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ABSTRACT Enzyme stability is often a limiting factor in the microbial production of 
high-value-added chemicals and commercial enzymes. A previous study by our research 
group revealed that the unstable isoprene synthase from Ipomoea batatas (IspSib) 
critically limits isoprene production in engineered Escherichia coli. Directed evolution 
was, therefore, performed in the present study to improve the thermostability of IspSib. 
First, a tripartite protein folding system designated as lac′-IspSib-′lac, which could couple 
the stability of IspSib to antibiotic ampicillin resistance, was successfully constructed 
for the high-throughput screening of variants. Directed evolution of IspSib was then 
performed through two rounds of random mutation and site-saturation mutation, 
which produced three variants with higher stability: IspSib

N397V A476V, IspSib
N397V A476T, and 

IspSib
N397V A476C. The subsequent in vitro thermostability test confirmed the increased 

protein stability. The melting temperatures of the screened variants IspSib
N397V A476V, 

IspSib
N397V A476T, and IspSib

N397V A476C were 45.1 ± 0.9°C, 46.1 ± 0.7°C, and 47.2 ± 0.3°C, 
respectively, each of which was higher than the melting temperature of wild-type 
IspSib (41.5 ± 0.4°C). The production of isoprene at the shake-flask fermentation level 
was increased by 1.94-folds, to 1,335 mg/L, when using IspSib

N397V A476T. These findings 
provide insights into the optimization of the thermostability of terpene synthases, which 
are key enzymes for isoprenoid production in engineered microorganisms. In addition, 
the present study would serve as a successful example of improving enzyme stability 
without requiring detailed structural information or catalytic reaction mechanisms.

IMPORTANCE The poor thermostability of IspSib critically limits isoprene production 
in engineered Escherichia coli. A tripartite protein folding system designated as lac'-
IspSib-'lac, which could couple the stability of IspSib to antibiotic ampicillin resistance, 
was successfully constructed for the first time. In order to improve the enzyme stabil­
ity of IspSib, the directed evolution of IspSib was performed through error-PCR, and 
high-throughput screening was realized using the lac'-IspSib-'lac system. Three positive 
variants with increased thermostability were obtained. The thermostability test and 
the melting temperature analysis confirmed the increased stability of the enzyme. The 
production of isoprene was increased by 1.94-folds, to 1,335 mg/L, using IspSib

N397V 

A476T. The directed evolution process reported here is also applicable to other terpene 
synthases key to isoprenoid production.

KEYWORDS isoprene synthase, enzyme stability, directed evolution, isoprene 
production, isoprenoid, biosensor

I soprene is a chemical used widely in the production of synthetic rubber (95%), as 
well as various other compounds (the remaining 5%), including pesticides, pharma­

ceuticals, oil additives, adhesives, fragrances, and biofuels (1, 2). Most of the commercial 
isoprene is currently produced through the chemical cracking of petroleum, a process 
that is environmentally unfriendly, price-unstable, unsustainable, and energy-intensive 
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(3). Microbial production of isoprene is an alternative, and considerable effort has been 
invested in improving the production of isoprene using this method (4–6). Isoprene 
can be synthesized from dimethylallyl diphosphate (DMAPP) under the catalysis of 
isoprene synthase (IspS) present in plants and certain microbes (7). The precursor DAMPP 
is synthesized via the methylerythritol phosphate (MEP) pathway or the mevalonate 
(MVA) pathway (8). In the process of isoprene production in Escherichia coli, heterologous 
overexpression of IspS is necessary, for which the overexpression of genes involved 
in the MVA pathway is usually used as a strategy to improve the metabolic flux for 
the accumulation of the precursor DMAPP (9). The metabolic flux is further improved, 
usually through the reduction of the byproducts for the accumulation of the precursor 
acetyl-CoA, manipulation of gene expression through promoters and optimization of 
RBSs, directed evolution of key enzymes, and exploration of the novel MVA pathway 
(10). A study reported that the E. coli strain AceCo, which exhibited the formation of 
reduced byproducts and had the IspS gene and the MVA pathway, exhibited the highest 
production of isoprene (1,832 mg/L) in shake-flask culture (2). Another E. coli strain, 
which double expressed the MVA pathway genes, exhibited isoprene production of 
approximately 25.2 g/L under scale-up fed-batch fermentation (300 L) (11).

IspS is reported as the rate-limiting enzyme in the isoprene synthetic pathway (7). 
Most of the reported IspS enzymes exhibit low activity, substrate affinity, and thermal 
stability (4, 12). In a previous study by our research group (4), the IspS from Ipomoea 
batatas (IspSib) was utilized for isoprene production. In another study, IspSib exhibited 
a relatively higher catalytic efficiency than the IspSs from other species and also led to 
high isoprene production (7). However, IspSib was also revealed as a thermally unstable 
enzyme in vitro as well as in vivo (7). The correlation between IspSib expression and 
isoprene productivity during the fermentation process indicated that the instability of 
IspSib critically affected the production of isoprene (4, 7). The enzyme activity of purified 
IspSib declined rapidly, reaching 20% of the initial enzyme activity after just 20 min of 
incubation at 30°C, indicating the thermal instability of IspSib (7). Therefore, to further 
improve the production of isoprene, optimization of IspSib stability is necessary.

