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Abstract Soluble expression of recombinant therapeutic pro-
teins in Escherichia coli (E. coli) has been a challenging task
in biopharmaceutical development. In this study, a novel self-
cleavable tag Zbasic—intein has been constructed for the solu-
ble expression and purification of a recombinant cytokine,
human interleukin-15 (IL-15). We screened several solubiliz-
ing tags fused with the self-cleavable Mycobacterium
tuberculosis recA mini-intein AI-CM and demonstrated that
Zbasic tag can significantly improve the solubility of the prod-
uct with correspondent to the intein activity. The fusion pro-
tein “Zbasic—AI-CM-IL-15” was expressed with high solubil-
ity and easily enriched by the cost-effective cation-exchange
chromatography. The self-cleavage of the fusion tag Zbasic—
AI-CM was then induced by a pH shift, with an activation
energy of 7.48 kcal/mol. The mature IL-15 with natural N-
terminus was released and further purified by hydrophobic
interaction and anion-exchange chromatography. High-
resolution reverse-phase high-performance liquid chromatog-
raphy and mass spectrometry analysis confirmed that the
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product was of high purity and correct mass. With a CTLL-2
cell proliferation-based assay, the ECs, was evaluated to be of
about 0.126 ng/mL, similar to the product in clinical trials. By
avoiding the time-consuming denaturing-refolding steps in
previously reported processes, the current method is efficient
and cost-effective. The novel tag Zbasic—AI-CM can be po-
tentially applied to large-scale manufacturing of recombinant
human cytokines as well as other mammalian-sourced pro-
teins in E. coli.

Keywords Intein - Zbasic - Interleukin-15 - Soluble
expression - C-terminal cleavage

Introduction

Recombinant human cytokines, such as interleukin-15 (rhIL-
15), are of great clinical potential for its lymphocyte homeo-
static and NK cell development functions (Brincks and
Woodland 2010; Liu et al. 2000; Ma et al. 2006). Currently,
there are already multiple IL-15 clinical trials, in phase I or
phase I1, to develop rIL-15 for cancer immunotherapy or as an
anti-HIV vaccine adjuvant (Mueller and Katsikis 2010; Ward
et al. 2009). In order to fulfill the clinical demands, a simple,
cost-effective method to produce rhIL-15 is urgently needed.
However, low expression level and purification difficulties of
rhIL-15 build up barriers for scalable clinical production
(Béhar et al. 2011; Vyas et al. 2012). The expression of re-
combinant IL-15 has been studied in various expressing sys-
tems, including yeast, Escherichia coli (E. coli), and mamma-
lian cells (Chertova et al. 2013; Han et al. 2011; Huang et al.
2006; Luo et al. 2015; Sun et al. 2016). As reported, the
highest expression in mammalian cells was 890 ng/10° cells/
24 h, which was achieved in HEK293 cells, but no
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purification data was provided (Huang et al. 2006). In yeast, c-
Myc and FLAG-tagged IL-15 were expressed at about 75 mg/
L/3 days, then deglycosylated and purified by Ni-NTA affinity
chromatography (Sun et al. 2016). In E. coli, human and cy-
nomolgus IL-15 could be expressed up to 100 mg/L when
with a 6His tag (Ward et al. 2009). Due to its relatively short
production cycle, high yield, and low investment on batch
cultivation, E. coli is a feasible expression system for produc-
tion of IL-15 (Nellis et al. 2012; Vyas et al. 2012).

Similar to most of the mammalian-sourced proteins, the IL-
15 expressed in E. coli tends to form inclusion bodies, which
requires a time-consuming denaturing and refolding process
during purification. Solubilizing purification tags, such as glu-
tathione S-transferase (GST) and maltose-binding protein
(MBP), was employed to improve the solubility of target pro-
teins (Pennati et al. 2014). In recent years, many types of novel
purification tags are characterized. Some of them also improve
target protein solubility, such as the hyperbasic tag “Zbasic”
(Hedhammar and Hober 2007) and the human amyloid pre-
cursor protein (APP) hyperacidic region (Sangawa et al.
2013). With these novel tags, the fusion protein can be puri-
fied by conventional matrices like ion-exchange resin, which
are relatively cost-effective than affinity matrices. However,
tags must be removed precisely during purification according
to the guideline of Food and Drug Administration (FDA),
usually using proteases, such as enterokinases, thrombin, or
factor Xa. But, these proteases can in turn cause significant
cost increase and impurity cleanup afterward.

