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Increased Productivity and Antifreeze Activity
of Ice-binding Protein from Flavobacterium frigoris PS1 Produced
using Escherichia coli as Bioreactor
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Abstract—Ice-binding proteins (IBPs) inhibit the growth and recrystallization of intracellular ice, enabling
polar organisms to survive at subzero temperatures. IBPs are promising materials in biomedical applications
such as cryopreservation and the hypothermic storage of cells, tissues, and organs. In this study, recombinant
IBP from the antarctic bacterium Flavobacterium frigoris PS1 (FfIBP) was produced by Escherichia coli used
as bioreactor, to examine the feasibility of scale-up. Oxygen transfer was the most important factor influenc-
ing cell growth and FfIBP production during pilot-scale fermentation. The final yield of recombinant FfIBP
produced by E. coli harboring the pET28a-FfIBP vector system was 1.6 g/L, 3.8-fold higher than that from
the previously published report using pCold I-FfIBP vector system, and its thermal hysteresis activity was
2.5°C at 9.7 uM. This study demonstrates the successful pilot-scale production of FfIBP.
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Although the Arctic and the Antarctic are the cold-
est, windiest, and driest regions on Earth, they are the
habitats of a variety of microorganisms. Psychrophiles
and psychrotrophs are cold-tolerant organisms that
can grow at low temperatures. They produce active
biochemical substances and increase the polyunsatu-
rated fatty acid content to improve membrane fluidity
at low temperatures [1]. The sea and freshwater organ-
isms inhabiting the Antarctic and Arctic are consis-
tently exposed to low temperatures (sea water; —1.9—
2.0°C, fresh water; 0—5°C) [2]. Ice binding proteins
(IBPs) have been found in various psychrophilic and
psychrotrophic organisms living at subzero tempera-
tures, such as bacteria [1, 2], fungi [3—5], diatoms [6],
plants [7—9], insects [10, 11], and fish [12]. IBPs, also
called antifreeze proteins (AFPs), play key roles in
inhibiting ice crystal growth and its recrystallization by
adsorbing on the ice surface [8, 13]. They prevent cell
injury and death due to intracellular ice formation and
frozen cell membranes. Many antifreeze materials
exist besides IBPs, such as ethylene glycol [14],
dimethyl sulfoxide (DMSO) [15], poly(vinyl alcohol)
[16], metallohelices [17], and polysaccharides [18].
Ethylene glycol can be used to cryopreserve biological
tissues and organs [14], and DMSO is used in biology
to decrease ice formation. However, ethylene glycol is

toxic when decomposed in the body [19], and DMSO
induces cell lysis and apoptosis by increasing intracel-
lular calcium levels [20]; the others mentioned do not
yet have practical uses. Unlike these chemicals, IBPs
obtained from natural organisms have low or no toxic-
ity, and have been applied in biomedical research and
other applications, such as tissues and organ cryopres-
ervation, food preservation, and skin protection [21].
However, extracting IBPs directly from organisms has
quantitative limitations and is cost-inefficient. Indus-
trial application will require the heterologous expres-
sion of IBPs using large-scale bioreactors.

Our research team has previously investigated the
properties of several IBPs from antarctic and arctic
organisms, including Leucosporidium 1BP (LelBP,
recently reclassified genus as Glaciozyma sp. AY30),
FfIBP, and Type-111 AFP [5, 22—25]. FfIBP was iso-
lated from the bacterium Flavobacterium frigoris PS1,
which inhabits antarctic marine ice. It has a higher
thermal hysteresis (TH) activity than LeIBP, and has
been produced in Escherichia coli using a cold shock
induction system with the pCold I vector. Production
of FfIBP using the pCold I vector system was advanta-
geous in terms of protein stability, but it had the disad-
vantage of a long incubation time (over 50 h to reach a
cell concentration of 6.3 g/L and protein production
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0f0.42 g/L) [26]. The pCold I vector system increased
target protein expression at lower temperatures, but
E. coli had a lower cell growth rate at 15°C than at
37°C |27]. In this study, to increase the productivity of
FfIBP, the expression gene was inserted into the
pET28a vector and E. coli expressing recombinant
FfIBP was cultured in modified R medium at 37°C.
Using 7 L fermenter, we compared FfIBP production at
various IPTG concentrations. Then, pilot-scale fer-
mentations were performed in 30 L fermenter, and
FfIBP production and antifreeze activity were evaluated.

