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Background: The increase of the protein expression via ribosomal manipulation is one of the suggested cellular mechanisms
involved in EnBase fed-batch mode of cultivation. However, this system has not been implemented for cytotoxic proteins.
Objectives: Here, the expression pattern of a-Luffin, a ribosome inactivation protein (RIP) with an innate toxicity, was
investigated in EnBase system and the effect of low temperature cultivation on the increase of a-Luffin solubility was
determined.

Materials and Methods: The encoding cDNA for mature a-Luffin was synthesized and subcloned into pET28a plasmid
under the control of T7 promoter. The E. coli expression yield in EnBase® Flo fed-batch system was compared with
traditional batch mode at two temperatures: 25 °C and 30 °C. Sampling was performed at several time intervals and solubility
of recombinant-protein was checked on SDS-PAGE in pellet and supernatant samples. The purification of recombinant
protein was performed by Ni-NTA column.

Results: In fed-batch cultivation mode, the early incubation time was desirable at 30 °C whereas the maximum amount of
soluble a-Luffin was achieved from the extended protein synthesis period (12 and 24h post induction) at 25 °C.
Conclusions: Our founding showed that EnBase had a greater efficacy in producing higher soluble protein ratios compared
to batch cultivation growth rate, however for cytotoxic proteins, incubation temperature and time need to be optimized.
Owing to the advantages of natural toxins from RIP family for producing anticancer immune-conjugates, well optimization
of this protein expression is of importance regarding industrial aspects. The optimized condition proposed here is promising
in terms of large scale soluble production of a-Luffin without the need for refolding.
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1. Background

Ribosome-inactivating proteins (RIPs) are highly potent
toxins able to inhibit protein synthesis irreversibly
via ribosome inactivation. Although RIPs are usually
originated from plants, bacteria and fungi, they have a
wide distribution in nature and many clinical efficacies
have been reported worldwide. Besides a broad spectrum
of antibacterial (1), antifungal (2) and anti-viral (3)
functions, a variety of antitumor (4-6) immunosuppressive
(7) and antifertility effects (7, 8) have been reported
from RIPs. Many RIP-producing species are present in

plant families such as Euphorbiaceae, Cucurbitaceae,
Poaceae and Caryophyllale (9). To date three principle
categories of RIPs have been identified from plant
resources which have structural differences: Type I RIPs
consist of single chain polypeptides of approximately 30
kDa; Double chained RIPs of around 60 kDa are in type
II category with an A chain catalytic domain common
with type I and a B chain binding domain (10); Type
III RIPs, synthesized as inactive precursors, undergo
proteolytic process before generating an active RIP
(11). No clinical indications have yet been reported for
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the third category. Among these three categories, type
I RIPs, have been broadly studied in biomedical fields
for targeted drug delivery of immunotoxins in cancer
immunotherapy. Luffin is a member of type I RIPs with
various reported medical effects such as anti-tumor, anti-
AIDS, miscarriage induction and anti-fungal activities
(2, 12-16). Two different glycoproteins were fractionated
from Luffa cylindrica seeds, Luffin-a and Luffin-b with
molecular weight of 28 and 28.8 kDa, respectively.

Cancer as the leading cause of death all over the
world is a critical issue for health authorization systems.
Many attempts have been made to reduce the patients
suffering and financial burdens by reducing the duration
and complication of the disease. One of the promising
approaches in this regard is the targeted cancer therapy,
which is mainly focused on using antibodies designed
for cancer cell eradication. Conjugation of monoclonal
antibodies (mAb) with different cytotoxic compounds
has made a second generation of antibodies with
considerable success in oncology. Many toxins have
been investigated as candidates for producing antibody
drug conjugates but up to now only four groups have
gained the approval to enter clinical trials (17, 18). The
highly toxic and potent natural compounds could be of
great value for establishing anticancer immunotoxins
based on natural conjugates (19-22).