The C-terminal cleaving intein is an ideal alternative to
apply together with the solubilizing tags. Intein is a self-
catalytic segment, which can excise itself from a precursor
protein posttranslationally (Perler 2002). Combined with af-
finity tags, such as chitin-binding domain (CBD), small
ubiquitin-like modifier (SUMO), and elastin-like peptide
(ELP), several kinds of self-cleavable purification tags have
been reported (Setrerrahmane et al. 2014; Wood and
Camarero 2014; Xie et al. 2013). Since only about 10 % of
mammalian-sourced proteins could be solubly expressed in
E. coli (Graslund et al. 2008), the intein-based soluble self-
cleavable tagged protein expression is especially valuable to
overcome the difficulties that resulted from inclusion bodies.
Another important advantage of these intein-based tags is that
they are generally enzymatic in nature and therefore exhibit
highly specific activities under chosen physiological condi-
tions (Wood and Camarero 2014). However, according to pre-
vious reports, intein activity is tightly related to its flanking
exteins when fused in a precursor protein (Amitai et al. 2009;
Kwong and Wong 2013; Wood et al. 2000), and the adequate
tags should be optimized according to each target protein.

Here in this paper, we screened several novel tags fused
with intein to construct the solubilizing self-cleavable chro-
matographic tag for the production of IL-15. We demonstrated
that the novel tag “Zbasic—AI-CM” successfully improved the
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solubility of IL-15 and accelerated the purification. With the
new strategy, we successfully produced the N-terminal methi-
onine-free rhIL-15 with high purity and bioactivity, without
having to go through the inefficient and time-consuming de-
naturing-refolding steps.

Materials and methods
Reagents and materials

Competent cells of the E. coli strains DH5c and BL21 (DE3)
were obtained from Microgene (Shanghai, China). CTLL-2
cell line was purchased from ATCC (no. TIB-214). Plasmids
pTWINI and pMAL-C2 were obtained from New England
Biolabs (NEB, USA). SP Sepharose Fast Flow (FF) resin,
HiTrap Butyl HP, and Q Sepharose FF column were pur-
chased from GE Healthcare (Piscataway, NJ, USA). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
(Kumamoto, Japan). Taqg DNA polymerase, T4 DNA ligase,
and restriction enzymes were obtained from TaKaRa
Biotechnology (Dalian, China). The PCR Purification Kit,
Plasmid Mini Kit, and Gel Extraction Kit were purchased
from Axygen (Hangzhou, China). The IL-15 monoclonal an-
tibody was purchased from R&D Systems (MN, USA). The
rhIL-15 (lot L1010008R/D) received from Biological
Resource Branch at National Cancer Institute (BRB/NCI) as
a gift was used as the reference standard and molecular weight
(MW) standards. All other chemicals and reagents were ob-
tained from Sinopharm Chemical Reagent (Beijing, China).

Plasmid construction

Multiple “tag—intein—IL15” vectors were constructed for ex-
pression in E. coli, as shown in Table 1.

We take Zbasic—intein—IL-15 (ZIIL15) and MBP—intein—
IL-15 fusion proteins as examples to describe the vector con-
struction (Fig. 1). The DNA fragment of AI-CM intein and
Zbasic was synthesized following the published sequences
(Hedhammar and Hober 2007; Wood et al. 1999). The DNA
fragment of IL-15 was synthesized according to the NCBI
reference NM_000585.4. MBP fragment was cloned from
pMAL-CI1. A Hisg fragment was inserted into a pET30a vec-
tor at the upstream of MCS. Intein and IL-15 were connected
by PCR (primer 1 5'-GAAGGGGTTGTCGTGCACAA
CAACTGGG TGAATGTAA-3' for IL-15; primer 2 5'-
TTACATTCACCCAGTTGTTGTGC ACGACAAC
CCCTTC-3' for intein). The fragments that were inserted into
the pET30a vector by type II restriction enzyme Bsal assisted
“golden gate” cloning (Engler and Marillonnet 2014).
Between Zbasic and intein, there is a flexible short-linker
GGSQG, encoded by GGTGGTTCTGGT. The expected rhiL-
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Table 1 Different

intein-mediated E. coli No.  Tag Intein Vector

expression system for

IL-15 production 1 MBP AI-CM pET30a
2 His6 AI-CM pET30a
3 MBP Ssp DnaB  pET30a
4 CBD Ssp DnaB  pTWINI1
5 Zbasic  AI-CM pET30a

15 product is an 114aa cytokine containing two disulfide
bonds, without the N-terminal methionine.