Directed evolution and rational design are usually used for enzyme engineering 
aimed at improving catalytic activity, substrate selectivity, and enzyme stability (13). 
However, rational design requires detailed information on the structure and the catalytic 
reaction mechanism of the enzyme (14). The crystal structure of IspSib has not been 
resolved to date, and among all kinds of IspSs from different species, only the structure 
of the IspS from gray poplar has been reported (15). The three-dimensional structure 
of IspSib may be deciphered based on the structure of the IspS from gray poplar using 
homology modeling. Therefore, rational design is a selectable strategy for the engineer­
ing of IspSib. Directed evolution, on the other hand, does not depend on information on 
the structure and reaction mechanism of the enzyme. However, this approach requires 
the construction of an efficient, high-throughput screening method. Directed evolution 
of the IspS from Populus alba for enhancing the catalytic activity of this enzyme has 
been reported in a previous study, in which a high-throughput method based on 
DMAPP toxicity relief for achieving enhanced IspS catalytic activity was established (16). 
Therefore, directed evolution is a feasible strategy to improve the stability of IspSib if an 
efficient high-throughput screening method is established.

Directed evolution is an efficient approach to improving protein stability (or folding) 
in vivo (17). This method involves the generation of a pool of variants, followed by 
a screening process to identify which of the generated variants exhibit improved 
folding properties. The accuracy, power, throughput, and stringency of the selection 
and screening methods are crucial to the success of the evolution process. A few 
selection and screening systems developed for improved protein folding include the 
inherent function of the protein, fusion to a reporter tag, tripartite protein folding 
sensors, and the twin arginine translocation system (17). A tripartite protein folding 
sensor method involves inserting the protein of interest between the split halves of an 
antibiotic resistance gene, and this method directly links the stability of the protein to its 
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antibiotic resistance (18). The two parts of the antibiotic resistance protein would only 
be able to fold together if the inserted protein folded suitably, resulting in resistance to 
antibiotics. If the inserted protein is poorly folded, it would be degraded by the proteases 
present inside the cell, and the two halves of the antibiotic resistance protein would 
separate, resulting in sensitivity to antibiotics. Therefore, this tripartite protein folding 
sensor enables efficient “fold or die” selection, which ensures improved stability.

In the present study, the directed evolution of IspSib was performed to improve 
the stability of this enzyme. A tripartite protein folding sensor, which correlates the 
stability of IspSib to its antibiotic resistance, was first developed and then used as the 
high-throughput screening method for the directed evolution of IspSib to improve its 
stability. The stability of the obtained IspSib variants was then evaluated through the 
thermostability test and the circular dichroism (CD) analysis. Finally, the effect of the 
selected IspSib variants on isoprene production in engineered E. coli was investigated.

MATERIALS AND METHODS

Construction of the biosensor

E. coli DH5α was used for genetic manipulation. All primers used for the construction of 
plasmids are listed in Table 1. All plasmids used in this study are listed in Table 2. The 
ptrc-low (9) harboring the β-lactamase (lac) sequence was used as a template to amplify 
the N-terminal lac using the N-lac-F/R primers and the C-terminal lac using the C-lac-F/R 
primers. IspSib was amplified using the IspSib-lac-F/R primers and the plasmid pA-MM-
IspSib as the template (4). Two rounds of overlap PCR were performed to insert IspSib into 
lac, generating the fragment lac′-IspSib-′lac, which was then seamlessly cloned into the 
Bgl II and Sac I sites in the pET-28a plasmid, resulting in pET-IspSib-lac. Next, pET-IspSib-
lac was transformed into E. coli BL21 (DE3) to obtain the biosensor for achieving IspSib 
stability. A plasmid named pET-IspSib-linker-lac, which expressed the IspSib-lac fusion 

TABLE 1 Primers used for plasmid construction

Primers Sequences

N-lac-F TAGAGGATCGAGATCTCGATTGCGTTTCTACAAACTCTTTTTGT
N-lac-R AACCACCACCACCAGAACCACCACCACCtagttcgccagttaatagtttgcg
C-lac-F GGGAGCGGAGGCGGCGGATCAGGCGGAGGTGGAAGCTTGactctagcttcccggcaaca
C-lac-R CAAGCTTGTCGACGGAGCTCttaccaatgcttaatcagtgaggcac
IspSib-lac-F TGGTTCTGGTGGTGGTGGTTCTTCCTCAGGTTCCGGGatgagtagcgcccagaatcag
IspSib-lac-R GATCCGCCGCCTCCGCTCCCACTTCCGCTttcaaccggattaataataacgctaac
N-IspSib-F CAAGCTTGTCGACGGAGCTCTTAttcaaccggattaataataacgctaac
N-IspSib-R tggGGAGGAGGAGGAAGTatgagtagcgcccagaatcag
N-whole-lac-F catACTTCCTCCTCCTCCccaatgcttaatcagtgaggc
N-whole-lac-R TGCTTCAATAATATTGAAAAAGGAAGAGTatgagtattcaacatttccgtgtc
C-whole-lac-F CAAGCTTGTCGACGGAGCTCttaccaatgcttaatcagtgaggcac
C-whole-lac-R gaaGGAGGAGGAGGAAGTatgagtattcaacatttccgtgtcg
C-IspSib-F catACTTCCTCCTCCTCCttcaaccggattaataataacgctaac
C-IspSib-R TGCTTCAATAATATTGAAAAAGGAAGAGTatgagtagcgcccagaatcag
pET-F ACTCTTCCTTTTTCAATATTATTGAAGCA
pET-R GAGCTCCGTCGACAAGCTTG
IspSib-mtlibrary-F CCCACTTCCGCTttcaaccg
IspSib-mtlibrary-R atgagtagcgcccagaatcag
P-mtlibrary-F ctgattctgggcgctactcat
P-mtlibrary-R cggttgaaAGCGGAAGTGGG
IspSib-cx-F ggaagctagagtCAAGCTTCCAC
IspSib-cx-R gcgcaaactattaactggcg
IspSib-F tataagaaggagatatacatatgagtagcgcccagaatcag
IspSib-R ccgatatccaattgagatctttattcaaccggattaataataacgctaacaatac
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enzyme with IspSib at the N-terminal of the whole lac, was constructed for use as the 
control. The plasmid pET-lac-linker-IspSib expressing the lac-IspSib fusion enzyme, in 
which IspSib was located at the C-terminal of the whole lac, was also constructed. The 
construction processes are detailed in the supplementary file.