The use of native plant-derived toxins from
RIPs family may be a challenging issue in terms of
heterogeneity in catalytic activities due to the variety
of isoforms in one herbal extraction. Furthermore,
limitations in natural resources and complicated
purification process may cause more restrictions.

Accordingly, recombinant expression of these proteins
seemed to be more reasonable using a suitable expression
system. Considering relatively small size (28 kDa)
and no disulfide bond in this protein, the prokaryotic
Escherichia coli system has enough capability to its
production but most studies have reported the protein
accumulation in inclusion bodies which means the need
for refolding approaches (23, 24).

Unlimited growth in density of E. coli cells in
conventional batch cultivation mode is often associated
with incorrect protein folding due to the unrestricted
protein synthesis (25). Utilizing strong promoters as the
routine approach in E. coli expression system is likely
to produce great concentrations of desired proteins and
formation of insoluble protein aggregates. Since the
expression of protein in its soluble format is more desirable
considering no need for further refolding steps different
approaches have been applied to address this problem (26).
Reducing rate of protein synthesis by decreased inducer
concentration, induction at lower temperatures (27),
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medium optimization (28), co-expression of chaperons
(29) and foldases (30) and the use of fusion tags (31) have
been investigated in several studies.

Media optimization techniques were firstly
performed by using high nutrient contents along with
enhanced buffering as in Terrific (32). Nevertheless,
this approach is deficient in supplying adequate nutrient
concentrations for the cells due to the toxic effects on
them and the need for constant feeding which is just
applicable in the bioreactor process. In another media
optimization approach the substrate-limited fed-batch
cultivation techniques are used. These techniques are
based on regulating growth rate by continuously and
gradually feeding the culture by essential nutrients such
as glucose (33, 34).

However, to our best knowledge few investigations
have yet been focused on applying a soluble expression
promoting system for the plant-derived toxins from
RIPs family (3, 6).

2. Objectives

In this study, EnBase Flo fed-batch system with an
enzymatic slow release of glucose was applied. Thus,
the main focus of this study was to establish a soluble
expression procedure of a-Luffin in E. coli fed-batch
expression mode.

3. Materials and Methods

3.1. Cloning of a-Luffin cDNA

Mature alpha Luffin encoding cDNA was extracted
from DNA data bank, synthesized and cloned into
the appropriate cloning vector, pEASY-blunt vector
(Transgen Biotech Co., LTD), after codon optimization
for protein expression in E. coli cells. Ndel and Xhol
restriction sites were designed at 5" and 3’ ends of the
gene, respectively.

3.2. Subcloning of a-Luffin Gene Fragment

After restriction digestion analysis, the confirmed
synthesized gene was subcloned into the expression
vector, pET28a (Novagen, USA) under the control of T7
promoter and fused to the 6x-histidine tag. Recombinant
clone was selected through further restriction digestions
and sequencing with T7 sequencing forward and reverse
primers.

3.3. Pilot Protein Expression Experiment

Recombinant construct containing a-Luffin cDNA
was transformed into E. coli BL21 DE3 cells. Single
grown colonies were inoculated into Luria-Bertani
(LB) broth media containing 30 pg.mL"' kanamycin.
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Inoculated media were shaken at 180 rpm for 2-3 h at
37 °C until optical density at 600 nm reached to 0.5-
0.7. One milliliter of medium was centrifuged and the
bacterial pellet was kept at -20 °C. IPTG was added
to the medium at the final concentration of 0.5 mM.
Bacterial pellet was harvested after 4 h incubation at 37
°C on the shaker and stored at -20 °C.

3.4. Batch Protein Expression

For batch protein expression, single recombinant
colonies were inoculated into 5 mL LB broth media
containing 30 pg.mL?' kanamycin and incubated
overnight (16 h) at 37 °C. 0.1 volume of the grown
medium (5 mL) was inoculated into 50 mL LB broth in
500 mL flasks and incubated at 200 rpm for 2.5-3 h until
OD,,, reached to 0.5-0.7. Final 0.5 mM concentration
of IPTG was added to the medium at this time. The

above protocol was done at 25, 30 and 37 °C.

