
Feng et al. Microb Cell Fact          (2021) 20:206  
https://doi.org/10.1186/s12934-021-01697-x

RESEARCH

Whole-cell catalysis by surface display 
of fluorinase on Escherichia coli using N-terminal 
domain of ice nucleation protein
Xinming Feng1,2, Miaomiao Jin1, Wei Huang1, Wei Liu1*  and Mo Xian1* 

Abstract 

Background: Fluorinases play a unique role in the production of fluorine-containing organic molecules by biological 
methods. Whole-cell catalysis is a better choice in the large-scale fermentation processes, and over 60% of industrial 
biocatalysis uses this method. However, the in vivo catalytic efficiency of fluorinases is stuck with the mass transfer of 
the substrates.

Results: A gene sequence encoding a protein with fluorinase function was fused to the N-terminal of ice nucleation 
protein, and the fused fluorinase was expressed in Escherichia coli BL21(DE3) cells. SDS-PAGE and immunofluorescence 
microscopy were used to demonstrate the surface localization of the fusion protein. The fluorinase displayed on the 
surface showed good stability while retaining the catalytic activity. The engineered E.coli with surface-displayed fluori-
nase could be cultured to obtain a larger cell density, which was beneficial for industrial application. And 55% yield of 
5′-fluorodeoxyadenosine (5′-FDA) from S-adenosyl-L-methionine (SAM) was achieved by using the whole-cell catalyst.

Conclusions: Here, we created the fluorinase-containing surface display system on E.coli cells for the first time. The 
fluorinase was successfully displayed on the surface of E.coli and maintained its catalytic activity. The surface display 
provides a new solution for the industrial application of biological fluorination.
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Introduction
Fluorine is a very special element because of its unique 
properties, such as the strong electronegativity, small 
atomic radius and so on. The van der Waals radius of flu-
orine is close to hydrogen, which makes fluorine substi-
tutions of hydrogen reasonable in space structure [1]. The 
C-F bond is one of the strongest chemical bonds, which 
makes organic fluorides tend to be biologically inert [2]. 
In addition, fluorinated chemicals are more lipophilic 
than their nonfluorinated counterparts [3]. Due to these 
particularities, fluorine has been used to modify the 
physical and chemical properties of compounds, and 
has attracted increasingly attention in pharmaceuticals, 
chemicals and materials fields [4].

Fluorine is the most common halogen element in the 
earth crust. However, due to the low bioavailability of 
fluorine in nature, only a few natural organic fluorides 
were identified. Chemical methods have been developed 
to introduce fluorine into organic compounds, which 
often use toxic fluorination reagents [5]. In contrast, 
fluorinases offer a more environment-friendly approach 
to incorporating fluoride ions into organic compounds. 
Since the first fluorinase which mediate the conversion of 
SAM and fluoride ions into 5′-FDA was reported in 2002, 
there have been some reports on application cases [6]. 
[18F]-radiolabelled products, which was preferred for 
Positron Emission Tomography imaging, was synthesized 
with the participation of fluorinase [7, 8]. Despite the tre-
mendous potential of industrial application, there is still 
a lot of work to be done before fluorinases can be applied 
on an industrial scale. At present, some researches have 
been done to improve activity and stability of fluorinase 
[9–11]. Immobilization of the fluorinase was carried out 
to improve the stability of the enzyme, meanwhile, to 
make it easier to remove the catalyst [9, 12, 13]. However, 
the process of immobilization was also accompanied by 
the tedious purification steps of the enzyme. By contrast, 
cell fermentation is more effective in large-scale applica-
tions. Previous studies have found that two shortcomings 
have severely limited catalytic fluorination in vivo. On the 
one hand, the transport of SAM to the cell interior was 
blocked by cell membrane [14]. On the other hand, the 
intracellular fluoride concentration in wild-type E. coli 
was very low because of a CrcB channel protein, which 
was responsible for the excretion of fluoride ions [15]. To 
solve the difficulty that the substrate can not be enriched 
in vivo, Markakis et al. constructed the engineered E. coli 
strain by adding a SAM transporter and eliminating fluo-
ride efflux capacity and achieved fermentation produc-
tion [16]. Although in vivo fluorination of E. coli has been 
achieved, the engineered cells were more sensitive to 
toxic fluoride ions [17]. In addition, the 5′-FDA product 
was accumulated inside the cell, which may cause trouble 

for later product extraction [16]. By the way, enzymes 
inside the cells can not be reused as extraction of the 
product requires cell disruption. The industrial applica-
tion of fluorinase needs more exploration.