Soluble expression of ZIIL15

The fusion proteins were expressed in E. coli BL21. In detail,
E. coli (BL21) cells containing the expressing plasmids were
inoculated at 1:100 in LB media supplemented with 100 pg/
mL kanamycin in shake flasks. The cells were then grown at
37 °C for 34 h, reaching an OD600 of ~1.0. The expression
was induced by 0.5 mM isopropyl 3-D-1-thiogalactopyrano-
side (IPTG) at 20 °C for 4 h. The cells were harvested by
centrifugation, resuspended in phosphate-buffered saline
(PBS) at 10 % weight/volume ratio, and disrupted by homog-
enization for six runs at 900 bar. After centrifugation at
12,000%g, 30 min at 4 °C, the soluble and insoluble fractions
were analyzed by 12 % SDS-PAGE to evaluate the solubility
and intein activity of each fusion protein. Based on the results,
the fusion protein Zbasic—AI-CM-IL-15 (ZIIL15) was select-
ed for further studies.

Purification of fusion protein

Zbasic is a super alkaline tag with an isoelectric point (pI) of
11.49; so, we used the cation-exchange resin SP FF to purify
the fusion protein. We took buffer A1 (100 mM Tris, 0.5 M
arginine, 2 mM EDTA, 100 uM phenylmethylsulfonyl fluoride
(PMSF), pH 9.0) as the homogenization buffer. Then, the sol-
uble fusion protein was loaded onto the SP FF column
(Cy =10 mL) at a flow rate of 1.0 mL/min. Then, the column
was washed with buffer A1 until the absorbance at UV 280 nm
reached baseline. The target protein was eluted by a linear
gradient of buffer Bl (100 mM Tris, 0.5 M arginine, 1.2 M
NaCl, 2 mM EDTA, 100 uM PMSEF, pH 9.0) with a flow rate of

T7 Promoter

1.0 mL/min. The performance of SP FF chromatography was
analyzed by 12 % SDS-PAGE and Western blot, with specific
anti-human IL-15 primary antibodies and HRP-conjugated goat
anti-mouse secondary antibodies (Ashley et al. 1988).

Cleavage activity of intein

The activity of the mini-intein AI-CM is pH and temperature
dependent (Wood et al. 1999). To screen the optimal cleaving
conditions, the fusion protein was incubated under various
temperatures (4, 10, 16, 20, 25, 30, and 37 °C) at pH 6.0 or
under various pH (6.0, 6.5, 7.0, 7.5, and 8.0) at 25 °C.
Samples were collected hourly and electrophoresed on 12 %
SDS-PAGE. The protein bands were quantified by scanning
densitometry with the Bio-Rad Quantity One software. We
used previous reported method to define the cleavage percent-
age (Wood et al. 2000). In brief, the cleavage percentage was
defined as the intensity percentage of intein band in the sum of
ZIIL15 and tag bands. To avoid the effect of molecular weight
difference between fusion protein and cleaved fragment, we
divided the optical density of bands by their respective molec-
ular weights. The intein cleavage reaction was modeled as an
irreversible first-order decay reaction of the formula
C, = Coose ¥ where ¢ is the incubation time, C, is the cleavage
percentage at ¢, Coo is the terminal cleavage percentage, and &
is a function of pH and temperature, representing the first-
order degradation constant (Trendline function, Microsoft
Excel 2007).

Purification of released IL-15

IL-15 was released by the C-terminal cleavage of intein after
the fusion protein was incubated at optimized conditions,
25 °C, pH 6.0 for 6 h. The released IL-15 was further purified
by hydrophobic interaction chromatography (HIC). In detail,
HiTrap Butyl HP column (Cy = 1 mL) was equilibrated with
buffer B1 and the sample was loaded at a flow rate of 1.0 mL/
min. The target protein was eluted by a linear gradient to
buffer B2 (20 mM Tris, 100 mM GuHCI, pH 7.4) in 10 Cy
Finally, the targeted protein rhIL-15 was concentrated
using an AIEX Q FF (Cy = 1 mL). The column was equili-
brated with buffer A2 (50 mM Tris, 100 mM NaCl, 1 mM
EDTA, pH 7.4). The conductivity sample from HIC was

L‘—{ Zbasic |  Alcum rpET30a/Zbasic—AI-CM—IL—15

T7 Promoter

L@

Al-CM

- pET30a/MBP-AI-CM-IL-15

Fig.1 Schematic representation of the structures of ZIIL15 and MBP-AI-CM-IL-15 fusion proteins. All the recombinant gene segments were inserted

into pET30a by a Bsal-assisted golden gate cloning strategy
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adjusted to a conductivity as that of buffer A2 and loaded onto
the column at 1.0 mL/min. After the column was washed,
rhIL-15 was eluted by a linear gradient to buffer B3 (50 mM
Tris, 1 M NaCl, 1 mM EDTA, pH 7.4).

