized at
about 13 Å, indicating that the temporary steady state came
earlier and directly. In contrast, in substrate delivery state 2,
the distance started to shorten after 40 ns with subsequent
fluctuation for several times until finally reaching stability at
about 12.5 Å, indicating that the temporary steady state came
with more difficulty and tortuously. However, the distances
in both of the substrate delivery processes decreased and
remained at a similar level after 80 ns, revealed that both
substrate delivery states were stable and lysine has the ten-
dency to be delivered to the active site through either way.

Furthermore, MD simulations of the LCD-NAD+-LPA
(SpLCD-LPA) system were also conducted for 100 ns to ex-
plore the product release exits (Fig. S2†). As a result, two cor-
responding product exits were observed which are functioned
in pairs with the corresponding substrate delivery tunnels. In
substrate delivery state 1, owing to the different locations of
Glu264, a cavity (exit 1) on the LCD surface occurred near the
original position of Glu264 (Fig. 2e) and the product may be
released directly from the cavity among Glu264, Ile61, and
NAD+ following completion of the enzymatic reaction. The
second exit was on the other side of SpLCD (Fig. 2f). In sub-
strate delivery state 2, owing to the specific location of NAD+,
a cavity (exit 2) of considerable size occurred around Ile94
and the pyridine ring of NAD+, and the product L-pipecolic
acid might be released from exit 2 directly. Two non-polar

amino acid residues, Ile61 in product release exit 1 and Ile94
in product release exit 2, appeared to influence the corre-
sponding product release process via their side chains. Al-
though the MD simulations suggested that two exits may ex-
ist, it appeared that only one exit remained active during the
enzymatic process at any particular time. In other words,
when exit 1 was open in substrate delivery state 1, exit 2 was
blocked by the nicotinamide nucleoside moiety of NAD+ (Fig.
S5a†). Similarly, when exit 2 was open in substrate delivery
state 2, the location of Glu264 blocked the product release in
exit 1 (Fig. S5b†).

Mutagenesis of Ile61 and Ile94 of SpLCD

As demonstrated via MD simulations, several key residues,
including Asp236, Glu264, Glu63, Ile61, and Ile94, were in-
volved in the substrate delivery and product release sites. The
highly conserved residues in the LCDs, Asp236, Glu264, and
Glu63 formed significant H-bonds with lysine in the sub-
strate delivery tunnels or with the intermediate in the active
site, and mutations on these positions may result in a serious
loss of catalytic activity, due to the detrimental effects on the
structural integrity around the substrate of the product-
binding site.19 Therefore, the other two non-polar residues,
Ile61 and Ile94, which both appeared to be the bottlenecks,
were saturatedly mutated to further explore their key roles in
the substrate and product delivery processes.

As shown in Fig. 4a and b, among all the constructed vari-
ants, the LPA titer of Val61-SpLCD and Val94-SpLCD was 1.5
and 1.4 times higher than that of WT-SpLCD, respectively.
Moreover, the Val61-Val94-SpLCD combination variant
exhibited a 1.8-fold higher LPA titer when compared with
WT-SpLCD, reaching almost 100% yield (data not shown). In
addition, the kinetic data of Val61-SpLCD, Val94-SpLCD, and
Val61-Val94-SpLCD are summarized in Table 1, which showed

Fig. 3 Distance between the C4 position of the NAD+ ribose ring and
α-NH2 of substrate lysine during the MD simulation. a. Distance
change in substrate delivery state 1. b. Distance change in substrate
delivery state 2. c. Schematic diagram of the measured distance.

Fig. 4 Saturation mutation studies of 61 and 94 positions and partial
structures of Val61-SpLCD and Val94-SpLCD. a. Saturation mutation
study of Ile61. b. Saturation mutation study of Il94. c. Structure of
Val61 in substrate delivery process 2. d. Structure of Val61 in product
release exit 1. e. Structure of Val94 in product release exit 2. The
bottlenecks of the substrate delivery tunnel structures of wild-type
SpLCD are presented in red panes in c–e.
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that the enhanced LPA production ability was primarily due
to the higher kcat values (11-, 7-, and 20-fold higher when
compared with WT-SpLCD, respectively) and Ki values (14/3-,
8/5-, 19/9-fold higher when compared with WT-SpLCD). These
kinetics results revealed that the substrate and product inhi-
bitions of these valine variants were significantly reduced.