Surface display technology allows peptides and small 
proteins to be located on the cell surface and has been 
widely applied in live vaccines, whole-cell biocatalysts, 
biodetoxification, peptide library screening and biosen-
sors [18–21]. Since the protein is outside the cell which 
could avoid the restriction of substrates transport across 
the membrane, it is suggested that the biofluorina-
tion can be combined with surface display technology. 
However, the research of fluorinases displayed on the 
cell surface has not been reported. It is also challenging 
to obtain an active fusion enzyme. For example, Gus-
tavsson et  al. reported an inactive surface expression of 
ω-transaminase, because the dimer structure was diffi-
cult to form on the cell surface [22]. Whether the hex-
amer structure of fluorinase can be successfully displayed 
on the cell surface requires further research [23].

The ice nucleation proteins are membrane proteins 
commonly found in genera Pseudomonas, Panteola 
(Erwinia), and Xanthomonas, which mediates the for-
mation of ice nucleus for ice growth [24]. The protein 
sequence can be divided into N-terminal, C-terminal 
and relatively conserved central domain. The N-terminal 
domain which containing 170 amino acid residues has 
been used to display target proteins on the cell surface 
and showed excellent biocatalysis [21, 25]. Herein, a fluo-
rinase mutant (Faa) from Amycolatopsis sp. CA-128772 
was first displayed on Escherichia coli using the N-termi-
nal domain of ice nucleation protein, and then whole-cell 
transformation was carried out to obtain 5′-FDA. To our 
knowledge, this is the first application of surface display 
technology for biological fluorination.

Results and discussion

Location of fluorinase in pET28a‑INP‑Faa‑Expressing Cells
The N-terminal domain of ice nucleation protein (INP) 
from Pseudomonas borealis was linked with Faa to cre-
ate INP-Faa by genetic engineering. To investigate the 
expression location of INP-Faa in the E.coli cells, the 
protein from cytoplasm, inner membrane and outer 
membrane fractions were verified by SDS-PAGE (Fig. 1). 
The theoretical molecular weight of INP-Faa was about 
50 kDa, while that of Faa was about 32 kDa. The corre-
sponding bands could be identified in the total protein 
section, which meant that the proteins were expressed 
normally. In contrast to the control group (Faa), the 
50 kDa band related to the INP-Faa was clearly observed 
in the lane of outer membrane fractions. This result indi-
cated that the fluorinase can be displayed on the surface 



Page 3 of 9Feng et al. Microb Cell Fact          (2021) 20:206  

of E.coli cells using the N-terminal of ice nucleation 
protein.

The full-length ice nucleation protein, the N-terminal 
domain and a fusion region between N-terminal and 
C-terminal have been successfully applied to the surface 
display of C-terminal fusion partners [26]. Since the full-
length fusion protein between ice nucleation protein and 
fluorinase is quite large, the functional expression of the 
fusion protein may be affected. It seemed that the N-ter-
minal domain of INP was a better protein carrier. There-
fore, truncated ice nucleation protein was used for the 
surface display of fluorinase.

Immunofluorescence microscopy
In order to confirm that INP-Faa was indeed located on 
the outside of the outer membrane, cell immunofluores-
cence assay was carried out with his-tag antibody and 
Alexa Fluor 555-labeled Donkey Anti-Mouse IgG (H + L). 
Under normal conditions, large molecules such as anti-
bodies cannot penetrate the cell membrane, which means 

Fig. 1 Expression of INP-Faa in different fractions of the induced 
cell. Lane 1: Total protein components of INP-Faa; lane 2: cytoplasmic 
proteins of INP-Faa; lane 3: inner membrane of INP-Faa; lane 4: outer 
membrane of INP-Faa; lane 5: Total protein components of Faa; lane 
6: cytoplasmic proteins of Faa; lane 7 inner membrane of Faa; lane 
8: outer membrane of Faa. The corresponding target protein was 
marked in red

