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Engineering bi-functional enzyme complex
of formate dehydrogenase and leucine
dehydrogenase by peptide linker mediated
fusion for accelerating cofactor regeneration

This study reports the application of peptide linker in the construction of bi-
functional formate dehydrogenase (FDH) and leucine dehydrogenase (LeuDH) en-
zymatic complex for efficient cofactor regeneration and L-tert leucine (L-tle) bio-
transformation. Seven FDH-LeuDH fusion enzymes with different peptide linker
were successfully developed and displayed both parental enzyme activities. The incor-
poration order of FDH and LeuDH was investigated by predicting three-dimensional
structures of LeuDH-FDH and FDH-LeuDH models using the I-TASSER server. The
enzymatic characterization showed that insertion of rigid peptide linker obtained
better activity and thermal stability in comparison with flexible peptide linker. The
production rate of fusion enzymatic complex with suitable flexible peptide linker
was increased by 1.2 times compared with free enzyme mixture. Moreover, structural
analysis of FDH and LeuDH suggested the secondary structure of the N-, C-terminal
domain and their relative positions to functional domains was also greatly relevant
to the catalytic properties of the fusion enzymatic complex. The results show that
rigid peptide linker could ensure the independent folding of moieties and stabi-
lized enzyme structure, while the flexible peptide linker was likely to bring enzyme
moieties in close proximity for superior cofactor channeling.
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1 Introduction

The synthesis of optically pure intermediate has become in-
creasingly important to meet the demand of pharmaceutical
industrials. Biocatalysts, in the form of whole cell or purified
enzyme, have been widely applied in the production of chiral
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building blocks [1]. The advantages of biocatalysis over chemi-
cal reaction were the higher chemo-, region-, enantioselectivities
and ambient reaction conditions. Moreover, the development of
bioinformatics and protein engineering like direct evolution and
rational design has improved the efficiency of biocatalyst mod-
ification [2]. The advance in bioprocess engineering has offered
various hosts and strategies for heterologous protein product
with high quality [3, 4].

L-tert leucine (L-tle) has been widely used as a chiral build-
ing block in many asymmetric reactions for the synthesis of
anti-tumor and anti-HIV drugs [5]. The enzymatic catalysis of
L-tle have been developed in past decades and several biocatalysts
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were found to be capable of producing L-tle including leucine
dehydrogenase [6], branched chain aminotransferase [7], peni-
cillin acylases [8], lipase [9], amidase [10], protease [11]. Among
the above-listed reports, leucine dehydrogenase (LeuDH, EC
1.4.1.9) and formate dehydrogenase (FDH, EC 1.2.1.2) based
cofactor regeneration system was regarded as a desirable process
with high catalytic and economic efficiency [12]. Degussa AG
(now Evonik AG) performed LeuDH and FDH coupling system
for repetitive batch reaction with an enzyme membrane reac-
tor at ton scale and obtained 638 g/L/day space-time-yield of
L-tle [13].However, to our best knowledge, there was no report
on the artificial assembly of LeuDH and FDH multi-enzyme
complex using peptides linkers to accelerate the reaction rate.

Inspired by nature sophisticated protein complex mostly
found in metabolic pathways like tryptophan synthase [14]
and cellulosome systems [15], artificial multi-enzymatic sys-
tems have been reported to enhance catalytic efficiency and
reduce overall cost [16]. Iturrate et al. [17] constructed an en-
gineered bifunctional aldolase/kinase enzyme with five amino
acid length linker (QGQGQ) which exhibited a 20-fold increase
in the reaction rate of aldol synthesis. Gao et al. [18] fused
LeuDH and FDH with PDZ (PSD95/Dlg1/zo-1) domain and
corresponding ligand (PDZlig) from metazoan cells respectively
for in vitro and vivo self-assembly of multienzyme supramolec-
ular. Both in vitro and vivo assemblies exhibited higher cofactor
regeneration efficiency and structural stability than free enzyme
mixture. Fu et al. [19] constructed a swinging-arm nanostruc-
ture complex consisting of glucose-6-phosphate dehydrogenase,
malic dehydrogenase and NAD+ attached oligonucleotide and
all these components can be programmed assembly on a DNA
scaffold. The cofactor attached with oligonucleotide was located
between two enzymes with great proximity effect, facilitating
intramolecular cofactor transfer. The close proximity of the cat-
alytic entities in the complex gives rise to the substrate chan-
neling phenomenon which eliminated the diffusion limitation
of substrate or intermediate such as cofactor [20]. Nevertheless
the enhanced catalytic efficiency of some fusion enzymes were
suggested to be caused by altered kinetic properties instead of
channeling effect [21, 22].

