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a  b  s  t  r  a  c  t

A  basic  polypeptide  L2 (252–273)  derived  from  Escherichia  coli ribosomal  protein  L2  was  used  as  a purifica-
tion  tag.  In  order  to  develop  faster,  less  expensive  methods  for expression  and  purification  of  proteins,  the
L2  (252–273)-small  ubiquitin  like  modifier  (SUMO)  fusion  expression  system  was  constructed.  We  com-
paratively  analyzed  the  adsorption  properties  of  the  deleted  protein  of  L2  (L2 (252–273))  on  diatomite
and  superparamagnetic  carboxymethyl  chitosan  nanoparticles.  The  time  required  to  reach  adsorption
equilibrium  of  L2  (252–273)  fusion  protein  on  diatomite  was shorter  than  that  of  L2 (252–273)  fusion
protein  on  magnetic  particles.  The  maximum  adsorption  capacity  of  L2  (252–273)  fusion  protein  on mag-
netic particles  was  about  5 times  larger  than  that of  L2 (252–273)  fusion  protein  on diatomite.  SUMO
was  introduced  as a specific  protease  cleavage  site  between  the target  protein  and  the  purification  tags.
The enhanced  green  fluorescent  protein  (EGFP)  as a model  protein  was  fused  with  the L2  (252–273)-
ecombinant protein purification SUMO  fusion  protein  and  purified  by  a simple  method  which  involves  the  electrostatic  adsorption  of
L2 (252–273)  fusion  proteins  on superparamagnetic  carboxymethyl  chitosan  nanoparticles  and  the  L2
(252–273)-SUMO  fusion  partner  was  removed  based  on  the  robust  cleavage  by  the poly lysine  tagged
SUMO  protease.  The  high  purity  of  tag-free  EGFP  (>93%)  was  obtained.  Our  results  preliminary  proved
that  the  system  was  an  effective  fusion  expression  system  for the  production  of  recombinant  proteins  in

E. coli.

. Introduction

Purification of recombinant proteins by traditional chromatog-
aphy purification methods constitutes a significant cost of
iomanufacturing due to the tedious purification steps. Recent
evelopment of affinity purification techniques provides a power-
ul mean for the high efficient purification of recombinant proteins
rom crude biological process liquors (e.g. fermentation broths,
ell disruptates, plasma and plant extracts) [1]. Ribosomal protein
2, a constituent protein of the 50S large ribosomal subunit from
scherichia coli, can be used as Si-tag for immobilizing proteins
n a silica surface [2,3]. It contains 273 amino acids and has been
uccessfully applied into the purification of recombinant proteins
nder non-denaturing and denaturing conditions [4,5]. Recently,
e found the C-terminal regions (203–273) of ribosomal protein
2 can be effectively adsorbed by diatomite due to the electrostatic
nteraction between L2 (203–273) (isoelectric point (pI), 12.28,
omputed by DNAstar software) and diatomite (pI, 2) [6,7].
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If recombinant proteins are expressed as fusion proteins, it is
usually necessary to remove the purification tag before subsequent
use of the target proteins [8].  The small ubiquitin-like modifier
(SUMO) based fusion tag technology has gained increasing use for
the expression of recombinant proteins, since SUMO serves not
only as a solubility enhancer but also as a protease recognition site
[9–12]. Furthermore, SUMO can also be effectively cleaved from the
fusion protein by SUMO protease.

The purification media is critical to an affinity purification
method. The cost of the purification media can be the main factor
for an affinity technique whether can be successfully applied into
bioprocessing. Since magnetic particles possess high specific sur-
face areas and can be easily separated with a magnet, it has received
considerable attention in recent years [13,14]. In our laboratory, we
had successfully purified lysozyme and poly lysine tagged SUMO
protease using newly developed magnetic carboxymethyl chitosan
nanoparticles [15,16].

In this study, in order to minimize the ribosomal protein L2
purification tag, we exploited whether the size of L2 (203–273)
can be further reduced, comparatively studied the adsorption prop-

erties of the deletion mutants of L2 (203–273) on the cation
exchangers including diatomite and magnetic carboxymethyl chi-
tosan nanoparticles, and verified the feasibility of SUMO mediated
tag removal method. A novel affinity purification method was

dx.doi.org/10.1016/j.jchromb.2013.01.002
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jiamaolifang1@163.com
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that the region possesses high ratio of basic amino acid in the whole
C-terminal region (203–273) of ribosomal protein L2. According to
the analysis by the DNAstar software (Fig. 1), the region (252–273)
with a high probability of exposure to the surface of the fusion
J. Li et al. / J. Chromatogr

eveloped by combining the adsorption properties of the deletion
utants of L2 (203–273) on diatomite or magnetic carboxymethyl

hitosan nanoparticles with SUMO mediated tag removal method.
he enhanced green fluorescent protein (EGFP) as a model protein
as fused with the purification tag. This affinity purification pro-

ocol involves three steps: adsorption of fusion protein on affinity
atrix, centrifugation (for diatomite) and magnetic separation (for
agnetic nanoparticles) and release of recombinant protein from

he fusion protein by the lysine-tagged SUMO protease cleavage at
he C-terminal of SUMO.