Structure analysis of Val61-SpLCD and Val94-SpLCD indi-
cated that the reduction of the substrate and product inhibi-
tions was probably due to the significant decrease of steric
hindrance of the flaps of product release exit 1, exit 2 and
particularly substrate delivery tunnel 2, thus facilitating the
substrate and product delivery processes (Fig. 4c–e). Addi-
tional simulation and visualization of substrate delivery pro-
cess 2 of the Val61-SpLCD variant using CAVERdock con-
firmed this concept. As shown in Fig. S6,† the bottleneck
(Asp236-Ile61) of substrate delivery tunnel 2 of the Val61-
SpLCD variant broadened critically in comparison with that
of wild-type SpLCD owing to the substitution of Val in the 61
position, which might enhance the catalytic performance sig-
nificantly (radius from 1.6 Å to 2.3 Å).

According to our previous studies, the whole-cell LCD bio-
catalyst (200 OD cell density) will be fully inactivated with
more than 25 g L−1 substrate L-lysine or 15 g L−1 product
LPA.15a To further ascertain the improvement in the catalytic
activity of Val61-Val94-SpLCD, the effect of high substrate
concentration and product concentration on the recombinant
whole-cell biocatalyst E. coli Val61-Val94-SpLCD was investi-
gated (Fig. 5a and b). The results showed that a consistent
LPA molar yield of about 95% was achieved by E. coli-Val61-
Val94-SpLCD with a lysine concentration ranging from 1 to 20
g L−1. In addition, the bioconversion of L-lysine was not sig-
nificantly affected by the initial exogenous addition of LPA
ranging from 5 to 20 g L−1, and only a slight decrease in the

LPA yield was observed in E. coli Val61-Val94-SpLCD
supplemented with more than 20 g L−1 exogenous LPA. These
results revealed that the reduction of substrate/product inhi-
bition using the LCD biocatalyst might be an alternative
promising approach in future LPA production.

LPA production using Val61-Val94-SpLCD

LPA production was then performed with Val61-Val94-SpLCD
as the whole-cell biocatalyst. First, the substrate concentra-
tion was optimized. The production of LPA was conducted in
1 L bioreactors containing a 500 mL bioconversion system
comprising 10–70 g L−1 lysine, the whole-cell biocatalyst (with
a final cell density of OD600 = 50), 0.1% w/v Triton X-100, and
2.5 mM FeSO4. As shown in Fig. 5c, with an increasing initial
substrate concentration from 10 to 50 g L−1, the LPA titer in-
creased with a molar yield of more than 95%. A maximum
LPA titer of 43.2 g L−1 and a space-time yield of 1.74 g L−1 h−1

were achieved with an initial substrate concentration of 50 g
L−1. With a further increase in the initial substrate concentra-
tion to 60 and 70 g L−1, the molar yield of the product consid-
erably decreased to 84.9% and 79.7%, respectively. Thus, 50 g
L−1 initial substrate concentration was selected for further
investigation.

During the batch process based on the optimized sub-
strate concentration, when the initial amount of lysine was
totally consumed, additional 50 g L−1 lysine was
supplemented to the reaction system two times (Fig. 5d). In
the first cycle, the catalytic efficiency was the highest, the
space-time yield at 0–11 h reached 2.9 g L−1 h−1, and a LPA ti-
ter of 41.0 g L−1 with a molar yield of 93.1% was achieved. In
the second cycle, the catalytic efficiency decreased gradually,
and a LPA titer of 22.6 g L−1 with a molar yield of 51.2% was
obtained. In the final reaction cycle, the substrate consump-
tion rate and LPA yield significantly decreased, partially due
to cell lysis. Nevertheless, 73.4 g L−1 LPA was accumulated,
with a total space-time yield of 0.83 g L−1 h−1. Thus, the
method developed in the present study achieved significant
improvement in both the LPA titer and catalytic efficiency,
which are the highest reported so far, making it a promising
alternative for potential sustainable and environment-friendly
industrial applications.

