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a  b  s  t  r  a  c  t

A  fusion  tag  that  can  be purified  by the  cheap  ion-exchanger  based  on the  ionic  binding  force  may  pro-
vide a cost-effective  scheme  over  other  affinity  fusion  tags.  Small  ubiquitin-like  modifier  (SUMO)  protease
derived from  Saccharomyces  cerevisiae  was  fused  with  a poly  lysine  tag  containing  10  lysine  residues  at
its  C-terminus  and then  expressed  in  Escherichia  coli.  The  ionic  binding  force  provided  by  the  ploy  lysine
tag  allowed  the  selective  recovery  of the  small  ubiquitin-like  modifier  protease  from  recombinant  E.
coli cell  extracts.  A  preliminary  comparative  study  of  the  adsorption  and  elution  of  poly  lysine tagged
SUMO  protease  on  Amberlite  Cobalamion  and  magnetite  carboxymethyl  chitosan  nanoparticles  was per-
formed. Amberlite  Cobalamion  and  magnetite  nanoparticles  had  the  similar  elution  profile  due  to  the
common  functional  groups  –  carboxyl  groups.  The  maximum  dynamic  adsorption  capacity  of  Amberlite
arboxymethyl chitosan Cobalamion  and  magnetite  nanoparticles  reached  36.8  and  211.4  mg/g,  respectively.  The  lysine-tagged
protease  can  be  simply  purified  by  magnetite  nanoparticles  from  cell  extracts  with  higher  purity  than
that by  Amberlite  Cobalamion.  The  superparamagnetic  nanoparticles  possess  the  advantages  of  highly
specific,  fast and  excellent  binding  of  a larger  amount  of lysine  tagged  SUMO  modifier  protease,  and
it is also  easier  to separate  from  the crude  biological  process  liquors  compared  with  the  conventional
separation  techniques  of polycationic  amino  acids  fusion  proteins.
. Introduction

Small ubiquitin-like modifier (SUMO) protease, a highly active
ysteinyl protease also known as ubiquitin-like protein specific
rotease (Ulp), is a recombinant catalytic fragment of ubiquitin-

ike protein specific protease 1 from Saccharomyces cerevisiae [1,2].
UMO protease, which specifically removes SUMO from fusion pro-
eins and allows the generation of a native N-terminus of the target
rotein, has been successfully applied to the SUMO fusion system
hat facilitates the efficient expression of recombinant proteins
n Escherichia coli [3]. Recombinant proteins expressed as SUMO
usions have demonstrated enhanced stability and solubility, lead-

ng to a great increase in yield over the constructs lacking this tag
4,5]. However, the commercially SUMO protease purified by affin-
ty chromatography on a nickel-chelating resin is difficult to meet
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the demands of large scale preparation of recombinant proteins due
to the relatively high price.

If a protein is isolated in an industrial scale, the cost of the
purification media may  be critical. Cation exchange chromatogra-
phy (CEC) is a well-established unit operation in the downstream
processing of lysine-tagged protein [6,7] without the use of the
expensive immobilized metal-chelated affinity resin and toxic
chemicals (such as heavy metal ions and imidazole) [8].  Moreover,
the poly-lysine tag can be used for the immobilization of enzyme
on a solid support without deterioration of its enzymatic character-
istics [9–11]. The application of functionalized magnetic adsorbent
particles with magnetic separation techniques has received con-
siderable attention in recent years. The magnetically responsive
nature of such adsorbent particles makes them possible to magnet-
ically separate selected target species directly from crude biological
process liquors (e.g. fermentation broths, cell lysates) using a mag-
net [12,13].

The natural polysaccharide, carboxymethyl chitosan (CM-CTS),

can act as a cation exchanger. We  recently reported one-step
separation of lysozyme from egg white using superparamag-
netic carboxymethyl chitosan nanoparticles [14]. In our laboratory,
lysine tagged SUMO protease was  also successfully purified by

dx.doi.org/10.1016/j.jchromb.2012.08.029
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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Fig. 1. SDS-PAGE analysis (12%) of Ulp1-K10 expression in E. coli BL21 (DE3) and its
60 J. Li et al. / J. Chromat

lassical cation exchange chromatography. However, the studies
re still scarce about the comparison of the purification per-
ormance between classical ion exchange chromatography and
unctionalized magnetic adsorbent particles. In this paper, an opti-

ized cation exchanger and superparamagnetic carboxymethyl
hitosan nanoparticles were chosen as adsorbents for the purifi-
ation of the poly lysine tagged SUMO protease.

. Materials and methods

.1. Materials

All chemicals were reagent grade, purchased from Sinopharm
hemical Reagent Co., Ltd (Shanghai, P.R. China), unless otherwise
oted. Cation exchange resin (AMBERLITETM COBALAMION) was
urchased from Rohm and Haas (Philadelphia, PA, USA). The mag-
etic carboxymethyl chitosan nanoparticles, which was  designated
s Fe3O4 (PEG + CM-CTS), were prepared in our laboratory accord-
ng to the description [14].