. Materials and methods

.1. Chemicals, strains, and plasmids

All chemicals were reagent grade, purchased from Sinopharm
hemical Reagent Co., Ltd (Shanghai, P.R. China), unless other-
ise noted. Diatomite filter aid STD and cation exchange resin

Amberlite Cobalamion) were respectively purchased from Celite
hina (Beijing, P.R. China) and Rohm and Haas (Philadelphia, PA,
SA). The magnetic carboxymethyl chitosan nanoparticles, which
as designated as Fe3O4 (PEG + CM-CTS), was prepared in our

aboratory according to the description [15]. Poly lysine tagged
UMO protease was prepared by cation exchangers according
o the description [16]. E. coli BL21 (DE3) (Novagen, Madison,

I,  USA) was used as the cloning and expression host cells. The
lasmid pET28a-L2 (203–273)-SUMO-EGFP coding for the L2
203–273)-SUMO-EGFP was preserved in our laboratory.

.2. Plasmid construction

For the pET28a-L2 (252–273)-SUMO-EGFP and pET28a-L2
237–273)-SUMO-EGFP construction, L2 (252–273) and L2
237–273) DNA fragments were respectively amplified by PCR
mplification by the primers of L2252for (5′-CGTGCCATGGCAAAA-
CCAAAGGTAAGAAGACCCG-3′) and L2237for (5′-CGTGCCATGG-
AAAAGGTCGTAACTTTGGTAAGCAC-3′) and L2rev (5′-CAAGGATC-
ATTTGCTACGGCGACGTACGA-3′) using the plasmid pET28a-L2
203–273)-SUMO-EGFP as a template, followed by double
igestion by NcoI/BamHI, were ligated into the pET28a-L2
203–273)-SUMO-EGFP to replace the corresponding fragment L2
203–273).

.3. Expression of recombinant proteins

The E. coli strain BL21 (DE3) harboring pET28a-L2 (237–273)-
UMO-EGFP or pET28a-L2 (252–273)-SUMO-EGFP was  used for
he production of L2 (237–273)-SUMO-EGFP or L2 (252–273)-
UMO-EGFP by auto-induction [17]. Briefly, cells were cultivated
n 50 mL  of auto induction medium supplemented with 50 �g/mL
anamycin sulfate in 250 mL  flasks at 37 ◦C with vigorous shaking
200 rpm) for 3–4 h and at 20 ◦C for another 12 h. Harvested cells
ere suspended in 5 mL  of 20 mM sodium phosphate (pH 6.0) and

ubjected to disruption using ultrasonication. After removing the
ell debris via centrifugation, the supernatant was  applied to either
he adsorption studies of fusion protein on diatomite and mag-
etic carboxymethyl chitosan nanoparticles or affinity purification
f recombinant protein.

.4. Adsorption properties

0.8 mL  of cell lysate supernatant containing L2 (252–273)-

UMO-EGFP (20 mM phosphate buffer, pH 6.0) was mixed with
.2 g of diatomite (dry weight) or 40 mg  of magnetic carboxymethyl
hitosan nanoparticles (dry weight). The mixed suspension was
haken in a thermostated shaker (150 rpm) at room temperature for
7– 918 (2013) 30– 35 31

75 min  to reach equilibrium. Samples were withdrawn at suitable
time intervals and subjected to determine the EGFP fluorescence of
unbound target protein. The amounts of L2 (252–273)-SUMO-EGFP
adsorbed onto the diatomite or magnetic particles were calculated
using the following equation:

q = V(Co − Ce)
m

(1)

where q is the amount (EGFP fluorescence arbitrary unit, AU)  of
L2 (252–273)-SUMO-EGFP adsorbed on the diatomite or magnetic
particles (AU/g adsorbent), Co and Ce are the EGFP fluorescence of L2
(252–273)-SUMO-EGFP in the initial solution and the supernatant
phase after adsorption, respectively (AU/mL); V is the volume of the
cell lysate supernatant (mL); m is the mass of the diatomite filter
aid STD and magnetic nanoparticles (g).