In this paper, a series of bi-functional enzyme complexes were
produced by fusing LeuDH and FDH with different peptide link-
ers, which were expressed in E. coli, purified, and exhibited varied
parental enzyme activities and varied L-tle catalytic efficiency.
The enzymatic reaction of FDH and LeuDH system for L-tle
production and cofactor regeneration was shown in Supporting
Information Fig. 1. The impact of structural feature of peptide
linkers and fused moieties over the properties of fusion enzy-
matic complex. The obtained results indicated that the fusion
enzyme with suitable peptide linker is potentially more excellent
than free enzymes with lower labor-cost on purification, better
thermal stability and higher catalytic efficiency compared with
the free coupling of parental enzymes.

2 Materials and methods

2.1 Materials

E. coli BL21(DE3) competent cell, Isopropyl-β-D-thiogalacto-
pyranoside (IPTG), kanamycin and SDS-PAGE kit were provided

by Transgen (Beijing, China). PrimerSTAR Max DNA Poly-
merase, restriction enzymes, ligation enzyme were purchased
from Takara (Shiga, Japan). pET-28a(+) expression vector was
from Novagen. Plasmid, gel extraction and PCR purification kits
were purchased from Omega bio-tek(USA). Modified Bradford
Protein Assay Kit, LB broth, NADH and NAD+ were provided by
Sangon biotech (Shanghai, China). L-tert leucine, D-tert leucine,
Trimethylpyruvic acid, ammonium formate and sodium formate
were purchased from Sigma-Aldrich (USA).

2.2 Gene synthesis

pUC18-LeuDH and pUC18-FDH contained LeuDH gene from
Bacillus cereus ATCC 10987 (3950125-3951225 nucleotide,
GeneBank Accession number: NC_003909.8) and FDH gene
from Candida boidinii (190 . . . 1284 nucleotide, GeneBank Ac-
cession number: AF004096.1). NdeI and XhoI restriction sites
were introduced in the 5’ end and 3’ end of both genes. These
genes were then synthesized by Sangon biotech (Shanghai,
China).

2.3 Structure analysis

Homology modeling of LeuDH and FDH was carried out
utilizing the Swiss Model automated comparative protein
modeling server (http://swissmodel.expasy.org) [23]. According
to the amino acid sequence homology, LeuDH from Bacillus
sphaericus (PDB ID: 1LEH, sequence identity: 76.92) and FDH
from Candida boidinii (PDB ID.: 2J6I, sequence identity: 96.69)
were selected as potential structural templates to obtain the
structural model of homology proteins. The three-dimensional
(3D) structural models of fusion enzyme complex in different in-
corporation orders were built up using the web-based I-TASSER
server (http://zhanglab.ccmb.med.umich.edu/I-TASSER) [24].
The molecular graphics software program PyMOL
(http://www.pymol.org/) was used for illustration.