MATERIALS AND METHODS

Strains and plasmids. For recombinant E. coli expres-
sion, the gene encoding FfIBP (amino acids 29—276)
was obtained from F frigoris PS1, isolated from antarc-
tic seaice [28], and amplified by PCR using the forward
primer (5'-CGATAACATATGTCTCTATCAGTTG-
CAAAT-3") and the reverse primer (5'-CGATAACTC-
GAGTCATTGTGGTATGGTAACGGT-3"). Ampli-
fied fragments were digested with Ndel and Xhol, and
cloned into the pET28a vector (Invitrogen, USA). The
constructed plasmid was transformed into FE. coli
strain BL21 (DE3) (Promega, USA) for expression.

Media and culture conditions. A seed culture was
prepared in Luria-Bertani (LB) medium (g/L): tryp-
tone — 10.0; yeast extract — 5.0 and NaCl — 10.0 at
37°C. Cultivation in the 7 L fermenter was performed
with 4 L of modified R medium(g/L): (NH,),HPO, —
4.0; KH,PO, — 13.5; citric acid — 1.7; bacto- tryptone —
10.0; yeast extract — 20.0; lactose — 20.0; glycerol —
50.0; MgSO, - 7H,0 — 1.2 supplemented with trace
metal elements, 5.0 mL/L and adjusted to pH 7.0
before sterilization. Trace metal elements consisted of
10.0 g FeSO, - 7H,0, 2.0 g CaCl, - 2H,0, 2.25 g
ZnSO, - 7TH,0, 0.5 g MnSO, - 4—5H,0, 1.0 g CuSO, -
SHzo, 01 g (NH4)6M07024 ° 7H20, 023 g NazB407 *
10H,0 dissolved in 1 L distilled water with 5.0 mL of
35% HCI. The seven L fermenter (Kobiotech, Korea)
was used to compare protein production induced by
different IPTG (Elpis Biotech, Korea) concentra-
tions. During incubation, air was added at 5 L/min.
When the ODgy, was 8 £ 1, equivalent to 2.5 g
DCW/L, 0.1 mM, 0.5 mM, or 1.0 mM IPTG was
added to induce protein expression. For pilot-scale
cultivation, 20 L of modified R medium was used in
30 L fermenter (Biotron, Korea) and 2 L of LB
medium was used for the seed culture. The dissolved
oxygen level of the 20 L culture was maintained by
adjusting the air/pure oxygen supply to ~25 L/min.
The agitation speed varied between 100—500 rpm.

Analytical methods. To determine the growth of
E. coli, samples were removed periodically, and the
ODgy0 and DCW were measured. The ODg,, was mea-

sured with a UV/VIS spectrophotometer (Ultrospec
3300 pro, Amersham Biosciences, USA). The DCW
was determined by centrifuging 1 mL of culture broth
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at 16000 X g for 2 min, washing twice with distilled
water, drying at 60°C for 120 h, and measuring the
weight. ODg,, and DCW values were determined in
triplicate, and the ratio of DCW to ODg,, was 0.31.

To confirm protein expression, 1 mL of each peri-
odically collected sample was adjusted to an ODyg, of
1, and centrifuged to remove the medium and obtain
cell pellets. The cells were suspended in 50 LL of lysis
buffer (50 mM NaH,PO,, 300 mM NacCl, and 5 mM
imidazole, pH 7.9) and 15 uL was used for analysis.
Samples were boiled for 5 min and analyzed by SDS-
PAGE using 12% polyacrylamide gels. The gels were
stained with Coomassie brilliant blue R-250 (Bio-
Rad, USA). The FfIBP concentration was calculated
by comparing the band density with a 1 g/l BSA as a
standard, using ImagelJ version 1.51K (National Insti-
tutes of Health, USA).