Fig. 2 Immunoflurescence micrographs of BL21(DE3). A Cells harboring INP-Faa with a his-tag probed with his-tag antibody and fluorescently 
stained with Alexa Fluor 555-labeled Donkey Anti-Mouse IgG (H + L). B Cells harboring Faa with a his-tag probed with anti-his-tag and fluorescently 
stained with Alexa Fluor 555-labeled Donkey Anti-Mouse IgG (H + L). C Cells in A under regular microscope. D Cells in B under regular microscope
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that only proteins on the cell surface can be stained. As 
expected, cells harboring the INP-Faa showed detectable 
fluorescence signal, indicating that the fusion protein 
was displayed successfully on the cell surface (Fig. 2). The 
small amount of fluorescence in the control (Fig. 2D) may 
be caused by cell death. Compared the image under regu-
lar microscope without fluorescence (Fig. 2C), not all the 
cells can be observed under fluorescent light (Fig.  2A). 
This may be related to the fact that the surface display 
efficiency of cells was not 100% [27].

Whole‑cell assay
Regardless of the normal expression and correct locali-
zation of the fusion protein, obtaining the fusion protein 
with activity is also affected by the secondary structure. 
The crystal structure of wild type fluorinase from S. cat-
tleya has been resolved by Dong et.al, and the structure 
revealed a hexamer composed of two trimeric units [23]. 
Thus, it is a challenge to obtain active INP-Faa on the 
cell surface. The interesting thing was that the fluorinase 
activity of INP-Faa can be measured by HPLC (Fig.  3). 
For Faa cells, the catalytic activity of whole-cell was lower 
than that of disrupted cell suspension, which means that 

the permeability of cell membrane does limit the cata-
lytic ability of whole-cell. Since the protein expression 
intensity of different cells is different, it may affect the 
ability of the apparent whole-cell catalysis. To verify the 
contribution of surface display enzymes to whole-cell 
catalysis, the disrupted cell suspension which contained 
all enzymes expressed in the cell was set as a relative 
activity of 100%. For INP-Faa cells, the majority of activ-
ity was detected in the precipitate. This result indicated 
that most of the target protein has been localized in the 
cell membrane, and after fragmentation, it formed a pre-
cipitate along with large cell debris. Compared with the 
intracellular expression system, the surface display sys-
tem made a significant difference in the catalytic activity 
of each component of the host cells (p < 0.05). The lower 
cell activity may be due to the fact that the correct display 
of the enzyme requires a certain period of time [28].

Thus, cells with increased induction time were used 
to measure changes in the catalytic ability of whole cells 
(Fig. 4). The ratio of the catalytic ability of the cell to the 
disrupted components was defined as display efficiency. 
As expected, the display efficiency of whole cells gradu-
ally increased with the increase of induction time. The 
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Fig. 3 The relative activity of different fractions to the cell fragmentation. A BL21(DE3)/pET28a- INP-Faa. B: BL21(DE3)/pET28a -Faa. The assays were 
carried out in Tris–HCL buffer (pH 7.8, 50 mM) containing 20 mM KF, 1 mM SAM and induced cells or cell fragmentation at equal quantity for 1 h 
at 37 ℃. Relative values were based on catalytic ability of the cell to the disrupted cell suspension. Results are presented as the mean values and 
standard deviations of data from three independent biological replicates
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proportion of whole-cell catalysis was stable after 20 h of 
induction, the result meant that the display efficiency of 
fluorinase reached its maximum, as reported by Li, which 
was about 60% [27]. This confirmed that the N-terminal 
of ice nucleation protein was an effective protein for sur-
face display.