2.5. Purification of recombinant EGFP

The cell lysate supernatant was incubated with magnetic
particles incubated for 60 min  at room temperature. The magnetic
particles was  collected, washed three times with 20 mM phosphate
buffer (pH 8.0) containing 150 mM NaCl, and further suspended
in 20 mM phosphate buffer (pH 8.0). The poly lysine tagged SUMO
protease (the weight ratio of lysine-tagged SUMO protease to
the fusion protein was approximately 1: 400) was added into the
above suspension. After 3-hour incubation at room temperature,
the supernatant containing the cleaved EGFP protein was  collected
and analyzed by SDS-PAGE. The protein concentration was  calcu-
lated by the Bradford method [18] and the EGFP fluorescence was
measured by fluorescence spectrophotometer.

2.6. Protein characterization

The purification process of the EGFP was analyzed by SDS-
PAGE (12%) and Coomassie brilliant blue staining, followed by
densitometric analysis using Quality One software (Bio-Rad Lab-
oratories, USA). The EGFP fluorescence was  measured using a
fluorescence spectrophotometer (Hitachi Model F-4500, Tokyo,
Japan). The fluorescence intensity in arbitrary units (AU) was deter-
mined with excitation and emission set at 488 nm and 507 nm,
respectively.

3. Results

3.1. Selection of the truncated polypeptides as purification tag

The reason we choose the L2 (252–273) as a purification tag is
Fig. 1. Surface probability and average charge plots of C-terminal regions (203–273)
of  ribosomal protein L2. The resulting outputs of Protean prediction programs in
DNAstar software, Emini algorithm for the prediction of L2 (203–273) surface prob-
ability.
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Fig. 2. Comparative analysis of the adsorption capacity of L2 (237–273) and L2
(252–273) fusion protein on diatomite filter aid STD, cation exchange resin (Amber-
lite Cobalamion) and magnetic particles. Each value represents the mean ± S.D. of
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magnetic particles took 45 min. The time necessary to achieve
the adsorption equilibrium was around 30 min on diatomite and
60 min on magnetic carboxymethyl chitosan nanoparticles. The
hree independent measurements. Statistical significance versus L2 (237–273) con-
rol: (a) P < 0.05, (b) P < 0.01.

rotein is more easily to interact with adsorbents by electrostatic
orce. Tosaka et al. also reported that the residues 252–273 of L2
re one of the major binding sites to a silica surface [19]. In order
o verify whether the extra N-terminal amino aicd residues of L2
252–273) has an adverse effect on its probability of exposure to the
urface and electrostatic interaction with adsorbents, we choose L2
237–273) as another purification tag. In our following study, the
esults show L2 (237–273) and L2 (252–273) tagged proteins have
xcellent expression level. Fig. 2 shows L2 (252–273)-SUMO-EGFP
as the higher adsorption capacity on three adsorbents than that
f L2 (237–273)-SUMO-EGFP, this result indicates that extra amino
cid residues at the termini of L2 (252–273) can have a significant
ffect on the electrostatic interaction with adsorbents and the final
dsorption capacity.

.2. Effect of pH on the adsorption of L2 (252–273)-SUMO-EGFP
y diatomite and magnetic particles

The isoelectric point (pI) value of L2 (252–273) and L2
252–273)-SUMO-EGFP is respectively 12.29 and 6.95 (computed
y DNAstar software), while the pI of diatomite is 2 [6] and
agnetic carboxymethyl chitosan nanoparticles is 5.1 [15]. It is rea-

onable to believe that the diatomite and magnetic carboxymethyl
hitosan nanoparticles will adsorb the L2 (252–273)-SUMO-EGFP
y electrostatic interaction at an appropriate pH. Using 150 mg of
iatomite and 20 mg  of magnetic particles and 0.5 mL  of soluble
ell lysate containing L2 (252–273)-SUMO-EGFP, the effect of pH
n the adsorption of fusion protein on the diatomite and magnetic
articles was shown in Fig. 3. The maximum protein adsorption was
btained at pH 6.0 for both adsorbents, with a clear increase with
H from high to low. These results indicate that the buffer pH has a
rucial effect on the interaction between L2 (252–273)-SUMO-EGFP
nd absorbents.

.3. Adsorption kinetics

To ascertain the time required to reach adsorption equilibrium
f the L2 (252–273)-SUMO-EGFP, binding experiments were per-

ormed using 0.2 g of diatomite or 40 mg  of magnetic particles
nd 0.8 mL  of soluble cell lysate containing L2 (252–273)-SUMO-
GFP (20 mM phosphate buffer with pH 6.0) at room temperature.
he adsorption kinetics were studied as shown in Fig. 4(A).
Fig. 3. Effect of pH on the adsorption capacity between L2 (252–273)-SUMO-EGFP
and diatomite filter aid STD and magnetic particles.