In order to determine the level of antibiotic resistance of the constructed biosensor, 
a few tests were conducted. The biosensor was inoculated into the lysogeny broth 
(LB) medium containing 50 mg/L of kanamycin and increasing concentrations of the 
antibiotic ampicillin, including 0, 20, 40, 60, 80, and 100 mg/L. Afterward, OD600 was 
measured every 2 h. Spot titer tests were performed by spotting the serial dilutions of 
the mid-log-phase biosensor cells onto the LB plates supplemented with 50 mg/L of 
kanamycin and increasing concentrations of ampicillin, including 0, 20, 40, 60, 80, and 
100 mg/L. The serial dilutions of the mid-log-phase biosensor cells were also spread onto 
the LB plates supplemented with 50 mg/L of kanamycin and increasing concentrations of 
ampicillin, including 10, 20, 30, 40, and 50 mg/L.

Directed evolution

Error-prone PCR was performed to obtain the mutant IspSib. The IspSib-mtlibrary-F/R 
primers were used for the amplification of IspSib using the 2× Taq Plus Master Mix II 
(Vazyme Biotech), 100 mM MgCl2, and 10 mM MnCl2. The carrier pET-IspSib-lac was 
amplified using the P-mtlibrary-F and P-mtlibrary-R primers. Afterward, the two PCR 
fragments were seamlessly assembled, and the mixture was transformed into E. coli 
DH5α to obtain the mutant library. The mutant library was then spread onto the LB 
plates supplemented with 40 mg/L of ampicillin for the variant selection process, and 

TABLE 2 Strains and plasmids constructed in this work

Names Description References

Plasmids
  pACYCDuet-1 lacI; expression vector; T7 promoter; Cmr This study
  pA-MM-IspSib pACYCduet-1 carrying mvaE and mvaS from Enterococcus faecalis,

IspSib from Ipomoea batatas; Cmr

(4)

  ptrc-low pYJM14, pTrcHis2B carrying ERG12, ERG8, ERG19, and
IDI from S. cerevisiae; Ampr

(6)

  pACYC-IspSib pACYCduet-1 carrying IspSib from Ipomoea batatas; Cmr (7)
  pET-IspSib-lac IspSib was inserted between the N-terminal and C-terminal of the reporter gene β-lac; 

Ampr

This study

  pET-IspSib-linker-lac Fusion enzyme IspSib-lac; Ampr and Kmr This study
  pET-lac-linker-IspSib Fusion enzyme lac-IspSib; Ampr and Kmr This study
  pACYC-IspSib

N397V A476V pACYCDuet-1 carrying IspSib
N397V A476V This study

  pACYC-IspSib
N397V A476T pACYCDuet-1 carrying IspSib

N397V A476T This study
  pACYC-IspSib

N397V A476C pACYCDuet-1 carrying IspSib
N397V A476C This study

  pA-MM-IspSib N397V A476V Derived from pACYC-mvaE-mvaS-IspSib, with variant IspSib
N397V A476V This study

  pA-MM-IspSib N397V A476T Derived from pACYC-mvaE-mvaS-IspSib, with variant IspSib
N397V A476T This study

  pA-MM-IspSib N397V A476C Derived from pACYC-mvaE-mvaS-IspSib, with variant IspSib
N397V A476C This study

Strains
  E. coli BL21 (DE3) F− ompT hsdSB(rB− mB−) gal dcm(DE3) Invitrogen
  IspSib stability biosensor E. coli Bl21(DE3)/pET-IspSib-lac This study
  EISO01 E. coli Bl21(DE3)/pACYC-IspSib This study
  EISO02 E. coli Bl21(DE3)/pACYC-IspSib

N397V A476V This study
  EISO03 E. coli Bl21(DE3)/pACYC -IspSib

N397V A476T This study
  EISO04 E. coli Bl21(DE3)/pACYC -IspSib

N397V A476C This study
  EISO05 E. coli Bl21(DE3)/ptrc-low / pA-MM-IspSib This study
  EISO06 E. coli Bl21(DE3)/ptrc-low / pA-MM-IspSib

N397V A476V This study
  EISO07 E. coli Bl21(DE3)/ptrc-low / pA-MM-IspSib

N397V A476T This study
  EISO08 E. coli Bl21(DE3)/ptrc-low / pA-MM-IspSib

N397V A476C This study
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50 mg/L of kanamycin was also added to detect the presence of the plasmid. The 
single clones were streaked using a sterile toothpick onto plated LB medium containing 
40 mg/L of ampicillin and 50 mg/L of kanamycin for the confirmation of cell growth. 
Colony PCR was performed for the obtained single clones using the IspSib-cx-F/R 
primers, and the single clones that exhibited the whole IspSib fragments were selected 
for further analysis. The obtained positive clones were then inoculated in a fluid LB 
medium containing 50 mg/L of kanamycin and different concentrations of ampicillin, 
including 20, 40, and 60 mg/L, followed by an OD600 measurement. The single clones 
exhibiting high cell growth were selected.