Characterization of IL-15 by HPLC and LC-MS

We used a high-resolution RP-HPLC method (ExRP-HPLC)
to determine the purity and deamidation of the product as
described in previous publication (Nellis et al. 2012).
Agilent 1260 HPLC system (Agilent, Santa Clara, CA) was
fitted with tandem-plumbed C18 columns (X-Bridge
BEH300, C18, 3.5 um, 250 mm, Waters, Milford, MA) at
20 °C. Mobile phases were 0.08 % TFA and 0.02 % formic
acid in HPLC-grade water or acetonitrile. Elution was per-
formed at 0.14 mL/min and monitored at 210 nm (min-%B
0-10, 12-10, 16-47, 116-53, 126-100, 128-100, 130-10,
142-10). Peak areas were integrated using the Agilent Chem
Station software. To confirm IL-15 preparation identities, a
Waters Micromass QTOF Premier mass spectrometer
interfaced with a Waters Acquity ultra high-performance lig-
uid chromatography system was used for mass measurement.
A gradient of 0.9 % B/min (A 0.1 % aqueous formic acid; B
0.1 % formic acid in acetonitrile) was used with an Acquity
UPLC BEH CI18 (1 x 100 mm) column. The column was
heated to 40 °C. Mass spectrometer conditions are as follows:
capillary was 2.5 kV, sampling cone was 45 V, source temper-
ature was 100 °C, desolvation temperature was 200 °C, and
desolvation gas flow was 350 L/min (Nellis et al. 2012).

Bioactivity analysis

The bioactivity of rhIL-15 can be determined as described
previously (Soman et al. 2009). Briefly, CTLL-2 cells were
cultured in the complete medium (RPMI-1640 supplemented
with 10 % fetal bovine serum, 1000 U/mL IL-2, and 100 U/
mL penicillin/streptomycin). Both the purified rhIL-15 and
the reference standard were diluted to desired concentrations
with assay medium (RPMI-1640 supplemented with 10 %
fetal bovine serum and 100 U/mL penicillin/ streptomycin)
and transferred to a 96-well plate at 50-puL. volume. Next,
50 uL of prepared cell suspension (2 x 10° cells/mL) was also
transferred to each well. This 100 puL assay medium (each
well) containing 1 x 10* cells was then incubated at 37 °C,
5 % CO, for 48 h. Finally, CCK-8 was added (10 puL/well) and
incubated for another 1-4 h at 37 °C and 5 % CO,. The
absorbance was then read at 450 nm, with a reference at
600 nm. With the GraphPad Prism software, we analyzed
the data and calculated the ECs, value using the four-
parameter non-linear logistic regression model as interpreted
previously (Soman et al. 2009).
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Results
Plasmid construction and soluble expression of ZIIL15

Using the self-cleavable intein AI-CM and Ssp DnaB, we
constructed several self-cleavable “tag—intein” combinations
to be fused at the N-terminus of thIL-15 as shown in Table 1.
The solubility and intein activity are summarized in Table 2.

According to our studies on different tags as shown in
Table 2, Zbasic—AI-CM is the only tag that both improved
solubility and showed high-intein activity. To demonstrate the
capability of Zbasic on improving target protein solubility,
MBP, which has been shown to increase protein solubility in
previous studies, was used as a reference in this experiment.
Both fusion proteins achieved high solubility when induced by
0.5 mM IPTG at 20 °C (Fig. 2a). The soluble fractions were
incubated at 25 °C, pH 6.0 for 8 h for the intein cleavage. Along
with the incubation, the band of ZIIL15 diminished and the
band of Zbasic—AI-CM accumulated, while no significant
cleavage was observed for MBP-AI-CM—-IL-15 fusion
(Fig. 2b). A separate Western blot using anti-IL-15 antibody
was performed to confirm the identity of the fusion (data not
shown). Since IL-15 monomer is instable in vitro and rapid
cleavage is preferred for its production, Zbasic—AI-CM-IL15
showed advantage over MBP—AI-CM-IL-15 and was used for
further study.