2.4 Gene construction

For the construction of parental enzyme gene, pUC-LeuDH
and pUC-FDH plasmid was digested by NdeI and XhoI,
followed by ligation with NdeI/XhoI-linearized pET-28a(+).
The constructed plasmids were then transformed into E.coli
BL21(DE3). OE-PCR was applied for the construction of
the chimeric gene encoding LeuDH and FDH with different
peptide linkers. The oligonucleotides sequences encoding
these peptide linkers and the corresponding amino acid
sequences were shown in Supporting Information Table 1.
The construction of F-R1-L (F indicated FDH, L indicated
LeuDH, R1 indicated one unit of rigid linker) chimeric gene was
taken as an example to demonstrate the cloning process. First,
the FDH gene from pUC-FDH was amplified using primer
1 (5’-GGAATTCCATATGAAAATTGTCCTGGTCCTGT-3’)
with NdeI restriction site (underlined) and primer 2-R1
(5’-GCCTATGGCAAACACGATAAAAAGGAAGCTGCTGCTA
AAATGACATTGGAAATCTTCGA-3’) with sequences that
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encoding one repeat of rigid peptide linker (R1, underlined).
The other primers for constructing other six fusion enzyme
were listed in Supporting Information Table 1. Second, the
LeuDH gene from pUC-LeuDH was amplified using primer
3 (5’-ATGACATTGGAAATCTTCGAATAT-3’) and primer 4
(CCGCTCGAGTTACCGGCGACTAATGATGT) with XhoI
restriction site (underlined). Finally, PCR products from
the first two amplifications were extracted and used as tem-
plates for OE-PCR to obtained F-R1-L chimeric gene using
primer 1 and primer 4. Then the obtained chimeric gene
was digested with NdeI and XhoI, followed by ligation with
NdeI/XhoI-linearized pET-28a(+). The constructed plasmids
were named pET-28a-F-R1-L and then transformed into E. coli
BL21(DE3).

2.5 Enzyme preparation and purification

The transformed E. coli BL21(DE3) harboring fusion enzyme
plasmids were cultured at 37°C in 1 L shaking flask containing
200 mL of LB media with 40 mg/L kanamycin. The expression
of recombinant fusion enzyme was induced by the addition of
1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at an opti-
cal density (OD600) of approximately 0.5 and the cell was grown
at 16°C overnight. Cell was harvested by centrifugation and dis-
rupted by ultrasonication. Cell debris was removed by 20-min
centrifugation at 12 000 × g at 4°C. Obtained crude cell extract
was then applied to Histrap column (HisTrap HP 5 mL, GE
Healthcare Corp., Piscataway, NJ, USA) pre-equilibrated with
binding buffer (20 mM sodium phosphate, 0.5 M NaCl, 20 mM
imidazole, pH 7.4).The column was equilibrated with binding
buffer and eluted by eluting buffer (20 mM sodium phosphate,
0.5 M NaCl, 0.5 M imidazole, pH 7.4) at a gradient concentration.
Fractions with biology activity were desalted and concentrated
by Macrosep Advance Centrifugal Devices (cut-off 10 kDa, Pall,
East Hills, NY, USA). The purity of the obtained enzyme was
tested by 12% (w/v) SDS-PAGE.

2.6 Enzyme characterization

Activity of LeuDH and FDH was assayed by monitoring the
NADH (ε = 6.22/mM/cm) concentrations at 340 nm at 30°C us-
ing Tecan M200 Pro plate reader (Tecan Group Ltd., Männedorf,
Switzerland). For LeuDH, the assay mixture contained 4.5 mM
trimethylpyruvic acid, 0.2 mM NADH, 0.8 M NH4Cl-NH3·H2O
buffer (pH 10.0) and a certain amount of enzyme solution. For
FDH, the assay mixture contained 162 mM sodium formate,
1.62 mM NAD+, 100 mM potassium phosphate buffer (pH 7.5)
and a certain amount of enzyme solution. The volume of the
reaction mixture was 200 μL in all cases. Reactions were initi-
ated by the addition of the enzyme solutions. Enzyme activities
were determined in triplicates. One unit of LeuDH and FDH
activity was respectively defined as the amount of enzyme cat-
alyzing the consumption or generation of 1 μmol NADH per
minute under standard measurement conditions. Protein con-
centration was assayed using Modified Bradford Protein Assay
Kit.

