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TAT _-survivin (T34A), an anticancer protein drug, displayed pro-apoptotic bioactivity against various
cancer cells. It was expressed in Escherichia coli as inclusion bodies. To test the bioactivity of soluble TAT -
survivin (T34A), a feasible strategy was first developed for the soluble expression and purification. Effect
of zinc ion and induction temperature was investigated to improve the solubility and overall production
level of TAT -survivin (T34A). High solubility (92 %) was achieved by addition of zinc ion and temperature
downshift after induction. An efficient protocol of purification was established by heat release, ammonium
sulphate precipitation, anion exchange and heparin affinity chromatography. Purified TAT -survivin
(T34A) was obtained with a purity of 96 %, which inhibited the proliferation of human pancreas carcinoma
cell lines SW1990. In comparison to denatured TAT -survivin (T34A), soluble TAT -survivin (T34A) did not
exhibit higher bioactivity as expected. This study represented a novel strategy to obtain highly soluble form
of TAT -survivin (T34A) and would provide useful information for production of other soluble tat-mediated
fusion proteins.
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Survivin, a novel member of the inhibitor of apoptosis
protein (IAP) family, is found to be expressed by a
majority of human cancers but not in adult normal
tissues!'. Anticancer therapy targeting survivin has
drawn considerable attention. It is a 16.5 kDa protein,
which consisted of two defined domains including an
N-terminal Zn**-binding baculovirus IAP repeat (BIR)
domain linked to an amphipathic C-terminal a-helix!?.
Survivin, which is situated on chromosome 17q25, is an
unique bifunctional protein that inhibited apoptosis by
suppressing caspase-3 and caspase-7, and modulating
the G2/M phase of the cell cycle by associating with the
mitotic spindle microtubules™. However, Thr34—Ala
mutant survivin (T34A) was found to show anticancer
properties in gene therapy, which is related to the loss
of Thr34 phosphorylation®. Considering the safety
of gene therapy, an anticancer protein drug targeting
survivin, TAT -survivin (T34A), was reported by
Mal®. TAT -survivin (T34A) is a HIV-TAT-fusion
protein that contained N-terminal protein transduction
domain (PTD) for the delivery of this drug into cancer
cells. It was expressed highly as inclusion bodies in
Escherichia coli BL21 (DE3) under the control of T7
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promoter and displayed the pro-apoptotic bioactivity
against various cancer cellst*!,

As 1s known to all, several studies have demonstrated
that the Tat PTD directs the transduction of
heterologous proteins into cells. The recombinant Tat-
fused proteins could be efficiently delivered into cells
either as inclusion bodies” ' or in soluble form!!!-3,
However, much less work has been done to improve
the soluble expression and investigate the potential
difference in bioactivity between soluble and renatured
Tat-mediated proteins.

In general, soluble expression in recombinant
systems was improved by the control of parameters
such as temperature!!*'%, host strains!!”!®, codon
optimization"), addition of specific cofactors??”,
co-expression of molecular chaperones®-?! and
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solubility tag-technology?*?". This study developed
a feasible strategy to achieve expression of highly
soluble of TAT, -survivin (T34A) by addition of zinc
ion and a temperature downshift. Subsequently, an
efficient protocol of purification was established by
heat release, ammonium sulphate (AS) precipitation,
anion exchange and heparin affinity chromatography.
The bioactivity was also identified by proliferation
experiments in vitro. To date, soluble expression and
purification of TAT, -survivin (T34A) was reported for
the first time.