Purification of fusion protein

Zbasic is a hyperbasic tag of 58aa and with a high pl of
11.49, which can be taken advantage of using a cation
IEX (CIEX) for the purification. The expressed soluble
fusion protein was loaded onto an SP FF column
(Fig. 3c), and most of the negatively charged host cell
proteins flowed through as shown in Fig. 3a. Due to
highly positive-charged Zbasic fragment, the fusion pro-
tein was captured by SP FF resin and eluted with in-
creasing conductivity as shown in Fig. 3b. We also ob-
served that the fusion protein was easy to aggregate
both in liquid or on column. To reduce the aggregation,

Table 2  The solubility and intein activity of different fusion strategies
Vectors Fusion protein Solubility Intein activity
pET30a MBP-AI-CM-IL-15 + -
pET30a His6-AI-CM-IL-15 - +
pET30a MBP-Ssp DnaB-IL-15 + -
pTWIN1 CBD-Ssp DnaB-IL-15 + -
pET30a Zbasic—AI-CM-IL-15 + +

Solubility, + partial solubility, — completely in a form of inclusion bodies

Intein activity, + intein active on pre-mature cleavage, — no pre-mature
cleavage observed
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a Soluble expression b Auto cleavage efficiency

ZIIL15 MBP-Intein-IL-15 ZIIL15 MBP-Intein-IL-15

MO0 M02468

kDa — L'
100+ = 100- -
70-w 70- -
55- 55-
40-= @ 40--
35-w 35- '

.
15-= 15-w= '

10-

Fig. 2 SDS-PAGE analysis of solubility and intein activity of Zbasic—
intein—IL-15 and MBP—intein—IL-15. a Expression. M molecular weight,
Sup soluble fraction after induction, /B inclusion bodies. b Cleavage
activity. Lane 0 before cleavage, lane 2 after 2-h cleavage, lane 4 after
4-h cleavage, lane 6 after 6-h cleavage, lane § after 8-h cleavage.
Predicted MW Zbasic ~7 kDa, MBP ~42 kDa, AI-CM ~18 kDa, IL-15
~12 kDa. The black arrows point to the fusion proteins, and the white
arrow points to the tag—intein fragment

we supplemented 0.5 M arginine to stabilize the protein
in both buffers Al and BI.

Impact of pH and temperature on cleavage efficiency
of ZIIL15

According to previous reports, the activity of C-terminal
cleaving intein is pH and temperature dependent. We tested
the self-cleavage ability of intein in the fusion protein. Fusion
protein of ZIIL15 was partially purified by SP FF. Preliminary
kinetic experiments revealed that after 6-h incubation at pH
6.0 and 25 °C, about 80 % of the fusion protein were self-
cleaved and IL-15 was released (Fig. 4a, b). Compared with
the significant intensity change of the fusion protein band, the
band of the released IL-15 is merely visible, which might have
been caused by the instability of IL-15. We calculated the
intensity percentage of intein band in the sum of ZIIL15 and
intein bands to calculate the cleavage percentage. The cleav-
age of 2I-CM intein was found indeed to be pH and temper-
ature dependent. When the pH was at 6.0, the cleavage

Fig. 3 Purification of Zbasic—Al-

CM-IL-15 by SP FF. a SDS- MSup FL E

PAGE. b Western blot. ¢ SP FF 100+
elution profile. Lane M marker, 7040
lane Sup cytoplastic soluble 55+
proteins, lane FL flow through, 40~
lane E elution. The black arrows
indicate the fusion proteins, and 35
the white arrow points to the 25-
Zbasic—Al-CM tag
15+
10-

efficiency reached its peak. The self-cleavage of intein was
observed at pH 6.0, 6.5, 7.0, 7.5, and 8.0, and its efficiency
went down with the pH increase (data is shown in Fig. S1).
Remarkably, In(k) was linearly related to pH at pH > 7.0, thus
exhibiting characteristics of a simple proton-catalyzed reac-
tion (Wood et al. 2000).

We further studied the dependence of cleavage efficiency
on temperature at the optimal cleavage pH 6.0. According to
the calculated kinetics over a range of temperatures (4, 10, 16,
25, and 30 °C), cleavage efficiency increased when the tem-
perature rose but the kinetics at 25 °C was similar to that at
30 °C (Fig. 4c). On the other hand, the fusion protein tended to
aggregate at higher temperature (heavily aggregated at 37 °C;
data not shown); therefore, 25 °C was determined to be the
optimal temperature for cleavage.

According to previous studies (Wood et al. 2000), the
cleavage reaction fits the classical Arrhenius equation,
In(k) = In(A) — (E,/R) x (1/T), where k is the cleavage rate
constant from the previous formula, A is the pre-exponential
factor, R is the molar gas constant (1.985 [cal K ' mol ™)), T'is
the thermodynamic temperature, and E, is the Arrhenius acti-
vation energy (cal/mol). In our studies about ZIIL15 (Fig. 4d),
the activation energy of AI-CM was calculated to be 7.48 kcal/
mol, which is close to the 3—5 kcal/mol typically reported for
enzyme-catalyzed reactions (Bailey 1986).