The crystal of fluorinase was resolved and displayed 
as a hexamer symmetrically formed by two trimers [23]. 
According to the crystal structure, the substrate molecule 
was buried in the gap between two adjacent monomers, 

which meant that the fusion proteins on the cell sur-
face must be in close proximity to each other in order to 
bind to the substrate and achieve catalysis. There are two 
possible ways to generate active surface display fluori-
nases. The first one is that the enzymes form active units 
inside the cell, which then cross the cell membrane and 
locate on the cell surface. Another possibility is that the 
enzymes crosse the cell membrane in the form of mono-
mer, then locate on the cell membrane and form active 
units. In this case, it is reasonable to form a single trimer 
on the surface of the cell due to fluidity of the membrane, 
but it is not for a hexamer as the movement of fluorinase 
in the vertical direction of the cell membrane is lim-
ited. The supernatants of cells with different induction 
times were analyzed by SDS-PAGE (Additional file  1), 
the fusion protein (INP-Faa) in the sample induced for 
24 h showed a clearer band than that of 4 h of induction. 
Although this situation also existed in Faa cells, the over-
all concentration of the target protein in the superna-
tant was higher because all of it was accumulated inside 
the cells. The results showed that although the INP-Faa 
was mainly located on the cell membrane (Fig. 1), it will 
accumulate inside the cell as the culture time increases. 
Considering the continuous increase in the catalytic 
activity of the supernatant at 12–24 h (Fig. 4), we specu-
late that the first case is a more reasonable way to form 
active units. Of course, the second case is not ruled out, 
because it is unclear whether the transmembrane process 
will accompanied by depolymerization of active enzymes.

Stability study of whole‑cells
One of the issues that cannot be ignored in biosynthesis 
is the stability of the enzymes. For a better comparison, 
the activity between the cell-free biosynthesis (Faa) and 
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Fig. 4 The relative activity of different fractions to the cell 
fragmentation. The assays were carried out in Tris–HCL buffer (pH 
7.8, 50 mM) containing 20 mM KF, 1 mM SAM and induced cells or 
supernatant or cell debris of cell fragmentation at equal quantity 
for 1 h at 37 ℃. Relative values were based on catalytic ability of the 
disrupted cell suspension. Results are presented as the mean values 
and standard deviations of data from three replicates.

Fig. 5 Stability of whole-cell catalyst. A Whole-cell of BL21(DE3)/pET28a- INP-Faa. B Cell free part of BL21(DE3)/pET28a -Faa. The assays were carried 
out in Tris–HCL buffer (pH 7.8, 50 mM) containing 200 mM KF, 1 mM SAM and 8  OD600 induced cells of INP-Faa or cell-free extracts of Faa at equal 
quantity for 2 h at 50 ℃. Relative values were based on on catalytic ability at the initial time. Each value and error bar represents the mean of three 
independent experiments and its standard deviation
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whole-cell transformation (INP-Faa) were measured for 
7 days (Fig. 5). The result showed that the relative activ-
ity of INP-Faa cells kept 120% in 7-day storage at 4 ℃. 
In contrast, the relative activity of cell-free system was 
reduced by 93%. These results indicated that, compared 
with free enzyme, the fluorinase displayed on the cell sur-
face had better stability.

E. coli contains a variety of proteases distributed in 
the cytoplasm, the inner membrane, and the periplasm 
which are responsible for the hydrolysis of abnormal and 
misfolded proteins [29]. The destruction of the cell mem-
brane will lead to the contact of intracellular proteases 
and proteins, which may be the reason for the decrease of 
crude enzyme activity. The whole-cell catalyst can ensure 
the integrity of the membrane and prevent the degrada-
tion of enzymes. The significant increase in activity of 
INP-Faa may be due to the slow progress of the surface 
display process at low temperatures, this phenomenon 
has also been observed in the surface display of triphe-
nylmethane reductase [30].

Effect of surface‑displayed fluorinase on host growth
The over-expression of foreign protein will cause a cer-
tain burden on the growth of the host [31]. To evaluate 
the influence of the surface display system on cell stabil-
ity, the growth kinetics of cells carrying pET28a-Faa and 
pET28a-INP-Faa were compared (Fig.  6). The INP-Faa 
cells achieved greater cell density  (OD600≈6.9) while Faa 
cells can only attain 5.2  OD600 after 33 h of culture. The 
results indicated that the surface display of foreign pro-
tein can reduce its toxicity to cells. Similar results have 
also been confirmed by other studies [32, 33]. More 
whole-cell catalysts means lower production costs, 

therefore, the surface display technology of fluorinase has 
good application prospects.