.2. Bacterial strain and plasmids

E. coli RosettaTM (DE3) (Novagan, Madison, WI,  USA) was  used
or producing the recombinant protein (Novagan, Madison, WI,
SA). Auto-induction medium ZYM-5052 [15] with 50 �g/mL
anamycin sulfate was used for E. coli growth and protein expres-
ion. The oligonucleotides were synthesized by Sangon Biotech
o., Ltd (Shanghai, P.R. China). A catalytic fragment of ubiquitin-

ike protein specific protease 1 encoding residues 403–621 was
mplified from S. cerevisiae genomic DNA based on the sequence of
. cerevisiae chromosome XVI (512,309–514,174, complementary
trand) using the following primers (restriction sites under-
ined): 5′-CATGCCATGGCACTTGTTCCTGAATTAAATGAA-3′ and
′-CGCGGATCCGATTTTAAAGCGTCGGTTA-3′. The amplified gene
as inserted into pET-28a (Novagen, Madison, WI)  via the NcoI

nd BamHI  sites to construct pET-Ulp1. The poly lysine tag coding
0 lysine residues was annealed by the following oligonucleotides:
′-GATCCGAAAAAGAAAAAGAAAAAAAAGAAAAAGAAATAAC-3′

nd 5′-TCGAGTTATTTCTTTTTCTTTTTTTTCTTTTTCTTTTTCG-3′. The
nnealed product was inserted into pET-Ulp1 via BamHI  and XhoI
o construct pET-Ulp1-K10.

.3. Recombinant protein expression and purification

The protein expression plasmids pET-Ulp1-K10 were trans-
ormed into the E. coli strain RosettaTM (DE3). Cells were grown
n 50 mL  of auto induction medium supplemented with 50 �g/mL
anamycin sulfate in 250 mL  flasks with a rotary shaking rate of
00 rpm at 37 ◦C for 3–4 h. After another 12 h of cultivation at the
ecreased temperature of 20 ◦C, cells (typically 0.8–1 g wet weight)
ere harvested by centrifugation and suspended in 5 mL  of 20 mM

odium phosphate buffer (pH 8.0). The cell pellets were disrupted
y ultrasonication. After centrifugation, the cell lysate supernatant
as respectively incubated with cation exchange resin and mag-
etic carboxymethyl chitosan nanoparticles at room temperature
n an orbital shaker. After 30 min  of incubation, cation exchange
esin was collected by discarding the supernatant while carboxy-
ated magnetic particles were separated using a magnet, then both
dsorbents were washed three times with 20 mM phosphate buffer
pH 8.0) and further eluted with a step gradient using 20 mM phos-
hate buffer (pH 8.0) containing 200 mM,  400 mM,  600 mM and 1 M

aCl. The eluate was collected in every elution step and analyzed by
DS-PAGE. The image was analyzed by Quality One software (Bio-
ad Laboratories, USA). The protein concentration was measured
y the Bradford method [16].
purification by cation exchange resin (A) and magnetite nanoparticles (B). Lanes 1–4,
pooled fractions by stepwise elution at the salt concentration of 200 mM,  400 mM,
600 mM and 1000 mM.

2.4. Ulp1-K10 adsorption studies from aqueous solution

10 mg  of magnetic carboxymethyl chitosan nanoparticles or
30 mg of Amberlite Cobalamion (H+ form) with 1 mL  of Ulp1-
K10 (0.5–3.5 mg/mL) buffer solution (10 mM  phosphate buffer, pH
8.0, 0.2 M NaCl) was  respectively added into 50 mL of centrifu-
gal pipe, the mixed suspension was shaken in a thermostated
shaker (150 rpm) for 45 min  at room temperature during which
the adsorption had reached equilibrium. The supernatants obtained
from the Ulp1-K10 adsorption studies were used to determine
the content of unbound Ulp1-K10. The concentration of Ulp-K10
was measured by the Bradford method. The amount of Ulp1-K10
adsorbed onto the magnetite nanoparticles or Amberlite Cobal-
amion (H+ form) was  calculated using the following equation:

q = V(C0 − Ce)
m

(1)

where q is the amount of Ulp1-K10 adsorbed onto the magnetite
nanoparticles (mg/g) or Amberlite Cobalamion (H+ form); C0 and
Ce are the concentrations of the Ulp1-K10 in the initial solution and
the supernatant solution after adsorption, respectively (mg/mL); V
is the volume of the Ulp1-K10 solution (mL); m is the mass of the
magnetite nanoparticles (g) or Amberlite Cobalamion (H+ form) (g).