3.5. Fed-batch Protein Expression

For fed-batch cultivation, EnPresso tablet cultivation
kit (BioSilta, Finland) was used according to the
manufacturer’s instruction. The EnBase Flo system is
based on enzymatic release of glucose by glucoamylase
enzyme. In brief, single colonies were inoculated
in 5 mL LB broth for 6-8 h and incubated at 37 °C
overnight. The contents of the white bag (2 tablets
containing media components) were added to 50 mL of
sterile water in a shake flask together with appropriate
antibiotic (kanamycin). 0.1 volume of the grown
medium was inoculated into the above prepared culture
medium. 25 pL of EnZ I’'m (glucoamylase provided
with BioSilta products) was added to the culture and
the flask was shaken rapidly on a shaker incubator at
200 rpm. After overnight incubation, the inducing
agent (black bag containing booster tablet for optimal
pH condition) and 50 puL of EnZ I’m were added to the
medium. Cultivation continued for protein expression
and sampling was performed at the time points of 0, 2,
4, 8, 12 and 24h. Media were centrifuged and bacterial
pellet was collected and stored at -20 °C.

3.6. Protein Analysis

After harvesting E. coli induced cells from the culture
medium through centrifugation at 6,000 xg (10 min),
in order to check the solubility of recombinant protein
(r-protein), cells were resuspended in TE buffer (25 mM
Tris, | mM EDTA, pH 8.0) and sonicated for 4 cycles
of 30 sec bursts and 30 second intervals. The sonicated
sample was centrifuged at 12,000 xg for 20 min at 4
°C to isolate the soluble fraction from the pellet. Total
protein concentration of each sample was measured
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using absorbance at 280 nm and samples were analyzed
on 12% SDS-PAGE stained with Coomassie Brilliant
Blue G-250. The resulting cell density was the same
in all samples, by adjusting the volume of Tris buffer
per each. Therefore, protein productivity per cell in
different samples could be compared on the basis of the
protein band thickness.

3.7. Confirmation of Expressed Recombinant Protein
Cellular pellet was run on 12% SDS-PAGE and western-
blotting was performed using mouse anti-His antibody,
Penta-His HRP Conjugate, (QIAGEN, USA).

3.8. Protein Purification Using Ni-NTA Column

E. coli cells were resuspended in lysis buffer (2-5 mL.g"
"), 50 mM NaH_ PO, (pH 8.0), containing 300 mM NaCl
and 20 mM imidazole in order to increase the purity
of recombinant protein and to minimize binding of
undesired contaminating proteins. Bacterial suspension
was sonicated according to the protocol described above
and centrifuged at 10,000 xg (20 min) at 4 °C to remove
cellular debris. Soluble fraction was loaded into the
column containing Ni-NTA superflow resin (QIAGEN,
USA) and flow through sample was saved for running
on SDS-PAGE. The loaded column was washed with
50 mM NaH_PO, containing 300 mM NaCl and 40 mM
imidazole and the fraction was collected for checking
on SDS-PAGE. Recombinant protein was eluted from
the column with the elution buffer containing 250 mM
imidazole.

4. Results

4.1. Cloning of Mature a-Luffin
Figure 1 shows successfully subcloned a-Luffin cDNA

738 bp

Figure 1. Restriction analysis of pET28a-a-Luffin construct
by gel electrophoresis. Lane 1 and 2, Ndel/Xhol digested
plasmids (different clones); Lane 3, Undigested plasmid; Lane
4, DNA size marker (1-kb DNA ladder Fermentas® SM0311).
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Figure 2. The effect of a-Luffin expression at different temperatures on bacterial cell density (OD600) through
EnBase fed-batch and LB batch systems. EB = EnBase Flo medium, LB = Luria-Bertani medium. E. coli
colonies grown in LB media were induced with 0.5 mM IPTG when optical density was 0.5 at 600. The time
point of induction (0.5 mM IPTG) is indicated with a dashed vertical line. In EB cultures, the medium was also
supplemented with the booster, at the same time of induction. EB-fed-batch cultures were grown for 17h before
induction whereas LB cultures were incubated for 3h before induction. All cultures were continued to grow until

24h after induction.