Experimental
General

Previously-established protocols were employed for the cultiva-
tion of recombinant E. coli, preparation of the whole-cell bio-
catalyst, and construction, expression, purification, kinetic
and enzymatic assays of SpLCD.14,15a,19 To be specific, the pipA
gene encoding lysine cyclodeaminase from Streptomyces
pristinaespiralis ATCC 25486 is artificially synthesized by Gene-
script. co, Nanjing Jiangsu. Escherichia coli strain BL21(DE3)
cells harboring the pET28b-pipA plasmid were grown at 37 °C.
N-Terminally His6-tagged LCD was over-expressed following
induction with 100 μM isopropyl-β-D-1-thiogalactopyranoside
overnight at 25 °C. After cell lysis, LCD was purified via

Fig. 5 Bio-production of L-pipecolic acid using the Val61-Val94-
SpLCD whole-cell biocatalyst. a. The effect of high substrate LYS con-
centration on the recombinant whole-cell biocatalysts E. coli SpLCD
and E. coli Val61-Val94-SpLCD. b. The effect of high exogenous LPA
concentration on the recombinant whole-cell biocatalysts E. coli
SpLCD and E. coli Val61-Val94-SpLCD. The blue bar represents E. coli
SpLCD and the orange bar represents E. coli Val61-Val94-SpLCD. c.
The assay of the optimal substrate loading concentration. d. The batch
bio-production process of L-pipecolic acid.
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immobilized Ni2+ affinity chromatography (HisTrap HP; GE
Healthcare), followed by both anion exchange chromatography
(Resource Q; GE Healthcare) and size-exclusion chromatogra-
phy (Superdex 200 10/300 GL; GE Healthcare). Purified LCD
(10 mM HEPES-NaOH buffer, pH 7.0) was concentrated to 10
mg ml−1 using an Amicon Ultra-430 K filter (Millipore) and
stored frozen at −80 °C prior to use. All chromatography proto-
cols were performed using an ÄKTA-explorer apparatus (GE
Healthcare). Protein concentrations were determined using a
Thermo Nanodrop 2000c spectrophotometer, and the purity
was monitored by SDS-PAGE.

A representative activity assay of WT and variants was
performed using the above-mentioned purified LCD. To be
specific, the reaction system (1 ml) consists of 10 mM
HEPES-NaOH buffer (pH 7.0), 1 mg ml−1 purified enzymes
and 2 g L−1 substrate; after incubation for 30 min, the reac-
tions were stopped by liquid nitrogen, and the reaction sys-
tem was frozen and stored at −80 °C for HPLC determination.
The reactions were run in triplicate and initiated by the addi-
tion of the substrate.

The kinetics assays of WT and variants were performed
using the above-mentioned purified LCD. To be specific, the
purified enzymes were diluted to 0.1 mg ml−1 and incubated
in a final volume of 100 μl with 50 μM NAD+ (pre-incubated
for 5 min) and a substrate concentration ranging from 10–
1000 μM. The reactions were run in triplicate and initiated by
the addition of the substrate. At time points of 15, 30, 45,
and 60 min, the corresponding reactions were stopped by liq-
uid nitrogen, and the reaction system was frozen and stored
at −80 °C for HPLC determination. The empirical model
equation v = Vmax/(1 + Km/S + S/Ki) was used to process the
obtained data.

Biotransformation

A standard whole-cell biocatalyst property assay was
conducted in 2 mL tubes (total reaction volume of 1 mL)
containing recombinant E. coli cells as the whole-cell biocata-
lyst, L-lysine as the substrate, and HEPES-NaOH buffer (pH =
7.0) as the solvent. The cell density of the reaction system
was controlled at OD600 = 10 (gdcw = 5 g L−1 or concentration
given in the Results and discussion section; dcw, dry cell
weight), and L-lysine was added at a concentration of 1 g L−1.

Biotransformation of L-lysine for efficient LPA production
was conducted in 1 L bioreactors (total reaction volume of
500 mL) containing recombinant E. coli cells as the whole-
cell biocatalyst, L-lysine as the substrate, HEPES-NaOH buffer
as the solvent, 0.1% (w/v) Triton X-100 as the surfactant for
better transport of the substrate, and 2.5 mM FeSO4 as the
activator for SpLCD. The cell density of the reaction system
was controlled at OD600 = 50, and the initial L-lysine concen-
tration ranges are given in the Results and discussion
section.

During the reaction, the product concentration was moni-
tored by using high-performance liquid chromatography
(HPLC). All the experiments were conducted in triplicate.