Fig. 4(A) shows that 90% of the L2 (252–273)-SUMO-EGFP had
been adsorbed on the diatomite during the initial 5 min  incu-
bation, while 90% of the L2 (252–273)-SUMO-EGFP adsorbed by
Fig. 4. Adsorption kinetic properties. (A) Kinetic curves of adsorption of L2
(252–273)-SUMO-EGFP by diatomite filter aid STD and magnetite nanoparticles. (B)
Pseudo-second order kinetic plots of adsorption of L2 (252–273)-SUMO-EGFP by
diatomite filter aid STD and magnetite nanoparticles (pH 6.0, temperature: 25 ◦C).
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Fig. 5. Adsorption isotherms. Langmuir adsorption isotherms for the L2 (252–273)-
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UMO-EGFP adsorption on diatomite filter aid STD and magnetite nanoparticles (pH
.0,  temperature: 25 ◦C).

ontrolling mechanism of adsorption process (mass transfer or
hemical reaction) can be described by using kinetic models.
he pseudo-second-order model usually describes the adsorption
inetics well and is expressed as shown in Eq. (2):

t

qt
= 1

k2q2
e

+
(

1
qe

)
t (2)

here k2 is the pseudo-second-order rate constant (min−1)
f adsorption; qe is the maximum adsorption capacity
or pseudo-second-order (AU/g); qt is the amounts of L2
252–273)-SUMO-EGFP adsorbed on adsorbents at time t (min)
AU/g).

Fig. 4(B) was obtained by plotting t/qt versus t according
o pseudo-second-order model. The adsorption kinetics were
xpressed as follows: y = 0.00006465x + 0.00003372, qe =
5467.90 AU/g diatomite, k2 = 0.000124, R2 = 0.999; y =
.00001276x + 0.0001009, qe = 78398.17 AU/g magnetic parti-
les, k2 = 0.00000161, R2 = 0.999. From the above results we  can
ee that the theoretical qe value was close to the experimental
e value and the correlation coefficient for the linear plots of
/qt against t was more than 0.99 for both two  adsorbents. The
seudo-second-order equation fitted well with the experimental
ata and can be used to describe the adsorption kinetics of L2
252–273)-SUMO-EGFP on diatomite and magnetic particles by
lectrostatic interaction.

.4. Adsorption isotherms

The adsorption model was studied by using 0.2 g of diatomite
r 40 mg  of magnetic particles and different initial volume of the
ell lysate supernatant containing L2 (252–273)-SUMO-EGFP. The
dsorption behaviors of L2 (252–273)–SUMO-EGFP on diatomite
nd magnetic particles were described using the Langmuir model
hich equation can be expressed as follows:

Ce

qe
= Ce

qm
+ 1

qmk
(3)

where Ce (AU/mL) and qe (AU/g absorbent) are the fluorescence
ntensity of L2 (252–273)-SUMO-EGFP in the supernatant solution
nd fluorescence intensity of the absorbed target protein on the
bsorbent at equilibrium, respectively; qm is the maximum adsorp-

ion capacity and k is the adsorption constant (mL/AU).

The experimental data were analyzed using the Langmuir
odel; the related results were shown in Fig. 5. In this work the

angmuir equations for two adsorbents have the expression as
7– 918 (2013) 30– 35 33

follows: Ce/qe = 0.00006411Ce + 0.00173, qm = 15598.19 AU/g
diatomite, R2 = 0.990; Ce/qe = 0.00001357Ce + 0.00141, qm =
73691.96 AU/g magnetic particles, R2 = 0.995. High R2 values
indicate that the model describe well the adsorption behav-
ior. The maximum equilibrium adsorption capacity for both
adsorbents was close to maximum adsorption capacity which
calculated from the previous pseudo-second-order kinetic
models.

3.5. Purification of recombinant protein EGFP

The recombinant EGFP can be simple and efficiently purified
from soluble cell lysate by using magnetic nanoparticles as an
absorbent and poly lysine tagged SUMO protease as tag removal
method. The purification process was determined by SDS-PAGE
(Fig. 6(A)). Fig. 6(A) shows our developed affinity purification
method can be used to prepare high purity protein when L2
(237–273) or L2 (252–273) acts as an affinity tag. Fig. 6(B) and
Fig. 6(C) shows our developed purification protocol has high recov-
ery and yield of target protein using EGFP as a model protein.
The purity of the released EGFP was  higher than 93%. The aver-
age yield of the recombinant EGFP was  respectively 5.98 ± 0.14
and 6.96 ± 0.68 mg per 50 mL  culture for L2 (237–273)-SUMO-
EGFP and L2 (252–273)-SUMO-EGFP. Since the L2 (252–273) tagged
protein had a larger adsorption capacity on adsorbents than that
of the L2 (237–273) tagged protein on adsorbents as shown in
Fig. 2, L2 (252–273) led to the higher recovery of target protein
than that of L2 (237–273) when using the equal quantity adsor-
bents.