MATERIALS AND METHODS

E. coli BL21 (DE3) was purchased from Novagen,
USA. The plasmid pET-22b (+) was purchased from
Invitrogen (USA) and pRSET-B-TAT-survivin (T34A)
was described by Mal*¢l, The restriction enzymes and
T4 DNA ligase were from Takara (Japan). Plasmid
DNA extraction kit and DNA gel extraction kit were
from Shanghai Sangon (China). All other chemicals
were of analytical or higher grade. Human pancreas
carcinoma cell lines SW1990 was purchased from
Institute of Cell and Chemistry, Chinese Academy of
Science and cultivated at 37° in an atmosphere with
5% CO, (v/v) with RMPI1640 (Gibco Inc., Eggenstein,
Germany) supplemented with 10 % fetal bovine serum,
0.01 % ampicillin and streptomycin. LB (tryptone
10 g/l, yeast extract 5 g/l, NaCl 5 g/l) and modified
lactose bile brilliant green broth (LBBG) medium
were prepared. The LBBG medium contained tryptone
10 g/1, yeast extract 5 g/l, NaCl 5 g/l, K. HPO, 0.5 g/l,
Na,HPO,-12H,0 4.5 g/1, glycerol 10 g/l.

Construction of recombinant plasmid pET-22b
(+)-TAT-survivin (T34A):

The full-length of fusion gene TAT-survivin (T34A)
was obtained with Ndel and Xhol cleavage from
pRSET-B-TAT-survivin (T34A) and inserted into
expression vector pET-22b (+). The resulting plasmid
pET-22b (+)-TAT-survivin (T34A) was confirmed with
restriction endonuclease cleavage and identified by
sequencing in Invitrogen (Shanghai, China).

Expression of recombinant TAT -survivin (T34A)
in E. coli:

Recombinant plasmid pET-22b (+)-TAT-survivin
(T34A) was transformed into E. coli BL21 (DE3).
Freshly transformed cells were incubated overnight
in 25 ml LB medium containing ampicillin 100 mg/1
and 1.5 ml of the culture was transferred to 50 ml
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LBBG medium containing ampicillin 100 mg/l in a
250 ml flask at 37° and 200 rpm. When cell growth
reached OD_ of 1.6-1.8, the expression of the target
gene was induced by addition of isopropyl beta-D-
thiogalactopyranoside (IPTG) to a final concentration
of 1.0 mmol/l. Cells were allowed to grow further for
6 h and then harvested by centrifugation at 7000 g for
10 min at 4°. Other cultivation conditions for solubility

optimization were mentioned below.

Sodium dodecyl sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE):

TAT -survivin (T34A) was analyzed using a 15 %
SDS-PAGE. The gel was stained with Coomassie blue,
and the protein bands were quantified with an image
analysis system (FuRi Co., Shanghai, China). The
solubility of the expressed protein was identified as
followed. The cell pellet collected as described above
was suspended in Tris-ethylenediaminetetraacetic acid
(EDTA) buffer (20 mmol/l Tris-HCI, 2.5 mmol/lEDTA,
pH 8.5) in half of the original volume and sonicated
(on for 3 s, off for 3 s, 150 cycles). A 100 pl aliquot
of the lysate was centrifuged at 7000 g for 15 min at
4°. The supernatant and whole lysate were used for
analysis by SDS-PAGE to test the solubility.

Purification of soluble TAT -survivin (T34A):

Cells bearing recombinant plasmid pET-22b (+)-TAT-
survivin (T34A) were induced at 25° in LBBG medium
for 6 h. About 250 ml of the culture was centrifuged at
7000 g for 10 min to collect the cells. The pellet was
suspended in 50 ml TE buffer and boiled for 6 min at
95°. Then the lysate was immediately cooled on ice
for 20 min and centrifuged at 7000 g for 15 min at 4°.
The supernatant was precipitated by 20 % saturated AS
followed by 50 % saturated AS and the precipitated
protein was collected by centrifugation. The deposit
was dissolved in 10 ml buffer A (25 mmol/l Tris-
HCI, pH 8.5) followed by dialysis twice at 4° in the
same buffer. The insoluble material was then removed
by centrifugation at 7000 g for 20 min at 4° and the
supernatant was loaded onto DEAE Sepharose fast flow
column (1 ml prepared column, Amersham Pharmacia
Biotech) with AKTA Explorer 100. The column was
washed by 10 column volumes of equilibration buffer A.
The flow-through fraction (40 ml) was collected
and loaded onto a heparin affinity column (1x10 cm
containing 5 ml resin, Bio-sep Fast Flow, China)
with the same equilibration conditions described
above. The target protein was eluted stepwise with
buffer A containing different concentration of NaCl
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(250 and 600 mmol/l) at 1 ml/min. The eluent at a
concentration of 600 mmol/l was then collected and
dialyzed overnight against buffer A and concentrated
by Millipore spin filter (10 kDa cutoff) for bioactivity
analysis. The purity of the protein was assessed by
15 % SDS-PAGE and the protein concentration was
determined by Bradford assay!?®!.