2.7 Determination of thermal stability

To determine the effect of linker property on the thermal
stability of the fusion enzymes, the purified fusion enzymes
(0.15 mg/mL) were incubated at 30°C and 40°C water bath for
1 h and assayed for the residual FDH and LeuDH activity. The
measured activity was calculated as a percentage of the origi-
nal activities assayed before incubating. All measurements were
performed in triplicate.

2.8 Biocatalysis of L-tle and product analysis

The standard reaction mixture contained 50 mM trimethylpyru-
vic acid, 50 mM ammonium formate, 0.04 mM NAD+, pH = 8.5
(adjusted by adding ammonia), followed by adding free enzyme
mixture or constructed fusion enzymatic complex in a total re-
action volume of 2 mL. The reaction was performed at 30°C with
200 rpm of horizontal shaking. Aliquots of the reaction mixture
were taken and stored in -80°C for further analysis.

For product analysis, the reaction samples were heat dena-
tured at 80°C for 30 min. After centrifugation at 13 000 × g
for 10 min to remove precipitated protein, the samples were fil-
tered using 0.22 μm filter and then analyzed with HPLC. The
L-tle concentration and the optical purity (ee %) were deter-
mined at 35°C with HPLC column (Phenomenex Chirex 3126D-
penicillamine). The mobile phase was 2 mM Copper (II) sulfate
in water/isopropanol (95:5) at a flow rate of 1 mL/min.

3 Results and discussion

3.1 The incorporation order

For industrial process, an efficient cofactor regeneration system is
indispensable to ensure the synthesis process by oxidoreductases
is economically viable because the cofactor such as NAD(H) and
NADP(H) is usually expensive. One of the advantages of inte-
grating two catalytic entities is the possibility to achieve proxim-
ity effect in the multi-enzyme complex, which could accelerate
cofactor regeneration and catalytic efficiency [25]. The order of
the fused moieties was reported to be critical for catalytic perfor-
mance. Moreover, it was not uncommon that one order resulted
in completely nonactive for all the fused moieties [26, 27]. To
ensure favorable orientation of active sites in the fusion enzyme
complex, the incorporation order of LeuDH and FDH was stud-
ied by structural modeling approach with web-based I-TASSER
server to predict the orientation of cofactor binding domains of
LeuDH-FDH and FDH-LeuDH. Fusing C terminal of LeuDH
with N terminal of FDH (Fig. 1B) exhibited a back to back
orientation of active clefts without a viable tunnel for cofactor
channeling and the cofactor released from one enzyme have to
diffuse in bulk solution and accomplish the regeneration process
by random, unguided Brownian motion. Fusing C terminal of
FDH with N terminal of LeuDH (Fig. 1A) created a favorable
face to face orientation of active clefts which would promote the
formation of intramolecular tunnel and accelerate the cofactor
channeling between FDH and LeuDH. In addition, recent stud-
ies have shown that fusion of FDH to its C terminal would cause
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Figure 1. Representation of fusion enzyme
structures of different incorporation orders,
FDH-LeuDH (A) and LeuDH-FDH (B). LeuDH
was displayed in blue and its cofactor binding
domain was depicted in orange. FDH was dis-
played in cyan and its cofactor binding domain
was marked in magenta.

severe loss of enzymatic activity of FDH [28, 29]. Since FDH is
the rate limiting enzyme in bi-enzymatic system, the incorpo-
ration order FDH-LeuDH was predicted to be more suitable for
efficient L-tle production and used in further study.