(amino acids 21 to 26) into pET28a vector through Ndel-
Xhol restriction sites. The digestions of the expression
plasmid with these restriction enzymes afterward,
resulted in two fragments sized; 738 and 5369 bps which
stand for o-Luffin and pET28a backbone, respectively.
Final sequencing of the construct confirmed the
presence and correct orientation of insert in the vector
(data not shown).

As illustrated in Figure 2 the effect of a-Luffin
expression was determined on E. coli cell density
using EnBase Flo fed-batch and conventional batch
cultures in two different temperatures (25 and 30 °C).
EnBase Flo (EB) fed-batch and LB batch cultures were
respectively grown for 17 h and 3 h before induction.
Therefore, the OD,, values determined at 21, 23, 25,
29 and 41 h from fed-batch culture start points stand for
4, 6, 8, 12 and 24h post induction for both LB batch as
well as EB fed-batch cultures.

4.2. Bacterial Growth

As seen in Figure 2, except for fed-batch mode at 25
°C, the rate of cell density growth was reduced 6h post
induction in all examined conditions due to the slight
toxicity of a-Luffin expression for . coli. Inbatch culture,
condition the increase of cell density occurred with a
slightly sharper slope at 30 °C compared to 25 °C and it
continued to a steady state condition 12h post induction
(Fig. 2). In EB fed-batch mode, however the difference
between two temperature culture conditions was more
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drastic. There was a distinct OD difference between two
applied temperatures at the time of induction; OD_ of
4 and 12 h for 25 °C and 30 °C, respectively and this
difference is almost preserved during the whole culture
duration. In 30 °C fed-batch condition, cells reached
a nearly saturated point at 6h post induction and after
that they almost stayed in a steady condition whereas in
25 °C, cells continued the growth with almost the same
speed for the whole culture duration time. Finally, cells
reached a 24 h post induction OD, 0f 26.5 at 30 °C and
an OD of 22 at 25 °C.

4.3. Effect of Temperature on a-Luffin Expression in
Different Culture Modes

Total protein production in LB batch and EB fed-
batch systems were analyzed on SDS-PAGE (Fig. 3).
The approximate 28kDa band on SDS PAGE (Fig.
3) represented successful expression of His-a-Luffin
recombinant fusion protein in BL21 (DE3) clones during
different hours after induction. This band was absent
in control negative clones transformed with pET28a
vector alone and in before induction samples except for
a leaky expression in 30 °C of fed-batch culture (panel
B lane 3). The slight difference between the induced
protein size and the theoretical calculated weight based
on cDNA deduced amino acid sequence (26.6 kDa),
was due to the N-terminal fused His-Tag from pET28a.
Asrepresented in Figure 3, 30 °C temperature condition
resulted in higher expression of recombinant a-Luffin
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in both fed-batch and batch culture modes and indeed
at 25 °C of batch culture no obvious expression of the
recombinant protein was observed.