Site-directed mutagenesis

The positive single clones obtained through random mutation screening were 
sequenced, which revealed several mutation sites (such as IspSib

V406A N397S T388A). In order 
to confirm the key mutation sites, the variants with a single mutation site, such as 
IspSib

V406A, IspSib N397S, and IspSib T388A, were constructed based on pET-IspSib-lac using the 
Fast Site-Directed Mutagenesis Kit (Tigen, China). After confirmation, the key mutation 
sites, such as N397 and A476, were mutated to other 19 amino acids using the Fast 
Site-Directed Mutagenesis Kit (Tigen, China), thereby generating a site-saturated mutant 
library. The obtained clones were evaluated for cell growth in the LB medium containing 
40 mg/L of ampicillin and 50 mg/L of kanamycin.

Enzyme thermostability test

In order to achieve enzyme expression, plasmids have to be constructed first. Using 
pACYC-IspSib

N397V A476V as an example, the wild-type IspSib in the pACYC-IspSib plasmid 
(7) was mutated to IspSib

N397V A476V through two rounds of site-directed mutagenesis, 
thereby generating pACYC-IspSib

N397V A476V, which was then transformed into E. coli BL21 
(DE3). The culture process for enzyme expression, the enzyme purification process, 
and the SDS-PAGE process are described in another report (7). Protein concentration 
was quantified using the Bradford assay (Beyotime, China). The purified enzyme was 
incubated at 30°C, 40°C, and 50°C, respectively, and then sampled for 10, 20, 40, and 60 
min to determine the IspS enzyme activity. The process for determining IspS activity is 
detailed in a previously published report (7).

CD analysis

The thermal melting temperature (Tm) of the proteins was determined using a circular 
dichroism spectrometer (Chirascan, Applied Photophysics Ltd., English) and a 0.5-mm 
quartz colorimeter. In these measurements, the wavelength range used was 195 to 
260 nm, the bandwidth and the step length were set to 1 nm, and the scanning 
speed was 2 s/nm (19). In order to determine the appropriate protein concentration, 
the purified protein was first diluted in PBS to concentrations of 0.025, 0.050, 0.100, 
0.25, and 0.500 mg/mL, following which the CD absorption spectra of the four protein 
solutions were obtained in the wavelength range of 195–260 nm and a temperature 
range of 20°C–60°C, once per degree. The CD value (millidegrees, mdeg) was converted 
to mean residue ellipticity ([θ]), which represented the read-two optical absorption value 
(20) [θ] and was calculated as follows:

[ θ ] = θ ⋅M/(l ⋅ c ⋅ nr)
In the above equation, θ denotes the observed ellipticity, M is the molecular mass of 

IspSib, l denotes the pathlength (mm), c is the concentration of IspSib (mg/mL), and nr is 
the number of amino acids. The Tm value was determined through the Global3 analysis 
of the CD spectrum.
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Fermentation

The first step of isoprene production was replacing the wild-type IspSib in plasmid 
pA-MM-IspSib (4) with IspSib variants, namely, IspSib

N397V A476V, IspSib
N397V A476T, and 

IspSib
N397V A476C. Using the construction of pA-MM-IspSib

N397V A476V as an example, the 
fragment IspSib

N397V A476V was PCR-amplified using primers IspSib
N397V A476V-F/R and then 

seamlessly cloned into the Bgl II and Nde I sites of pA-MM-IspSib, which was linearized 
using a restriction enzyme. Strain EISO06 was constructed through the co-transformation 
of pA-MM-IspSib

N397V A476V and ptrc-low into E. coli BL21(DE3). Strains EISO07 and EISO08 
were constructed using a similar strategy. The fermentation process and the quantifica-
tion of isoprene were performed according to methods described in a previous report 
(4). After 0, 4, 8, 16, 20, 24, 28, 32, and 42 h of isopropyl-β-d-thiogalactopyranoside (IPTG) 
induction, 1 mL of the bacterial solution was obtained for SDS-PAGE analysis for protein 
expression detection (4).

RESULTS

Construction of tripartite protein folding sensor

In order to facilitate high-throughput analysis, a tripartite protein folding sensor that 
could monitor protein folding was constructed in the present study. The principle of the 
tripartite protein folding sensor is illustrated in Fig. 1. A guest protein, IspSib (depicted in 
red in the figure), was inserted into the middle of a selectable marker named β-lacta­
mase (depicted in cyan and blue), which conferred ampicillin resistance. IspSib was 

FIG 1 Schematic diagram of a tripartite system for the screening of improved IspSib stability. IspSib 

was inserted between residues 196 and 197 of β-lactamase, constructing a tripartite protein system, 

lac′-IspSib-′lac. If IspSib is folded properly (left panel), namely, stable, it should bring the N- and C-terminal 

halves of β-lactamase close together, enabling β-lactamase to fold properly and thus giving ampicillin 

resistance. However, if IspSib is poorly folded (right panel), it will be cleaved by proteases in the cell, and 

the N- and C-terminal halves of β-lactamase would be separated, resulting in sensitivity to ampicillin.