Purification of released IL-15

IL-15 fragment was released by the C-terminal cleavage of
intein tag after incubation at pH 6.0, 25 °C for 6 h. The re-
leased IL-15 was loaded onto a HiTrap Butyl HP column and
eluted with a linear salt gradient. IL-15 was mainly in the
second peak, where the conductivity was below 30 mS/cm
(Fig. 5¢). The HIC elution pool was then loaded onto a Q
FF column, and the rhIL-15 was eluted with a linear salt gra-
dient, as shown in Fig. 5d.

The entire process of expression and purification of
IL-15 is shown in Fig. 5a, b. Fusion protein was

b c
kDaM Sup FL E mAU mS/cm

— UV280nm 90

—— Conductivity
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Fig. 4 Cleavage efficiency of Zbasic—AI-CM. a SDS-PAGE and b
Western blot analysis of ZIIL15 cleavage after different incubation dura-
tions. Lane M marker, lanes 0—6 incubation time (hours). After 6-h incu-
bation at pH 6.0 and 25 °C, above 80 % of fusion protein was cleaved and
IL-15 was released. ¢, d Efficiency of self-cleavage at different

expressed after IPTG induction (lane Ind), and the sol-
uble fraction was selected for purification (lane Sup).

47T
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rate constant (k) as slope. d Arrhenius plot of In(k) versus inverse
temperature for determination of the cleavage activation energy, 0—6
cleaving time (hours). The black arrows point to the fusion proteins,
and the gray arrows point to the released IL-15

After SP FF capture, off-column cleavage was conduct-
ed and the released IL-15 was further purified with

Fig. 5 SP-cleavage-butyl-Q a M nd IB Sup SP C HIC Q b Mind Sup SP C HIC Q
purification processes of thIL-15. = kDa
a, b SDS-PAGE and Western blot 100-
of purification of ZIIL15 and IL- 70+
15 at each step. Lane M marker, 55-
lane Ind total protein of bacteria b - «ZllL15 40— - — «ZIIL1S
after induction, lane IB inclusion | 351 >
bodies, lane Sup soluble fraction, -— - 25 7
lane SP SP FF elute, lane C post
self-cleavage, lane HIC Butyl HP dae 15.
elute, lane O Q FF elute. ¢ Butyl - = alL-15
HP chromatography profile. d Q ; - alL-15 10 — :
FF chromatography profile |
cmAU d
14 — uvzsonm [l mAY — Uv2gonm | MSfem
= Conductivity IL-15 = Conductivity 90
25
12
10 o 20 70
8 50
15 50
6
4 30 10 30
2
10 5
0 10
10 20 30 40 mL 5 10 15 20mL

@ Springer



Appl Microbiol Biotechnol (2017) 101:1133-1142 1139
a
mAU210 mAU210
1751 86.9 1207 88.9
150 § 1001
125 1
& ThIL-15 80 4 » ThIL-15 (reference)
100 1
60
75 1
50 3 40 7
25 1 20
7'0 8'0 éO 160 11'0 min 70 80 90 100 110 min
c mAU210 mAU210
35 ] 35
30 87.2 30
25 - thiL-15 25 - hIL-15 (reference)
Deamidation 88.4 Deamidation
20 20 90.4
151 15
104 10 94.4
5 5 LY
0 0 B N D
70 80 90 100 110 min 70 80 90 100 110 min
e
100
= MW12769.5
x
=
2
Q
£ 50
2
g
[0}
14
0 -
11000 12000 13000 14000 15000
Mass (Da)

Fig. 6 ExRP-HPLC and LC-MS analyses of rhIL-15 final product. a
rhIL-15 from intein system. b rhIL-15 reference standard. ¢ Deamidated
rhIL-15 from intein system. d Deamidated rhIL-15 reference standard.

butyl and Q columns. This process saved at least two
steps compared with previous reports (Vyas et al. 2012).

Characterization of IL-15 by HPLC and LC-MS

The quality of rhIL-15 was analyzed by HPLC and LC-
MS. Using high-resolution ExRP-HPLC, the purity of
rhIL-15 final product was determined to be 92 %,
among which about 6 % were deamidated, as shown
in Fig. 6a. Benefited from intein functions, our product
was with the natural N-terminus. That explains the
slight difference in retention time in HPLC when com-
paring with reference, which contained an extra N-
terminal methionine (Fig. 6b). ExRP-HPLC was also
used for deamidation assessment of IL-15. Our product

Peak B, isoaspartate form of deamidated rhIL-15; peak N, non-
deamidated rhIL-15; peak D, aspartate form of deamidated rhIL-15. e
Mass spectrometry analysis of thIL-15

and the reference were both incubated at 25 °C for
3 days to induce deamidation before analysis. Each pro-
tein showed the following three consecutive peaks: an
early isoaspartate form deamidated rhIL-15 peak (peak
B), the intrinsic non-deamidated rhIL-15 peak (peak N),
and a small peak of aspartate form deamidated rhIL-15
(peak D) (Fig. 6¢, d), which was consistent with the
previously reported results (Nellis et al. 2012).