3.2 Construction of fusion genes and activities
comparison of fusion enzymes

A peptide linker was usually introduced to connect protein moi-
eties for independent folding and preserving biological func-
tions [30]. Since linker type and length were the most con-
cerned points that affect the properties of fused subunits [31],
we proceeded to investigate the effect of linker configuration on
fusion enzyme structure and L-tle priduction efficiency. Differ-
ent copy numbers of rigid linkers (EAAAK) and flexible linkers
(GSSSS) were inserted into FDH and LeuDH using OE-PCR
(overlap extension by polymerase chain reaction). The primers
for introducing peptide linker were listed in Method section and
Supporting Information Table 1. As shown in Supporting Infor-
mation Fig. 2, the fusion genes obtained by OE-PCR were about
2200 bp which were identical to their theory sizes. The genes
were then ligated with pET28 (a) plasmid and transformed into
BL21 (DE3). After induced by IPTG, the cells were harvested and
the whole cell proteins were analyzed by SDS -PAGE (Support-
ing Information Fig. 3). The sizes of the recombinant protein on
SDS-PAGE matched with their theoretical sizes. The fusion en-
zymes F-DL-L (DL indicated direct link), F-R1-L (R1 indicated
one unit of rigid linker), F-R2-L, F-R3-L, F-S1-L (S1 indicated
one unit of flexible linker), F-S2-L, F-S3-L were purified by
nickel affinity column (Supporting Information Fig. 4). FDH
and LeuDH activity of the parental enzyme and fusion enzyme
with different peptide linkers were assayed and shown in Fig. 2.
All fusion enzymes successfully retained varied degree of catalytic
abilities of FDH and LeuDH. As expected, F-DL-L constructed
without peptide only retained 24.7 and 65.2% of the parental
FDH and LeuDH activities probably because direct assembly of
two enzymes may interfere with structure folding. The impaired
catalytic activity cause by direct fusion was consistent with pre-
vious reports [32, 33]. Among the six peptide linkers, F-R3-L
was the most active fusion which attained 145.1 and 103.6%
of the parental FDH and LeuDH activities. Due to the effective
separation of protein moieties, the fusion enzymes with rigid
peptide linkers yielded better activities than the fusion enzymes
with flexible peptide linkers.

Figure 2. Enzyme activity of the FDH-LeuDH fusion enzyme me-
diated by different peptide linker. The specific activities (in the
unit of U/nmol) were assayed as described in Method section.
The relative activity was expressed as a percentage of the activity
of parental LeuDH and FDH. Values shown are means ± standard
deviation of triplicate determinations.

The activity measurement of fusion enzymes showed that
LeuDH moiety could retain more parental activity than FDH
moiety (Fig. 2). Figure 3 represented the secondary structure of
N, C terminal and their relative position to functionally relevant
domains of FDH and LeuDH. Active site of FDH and LeuDH
were located according to previous reports [34,35]. The C termi-
nal of FDH was flexible structure containing β-sheet and random
coil which located near the cofactor binding domain and the ac-
tive site, while N terminal of LeuDH formed rigid α-helix and
was located at the backside of active pocket. The N terminal of
LeuDH (MTLEIFEYLEKY) contained abundant glutamic acids
and lysines that could stabilize protein conformation by Glu−-
Lys+ salt bridges, which shared the same sequence pattern and
stabilizing mechanism with rigid peptide linker (EAAAK) [36].
We assumed that the merits of FDH C terminal rendered the
fusion to take great risks of steric hindrance, while the rigid N
terminal of LeuDH could behave as an intrinsic rigid peptide
linker and ensure independent folding of LeuDH moietie. Thus,
we suggested that the comprehensive investigation of moiety
structures and linker features was necessary for efficient multi
enzymatic complex construction.
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Figure 3. The positioning of N, C terminal and
functionally relevant domains of FDH (A) and
LeuDH (B). C terminal of FDH and N terminal
of LeuDH was displayed in red. Cofactor bind-
ing domain was depicted in magenta. Sub-
strate binding sites were depicted in yellow
balls.