Full-Length Text Applied and Environmental Microbiology

October 2023  Volume 89  Issue 10 10.1128/aem.01218-23 6

https://doi.org/10.1128/aem.01218-23


inserted into β-lactamase between residues 196 and 197, dividing β-lactamase into two 
fragments, N-terminal and C-terminal fragments, thereby generating a tripartite protein 
system that was designated as lac′-IspSib-′lac (Fig. 1). Residues 196 and 197 in β-lacta­
mase were located at the surface-exposed loop, and the enzyme activity would not be 
affected if IspSib was inserted at this site, similar to the insertion of Im7 into this site (18, 
21). The concept was that if IspSib was folded properly, it would bring the N-terminal 
and C-terminal fragments of β-lactamase close together, forming an intact fusion protein 
with high levels of ampicillin resistance (Fig. 1). However, if IspSib was poorly folded, it 
would be cleaved by proteases in the cell, and the N-terminal and C-terminal fragments 
of β-lactamase would be separated, resulting in reduced resistance to ampicillin (Fig. 1). 
Therefore, the constructed tripartite protein folding system lac′-IspSib-′lac would couple 
the stability of IspSib to antibiotic resistance.

Next, the plasmid pET-IspSib-lac containing the tripartite protein folding system 
lac′-IspSib-′lac was constructed (Fig. S1). The growth of E. coli BL21 (DE3) containing the 
pET-IspSib-lac plasmid was evaluated in a medium containing increasing concentrations 
of the antibiotic ampicillin (Fig. S2). In the first 2 h of culture, the same OD600 was 
obtained under different ampicillin concentrations, indicating that the expressed IspSib 
was stable and conferred ampicillin resistance to the strain (Fig. S2B). After 2 h, the OD600 
decreased in parallel to the concentration of ampicillin (Fig. S2B). This result indicated 
that the expressed IspSib was degraded by the proteases in the cells after 2 h of culture, 
indicating the instability of the expressed IspSib, as described previously (4, 7). Without 
ampicillin (0 mg/L), the OD600 of the strain was not affected (Fig. S2B). Strain E. coli 
BL21 (DE3) containing an empty plasmid pET-28a, which was constructed for use as the 
negative control group, presented OD600 values that rarely increased in the medium 
containing ampicillin (Fig. S2A). Strain E. coli BL21 (DE3) containing the pET-IspSib-linker-
lac or pET-lac-linker-IspSib plasmid, constructed as the positive control, presented OD600 
values that were not affected in the medium containing ampicillin (Fig. S2C and D). 
Therefore, it was inferred that the stability of IspSib was successfully coupled with the 
antibiotic ampicillin resistance using the tripartite protein folding system lac′-IspSib-′lac.

The antibiotic resistance of the strain expressing the tripartite fusion lac′-IspSib-′lac 
was evaluated by spotting and spreading dilutions of cells onto plates containing media 
with different concentrations of ampicillin (Fig. S2E and F). When 40 mg/L of ampicillin 
was added to the medium, almost no clones were detected in the plates, indicating that 
the growth of the strain was inhibited at the 40 mg/L concentration of ampicillin.

Directed evolution of IspSib to improve enzyme stability

Directed evolution is a strategy widely used for altering the characteristics of an 
enzyme. As stated above, the stability of IspSib in vivo was successfully coupled to 

FIG 2 Directed evolution of IspSib to improve thermostability. The mutant library was constructed by error-prone PCR. A 

three-step screening was performed to find the positive mutant.
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ampicillin resistance, which provided a high-throughput screening method for selecting 
the high-stability variants. Therefore, to obtain variants of the IspSib enzyme with high 
thermal stability, directed evolution was performed using the tripartite protein folding 
system lac′-IspSib-′lac as the method for high-throughput screening (Fig. 2). The IspSib 
portion of the fusion construct lac′-IspSib-′lac was subjected to error-prone PCR, and the 
obtained mutated IspSib fragments were assembled into the fusion construct, replacing 
the original wild-type IspSib. The resulting mutant library was transformed into E. coli 
DH5α, which was then plate-cultured on a medium containing 40 mg/L of ampicillin (Fig. 
S3A) for preliminary screening. The single clones were streaked using a sterile toothpick 
onto the medium containing 50 mg/L of kanamycin and 40 mg/L of ampicillin to confirm 
the cell growth (Fig. S3B). It was observed that the partial fragment of IspSib in the fusion 
construct lac′-IspSib-′lac could be lost during the library construction process, resulting 
in a stable fusion construct exhibiting normal resistance to ampicillin and affecting the 
evaluation of positive clones. In order to prevent false positives, the obtained single 
clones were subjected to colony PCR to confirm the integrity of the fusion construct 
lac′-IspSib-′lac (secondary screening; Fig. S3C). The obtained positive clones were then 
subjected to cell growth monitoring in the fluid LB medium containing 50 mg/L of 
kanamycin and 40 mg/L of ampicillin, and the clones with high cell growth were selected 
(tertiary screening).