Synthesis of 5’‑FDA by INP‑Faa‑Expressing Cells
For applications, whole-cell catalysis has great advan-
tages, including recyclability and reusability, but the effi-
ciency of substrate utilization must also be considered. 
5’-FDA was synthesized by INP-Faa displayed on E.coli 
cells. During 28 h of whole-cell catalytic transformation, 
1 mM SAM was fluorinated to get maximum amount of 
5’-FDA (0.55 mM) at 37 h. Compared with the immobi-
lization method reported by previously literature (49% 
yield), the surface display system showed a comparable 
yield and reached 55% [12]. The reason for the low yield 
may come from instability of SAM at alkaline conditions 
[34]. This study was first to confirm the potential of sur-
face display technology in whole-cell fluorination cataly-
sis (Fig. 7).

Conclusion
The cell surface display system provides a new height for 
whole-cell catalysis. In this study, the fluorinase mutant 
from Amycolatopsis sp. CA-128772 was displayed on the 
surface of E.coli by the N-terminal of ice nucleation pro-
tein. The fusion protein showed fluorinase activity and 
high stability. In addition, the 5’-FDA was synthesized 
by the bacteria-displaying fluorinase without enzyme-
extracting and purifying. Furthermore, the surface dis-
play system reduced the pressure of cell growth, this 
meant that a large amount of whole-cell catalyst can be 
obtained in large-scale applications.
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Materials and methods
Materials
Isopropyl β-D-thiogalactopyranoside (IPTG), 5′-fluoro-
deoxyadenosine (5′-FDA), S-adenosyl-L-methionine 
(SAM), KF were obtained from commercial corporations 
(Aladdin, Sigma-Aldrich, Macklin, etc.). The mutant 
sequence of fluorinase named Faa was selected from 
our previous studies, which showed improved catalytic 
efficiency. The E. coli strain BL21(DE3) was used as the 
host cell, and the ice nucleation protein (NCBI accession 
number: ACB59244.1) from Pseudomonas borealis was 
used as carrier protein. Plasmid pET28a was used as the 
expression vector.

Construction of a fluorinase expression plasmid on the E. 
coli cell surface
The optimized gene sequence of ice nucleation protein 
was synthesized by the Tsingke Biotechnology Co. with 
pET28a between the NcoI and BamHI restriction sites to 
created pET28a-INP. The gene corresponding to the Faa 
was obtained by PCR using the following pair of prim-
ers: Faa-F 5’-ggatcttccagagatgagctcATG GCG AAA CCT 
AGC CGC -3’ (the underline denotes SacI recognition 
sites) and Faa-R 5’-ctgccgttcgacgataagcttACG CTG CAA 
CAA CGC GAA -3’ (the underline denotes HindIII recog-
nition sites). Then the PCR product was digested by SacI 
and HindIII restriction enzyme and connected to pET28a 
with the corresponding sites to form pET28a-INP-Faa. 
The plasmid was transformed into E. coli BL21 (DE3), 
and the recombinant strain was screened by colony PCR 
using primers T7 (5’-TAA TAC GAC TCA CTA TAG GG-3’) 
and T7t (5’-GCT AGT TAT TGC TCA GCG G-3’). The con-
trol stain harboring pET28-Faa was also created.

Location of fluorinase in pET28a‑INP‑Faa‑Expressing Cells
The recombinant strain with pET28a-INP-Faa was cul-
tivated in LB broth containing 50 µg   ml−1 kanamycin at 
37 ℃. IPTG was added at a final concentration of 0.2 mM 
for 4  h of induced expression at 30 ℃ when the  OD600 
reached 0.6–0.8. The cells were harvested at 6000 rpm for 
10  min at 4 ℃ and washed three times with Tris–HCL 
(pH 7.8, 50 mM).