Table 1. The kinetic parameters of free enzyme and fusion enzyme

NADH oxidation by LeuDH part NAD+ reduction for FDH part

Enzymes Km (μM) Vm (U/μmol) kcat/Km (×106M−1S−1) Km (μM) Vm (U/μmol) kcat/Km (×106M−1S−1)

LeuDH 60.52 ± 4.32 615.37 ± 32.06 10.17 ± 0.87 - - -
FDH - - - 623.22 ± 42.44 41.57 ± 3.61 0.07 ± 0.01
F-DL-L 41.49 ± 3.29 411.4 ± 20.63 9.91 ± 0.70 39.12 ± 2.40 10.93 ± 0.68 0.28 ± 0.02
F-R1-L 50.88 ± 4.43 483.61 ± 34.24 9.51 ± 0.82 37.46 ± 1.58 32.74 ± 1.70 0.87 ± 0.06
F-R2-L 43.57 ± 2.51 486.84 ± 25.30 11.17 ± 0.53 51.21 ± 3.31 42.32 ± 2.65 0.83 ± 0.06
F-R3-L 27.86 ± 2.11 628.28 ± 49.52 22.55 ± 0.55 45.16 ± 1.23 61.41 ± 5.91 1.36 ± 0.08
F-S1-L 22.26 ± 1.40 595.97 ± 47.61 26.78 ± 1.58 66.27 ± 4.76 22.16 ± 1.64 0.33 ± 0.02
F-S2-L 151.22 ± 10.99 500.37 ± 48.10 3.31 ± 0.20 52.13 ± 2.59 31.98 ± 3.09 0.61 ± 0.01
F-S3-L 34.91 ± 1.14 429.41 ± 33.79 12.3 ± 0.52 26.37 ± 2.73 24.94 ± 2.61 0.95 ± 0.04

Reaction conditions: 5 μM of free enzyme and fusion enzyme were used for the measurement of kinetic parameters. The reaction was performed as
described in Method section using 0.0625-0.5 mM NADH and 0.025-1 mM NAD+ for LeuDH part and FDH part, respectively.

3.3 Kinetic parameters for the free and fusion
enzymes

Table 1 showed a list of kinetic parameters about NADH/NAD+

of the fusion enzymes with different peptide linker and free en-
zymes. The kinetic parameters of LeuDH moiety was slightly
changed after fusion with FDH moiety while the kinetic param-
eter of FDH moiety was significantly improved by the fusion.
The Km value of all seven fusion enzymes was decreased by a
magnitude compared with that of the free FDH. The catalytic
efficiency (kcat/Km) of fusion enzymes was enhanced by 3–12
fold compared with that of the free FDH. F-R3-L exhibited best
kinetic property among seven fusion enzyme which was in ac-
cordance with the result from enzyme activities determination
in Fig. 2. F-S2-L showed a very high Km for NADH (151.22 μM)
compared with free LeuDH and other fusion enzymes, which
indicated fusion enzyme mediated by (GGGGS)2 may lead to
steric hindrance near its cofactor binding domain. We specu-
lated that altered kinetic parameters of cofactor were caused by
moiety–moiety interactions in fusion enzyme or the proximity of
two cofactor binding domains from LeuDH and FDH. The exis-
tence of two cofactor binding domain may explain the increased
enzyme-cofactor affinity of the bi-functional enzymes.

There is an ongoing debate whether the artificially induced
proximity of enzymes by synthetic scaffolds or gene fusion is
sufficient to prevent the diffusion of reaction intermediates into
the bulk phase and to cause effective intermediate channel-
ing [37]. Some reports have claimed the enhanced production
efficiency of fusion enzyme was entirely due to altered kinetic

properties [21, 38]. The analysis toward kinetic parameters of
cofactor (Table 1) revealed a great difference between fusion
enzymes and parental enzymes. The dramatically decrease of
Km NAD+ of FDH moiety by fusion FDH with an oxidoreductases
was also observed by Sührer et al. [22] in their research about an
artificial fusion protein of a ketoreductase (KR) and FDH.