In the first round of directed evolution, the variant IspSib
V406A N397S T388A with high cell 

growth was screened (Fig. 3A). In order to confirm the key mutation site among the three 
sites in this variant, each of these sites in the wild-type IspSib was mutated separately, 
generating IspSib

V406A, IspSib
N397S, and IspSib

T388A. The cell growth results (Fig. 3B) indicated 
that the variant IspSib

N397S exhibited the same enzyme stability as that of IspSib
V406A N397S 

T388A, confirming that N397S was the key mutation site among the three mutation sites. 
In order to further improve the enzyme’s stability, N397 was mutated to the remaining 
19 amino acids, thereby generating a saturation mutagenesis library. Variant IspSib

N397V 

FIG 3 Cell growth of the wild-type IspSib and IspSib variants. The strains were cultivated in LB medium with 50 mg/L kanamycin and 40 mg/L ampicillin. Values 

are reported as the mean ± SD of triplicate experiments. (A) The cell growth of IspSib and variant IspSib T388A N397S V406A. (B) The cell growth of the wild-type 

IspSib and four variants of IspSibT388A N397S V406A, IspSibV406A, IspSibN397S and IspSibT388A. (C) The cell growth of the wild-type IspSib and four variants of 

IspSibN397S, IspSibN397L, IspSibN397V and IspSibN397T. (D) The cell growth of two variants of IspSibN397V, IspSibN397V A476S and the wild-type IspSib. (E) The 

cell growth of the wild-type IspSib and four variants of IspSibN397V A476S, IspSibN397V A476V, IspSibN397V A476T and IspSibN397V A476C.
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exhibited the highest cell growth among all variants (Fig. 3C). The second round of 
directed evolution involved screening the variants IspSib

N397V and IspSib
N397V A476S, which 

exhibited higher growth than the variant IspSib
N397V at 40 mg/L of ampicillin (Fig. 3D). As 

described above, the A476 site in these variants was mutated to the remaining 19 amino 
acids, generating a saturation mutagenesis library. Three mutations, at A476V, A476T, 
and A476C, respectively, were revealed to result in improved cell growth (Fig. 3E). Finally, 
the corresponding three variants, IspSib

N397V A476V, IspSib
N397V A476T, and IspSib

N397V A476C, which 
were speculated to have improved enzyme stability, were obtained through the above 
two rounds of directed evolution and site saturation mutagenesis.

Thermostability test of wild-type IspSib and the variants

The wild-type IspSib and the screened variants (IspSib
N397V A476V, IspSib

N397V A476T, and 
IspSib

N397V A476C) were subjected to the estimation of thermostability in vitro. The enzymes 
were purified to the level of electrophoretic purity (Fig. S4). Subsequently, the purified 
enzymes were incubated at different temperatures (30°C, 40°C, and 50°C) for different 
durations, and the enzyme activity was determined to reflect the enzyme stability. The 
enzyme activity prior to heat exposure was defined as 100% activity (Fig. 4). After 
incubation at 30°C for 20 min, the variants IspSib

N397V A476V, IspSib
N397V A476T, and IspSib

N397V 

A476C exhibited 65.60%, 36.45%, and 36.88% of the initial enzyme activity, respectively, 
all of which were higher than the wild-type IspSib (21.03%) (Fig. 4). After incubation at 
40°C for 20 min, no enzyme activity was detected for wild-type IspSib, while the variants 
IspSib

N397V A476V, IspSib
N397V A476T, and IspSib

N397V A476C exhibited 40.47%, 36.71%, and 25.80% 
of the initial enzyme activity, respectively (Fig. 4). After incubation at 50°C for 10 min, 
no enzyme activity was detected for the wild-type IspSib and the variant IspSib

N397V A476C, 

FIG 4 Thermostability test of the wild-type IspSib and IspSib variants. Thermostability was evaluated by 

measuring the enzyme activity after exposure at 30°C, 40°C, and 50 °C for 10, 20, 40, and 60 min. The 

enzyme activity before heat exposure was defined as 100%. Values are reported as the mean ± SD of 

triplicate experiments. (A) Thermostability test of the purified wild-type IspSib enzyme. (B) Thermostabil­

ity test of the purified the variant IspSibN397V A476V enzyme. (C) Thermostability test of the purified 

the variant IspSibN397V A476T enzyme. (D) Thermostability test of the purified the variant IspSibN397V 

A476C enzyme.
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while 3.93% and 24.08% of the initial enzyme activity remained for the variants IspSib
N397V 

A476V and IspSib
N397V A476T, respectively (Fig. 4). These data indicated that the screened 

variants exhibited higher thermal stability than the wild-type IspSib.

CD spectrum of wild-type IspSib and the variants

The CD spectroscopic technique is widely used for estimating the secondary structures 
of proteins, that is, the percentage of residues in the secondary structures (α-helices, 
β-sheets, and random coils), and also the folding properties of proteins (22). The 
CD technique also reveals the kinetic and thermodynamic properties of the proteins, 
thereby enabling the evaluation of their conformation and stability and determining 
their melting temperatures (Tm) (23). Therefore, CD measurements conducted within 
a temperature range could be used to determine the effects of mutations on protein 
stability. In order to select the appropriate protein concentration for the CD analysis, five 
concentrations of wild-type IspSib, ranging from 0.025 to 0.500 mg/mL, were prepared 
and subjected to the estimation of Tm (Fig. 5A; Table 3). According to the results, a 
concentration of 0.25 mg/mL was selected for further analysis. The wild-type IspSib 
and the variants were subjected to the determination of thermal stability using the CD 
spectra (195–260 nm) within the temperature range of 20°C–60°C, once per degree, with 
a 2°C/min rate of increase in the temperature. Fig. 5B depicts the CD spectra obtained 
at different temperatures. The Tm was estimated through the Global3 analysis of the 
CD spectra. The Tm values of the variants IspSib

N397V A476V, IspSib
N397V A476T, and IspSib

N397V 

A476C were 45.1 ± 0.9°C, 46.1 ± 0.7°C, and 47.2 ± 0.3°C, respectively, and each of these 
values was higher than the Tm of wild-type IspSib (41.5 ± 0.4°C) (Table 4). These data 
demonstrated that the variants had higher thermal stability than wild-type IspSib.