As all samples were diluted to an equal cell
concentration before lysis procedure and loading on
gel, it is clear that in spite of toxic effect of a-Luffin
for E. coli cells, the fed-batch condition was still
able to produce higher levels of protein expression
per cell compared to the conventional batch mode.
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Furthermore, following cell lysis analysis up to 24h
post induction for both culture modes (batch and
fed-batch) the expression per cell continued to be in
the same range for 4, 6, 8, 12 and 24h post induction
although totally at a higher level with fed-batch mode.
No significant increase in total protein amount was
observed after applying a 24h incubation period. The
higher expression level in fed-batch at 30°C besides
elevated cellular densities in the same condition
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Figure 3. Coomassie stained SDS-PAGE analysis of cell lysates from a-Luffin producing E. coli BL21
(DE3) clones in different temperatures, time and mode of culture. Panel A: LB batch culture mode in
30 °C. Lanel, Control (E. coli/pET28a only); Lane 2, Cell lysates before IPTG induction; Lane 3, Cell
lysates 4h post induction; Lane 4, Cell lysates 6h post induction; Lane 5, Cell lysates 8h post induction;
Lane 6, Cell lysates 12h post induction; Lane 7, Cell lysates 24h post induction; Lane 8, Protein marker
SMO0671. Panel B: EB Fed-batch culture mode in 30 °C. Lanel, Control (£. coli/pET28a only); Lane
2, Protein marker SM0671; Lane 3, Cell lysates before IPTG induction; Lane 4, Cell lysates 4h post
induction; Lane 5, Cell lysates 6h post induction; Lane 6, Cell lysates 8h post induction; Lane 7, Cell
lysates total protein 10h post induction; Lane 8, Cell lysates total protein 12h post induction; Lane 9, Cell
lysates total protein 24h post induction. Panel C: LB batch culture mode in 25°C. Lanel, Control (E. coli/
pET28a only); Lane 2, Cell lysates total protein before IPTG induction; Lane 3, Cell lysates total protein
4h post induction; Lane 4, Cell lysates total protein 6h post induction; Lane 5, Cell lysates total protein 8h
post induction; Lane 6, Cell lysates total protein 12h post induction; Lane 7, Cell lysates total protein 24h
post induction; Lane 8, Protein marker SM0671. Panel D: EB Fed-batch culture mode in 25 °C. Lanel,
Cell lysates total protein before IPTG induction; Lane 2, Cell lysates total protein 4h post induction; Lane
3, Cell lysates total protein 6h post induction; Lane 4, Cell lysates total protein 8h post induction; Lane 5,
Cell lysates total protein 10h post induction; Lane 6, Cell lysates total protein 12h post induction; Lane 7,
Cell lysates total protein 24h post induction; Lane 8, Protein marker Thermo science #26610. All samples
were diluted to equal cell concentration before lysis and loading on gel. The position of 28.8kDa His-a-

Luffin is indicated by arrows.
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(Fig. 2) signified greater total recombinant a-Luffin
expression in this condition.

4.4. Different Distribution Patterns of a-Luffin in
Soluble Fraction in Different Culture Modes

The distribution of the recombinant protein expressed
at different temperatures of two different culture modes
was investigated to estimate the effect of these different
conditions on protein solubility. Sampling was also
continued till 24h post induction to identify an optimal
length of incubation (Fig. 4).

Asillustrated in Figure 4 (panel A and B), in LB batch
cultivation at 30 °C, desired protein was mostly present
in pellet fractions in all sampling times until 24h post
induction. During two last sampling time points (12

and 24 h) a slight increase was observed in total protein
production and accordingly soluble and pellet fractions
but solubility ratio did not increase.

In EB fed-batch culture at 30 °C (Fig. 4 panels C
and D), higher expression of a-Luffin was seen in all
sampling time points compared to LB batch mode
at 30 °C. The expressed recombinant a-Luffin was
distributed in both pellets and soluble fractions of all
samples taken at 4, 6 and 8h post induction. At the
hours of 12 and 24 however the soluble fraction was
drastically reduced.