3.4 The influence of peptide linker on the thermal
stability of fusion enzymes

The structural feature of peptide linker also affected the perfor-
mance of fusion enzymes in thermal stability [39]. The residual
activities of the seven fusion enzymes and the parental enzymes
were determined after incubating at 30 and 40°C for 1 h (Fig. 4).
Most fusion enzyme with peptide linkers showed greater thermal
stability than F-DL-L, indicating that the introduction of peptide
linker was beneficial for stabilizing fused moieties. LeuDH moi-
eties of all seven fusion enzyme complexes were more stable than
free LeuDH. Fusion enzymes with a rigid linker were more stable
than those with a flexible linker. F-R2-L even displayed higher
thermal stability both in LeuDH and FDH moieties compared
with the parental enzyme. This was not in accordance with the
report by Lu and Feng [40] which suggested the thermal stability
of β-glucanase-xylanase fusion enzyme increased with the copy
number of inserted rigid peptide linker (EAAAK).

It had been reported that the fusion of two multimeric enzyme
could lead to the formation of multimeric protein network [41]
which may cause steric hindrance of active domain. Soluble
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Figure 4. Thermal stability (A: LeuDH; B:
FDH) of the parental enzyme and FDH-LeuDH
fusion enzyme mediated by different peptide
linkers. Activities were assayed after incubat-
ing fusion enzymes in 30 and 40°C for 1 h. The
residual activity was expressed as a percentage
of the original activity measured before incu-
bating. Values shown are means ± standard
deviation of triplicate determinations.

bi-functional enzyme compose of two multimeric enzyme have
reported to form oligomers [29, 42]. LeuDH and FDH in our
study usually formed octamer and dimer, respectively. The im-
plementation of different peptide linker in FDH-LeuDH fusion
enzyme could cause differnent multimeric state, which explained
the varities of catalytic activity and thermal stability of the con-
structued fusion enzyme [43].

3.5 Biotransformation of L-tle

To study the cofactor channeling effect of the fusion enzyme
complex, L-tle biosynthesis by FDH-LeuDH fusion enzyme sys-
tem was implemented with two sets of biocatalysts, fusion en-
zyme with different peptide linker and parental enzyme mix-
tures whose activities were adjusted to match the fusion enzyme.
We introduced acceleration factor (AF) to evaluate the cofactor
channeling effect [44]. AF was defined in Eq. (1), where VF and
VP are the initial production rate of L-tle catalyzed by the fusion
enzyme complex and the parental enzyme mixture with same
activities, respectively.

Acceleration factor = VF −VP

VP
(1)

As shown in Fig. 5, except for F-S2-L, the AF of other 6 fu-
sion enzymes were all positive. Although F-S1-L displayed high-
est AF among these fusions, which presented 1.2 times higher
initial reaction rate than that of parental enzyme mixture, the
FDH activity of F-S1-L was greatly impaired (Fig. 2). Similar
phenomenon was observed in the F-DL-L and F-S3-L sets. Nev-
ertheless, the acceleration factor of F-R1-L, F-R2-L and F-R3-L
were 0.40, 0.18 and 0.57, respectively, while preserving relatively
high catalytic ability. In addition, the fusion with FDH did not
alter the enantio-selectivity of LeuDH moiety. The product of all
seven fusion enzymes exhibited enantiomeric purity of > 99% ee
just like the parental LeuDH.