We used QTOF mass spectrometry to obtain the accurate
molecular weight of the purified rhIL-15. As the result shown
in Fig. 6e, the measured MW is 12,769.5 Da, 131.1 Da less
than the reference MW 12,900.6 Da (Nellis et al. 2012), which
is exactly the molecular weight of methionine residue. It dem-
onstrated that Zbasic—AI-CM was precisely cleaved, and no
extra amino acids were left in the target protein.
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Bioactivity analysis of prepared IL-15

CTLL-2 cell proliferation assay was used to evaluate the bio-
activity of thIL-15. The purified rhIL-15 was diluted with an
assay medium by serial 1.5-fold dilutions. Of the prepared cell
suspension containing 10? cells, 50 pL was transferred to each
well of a 96-well plate containing 50 uL of rhIL-15 at different
concentrations. The cells were incubated at 37 °C, 5 % CO,.
Fourty-eight hours later, CCK-8 was added and incubated for
another 1 h at 37 °C and 5 % CO,. The plate was then read at
450 and 600 nm (reference) as described in “Materials and
methods” section. As shown in Fig. 7, the calculated ECsq of
our product was 0.1261 ng/mL, close to that of the reference
(Soman et al. 2009).

Discussion

In this study, we reported an intein-based novel self-cleavable
solubilizing tag Zbasic—AI-CM and its application in the sol-
uble expression and purification of rhIL-15. E. coli is widely
used in biopharmaceutical production. However, previous re-
ports demonstrated that the preparation of rhIL-15 monomer
in E. coli is very challenging due to the low expression and
complicated purification (Vyas et al. 2012). Usually, tags like
MBP and Hisg are able to improve protein solubility or ex-
pression level, as well as simplify the purification. These tags
also work well for IL-15 (Pennati et al. 2014; Sun et al. 2016).
For clinical purpose, tags must be removed after purification
to eliminate unintended effect or immunogenicity. Usually,
those tags are cleaved with site-specific proteases, which can
be expensive and time-consuming, and often introduce extra
amino acids at the cleavage site to the final product.

For its self-splicing or self-cleaving ability, intein has been
widely used in protein purification, ligation, and circulariza-
tion (Bocker et al. 2015; Perler and Allewell 2014; Shi et al.
2014). The engineered C-terminal self-cleaving intein is espe-
cially valuable for protein expression and purification (Wood

1.2

1.0 - )
0.8 +
0.6 -
0.4 1

Mean OD + SD

0.2 1

0.0 T
0.1 1

rhiL-15 (ng/mL)

Fig. 7 Bioactivity analysis of IL-15 by CTLL-2 cell proliferation assay.

The curve was fitted by the four-parameter non-linear logistic regression

model. The ECsy of our produced rhIL-15 to stimulate CTLL-2

proliferation is 0.1261 ng/mL
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and Camarero 2014). This type of intein is pH and tempera-
ture sensitive. It is relatively stable at a higher pH (e.g., 8.5),
allowing its purification at a stable pH range and cleavage by a
shift to lower pH (e.g., 6.5). The cleavage efficiency also
increases with temperature and peaks at 37 °C (Wood et al.
2000). A number of affinity tags or non-chromatographic pu-
rification tags were reported to be fused with these C-terminal
cleaving inteins to construct new tags (Setrerrahmane et al.
2014; Wood and Camarero 2014; Xie et al. 2013). Once the
fusion protein is purified, the intein can be induced to cleave
precisely and release the target protein with a correct N-termi-
nus. The C-terminal cleaving intein-based system makes it
possible to produce N-terminal methionine-free mature
biopharmaceuticals in E. coli.