Analytical methods

The concentrations of L-lysine were analyzed by using an
SBA-40C biosensor analyzer (Shandong Province Academy of
Sciences, China).22

The exact LPA and L-lysine concentrations were deter-
mined by using HPLC. LPA and L-lysine were first labelled
with phenyl isothiocyanate (PITC), and then analyzed by
using a high-performance liquid chromatograph (1290,
Agilent Technologies, USA) equipped with a C18 column (5
μm, 250 mm × 4.6 mm, Grace, USA) at room temperature.
Mobile phase A consisted of 7% v/v acetonitrile in 0.1 M so-
dium acetate aqueous solution, while mobile phase B
consisted of 80% v/v acetonitrile in water. The PITC deriva-
tives of LPA and L-lysine were separated with a gradient of
97 : 3–30 : 70 v/v of A : B for 50 min and detected using absor-
bance at 254 nm.

MD simulations

Two complex systems, including SpLCD-NAD+-lysine (SpLCD-
LYS) and SpLCD-NAD+-pipecolic acid (SpLCD-LPA), were
constructed based on the protein complex structures of
SpLCD-LYS and SpLCD-LPA (PDB code: 5GZL and 5GZM, re-
spectively).19 To be specific, in each complex system, Repeat
1 and Repeat 2 were performed based on the different loca-
tions of LYS or LPA in different monomers of the correspond-
ing crystal structures. Parameter preparation for the substrate
(L-lysine) and product (LPA) was performed by using the Ante-
chamber package.23 First, optimization was accomplished
using the Gaussian 09 program at the level of HF/6-31G(d)24

followed by calculation of the electrostatic surface potential
(ESP) charge. Subsequently, restrained electrostatic potential
(RESP)25 charge fitting was applied. Finally, using the AMBER
program suite (with ff03.r1 force field),26 MD simulations
were conducted with the prepared structures of the two sys-
tems. The protonation state of each residue was determined
at pH 7.0 using the PROPKA program on the PDB2PQR
website.27 The proteins were solvated in a cubic box of TIP3P
water molecules, with a water thickness extending at least 10
Å away from the protein surface, and sodium ions were
added to the system as counter ions to create a neutral simu-
lation system.

In an attempt to preclude instability that might occur dur-
ing MD simulations, the solvated system was subjected to
10 000 steps of minimization, and was changed from the
steepest descent algorithm to a conjugate gradient algorithm
after 1000 cycles. The system was then gradually heated from
0 K to 300 K in 50 ps steps controlled by Langevin dynamics
with a collision frequency of 2 ps−1. Subsequently, the system
was switched to constant pressure and temperature (NPT)
and equilibrated for 50 ps to facilitate adjustment of the sys-
tem to the appropriate density. Finally, production simula-
tions were performed without any restraint under NPT condi-
tions, followed by a 100 ns MD simulation. The Particle Mesh
Ewald (PME) method28 was used to calculate long-range
electrostatic interactions. The lengths of the bonds involving
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hydrogen atoms were fixed with the SHAKE algorithm.29 Dur-
ing the simulations, an integration time step of 2 fs was
adopted, and structural snapshots were flushed every 500
steps (1 ps). The non-bonded cut-off was set to 10.0 Å. This
protocol was applied to all the simulation systems, and all
the MD simulations were performed using the parallel pro-
cessing version of PMEMD.cuda in the AMBER12 suite.30 The
structure figures were prepared using Pymol.31 The tunnel vi-
sualization was computed and prepared using CAVER Analyst
1.0 and CAVERdock 1.0.32

Mutagenesis

Point mutants and saturation mutagenesis of SpLCD were
generated using the whole-plasmid PCR and DpnI digestion
methods. The identities of the successfully-generated con-
structs were verified by DNA sequencing. The recombinant E.
coli-SpLCD whole-cell biocatalyst variants were prepared
using the above-mentioned procedure.

Conclusions

This study showed a practical implementation for reducing
substrate and product inhibitions simultaneously via the
identification of the multiple substrate and product delivery
tunnels, confirmation of key residues and redesigning of
rate-limiting bottlenecks in the enzymatic processes. Using
whole-cell biocatalyst E. coli co-expressing the molecular
chaperones and Val61-Val94-SpLCD variant, efficient bio-
production of the chiral drug intermediate LPA was
performed. The highest LPA accumulation (73.4 g L−1)
reported so far was achieved. The structure–function relation-
ship, structure-based engineering strategy of lysine cyclo-
deaminase, and preparative biosynthesis of L-pipecolic acid
reported here allow a potential industrial application in the
future. The enzyme catalytic efficiency modification, the cell
and protein stability, and the cofactor binding affinity are en-
gineering targets to improve the L-pipecolic acid production
yield in long-time reaction cycles.
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