Bioactivity evaluation of TAT -survivin (T34A)
in vitro:

The inhibitory effect of TAT -survivin (T34A) on
proliferation of human pancreas carcinoma cell
lines SW1990 was examined by MTT colorimetric
survival assay®!. SW1990 cells (5000 per well) were
plated into 96-well plates and allowed to attach for 8
h. Then RPMI 1640 with various concentrations of
TAT -survivin (T34A) (0, 18.8, 50, 75, 100, 150 and
200 pg/ml) were added in quadruplicate and cells were
incubated for 24 h. The medium was removed and
fresh medium containing MTT was added to each well.
After 4 h, the formazan crystals formed were dissolved
in dimethyl sulfoxide (100 pl) and the absorbance was
measured at 490 nm with an ELISA reader. These data
were presented as means+=SD from three independent
experiments and analyzed statistically using two-sided
Student ¢-test.

RESULTS AND DISCUSSION

In this study, the recombinant plasmid pET-22b
(+)-TAT-survivin (T34A) was used to induce the

expression of target gene based on the finding that there
was an increase of 40 % in cell growth and solubility
under the same conditions (LB medium, 37°) in
comparison with the plasmid pRSET-B-TAT-survivin
(T34A) (Table 1). Effect of zinc ion and induction
temperature was investigated to improve the solubility
and overall production level of TAT, -survivin (T34A).

Preliminary results showed that the cell growth and
total production level were reduced when zinc ion
concentration was above 1 mmol/l while the solubility
began to fall beyond 0.5 mmol/l (Table 2). Thus,
0.5 mmol/l was chosen to be the optimum concentration
of zinc ion in the following experiments. Seen from
Table 2, the supplementation of zinc ion was beneficial
to the solubility and overall yield of the target protein.
In this experiment, about 48 % increase in solubility
was observed with the addition of zinc ion, but the
yield of the soluble protein was still not high.

Lower temperature induction is an alternative method
to prevent the aggregation of recombinant proteins.
Thus, after zinc ion was added, the temperature was
decreased to 30, 25, 20°, respectively. The results
are shown in Table 2. When cells were induced at
30°, the soluble yield and solubility were more than
twice as much as that at 37°. With further decrease in
temperature, highly soluble TAT -survivin (T34A) was
produced (>9242.15 % in solubility) when induced at
25 and 20°. Fig. 1 showed the electrophoretic diagram
of soluble protein expression at 25° for 6 h. Seen from

TABLE 1: EFFECT OF EXPRESSION VECTORS ON THE SOLUBILITY AND OVERALL YIELD OF TAT -

SURVIVIN (T34A)

Expression vectors 0D, Total TAT -survivin__ Soluble TAT -survivin Solubility (%)
PRSET-B-

TAT-survivin(T34A) 2.590.05 25.210.75 0 0

peT 22004 4.32+0.01 24.8+1.51 3.10.69 12.5+2.02

TAT-survivin (T34A)

Optical density at 600 nm 6 h after induction (OD,),

total TAT_-survivin (T34A)- percentage of total cellular protein (total TAT -survivin),

soluble TAT -survivin (T34A)- percentage of total cellular protein (total TAT -survivin), the percentage of soluble to total TAT -survivin

(T34A) (solubility)