The goal of fusing enzyme moieties together is to eliminate
diffusion limitation of cofactor or intermediate. A few studies
have been reported on fusion enzyme complex to enhance cat-
alytic efficiency [17, 26, 32, 45]. To confirm the effect of peptide
linker composition on the production efficiency, the acceleration
factor of each fusion enzyme complex was studied. According
to our results, F-S1-L presented higher AF than other fusions
with rigid linkers which indicating that the implement of flexi-
ble peptide may result in optimal positioning of cofactor binding

Figure 5. The acceleration factor of cofactor channeling in L-tle
catalysis by FDH-LeuDH multi-enzyme complex mediated by dif-
ferent peptide linker. 250 nM fusion enzymes were used for the
production of L-tle. Free LeuDH and FDH mixtures with equal
activities to each fusion enzyme were used as control to calculate
the acceleration factors.

domain (Fig. 5), probably because flexible peptide could retain
certain domain movement [46]. However, the catalytic activ-
ity and kinetic property of FDH moiety of F-S1-L was severely
impaired (Fig. 2, Table 1) which indicated that the proximity
of two catalytic moieties may cause steric influence or block-
age of active sites if the peptide linker was inappropriate for the
specific fusion enzyme system. In the FDH-LeuDH enzymatic
complex mediated by rigid peptide linker, the cofactor could
transfer from active site to active site with increased efficiency,
at the meantime, well separated fused entities could avoid struc-
tural influence caused by each other. Negative acceleration factor
exhibited by F-S2-L indicated that fusing two enzymes together
was not always beneficial for enhancing production efficiency.
The application of inappropriate peptide linker could form an
unfavorable orientation of cofactor binding domain and result
in worse cofactor regeneration rate than free enzyme coupling
system.

4 Concluding remarks

For the biotransformation of trimethylpyruvic acid into L-
tle, previous researchers have demonstrated several approaches
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using LeuDH and FDH in the form of free enzyme mixture,
whole-cell biocatalyst (LeuDH and FDH were expressed sepa-
rately) and co-expressed whole-cell biocatalyst [5,14,47]. Never-
theless, the L-tle production by FDH-LeuDH fusion complex has
been reported for the first time in this study. In the present study,
we constructed seven bi-functional fusion enzymatic complexes
comprising FDH and LeuDH moieties which inserted with dif-
ferent peptide linkers and compared their properties including
structural property, bioactivity, thermal stability, and the ability
to produce L-tle. Although the long distance between fused moi-
eties leads to ordinary production efficiency, the rigid peptide
linker was preferable for independent folding and bioactivity re-
tainment of fused moieties. The fusion enzymatic complex with
proper flexible peptide linker was able to keep fused moieties
close enough to obtain superior proximity effect, but liable to de-
crease bioactivity due to steric hindrance of functional domains.
We suggested that the construction of bi-functional enzymatic
complex with peptide linker would be a powerful tool for con-
structing efficient cofactor regeneration system with satisfying
cofactor regeneration rate.

In our future research, we will focus on the rational design
of more delicate peptide linker in order to improve our fusion
enzyme systems. In addition to protein modeling and molecular
dynamic, linker selection based on natural linker is also a quite
effective method for linker design. For example, Liu et al. [48]
developed SynLinker, a web-based bioinformatics tools for link-
ers selection and structure prediction, which contained 2150
natural linkers and 110 artificial linkers. The design of changing
enzyme moiety number for activity rebalance and enhancing
soluble expression of fusion enzymatic complex would be an-
other interesting subjects for further investigation to increase
L-tle production efficiency.

Practical application

The information contained in this paper exhibits major rel-
evance in applications like the multi-enzyme system for fine
chemical production, or biosensor based on multi-enzyme
reaction. The construction of bi-functional enzyme can re-
duce the cost for recombinant protein purification and en-
hance the cofactor regeneration rate. Our work investigated
the effect of different peptide linker configuration on the en-
zyme activities and productivity of obtained bi-functional
enzymes. The pros and cons of rigid and flexible peptide
linker for FDH-LeuDH was studied by both experiments
and enzyme structural analysis. The study shall be useful
to those who are interested in optimizing the biotransfor-
mation process of L-ter leucine. Also, this work may be
extended to other bi-enzyme system for selecting an opti-
mal peptide linker.
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