4. Discussion

Affinity tags are now widely used to purify recombinant pro-
teins. However, many fusion systems share the common drawback
of the high cost of purification media. A fusion tag which can
be purified based on electrostatic interaction may provide a cost
effective strategy over other affinity fusion tags due to the cheap
ion-exchangers. The traditional poly basic amino acid tags can
be purified by a cation exchange resin. These tags can effectively
purify the most of recombinant proteins. Poly basic amino acids tag
can usually be placed at C-terminal or the linker region between
two proteins [20,21]. The L2 (252–273) tag has the 6 lysine and
5 arginine. Since the L2 (252–273) basic polypeptide has several
basic amino acids that resembles the poly lysine/arginine tag, L2
(252–273) could be also used as a purification tag when cation
exchange resin was chosen as affinity matrix. In our laboratory, the
study about the 10 poly lysine tag as the N terminal fusion part-
ner had been conducted, but unfortunately the expression level
of fusion protein (K10-SUMO-EGFP) was  significantly decreased
(unpublished data). The relatively discrete mono basic amino acid
of L2 (252–273) tag may  help the fusion protein enhance the ini-
tial translation efficiency and obtain high expression level. In this
study, we  attempted to combine L2 (252–273) basic polypeptide
tag with the SUMO tag removal method to construct an effec-
tive tag-free recombinant protein purification protocol. The L2
(252–273)-SUMO-EGFP have the lower adsorption capacity on the
magnetic carboxymethyl chitosan nanoparticles than Ulp1-K10
[16]. This result may  be ascribed to the low isoelectric point and
large fusion protein of L2 (252–273)-SUMO-EGFP. The difference
between L2 (252–273) and poly lysine/arginine tag still need to
be further studied. Although L2 (237–273) has more basic amino

acids, L2 (252–273) is favorable for the electrostatic interaction
with adsorbents as a result of the higher intensity of positive
charge and high probability of exposure at the surface. The adsorp-
tion mechanism between L2 (252–273) and diatomite or magnetic
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Fig. 6. Comparative analysis of the purification performance of L2 (237–273) and L2 (252–273). (A) SDS-PAGE analysis (12%) following the EGFP purification of L2 (237–273)-
SUMO-EGFP and L2 (252–273)-SUMO-EGFP. Lanes 1 and 4, soluble cell lysate; lanes 2 and 5, the supernatant after adsorption by magnetic particles; lanes 3 and 6, the released
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GFP  from L2 (237–273)-SUMO-EGFP and L2 (252–273)-SUMO-EGFP. (B) Quantita
ields  obtained after purification of each fusion protein in triplicate.

arboxymethyl chitosan nanoparticles is mainly through electro-
tatic interactions. But the L2 (252–273)-SUMO-EGFP adsorbed on
iatomite cannot be eluted with phosphate buffer (pH 8.0) con-
aining 2 M NaCl, only more than 0.1 M NaOH can completely
lute the target protein and other strongly binding contami-
ants from diatomite. This phenomenon can be explained by
he binding mechanism of the Si tag as reported by Ikeda and
o-researchers [22]. The cumulative interactions between the pos-
tively charged side chains and ionized surface silanol groups and
etween the apolar side chains and hydrophobic surface siloxane
ites may  result in the strong binding between L2 (252–273)-
UMO-EGFP and diatomite. It is feasible to take L2 (252–273)
s a protein fusion tag for immobilization of enzyme since L2
252–273) has strong adsorption on diatomite while magnetic
arboxymethyl chitosan nanoparticles was more suitable as an
ffinity matrix for the purification of L2 (252–273) tagged pro-
eins due to the higher adsorption load and simple separation
ith a magnet. This truncated L2 mediated protein purification
ethod has gained high purity and yield protein from soluble

ell lysate using EGFP as a model protein. But further studies

n this truncated L2 mediated protein purification method still
eed to conduct about whether the other proteins can be effec-
ively purified by the L2 (252–273) mediated protein purification

ethod.

[
[

alysis of protein purification recovery by magnetic particles in triplicate. (C) EGFP
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