3. Results and discussion

3.1. Expression and purification of poly-lysine-tagged SUMO
protease

In this study, E. coli RosettaTM (DE3) cells harboring the expres-
sion plasmids of pET-Ulp1-K10 were induced and purified under
the conditions described in Section 2. This purification procedure
resulted in a yield of 3–4 mg  of the recombinant enzyme from
50 mL of bacterial culture. Fig. 1 shows that Amberlite Cobalamion
and magnetite nanoparticles have almost the same elution pro-
file due to the common carboxyl groups. The lysine-tagged SUMO
protease was  eluted from the two adsorbents by phosphate buffer
(pH 8.0) containing 600 mM NaCl. Magnetite nanoparticles have
improved specificity over the ion exchange resin in the stepwise
gradient mode, since the purity of lysine-tagged SUMO protease
obtained by magnetite nanoparticles (97%, analyzed by Quality One
software) was  higher than that obtained by Amberlite Cobalamion
(93%, analyzed by Quality One software). This result shows that

the size of purification matrix may  affect the possibility of the con-
taminants adsorbed on cation exchange adsorbents. The choice of
buffer pH and ionic strength is critical for the binding and elu-
tion of proteins (both target substances and contaminants) in ion
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ig. 2. Kinetic curves of the adsorption of Ulp1-K10 by cation exchange resin and
agnetite nanoparticles (initial concentration of Ulp1-K10: 0.25 mg/mL; pH: 8.0;

emperature: 25 ◦C; ionic strength: 0.2 M NaCl).

xchange chromatography. In our study, we selected the high pH
inding buffer (pH 8.0) to lower the nonspecific adsorption. There-
ore, the eluate had less contaminants in each elution step. Using

agnetite nanoparticles was also obviously easier to obtain high
urity recombinant protein due to its lower nonspecific adsorption
ompared with Amberlite Cobalamion.

.2. Adsorption of Ulp1-K10 from aqueous solution

.2.1. Kinetic properties
To ascertain the time required to reach adsorption equilibrium

f the lysine-tagged SUMO enzyme, binding experiments were per-
ormed using 10 mg  of magnetite nanoparticles or 30 mg  Amberlite
obalamion and 15 mL  of Ulp1-K10 solution (10 mM phosphate
uffer, pH 8.0, 0.2 M NaCl) with initial concentration of 0.25 mg/mL
t room temperature. Fig. 2 shows that more than 95% and 80%
f the Ulp1-K10 had been respectively adsorbed onto the mag-
etic particles and Amberlite Cobalamion in the initial 15-min

ncubation. The time needed to achieve the adsorption equilib-
ium was around 30 min  for both magnetic particles and Amberlite
obalamion. This phenomenon may  be attributed to the small
iameter (excellent dispersibility) and large specific surface area
f superparamagnetic carboxymethyl chitosan nanoparticles [14].
ccording to the literatures [14,17,18],  the pseudo-second-order
odel usually describes the adsorption kinetics well, so in this

tudy, we use it to evaluate the adsorption data of Ulp1-K10 on
dsorbents. The pseudo-second-order model is expressed as fol-
ows:
t

qt
= 1

k2q2
e

+
(

1
qe

)
t (2)

here k2 is the pseudo-second-order rate constant (min−1) of
dsorption; qe is the maximum adsorption capacity for pseudo-
econd-order (mg/g); qt is the amounts of Ulp1-K10 adsorbed at
ny time (mg/g).

Fig. 3 is obtained by plotting t/qt versus t according to
seudo-second-order model. The adsorption kinetics were
xpressed as follows: y = 0.00469x + 0.00165 (for magnetic
articles), qe = 213.2 mg/g adsorbent, k2 = 0.0113, R2 = 0.999;

 = 0.02427x + 0.05994 (for Amberlite Cobalamion), qe = 41.2 mg/g

dsorbent, k2 = 0.00983, R2 = 0.998. The pseudo-second-order
quation fit with the experimental data well and could be used
o describe the adsorption kinetics of Ulp1-K10 on carboxyl
dsorbents by electrostatic interaction.
Fig. 3. Pseudo-second-order kinetic plots for the adsorption of Ulp1-K10 on cation
exchange resin and magnetite nanoparticles (initial concentration of Ulp1-K10:
0.25  mg/mL; pH: 8.0; temperature: 25 ◦C; ionic strength: 0.2 M NaCl).