In 25 °C fed-batch cultivation (Fig. 4 panels E and
F), interestingly enough, the ratio of recombinant
protein was significantly increased in soluble fraction
compared to the pellet in 12 and 24 h after induction.
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Figure 4. Coomassie stained SDS-PAGE analysis of a-Luffin producing E. coli BL21 (DE3) clones in different
temperatures using different cultivation media; the distribution of total cell lysates, pellet and soluble fractions
during different time intervals post induction. T = total £. coli lysate, P = pellet, S = soluble fraction, Mw =
Protein marker Thermo science #26610. Panel A and B: LB batch culture mode in 30 °C; Panel C and D: EB
Fed-batch culture mode in 30 °C; Panel E and F: EB Fed-batch culture mode in 25 °C.
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However, in early phase sampled tests no indictable
difference was seen in total, pellet and soluble fractions.

The results indicated that the highest ratio of soluble
to pellet fraction of a-luffin was obtained after 12 and
24h in EB fed-batch at 25 °C temperature.

4.5. Western Blotting

Western blot analysis was performed for further
confirmation of expression using an anti-His antibody
conjugated with alkaline phosphatase (Fig. SA). An
18kDa His-conjugated protein was investigated as
a control His tagged protein. The 28kDa band was
observed in western blot analysis which indicated His-
tag fused-a-Luffin protein.

4.6. NTA Purification

As shown in Figure 5B purification procedure was
applied on soluble fraction of a-Luffin producing
BL21 lysates from batch and EnBase fed-batch process
through which successfully a single 28kDa band was
observed on SDS- PAGE and confirmed by anti-His
Western blotting. The purification procedure was
intentionally set to purify the protein in its soluble,
native form. As illustrated in Figure 5B the amount of
soluble a-Luffin recovered form fed-batch mode was
greater compared to the batch cultivation.

S. Discussion

The use of mAb directed delivery can confer a
therapeutic index to highly potent cytotoxic drugs such
as plant sourced RIP family. Thus, these highly toxic
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Figure 5. Western blot analysis of total cell lysates
and purified a-Luffin. A: Western blot analysis on
total cell lysates of a-Luffin producing E. coli BL21
clones cultured in the fed-batch mode. Proteins were
visualized with an anti-His antibody conjugated with
alkaline phosphatase and DAB substrate. Lane 1,
Control positive, an 18kDa His-tagged protein; Lane
2, protein marker Thermo science #26616; Lanes 3
and 4, E. coli BL21 cell lysates 6h after induction;
Lane 5, Control negative before induction; Lane 6,
Control negative E. coli/pET28a alone. B: SDS-
PAGE (Lanes 1-8) and Western blot (Lanes 9-12)
analysis of purified a-Luffin from fed batch process.
Lane 1, Fed-batch soluble fraction (initial sample);
Lane 2, NTA flow through sample; Lanes 3-7,
Elution fractions from NTA column representing
purified a-Luffin; Lane 9, His-tagged control protein
(18 kDa); Lanes 11 and 12, NTA purified a-Luffin
from fed-batch soluble fraction; Lanes 8 and 10,
Protein size marker Thermo science #26610.

and potent natural compounds could be of great value
for establishing anticancer immunotoxins based on
natural conjugates (19-22). This considerable clinical
advantage along with other therapeutic efficacies of
RIP derived toxins like anti-AIDS, immunomodulatory
functions, etc. is the reason for huge research interest
to have access to this group of proteins from natural
origin, in fledging steps, and now from recombinant
technology.

As illustrated, in this study the efficacy of EnBase
fed-batch mode for the production of a toxic protein
(a-Luffin) and the optimization of the cultivation
temperature and incubation time was investigated for
the first time.

As it is suspected from their highly toxic nature, RIP
family toxins show their toxic effects on producing
host cells. This fact is highly pronounced with more
cytotoxic derivatives like Luffin-a and b from Luffa
cylindrical (12-16).