To demonstrate location of INP-Faa, harvested cells 
were fractionated to obtain cytoplasm and membrane 
fractions according to the method proposed by Jochen 
[35]. The cells were resuspended in PBS buffer (pH 8.0, 
50 mM) to set  OD600 as 5.0 and then crushed by constant 
cell disruption systems (Constant Systems) at 30 Kpsi. 
The suspension was centrifuged at 6,000 rpm for 10 min 
to remove undisrupted cells and large cell debris. The 
clarified extract was then centrifuged at 34,500  rpm for 

1 h (Himac CP100WX, Hitachi, Japan) to obtain proteins 
from the periplasm and cytoplasm. The insoluble part 
was suspended in PBS containing  MgCL2 (0.01 mM) and 
Triton X-100 (2%) and incubated at 25 ℃ for 30 min to 
dissolving inner membrane, and then the resuspended 
components was centrifuged at 34,500 rpm for 1 h to get 
the outer membranes which was insoluble. The different 
fractionated samples were mixed with protein loading 
buffer and boiled for 2 min, then the mixture was deter-
mined by 10% SDS-PAGE. E. coli harboring pET28a-Faa 
was used as a reference.

Immunofluorescence microscopy
The INP-Faa with a his-tag was constructed for Immu-
nofluorescence microscopy (Additional file 1). The E. coli 
cells displaying fluorinase were harvested by centrifuga-
tion at 3800 rpm at 4 ℃ for 10 min, washed three times 
with Tris–HCL (pH 7.8, 50 mM) and fixed in 2% formal-
dehyde for 10 min at room temperature. The fixed cells 
were washed and blocked in PBS buffer containing 2% 
BSA at 4 ℃ for 12  h, then his-tag antibody (Beyotime 
Biotechnology) was added (1:100) for another 4  h of 
incubation at room temperature. Alexa Fluor 555-labeled 
Donkey Anti-Mouse IgG (H + L) was incubated for 
4  h with the cells after 3 washes. Finally, the cells were 
washed and examined by fluorescence microscope. Intra-
cellular expression of Faa labeled with his-tag was used as 
the control group.

Whole‑cell assay
In order to verify the activity of the INP-Faa displayed on 
the surface, Faa was set as the control group. The induced 
cells were resuspended in Tris–HCL (pH 7.8, 50 mM) and 
divide into two equal parts, one of which was crushed. 
Then the disrupted cell suspension was divided into 
supernatant and precipitate by 6000  rpm centrifugation 
at 4 ℃. Subsequently, the precipitate was resuspended 
with an equal amount of buffer. Equal amount of cell sus-
pension, supernatant and precipitation suspension was 
mixed with 20 mM KF and 1 mM SAM and incubated at 
37 ℃ for 1 h. The samples were detected by HPLC after 
termination of the reaction by boiling for 2 min. The dif-
ferences in the catalytic ability of E. coli cells with INP-
Faa with different induction times were also compared.

Stability study of whole‑cells
The induced cells  (OD600 = 10) containing pET28a-INP-
Faa were stored in Tris–HCL (pH 7.8, 50 mM) at 4 ℃ for 
7  days, and 800 µL of samples were removed each day 
to mix with 200 µL of substrate mixture containing 1 M 
KF and 5 mM SAM for 2 h incubation at 50 ℃. To verify 
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the difference in stability between immobilized cells and 
crude enzyme, the assays of Faa were also carried out 
using the cell-free extracts.

Effect of surface‑displayed fluorinase on host growth
The cells harboring pET28a-INP-Faa or pET28a -Faa 
were grown in 50 mL LB broth with 50 µg ml-1 kanamy-
cin at 200 rpm at 37 ℃ until the  OD600 reached 0.6, and 
then 0.2 mM IPTG was added for protein expression at 
30 ℃. The optical density of the cultures was monitored 
until both cultures reached the stagnate phase.

Synthesis of 5’‑FDA by INP‑Faa‑Expressing Cells
The reaction to investigate the ability to synthesize 
5’-FDA by INP-Faa whole-cell system was carried out 
in Tris–HCL buffer (pH 7.8, 50  mM) containing KF 
(200 mM), SAM (1 mM) and cells  (OD600 = 5) at 37 ℃. 
The generation of 5’-FDA was detected. The cells with 
pET28a-INP-Faa was induced for 24 h.

Abbreviations
SAM: S-adenosyl-L-methionine; 5′-FDA: 5′-Fluorodeoxyadenosine; IPTG: 
Isopropyl-β-D thiogalactopyranoside; SDS-PAGE: Sodium dodecylsulphate 
polyacrylamide gel electrophoresis.
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