FfIBP purification. FfIBP was purified from 20 L
culture after a 24-h induction period. The sample was
centrifuged at 3000 g for 10 min at 4°C. The superna-
tant was removed and the pellet was collected for pro-
tein purification. The bacterial pellet, containing over-
expressed His-tagged FfIBP, was lyzed in lysis buffer
with sonication (pulse 35%, pulse on/off 1/5 s) at 4°C.
The lysate was clarified by centrifugation (11000 g for
20 min at 4°C), loaded onto a Ni-NTA resin (Elpis
Biotech, Korea) column pre-equilibrated with binding
buffer (20 mM Tris-HCI, 0.5 M NaCl, and 5 mM
imidazole, pH 7.9) and washed with 10-bed volumes
of wash buffer (20 mM Tris-HCI, 0.5 mM NacCl, and
60 mM imidazole, pH 7.9). The bound FfIBP was
eluted with elution buffer (10 mM Tris-HCI, 0.25 M
NacCl, and 0.5 M imidazole, pH 7.9). To obtain highly
purified proteins, fractions were collected from the
column, and among them, the one with highest purity
was selected. The final eluate of the selected fraction
was dialyzed against 50 mM Tris-HCI (pH 8.0) con-
taining 150 mM NaCl and concentrated using a
10-kDa centrifugal filter (Amicon Ultra Centrifugal
filter, Millipore, USA). The concentration of puri-
fied protein was determined using the Bradford
method for protein quantitation (Bradford reagent,
Sigma-Aldrich, USA) [29].

Determination of TH activity. The TH activity of
FfIBP was measured using a nanoliter osmometer
(Otago Osmometers, New Zealand). The purified
FfIBP concentration was adjusted to 0.60, 1.21, 2.43,
4.87, and 9.70 uM, and TH activity was measured in
triplicate. Ice crystal morphology was captured with a
digital camera (Canon, Japan) connected to an optical
microscope (BX53, Olympus, Japan).

Ice Recrystallization inhibition assay. Recrystalliza-
tion inhibition (RI) analysis was performed as previ-
ously described [24]. Purified FfIBP samples were
mixed with 60% sucrose solution in a 1 : 1-ratio, and
3.8 uL of the mixed sample solution was added
between two glass cover slips (16 mm diameter). The
overlapped round glasses were pre-chilled on the sur-
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pET28a-FfIBP
6034 bp

SLSVANSTYETTALNSQKSSTDQPNSGSKSGQTLDLVNLGVAANFAILSKTGITD
VYKSAITGDVGASPITGAAILLKCDEVTGTIFSVDAAGPACKITDASRLTTAVGDM
QIAYDNAAGRLNPDFLNLGAGTIGGKTLTPGLYKWTSTLNIPTDITISGSSTDVWI
FQVAGNLNMSSAVRITLAGGAQAKNIFWQTAGAVTLGSTSHFEGNILSQTGIN
MKTAASINGRMMAQTAVTLQMNTVTIPQ

Fig. 1. Plasmid map of the pET28a-FfIBP expression construct (a). Amino acid sequence of FfIBP from F frigoris PS1 (b).

face at 4°C. After 1 min, the sample was cooled to
—70°C at a rate of 60°C/min on a circulating cooling
stage (THMS600 stage, Linkam Scientific Instru-
ments, England) and then incubated for 60 min at
—6°C. Ice recrystallization in cover glasses was ana-
lyzed by using a microscope (Olympus BX51), and
images were recorded using a DP71 CCD camera
(Olympus, Japan) every 10 min.

RESULTS AND DISCUSSION

Construction of FfIBP-expression vector. The /BP
gene from F frigoris PS1, which was isolated from ant-
arctic sea ice and sequenced [28], was cloned into
an E. coli expression vector, the recombinant protein
was overexpressed in E. coli and purified using sin-
gle-step metal-chelate chromatography. For IBP
production, the FfIBP cDNA (residues 29—276; the
first 28 residues, which predicted a signal-peptide
sequence, were removed) was subcloned into the
pET28a vector (5.369 bp), which contained a kanamy-
cin-resistance gene for selection (Fig. 1a). The molec-
ular weight of the expressed FfIBP was approximately
25.7 kDa (Fig. 1b).