In this study the growth rate prohibition effect was
seen as a distinct reduction in cell density upward
slope 6h post induction both in 30 and 25 °C in
batch cultivation mode as well as 30 °C in fed-batch
cultivation which is in accordance with previous studies
(5,25). Interestingly however, the upward shiftin OD,
values was remained with a stable slope in fed-batch
mode when ran at 25 °C. This result indicates that in the
latter cultivation condition the cytotoxic effect of Luffin
expression was less pronounced. The less cytotoxic
effect at lower temperatures may be explained by the
fact that the number of functional ribosomes in the cell
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are more at lower temperatures (35) and o-Luffin is a
ribosome inactivating protein so when more ribosomes
are available the inhibiting effect are probably shielded.
Therefore, the ribosome inhibitory toxic effect is less
apparent at the low temperature cultivation. In fed-
batch mode, at 24h post induction in 25 °C, the final
cell density (OD,, 22) slightly lower than what was
observed in 30 °C (0D, 26.5), with a steady upward
shift during the process (Fig. 2).

Some previous studies have mentioned the toxic
effect of RIPs on prokaryotic ribosomes (5, 36, 37).
Nevertheless there exists a controversy in this regard
from other published results. Based on our observations
(demonstrated in Fig. 2) lower temperature cultivation
(25 °C) could reduce the toxic effect of a-Luffin on E.
coli cells only if it was performed in fed-batch mode.
We explained this phenomenon as a feature of EnBase
fed-batch mode which supports high cell density by a
slow release of an essential nutrient (glucose).

As the enhancing effect on cell density is correlated
with protein production, regarding proteins with innate
toxicity the optimum condition may be achieved in a
moderately increased cell density. In other words, by
reducing the culture temperature to 25 °C the cytotoxic
effect was diminished along with the decrement
in maximum cell densities. On the other side, LB
conventional batch cultivation mode was unable to
support high cell densities in any of the investigated
temperatures and the exogenous o-Luffin toxin
production in basic levels was basically enough for
cytotoxic effect on E. coli cells.

The amino acid sequence disclosed by Kataoka et
al. (38) was used as a basis for gene synthesis after .
coli codon usage optimization to avoid the codon bias
effect on expression yield (39). The sequence applied
here was lacking signal sequence and extended to the
amino acid 261 of a-Luffin. As the Ndel cloning site
was used in the upstream part, an N-terminal His-tag of
13 amino acids was added to the final protein sequence.
Hence, the final size of Histidine tagged a-Luffin was
approximately 28.8 kDa.

The most common route in industrial production
of recombinant proteins is cytoplasmic biosynthesis.
However, in this way due to the lack of efficient folding
systems most of the exogenous protein molecules
are expressed in insoluble inclusion body format.
Considering the costly and complicated refolding
process which usually results in low final recoveries it
is of great value to implement methods so as to reach
higher soluble protein ratios.

Various strategies have been practiced to promote
soluble protein formation. They are categorized in
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two distinct groups; first strategies which are focused
on protein engineering as truncation (40), mutation
(41) and using fusion tags (42). Second strategies
which do not engineer the target molecule but focus
on media (28), buffering (32), cultivation temperature
optimization (27) as well as utilizing engineered strains
and co expression of chaperons (29).

Here, with the aim of an efficient production of
o-Luffin in a soluble format, a special fed-batch
cultivation mode which provides media optimization
besides optimized buffering system was investigated.
Moreover, two different cultivation temperatures were
studied at different intervals during 24h incubation
time.

During the special fed-batch cultivation mode
applied in the project, the continuous feeding with
glucose and the optimum buffering condition prevented
early cell death due to byproduct accumulation and/or
nutrient deficiency. Thus, a distinct rise in cell densities
was observed in fed-batch compared to conventional
batch mode of culture at induction time. As shown in
Figure 2, there were 8 and 24 fold rises in induction
OD,,, values for 25 and 30 °C temperatures compared
to their corresponding batch mode cultivation. The cells
were able to climb up to maximum OD, values of 22
and 26.5 in 25 and 30 °C, respectively.