TABLE 2: EFFECT OF ZINC ION AND TEMPERATURE ON THE SOLUBILITY AND OVERALL YIELD OF TAT -

SURVIVIN (T34A)

Factor oD, Total TAT -survivin Soluble TAT - survivin Solubility (%)
Zinc ion 0 7.68+0.08 31.50.81 3.61.08 11.4£3.13
(mmol 1) 0.5 7.5320.01 35.7£1.51 7.9+0.69 22.1+1.00
37 7.84:0.04 35.540.48 7.5+1.16 21.1£2.98
Temp(°) 30 7.78+0.07 28.3£1.05 15.5+1.36 54.842.77
25 7.45+0.12 27.4+0.87 25.241.39 92.0£2.15
20 5.2440.01 19.1+1.23 18.2+0.88 95.3+1.53

Optical density at 600 nm 6 h after induction (OD

600

), total TAT_-survivin (T34A)- percentage of total cellular protein (total TAT -survivin),

soluble TAT -survivin (T34A)- percentage of total cellular protein (total TAT -survivin), the percentage of soluble to total TAT -survivin
(T34A) (solubility). Data are expressed as the mean of triplicate+SD except for the solubility
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fig.1, the most part of TAT -survivin (T34A) was found
in the supernatant of total cell lysate (fig. 1, lane 1-3). At
37°, cells displayed the optimum growth and expression
of foreign gene. After temperature downshift, overall
production level was evidently reduced and cell growth
was slightly affected (30 and 25°). However, at 20°, the
cell density and total TAT -survivin (T34A) level were
decreased by 33.1 and 46.1 %, respectively. Although

14.4kDa

Fig. 1: Expression of soluble TAT -survivin (T34A) at 25°

The SDS-PAGE gel was stained with Coomassie blue, lane 1-
total cell lysate 6 h after induction; lane 2- the supernatant of
total cell lysate 6 h after induction; lane 3- the precipitation of
total cell lysate 6 h after induction; lane 4- molecular weight
standard

94kDa

66.2kDa

45kDa e

35kDa

26kDa g
e

20kDa W —— - ’ .

+ i

Fig. 2: Purification of soluble TAT -survivin (T34A)

The SDS-PAGE gel was stained with Coomassie blue, lane 1-
the supernatant of heat treatment; lane 2- molecular weight
standard; lane 3- pool of fractions eluted at NaCl 600 mmol/l
on heparin affinity resin; lane 4- unbound proteins on heparin
affinity resin; lane 5- pool of fractions eluted at 250 mmol/l
NaCl on heparin affinity resin; lane 6- pool of fractions eluted
at 1.0 mmol/l NaCl from DEAE column; lane 7- flow-through
fractions from DEAE column; lane 8- pellet after 20-50 %
ammonium sulphate precipitation

higher solubility was obtained at 20°, it was decided
to perform the soluble expression of TAT -survivin
(T34A) at 25° from the viewpoint of higher cell density
and soluble production level.

In this study, heat release of the target protein was
attempted and attained good results (fig. 2, lane 1,
Table 3). When cells were treated via heat for 6 min
at 95°, the content of TAT -survivin (T34A) was
increased to 46 % of total cellular protein. At the same
time, no obvious viscosity in the supernatant was
observed, indicating that nucleic acids released were
mostly precipitated. Heat treatment was found to lead
to an increase of 50 % in the content of TAT, -survivin
(T34A).

The supernatant obtained by heat release was purified
by AS fractional precipitation. SDS-PAGE analysis
showed that some cellular proteins with high molecular
mass (above 45 kDa) were mostly removed (fig. 2,
lane 8), accompanied by co-precipitation of a small
proportion of the target protein. As a result, this step
yield was calculated to about 72.8 % with a purity
of approximately 52 % (Table 3). Subsequently, the
sediment was dissolved in buffer A, dialyzed twice
against the same buffer and then further purified
by anion exchange chromatography. Although the
theoretical isoelectric point (7.99) of TAT -survivin
(T34A) was below the actual pH (8.5), the target protein
was detected mostly in the flow-through fraction and
the small amount was absorbed onto the anion column
(fig. 2, lane 7 and 6). In this step, more cellular proteins
were removed and the purity of 57.8 % was achieved
(Table 3).