FIG 5 CD spectrum of the wild-type IspSib and IspSib variants. (A) Circular dichroism of the wild-type IspSib at different concentrations, including 0.025, 0.050, 

0.100, 0.250, and 0.500 mg/mL. (B) CD absorption spectra (mean residue ellipticity, [θ]) of wild-type IspSib and IspSib variants were recorded in the 195–260 nm 

range at a temperature range of 20°C-60°C, once per degree.

TABLE 3 Tm of wild-type IspSib with different concentrations

Concentration of IspSib

(mg/mL)
0.025 0.050 0.100 0.250 0.500

Tm (°C) 30.6 ± 1.0 41.0 ± 0.5 41.1 ± 0.4 42.8 ± 0.2 44.8 ± 0.7
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Isoprene production in the engineered strains with IspSib variants

Improvement of protein stability is rather challenging, as variants often interfere with 
protein function. Therefore, to further investigate the function of the IspSib variants, 
the IspS variants were used for isoprene production in engineered E. coli. The origi­
nal wild-type IspSib in the pA-MM-IspSib plasmid (4) was replaced with three IspSib 
variants, generating pA-MM-IspSib

N397V A476V, pA-MM-IspSib
N397V A476T, and pA-MM-IspSib

N397V 

A476C, respectively (Table 2). Each of these four plasmids was then co-transformed with 
plasmid pYJM14 (6), which harbored ERG12, ERG8, ERG19, and IDIsc from Saccharomy­
ces cerevisiae, into E. coli BL21 (DE3), generating the strains EISO05, EISO06, EISO07, 
and EISO08, respectively (Table 2). Isoprene production was evaluated next (Fig. 6). 
The strains EISO06, EISO07, and EISO08 exhibited 1.42-, 1.94-, and 1.77-fold isoprene 
production compared to that of the control strain EISO05, with EISO07 exhibiting the 
highest isoprene production of 1,335 mg/L (Fig. 6). A summary of isoprene production in 
engineered strains reported in the last 10 years was prepared (Table 5). The E. coli strain 
AceCo with deletion of nine genes for achieving the reduced formation of byproducts 
from acetyl-CoA exhibited the highest isoprene production reported to date, 1,832 mg/L, 
which was nearly twofold higher than the control strain MGpsPtM constructed using E. 
coli MG1655 (2). The wild-type E. coli BL21 (DE3) was used for the construction of the 
strain EISO07 in the present study, and engineering of EISO07 to reduce the formation 
of byproducts similar to that for the published strain E. coli AceCo (2) might further 
increase isoprene production. Therefore, even though the isoprene production achieved 
in the present study was not the same or higher than the highest isoprene production 
reported to date, the strain EISO07 harboring the IspSib

N397V A476T variant with higher 
thermal stability had the potential for further improvement.

In order to further confirm the stability of the screened variants in vivo, protein 
expression levels in the four strains were determined using SDS-PAGE at different time 
points after induction (Fig. 7). In strain EISO05, the levels of accumulated wild-type 
IspSib protein were decreased at 16 h after induction, and almost no IspSib protein 
was detected at 24 h after induction (Fig. 7). In strain EISO06, even though the levels 
of accumulated IspSib

N397V A476V were decreased at 16 h after induction, the protein 
remained stable and could be observed even at 42 h after induction (Fig. 7). However, 
the appearance of a thin IspSib

N397V A476V band at 16 h after induction indicated pro­
tein degradation, which might account for the relatively low-level increase in isoprene 

FIG 6 Isoprene production of the constructed strains. Values are reported as the mean ± SD of triplicate 

experiments.

TABLE 4 Tm of wild-type IspSib and the screened variants

Proteins IspSib IspSib
N397V A476V IspSib

N397V A476T IspSib
N397V A476C

Tm (°C) 41.5 ± 0.4 45.1 ± 0.9 46.1 ± 0.7 47.2 ± 0.3
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production (just 1.42-folds) in strain EISO06 among the three strains. In strains EISO07 
and EISO08, the bands for IspSib

N397V A476T and IspSib
N397V A476C proteins were detected even 

at 42 h after induction, indicating increased stability in these strains. In strain EISO07, the 
band for protein IspSib

N397V A476T was evidently darker than the other protein bands until 
20 h after induction. However, in strain EISO08, almost no decrease in the levels of 
IspSib

N397V A476C was observed during the fermentation process, and the band for IspSib
N397V 

A476C was not the darkest. Therefore, it was inferred that, at the early stage of the fermen­
tation process, higher IspSib protein accumulation occurred in strain EISO07 than in 
strain EISO08, which led to slightly higher isoprene production in EISO07. In conclusion, 
these SDS-PAGE data demonstrated the improved stability of each of the three IspSib 
variants in vivo.