3.2.2. Adsorption isotherms
The adsorption model was  studied using 10 mg  of magnetic par-

ticles or 30 mg  of Amberlite Cobalamion (H+ from) and 1 mL of
Ulp1-K10 solution with different initial concentration of Ulp1-K10.
Since the Langmuir model describes the adsorption behavior of
basic protein-lysozyme on superparamagnetic nanoparticles well
[14], Ulp1-K10 which is also a basic protein (pI 9.18, computed
by DNAStar software) may  have the similar adsorption behavior
on the same adsorbent. So the absorption behaviors of Ulp1-
K10 on magnetite nanoparticles and Amberlite Cobalamion were
described by the Langmuir model, and the equations were as
follows:

qe = qmkCe

1 + kCe
(3)

Ce

qe
= Ce

qm
+ 1

qmk
(4)

where Ce (mg/mL) and qe (mg/g adsorbent) are Ulp1-K10 concen-
tration in the aqueous phase at equilibrium and the amount of
Ulp1-K10 adsorbed on the adsorbent at equilibrium, respectively;
qm is the maximum adsorption capacity (mg/g adsorbent) and k is
the adsorption constant (mL/mg).

The experimental data was  analyzed by the nonlinear and
linear regression method according to Eqs. (3) and (4).  Fig. 4A
was obtained from non-linear fits can be expressed as fol-
lows: qe = 784.1491 Ce/(1 + 21.5425 Ce), qm = 36.4 mg/g Amberlite
Cobalamion, k = 21.54, R2 = 0.971; qe = 2496. 135 Ce/(1 + 11.1074 Ce),
qm = 224.73 mg/g magnetite nanoparticles, k = 11.11, R2 = 0.938.
Fig. 4B was  obtained from linear fits can be expressed as
follows: Ce/qe = 0.02721 Ce + 0.00153, qm = 36.8 mg/g Amberlite
Cobalamion, k = 17.76, R2 = 0.998; Ce/qe = 0.00473 Ce + 0.000372,
qm = 211.4 mg/g magnetite nanoparticles, k = 12.72, R2 = 0.987. The
Langmuir model was  fit to describe the adsorption behavior of Ulp-
K10 on Amberlite Cobalamion due its high R2 values in both fitting
equations. As can be seen in Fig. 4, it is more suitable to adopt
linear fit to describe the adsorption behavior of Ulp-K10 on mag-
netite nanoparticles. The Langmuir constant k value from Amberlite
Cobalamion was  little more than that from magnetite nanoparti-
cles. This result shows Amberlite Cobalmion has a higher affinity
force for Ulp1-K10 than magnetite particles. This result may  be

due to the free amino groups exist in N,O-carboxymethyl chitosan
which decrease the affinity force of magnetite nanoparticles for
Ulp1-K10. The maximum equilibrium adsorption capacities of the
two adsorbents were very close to that calculated from the previous
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Fig. 4. Adsorption isotherms for Ulp1-K10 on magnetite nanoparticles and cation
exchange resin. (A) Non-linear fit and (B) linear fit (pH: 8.0; temperature: 25 ◦C;
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seudo-second-order kinetic models. The maximum adsorption
apacity of Ulp1-K10 on magnetite nanoparticles was  less than that
f lysozyme on magnetite nanoparticles described by Sun et al. [14].
he reason for this result may  be the higher pI value of lysozyme
pI 10.6) than that of Ulp1-K10 (pI 9.18). So lysozyme has more
ositive charge at pH 8, and the electrostatic interactions between

ysozyme and magnetite nanoparticles were much stronger which

ead to the higher adsorption capacity. Our study has a good agree-

ent with the data obtained by Staby et al. which had the results
hat the lysozyme (pI 11.35) had the higher static capacity than
protinin (pI 10.0) on SP Sepharose XL [19].

[
[

[

 907 (2012) 159– 162

4.  Conclusion

The addition of a 10× lysine tag to the SUMO protease results
in an increase in pI of the product expressed in the E. coli expres-
sion system. This polycationic amino acid tag facilitates the SUMO
protease recovery in high yield and purity employing inexpensive
cation-exchangers. A preliminary comparative study of the elu-
tion profile, adsorption kinetic, static adsorption capacity of poly
lysine tagged SUMO protease on Amberlite Cobalamion and mag-
netite nanoparticles was  performed. The magnetite nanoparticles
show relatively higher static adsorption capacity than tradi-
tional cation-exchanger. The carboxymethyl chitosan magnetite
nanoparitcles also have the higher adsorption capacity than the
traditional immobilized metal-chelating affinity chromatography
(such as Ni Sepharose High Performance, 68 mg  maltose bind-
ing protein-(His)6/mL  medium, Ni-NTA Superflow, 13 mg  maltose
binding protein-(His)6/mL  medium, GE Healthcare, Data file 18-
1174-40 AE) which was often used to purify the hexa-histidine
tagged recombinant proteins. Moreover, the purification process
avoiding expensive equipment makes the routine preparation of
lysine-tagged SUMO protease feasible. It is expected that the super-
paramagnetic carboxymethyl chitosan nanoparticles may be a
potential alternative to affinity chromatography.
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