Afterwards, heparin affinity chromatography was
employed for the following purification. SDS-PAGE
analysis (fig. 2, lane 3) indicated that the purity of
the target protein was about 96 % (Table 3). Other
cellular proteins bound via ionic interaction were
easily removed by a low concentration of NaCl
(fig. 2, lane 5).

The inhibitory effect of soluble TAT, -survivin
(T34A) was evaluated on the proliferation of human

TABLE 3: PURIFICATION OF RECOMBINANT TAT -SURVIVIN (T34A)

Purification steps

Total protein (mg)

Target protein (mg) Yield (%) Purity (%)

Heat release 105.6
Ammonium sulphate (50 %) precipitation 68.2
Anion-exchange flowthrough 46.7
Heparin affinity chromatography 4.1

48.6 100 46
35.4 72.8 52
27 76.2 57.8
3.8 14.1 96.1

Total protein was determined by Bradford assay with bovine serum albumin as a standard. Target protein was determined by densitometry
scan. Yield was calculated based on the amount of the target protein. Target protein percentage of total protein (purity)
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pancreas carcinoma cell lines SW1990 using the MTT
assay. It was observed that TAT -survivin (T34A)
inhibited proliferation of SW1990 cells significantly in
a dose-dependent manner (fig. 3). The rate of inhibition
increased from 10.5+1.7 to 79.9+3.2 % after treatment
for 24 h.

Survivin contained N-terminal zinc-binding BIR
domain tetrahedrally coordinated by Cys 57,
Cys 60, His 77 and Cys 84, which meant zinc ion
was very important in stabilizing the correct structure.
In this study, the overall yield of the target protein and
solubility could be improved by supply of zinc ion
after induction, which was assumed that the transport
of zinc ion could not meet the demand of rapid protein
production under the control of strong T7 promoter.
At high protein synthetic rates, zinc ion uptake
rate was likely to be a limiting step, resulting in the
accumulation of misfolded protein in the cytoplasm.
The positive effect of zinc ion was also found on the
soluble expression of an apoptosis-inducing ligand
(Apo2L/TRAIL)?Y. In addition, it was observed that
the solubility was strongly dependent of temperature,
which was presumed that lower temperature reduced
the rate of protein synthesis and allowed more sufficient
time for the nascent peptide chains to fold properly.

The purification of soluble TAT -survivin (T34A)
from the general pool of cytoplasmic proteins seems to
be a difficult task because this compartment contains
the vast majority of cellular proteins. In general,
sonication is used to obtain soluble protein products.
However, the complete release of host proteins by this
method can increase the difficulty and complexity in
subsequent purification procedures, especially for
those recombinant products without purification tags.

100
& 80, o
9 !/
© 604
g :
3 401 i/
e
®
e

O T I 1 1 ) T T T )
Control18.8 50 75 100 150 200
Drug concentration (ug/ml)

Fig. 3: Effect of TAT -survivin (T34A) on the proliferation of
SW1990 cells by MTT assay

Values are presented as mean+SD from three independent
experiments and analyzed statistically using two-sided
Student #-test (p<0.05)
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Heat release was widely used for some thermostable
recombinant proteins in the initial purification steps,
which contributed to the precipitation of host proteins
and the reduction of the potential degradation of the
target product by thermal deactivation of E. coli and its
proteases®!-**. In this study, it was revealed for the first
time that heat treatment was applicable for the initial
purification of TAT -survivin (T34A), leading to a
50 % increase in the content of TAT _-survivin (T34A).
In addition, TAT -survivin (T34A) also displayed the
ability to bind heparin, suggesting that it contained
specific binding motifs. Tat-PTD peptide has been found
to specifically bind heparin, which was characterized
by an arginine-rich basic domain (49-57aa)***"l. TAT -
survivin (T34A) contained the mutant Tat-PTD, where
two arginine residues were substituted by alanine, but
it probably contributed to the binding to heparin. Also,
three-dimensional structure of survivin revealed an
extensive basic patch that was also responsible for the
binding to negatively charged heparin™. Although this
study provided a feasible strategy for the purification
of soluble TAT, -survivin (T34A), the overall yield
was relatively low. Future experiments are required to
optimize the purification conditions.