DISCUSSION

Variation in the enzyme characteristics of IspS is rarely reported. Rational design of IspS is 
also rarely reported due to a lack of information on the crystal structure and the catalytic 
reaction mechanism of this enzyme. Studies on the directed evolution of IspS are also 
limited owing to the difficulty of performing the high-throughput screening method. 
Isoprene is a colorless compound that is released in gaseous form during microbial 
fermentation and renders it difficult to perform the product-based high-throughput 
screening method. Two putative substrate-based high-throughput screening methods 
to improve enzyme activity are reported. The substrate named DMAPP is reportedly 
cytotoxic (8, 45). According to a study, the enzyme activity of IspS was positively 
correlated with DMAPP cytotoxicity relief, which manifested as improved cell growth 
(16). Using this screening method, a positive variant of ISPSM4, which resulted in 
a twofold increase in isoprene production, was obtained (16). In another study, a 
novel DMAPP-responding genetic circuit sensor based on an L-arabinose operon was 
developed (46). The L-arabinose ligand-binding domain of AraC in the operon was 
replaced with an IspS gene, enabling the binding of DMAPP to the AraC-IspS complex. 
The catalytic activity of IspS could be positively correlated to the expression level of GFP 
through this sensor (46). However, this sensor has not been applied successfully to date 
for the directed evolution of IspS to obtain positive variants. No other study, to the best 
of the authors’ knowledge, has been reported so far on the screening and evolution of 
IspS.

The present study pioneered the construction of a tripartite protein folding system 
that coupled the stability of IspSib to antibiotic resistance, followed by the successful 
application of this system for the directed evolution of IspSib to improve the stability of 
this enzyme. In the screening step, the 40 mg/L concentration of ampicillin was selected 
for plate screening, unlike previous studies, which simplified the screening process. In 
a previously published study, a range of ampicillin concentrations were tested (18). 
Another highlight of the present study was the use of colony PCR to confirm the integrity 
of the fusion construct of the screened clones and eliminate false-positive clones. The 
colony PCR results indicated that most of the clones obtained after preliminary screening 

FIG 7 SDS-PAGE analysis of protein expression after induction in isoprene-producing strains. M: molecular weight marker; 

0‒40 h: number of hours after induction.
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were false-positive clones (Fig. S3C). Therefore, the colony PCR step used in the present 
study would shorten the entire screening process. In summary, the directed evolution 
process used in the present study to improve enzyme stability was efficient.

Terpene synthases catalyze the key cyclization step in the formation of various 
terpenoids (or isoprenoids), which represent the single largest class of natural com­
pounds that are valued highly as drugs, fragrances, food additives, colorants, biofuels, 
and in rubber manufacturing (8). Terpene synthases typically exhibit low activity and 
thermostability, and protein engineering is required to improve the properties of these 
enzymes prior to using them in industrial applications (47). However, protein engineer­
ing of terpene synthases is difficult as it requires an appropriate high-throughput 
assay for screening mutant libraries. In a study, a farnesyl diphosphate analog named 
synthetic substrate 3 was designed for screening the cyclization reactions catalyzed by 
the sesquiterpene synthase BcBOT2, which increased the thermostability by 12°C (48). 
Other enzyme properties, such as enzyme activity, substrate affinity, cofactor preference, 
and product inhibition, could also be optimized using these high-throughput screen­
ing methods based on synthetic substrate 3 (48). However, this synthetic substrate 3 
could only be used for optimizing the properties of sesquiterpene synthase, while its 
application to most terpene synthases was limited. On the other hand, the tripartite 
protein folding system constructed in the present study is applicable for optimizing the 
thermostability of most terpene synthases.

According to reports, the C-terminal of terpene synthases might be related to 
their thermostability. In a previous study, the naturally thermostable terpene synthases 
(RoseRS_3509 and Rcas_0622) derived from thermophilic organisms were revealed to 
have a significantly truncated C-terminus relative to SSCG_03688, a mesophile muur­
olol synthase (49). This truncation of the C-terminals of terpene synthases relative 
to SSCG_03688 resulted in increased thermostability without negatively affecting the 
enzyme activity (49). In another study, the directed evolution of terpene synthase 
caused the most thermostable variant 19B7 to lose its three C-terminal amino acids (48). 
Interestingly, in the present study, the mutation sites of the screened variant were N397 
and A476, both located within the C-terminal of IspSib. The present study, therefore, 
indicated that sites N397 and A476 of IspSib play a key role in the thermostability of 
this enzyme. According to the alignment results, in all the IspS enzymes from different 
species, the N and A residues were located within the homologous sites 397 and 476, 
respectively (10), indicating the conservation of these two sites.

In summary, a tripartite protein folding system, lac′-IspSib-′lac, which could couple 
the stability of IspSib to antibiotic resistance, was successfully constructed in the present 
study. The directed evolution of IspSib was then performed through two rounds of 
random mutation and site-saturation mutation, which generated three variants with 
higher stability: IspSib

N397V A476V, IspSib
N397V A476T, and IspSib

N397V A476C. The thermostability 
test and the CD analysis confirmed the increased protein stability. Isoprene production 
was also increased when using these variants. The strain EISO07 exhibited the highest 
isoprene production of 1,335 mg/L. The findings of the present study would serve as 
a successful example of improving enzyme stability without requiring detailed struc­
tural information or the catalytic reaction mechanism. The tripartite protein folding 
system and the high-throughput process developed in the present study could be used 
as templates for other enzymes. The present study provides fresh insights into the 
optimization of the thermostability of terpene synthases, which are key enzymes for the 
production of isoprenoids in engineered microorganisms.
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