FfIBP expression after induction with varying IPTG
concentrations. F{IBP was produced in E. co/iin 7 L jar
fermenter containing 4 L medium. To investigate the
effects of IPTG concentration on the FfIBP yield, 0.1,
0.5, and 1.0 mM IPTG was added to the cultures. The
E. coli cell growth (determined as the g dry cell weight
(DCW)/L) and yield of recombinant FfIBP were
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monitored. After 13 h induction with 0.1, 0.5, and
1.0 mM IPTG, the cell concentrations reached 15.9,
14.9, and 12.9 g/L, respectively (Fig. 2a), showing an
inverse trend. According to Kim et al. [21], LelBP
productivity in E. coli supplemented with 0.1 mM
IPTG was higher than that with 1 mM IPTG ina 7-L
fermenter. In 2002, Malakar and Venkatesh [30]
reported that high IPTG concentrations inhibited cell
growth. However, in this study, 19.5 h after induction,
all experimental groups reached cell concentrations of
~17.6 g/L, with no significant differences between dif-
ferent IPTG concentrations (Fig. 2a). Twenty four h
induction in the presence of 0.1, 0.5, and 1.0 mM
IPTG resulted in 1.6, 1.6, and 1.5 g/L FfIBP vyield,
respectively (Fig. 2b). These results indicate that
reducing the IPTG concentration to 0.1 mM did not
significantly decrease FfIBP production. Since lower
IPTG concentrations decrease production cost [30],
we used this concentration in the pilot-scale produc-
tion of FfIBP.

Production of FfIBP in 30 L fermenter. The cell
concentration reached 18 g DCW/L (24 h after induc-
tion) in 4 L laboratory scale fermentation in 7 L fer-
menter with only air supplied. Oxygen limitation was
observed when the culture volume 5-fold increased
from 4 to 20 L, and pure oxygen was required to grow
cells to 14.2 g DCW/L (21 h after induction) in a pilot
20 L culture in 30 L fermenter (Fig. 3a). Oxygen sup-
ply is a known key factor limiting growth during the
production of recombinant protein in F. coli [31]. The
FfIBP band was observed at approximately 24 kDa by

No.5 2019



492 KIM et al.

[\
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1

FfIBP, g/L

Fig. 2. FfIBP expression induced in the presence of various
IPTG concentrations (/—0.1, 2—0.5, and 3—1.0 mM) in
7 L fermenter. (a)—DCW dependence on time after IPTG
induction. (b)—FfIBP production calculated by compar-
ing the band density with that for BSA standard and
depending on time after IPTG induction.

SDS-PAGE after 6 h induction (Fig. 3b). Individual
band intensities were quantified, and the calculated
FfIBP yield was the highest (1.8 g/L) after 18 h induc-
tion, and 1.6 g/L after 24 h induction, whereas the
FfIBP yield produced by E. coli with the pCold I vec-
tor system in 20 L culture was 0.42 g/L [26]. We there-
fore obtained more than 3.8-fold increase of the FfIBP
level by changing the expression vector system from
pCold I to pET28a. In addition, the incubation time
was shortened to 24 h. In comparison with yield of the
recombinant FfIBP produced in P. pastoris, which
yielded 75 mg/L in 4 L culture [25], the production level
increased 21-fold in this study by changing the expres-
sion host (Table 1). In this study, the yield of FfIBP pro-
duced in 30 L fermenter using E. coli was 1.6 g/L, simi-
lar to that produced in a 7 L fermenter. These results
indicate successful scale-up from 4 to 20 L.