The cell proliferation experiments primarily
demonstrated the feasibility of purification procedures.
It was worth noting that the inhibitory rate of soluble
TAT _-survivin (T34A) was lower than that of renatured
TAT -survivin (T34A) under the comparable drug
concentration in the study by Mal®>¢.. This phenomenon
may be partially explained by the reduction in the
amounts of soluble TAT, -survivin (T34A) that was
successfully delivered into the cancer cells and
correctly folded.

Generally, soluble proteins are expected to be highly
functional. But, for tat-mediated proteins, Bonifaci*!
suggested that an unfolding step is required for the
internalization of exogenous Tat-mediated proteins.
Also, if the PTD fusion product was denatured,
subsequent entry into the cell would be facilitated™.
In this context, it was assumed that the folding
state of renatured TAT -survivin (T34A) was more
prone to unfold compared to the soluble protein
during membrane translocation. Accordingly, for
soluble TAT -survivin (T34A), the low efficiency
of intracellular delivery might be an obstacle, which
resulted in a decrease of bioactivity. On the other hand,
the result of bioactivity indicated that soluble TAT, -
survivin (T34A) was not completely blocked into
living cells, whereas a portion of it could effectively
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enter the cells, which was speculated to be the existence 9. Lan MS, Chen C, Saunce NA, Zhang T, Breslin MB.
of different conformational types that were already Expres§1qn of blOlOglCZ'llly ac.tlve TAT-fused recombinant islet
. transcription factors. Life Sci 2014;114(1):45-50.
conﬁmed in the soluble VP1-fused green fluorescent 10. Sohn EJ., Shin MJ, Kim DW, Ahn EH. Jo HS, Kim DS, ef
protein’. Therefore, future efforts should be taken al. Tat-fused recombinant human SAG prevents dopaminergic
to investigate the possible leading factors for lower neurodegeneration in a MPTP-induced Parkinson's disease

bioactivity in soluble TAT -survivin (T34A). m"d?l- M_Ol Cells 20.14537(3)32?6‘.33 .

11. Caldinelli L, Albani D, Pollegioni L. One single method to

In this study, TAT -survivin (T34A) as an anticancer produce native and Tat-fused recombinant human a-synuclein

protein drug, was successfully expressed and purified in Escherichia coli. BMC Biotechnol 2913;13:32-9.

as a soluble protein in E. coli. The result of bioactivity 12. Zhao X, Dong.Y’ Zhao Z (.}uo J, Ll.u J Huang P, et al.

. . . Intracellular delivery of artificial transcription factors fused to
primarily revealed the inhibitory effect of the soluble the protein transduction domain of HIV-1 Tat. Protein Expr
protein on the cell proliferation. In addition, this study Purif 2013;90(1):27-33.

suggested that tat-mediated proteins as inclusion  13. Yu GR, Qin WW, Li JP, Hua W, Meng YL, Chen R, et al.

bodies probably showed higher bioactivity than those HIV-TAT-fused FHIT protein functions as a potential pro-

. . . apoptotic molecule in hepatocellular carcinoma cells. Biosci

in soluble form, which would provide some useful Rep 2012:32(3):271-9.

information for other soluble tat-mediated fusion 14. Vasina JA, Baneyx F. Expression of Aggregation-Prone

proteins. Recombinant Proteins at Low Temperatures: A Comparative

Study of the Escherichia coli cspA and tac Promoter Systems.
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