In a previous study, using EnBase system conducted
by Panula-Perdld et al., lower total productivity per
cell was reported compared to standard batch medium
whereas higher volumetric protein yield and a higher
proportion of TIM (triosephosphate isomerase) in the
soluble form was achieved which may be due to the
drastically higher cell density (34).

Nevertheless, as other studies have proposed (40)
in spite of higher achieved cell densities at the end
of each cultivation, the specific productivity showed
slight increase (Fig. 3). On the other hand, significant
difference in cell densities of fed-batch in comparison
to its parallel batch mode revealed its effect on the
volumetric production of cells. As represented in
Figure 3, fed-batch cultures showed higher production
of recombinant a-Luffin per cell.

Considering our protein characteristics besides
EnBase system special features, 30 and 25 °C
temperatures were studied. The 30 °C was chosen
based on recommended EnBase protocol due to higher
oxygen solubility and reduced evaporation while
studying usual nontoxic proteins expression (25, 43).
Here also, this temperature resulted in higher specific
production of total protein in both batch and fed-batch
method (Figs. 3A and 3B). On the other side, since
functional ribosomes are reported to be higher at lower
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temperatures (35) and our protein of interest has its
inhibitory effect on ribosomes, 25 °C was also applied
to test expression profile under this condition.

In contrast to the reports by Liu (5), in batch culture,
no distinct expression was achieved at this temperature
of batch culture which could be because of minor
sequence differences and/or higher toxicity of a-Luffin
(44, 45) (Fig. 3C). However, EnBase Flo fed-batch
mode resulted in protein expression in all investigated
hours after induction (Fig. 3D).

The relatively constant density of expressed bands
on SDS-PAGE (Fig. 3) from equal cell concentrations
demonstrated that incubation time did not strongly
influence cellular specific production rate of the cells.
However, it is obvious that high cell densities achieved
in late incubation phases (Fig. 2) would have resulted in
higher volumetric productivities.

As reported by Liling Liu, a-Luffin expression
formed more soluble fraction when expressed at 25
°C rather than 30 or 37 °C in batch culture (5). In this
study, although no obvious expression of a-Luffin
was observed in batch mode at 25 °C temperature,
a distribution of protein in both soluble and pellet
fractions was seen in 30 °C batch mod (Figs. 4A and
B). But in spite of partly soluble expression per cell,
as cells were not able to reach high densities in batch
compared to fed-batch mode (Fig. 1) the volumetric
amount of soluble protein was not high.

By performing fed-batch cultivation at 30 °C, more
soluble ratio was achieved during the early steps of
incubation (Fig. 4B). However during the two final
incubation times (12 and 24 h after induction) the
soluble fraction was reduced. The reason for that could
be the cell death effect as at this temperature of fed-
batch cultivation the cells start their steady state 6h
after induction like what we observed in batch mode
(Fig. 1). On the other hand, at this temperature the high
optical density (18 and 23.2) achieved, before steady
state, resulted in an acceptable soluble volumetric
productivity as a whole.

Despite the efficiency of EnBase Flo, further
optimization for each recombinant protein could be
applied likewise any other cultivation systems.

6. Conclusions

In general, we proposed here the efficacy of EnBase
fed-batch mode for the production of a toxic protein
(o-Luffin) that the cultivation temperature and
incubation time should be well optimized for the special
target proteins. Here, the early incubation time was
preferable at 30 °C whereas at 25 °C time extension of
protein synthesis (12 and 24h post induction) resulted
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in higher amount of soluble recombinant protein. What
is more, the bacterial growth rate after boosting should
be low enough to provide correct protein folding.

Itis absolutely clear that EnBase fed-batch cultivation
mode was able to promote improved cell densities and
protein folding for a-Luffin, a protein with innate toxic
feature. It is very likely that the reduction in growth rate
during the first overnight cultivation enhances correct
folding and folding-assisting proteins are greatly
involved in this procedure. All the same, the cellular
mechanisms involved in this process are yet under
question and investigation in our lab.
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