FfIBP purification and TH activity assay. Purified
and concentrated FfIBP was quantified by the Brad-
ford method, and its concentration was observed to be
9.7 uM (250 pg/mL). The purified FfIBP was serially
diluted and visualized by SDS-PAGE (Fig. 4a). We
examined the effect of the purified FfIBP on the tem-
perature gap between the melting and freezing points
using a nanoliter osmometer. The TH activity of
9.7 uM FfIBP was 2.5°C, identical to that of FfIBP
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Fig. 3. DCW (/) and FfIBP concentration (2) depending
on time after IPTG induction in 30 L scale fermenter (a).
(FfIBP was produced in E. coli at 37°C after 24 h induction
with 0.1 mM IPTG). Visualization of FfIBP expression by
SDS-PAGE (b). Lane M: protein markers; lanes /—5: after
0, 6, 12, 18, and 24 h induction, respectively.
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Fig. 4. Visualization of FfIBP produced in 30 L jar fermen-
ter using SDS-PAGE (a). (FfIBP was purified after 24 h
induction). Lane M: protein markers; lanes /—5: 0.6, 1.21,
2.43, 4.85, and 9.70 uM of FfIBP, respectively. Thermal
hysteresis activity of 0.6, 1.21, 2.43, 4.85, and 9.70 uM
FfIBP (b).
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Fig. 5. Ice crystal morphology and ice RI assay. Ice crystal growth in solution containing FfIBP (2.43 uM) at the freezing point
(a). Scale bar, 100 um. Inhibition of ice recrystallization by FfIBP (b). The control (BSA protein, 30 uM) was used for RI assay.
RI activity is shown in the photographs at 5 different concentrations of FfIBP. Scale bar, 20 um.

expressed in E. coli with the pCold I vector systemina was along the a-axis plane (Fig. 5a) [24]. The crystal
previous study (Fig. 4b) [24]. type induced by FfIBP was similar to those that grow

Ice crystal morphology and ice recrystallization along the a-axis in AFP1 from the yeast Glaciozyma
inhibition assay. Ice crystals forming in the presence of  antarctica P112 and ChlorolBP from the microalga
FfIBP had a hexagonal shape, and the crystal burst Chloromonas sp., while LelBP, type I, II, and

Table 1. Comparison of recombinant FfIBP produced in different bioreactors

Expression host Production conditions* Protein yield, g/L H, OC. Reference
[vector] [concentration]

E. coli [pCold 1] 20 L, modified R medium, 0.42 (band density) 1.53 [10 uM] [26]
0.5 mM IPTG, 15°C

P. pastoris [pPICZaA] |4 L, fermentation basal 0.075 (Bradford assay) 2.6 [110 uM] [25]
medium, methanol, 30°C

E. coli [pET28a] 20 L, modified R medium, 1.6 (band density) 2.5[9.7 uM] This study
0.1 mM IPTG, 37°C

E. coli [pET28a] 4 L, modified R medium, 1.5 (band density) NS** This study
0.1 mM IPTG, 37°C

* Culture volume, culture medium, induction method, and temperature.
** NS, not specified.
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111 AFPs build the ice crystals that grow along the c-
axis [23, 32, 33]. The recrystallization inhibition (RI)
activity of FfIBP was measured and formation and
fusion of ice nuclei are shown in Fig. 5b. FfIBP inhib-
ited the recrystallization of ice at —6°C for 60 min in
contrast with the control (BSA). RI activity assays
were conducted with 5 different concentrations of
FfIBP. At a concentration FfIBP of 2.43 uM or more,
the size of ice crystals maintained small even after 1 h
of freezing, indicating that RI activity was expectedly
present (Fig. 5b).

Because I1BPs can reduce or suppress the physical
damage to living cells and tissues induced by ice crystals
at subzero temperatures, these proteins are promising
tools in biomedical applications. In this study, FfIBP,
an IBP derived from antarctic F frigoris PS1, was pro-
duced in 7 and 30 L scale fermenters using E. coli as bio-
reactor. There were no significant differences in protein
productivity after 0.1, 0.5, and 1.0 mM IPTG induc-
tions. Twenty L pilot scale fermentation performed with
modified R medium, 0.1 mM IPTG and oxygen supply
(~25 L/min) for 24 h resulted in 1.6 g/L FfIBP produc-
tion with a TH activity of 2.5°C at 9.7 uM. These results
can be applied to the large-scale production and bio-
technological application of recombinant IBPs.
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