Since biopharmaceuticals are usually aggregate prone
when expressed in E. coli, the expression solubility is always
an important aspect to be considered. In previous reports,
many fusion proteins were expressed in the form of inclusion
bodies, such as GLP-1 and hEGF (Esipov et al. 2008; Jiang
et al. 2015). Solubilizing tags, such as MBP and GST, are
effective to improve fusion solubility. MBP-AI-CM fusion
tag successfully simplified the purification of acidic fibroblast
growth factor (aFGF), as described in previous literatures
(Wood et al. 2000). Another criterion to evaluate intein-
based system is the activity of self-cleavage. In some cases,
the half-life of the precursor protein in vitro was less than 1 h
at 37 °C, pH 6.0 (Wood et al. 2000). However, the cleavage
efficiency of intein is highly related to the structure of the N-
and C-exteins (Liu et al. 2014; Mujika et al. 2012). When
MBP-AI-CM was used in our studies for rhIL-15 purification,
as shown in Fig. 2, its cleavage efficiency was very limited. In
addition, most affinity tags can simplify the purification, but
the corresponding resins are more expensive than the conven-
tional chromatography resins, such as HIC and IEX. The po-
tential high cost limits the application of these tags in large-
scale production of biopharmaceuticals. In recent years, some
hyperbasic or acidic solubilizing tags were discovered, which
are very effective to facilitate the purification by IEX
(Hedhammar and Hober 2007; Sangawa et al. 2013). It is
promising to configure new tags with these highly charged
fragments in combination with C-terminal cleaving inteins.

For the purification of N-terminal methionine-free rhIL-15,
we used the C-terminal cleaving mini-intein AI-CM and Ssp
DnaB to construct tandem tags with MBP, CBD, Hisg, or
Zbasic, respectively. We studied all these tags on their abilities
to improve the solubility and self-cleavage activity (Table 2).
The results revealed that with the same C-extein, IL-15, cleav-
age activity of intein was apparently influenced by its N-
extein. Zbasic—AI-CM tag showed the best solubility and
cleavage activity. With this tag, we developed a three-step
chromatography process (SP FF, Butyl HP, Q FF) to purify
the rhIL-15, which saved two steps of chromatography com-
pared to the previously published process (S-200, Butyl 650-
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S, Source 15Q, Qxr, Superdex 75) (Vyas et al. 2012). Most
importantly, we eliminated the time-consuming denaturing
and refolding process and the final product was with natural
N-terminus, without an extra methionine.

To evaluate the quality of thIL-15 produced by the intein-
based system, we analyzed its purity with ExXRP-HPLC, char-
acterized the molecule with UPLC-MS, and evaluated its bio-
activity with a CTLL-2 cell proliferation assay. Recombinant
human IL-15 drug product from NCI at Frederick was used as
areference standard in our assays. The purity of our product is
92 % with 6 % deamidation. The MW is 12,769.5 Da, just
131.1 Da less than the reference (MW 12,900.6 Da), indicat-
ing the absence of one methionine as compared to the refer-
ence. The ECs to stimulate CTLL-2 proliferation was deter-
mined to be about 0.1261 ng/mL, close to that of the reference
(Nellis et al. 2012).

During the purification, one concern was rhIL-15’s tenden-
cy to aggregate and degrade. Zbasic—AI-CM-IL-15 fusion
was found to aggregate both in solution and on column, re-
ducing the step recovery of SP FF chromatography. We
screened Tween 20, glycerol, and L-arginine as cosolvent (data
not shown) and found that 0.5 M L-arginine was effective to
reduce the aggregation and improve the recovery of SP FF
chromatography. Another concern was the pre-mature cleav-
age during the fermentation induction stage. Along with the
fusion protein accumulating with time, some of it would
cleave under suboptimal temperature(s) and intracellular pH.
To reduce the pre-mature cleavage, we induced the fusion
protein at a lower temperature (20 °C) and with shorter dura-
tion (4 h). Another strategy to improve fusion protein recovery
is to raise pH of LB media during induction. As we observed,
higher pH 8 can preserve obviously more fusion protein than
lower pH 6 (Fig. S2). Engineering of the contiguous intein
into a split intein can also avoid the pre-mature cleavage.
According to Shi et al., AI-CM could be split into a 110-
amino acid N-terminal fragment (™) and a 58-amino acid C-
terminal fragment (/). The cleaving activity of the truncated
intein was tightly repressed during induction and restored
when /N and I© recombined during purification (Shi et al.
2013). It is possible to utilize Zbasic and split AI-CM to
achieve higher yield of rhIL-15.

According to our study, screening and selection of the op-
timal N-terminal purification tag are essential in the C-
terminal cleaving intein-based system, since the cleavage ac-
tivity of intein is highly influenced by its N- and C-exteins.
However, to evaluate performances of all the tags are labor
and cost consuming. There are already X-ray or NMR struc-
ture information of many inteins; computational simulation
can potentially be used to evaluate the intein activity when
fused to different tags and target proteins. Our success on
rhIL-15 soluble expression and purification suggested that
the intein-based system is of great potential in large-scale bio-
pharmaceutical production.
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