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bstract

A number of approaches have been investigated to enhance the selective toxicity of tumor necrosis factor � (TNF�) to permit its systemic use
n cancer therapy. Because vascular targeting has been proven to be a valid strategy for improving the therapeutic index of TNF�, we prepared
GD-hTNF consisting of human TNF fused with the ACDCRGDCFCG peptide, a ligand of �v�3 and �v�5 integrins. Recombinant RGD-hTNF
as produced in Escherichia coli as a polyhistidine fusion protein. Between polyhistidine tag and RGD-hTNF, a tobacco etch virus (TEV) protease

leavage site (ENLYFQG) was introduced to ensure the release of intact RGD-hTNF. The purification strategy consisted of the target protein
apture step by immobilized metal affinity chromatography (IMAC), TEV protease cleavage of fusion protein, the subtractive depletion of removed
is-tag by IMAC and the final gel filtration step. As a result, about 18 mg of intact RGD-hTNF was obtained from 1 l of bacteria culture. The

urified RGD-hTNF was characterized by SDS-PAGE, Western blot, mass spectroscopy and gel filtration. Since the RGD-hTNF molecule retained
he cytotoxic activity of the TNF moiety and the integrin binding ability of the RGD moiety, the purification method provided material for assessing
ts anti-tumor activity in animal model.

2007 Published by Elsevier B.V.
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. Introduction

Human tumor necrosis factor � (TNF�) is a multifunctional
ytokine playing a key role in apoptosis and cell survival as
ell as in inflammation and immunity. Currently it is used in

ancer treatment in the isolated limb perfusion (ILP) for soft
issue sarcoma (STS), irresectable tumors of various histologi-
al types, and melanoma in-transit metastases confined to the
imb [1–4]. Therapeutically effective doses of TNF� cannot
e given systemically because of the unacceptably high level
f systemic toxicity. The selective targeted delivery of TNF�
as been proved to be a valid strategy to improve the therapeu-

ic effects and to reduce the toxic side effects of systemically
dministered TNF�. Most of targeting strategies are based on
ntibodies or natural ligands, which can recognize tumor or
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umor stroma markers [5,6]. Besides these markers, the lig-
nds of angiogenic markers have been used for targeting TNF
o tumor vasculature [7–12]. Targeted delivery of TNF to tumor
essels was achieved by coupling TNF with cyclic CNGRC pep-
ide, an aminopeptidase N (CD13) ligand that targets the tumor
eovasculature [9,10]. Further, ACDCRGDCFCG-mouse TNF
onjugate (RGD-mTNF) has been proved to have the similar vas-
ular targeting property [11]. These TNF conjugates can increase
he local concentration of chemotherapeutic drugs in tumors and
heir therapeutic index at very low doses [13–15].

Using in vivo panning of peptide phage libraries, Ruoslahti et
l. identified phage containing ACDCRGDCFC homed to sev-
ral tumor types (including carcinoma, sarcoma, and melanoma)
n a highly selective manner. They have shown the motif can
electively bind to �v�3 integrin and �v�5 integrin [16–18].

umor vasculature is known to over-express �v�3 integrin and
v�5 integrin. Therefore, the RGD peptide can be very effective

n delivering cytotoxic drugs or antibodies to tumor vasculature
11,19].

mailto:zchua@nju.edu.cn
dx.doi.org/10.1016/j.jchromb.2007.07.022


2 togr.

T
b
a
s
m
c
e
T
i
c
t
t
e
t
e
r
d
c
c

c
b
n
w
c
p
i
fi
R
a

2

2

g
u
p
w
i
S
u
h
t
t
g

I
i
r
u

m
a
r
E
a
T

P
w
u
t
c
i
p

P
w
T
t
t
t
p

2
p

B
r
t
8
S
s
t
7
o
i
p
(

T
N

P

H
H

*
i

32 D. Ma et al. / J. Chroma

It is necessary to obtain RGD-hTNF composed of human
NF and the RGD motif to support its further applications in
iological and clinical research. In the previous work, Curnis et
l. prepared RGD-mTNF using conventional chromatographic
eparation techniques including hydrophobic interaction chro-
atography, ion exchange chromatography and gel filtration

hromatography [11]. Recently, Wang et al. developed a strat-
gy for purification of RGD4C-rmhTNF composed of human
NF mutant (rmhTNF) and CDCRGDCFC peptide, includ-

ng ammonium sulfate precipitation and two-step ion exchange
hromatography [20]. In our preliminary experiments, we tried
o purify RGD-hTNF using these conventional chromatographic
echniques, but RGD-hTNF was difficult to recover from crude
xtracts with the desired purity. Affinity tags are highly efficient
ools for the purification of protein without any prior knowl-
dge of its biochemical properties. So, in the present study,
ecombinant RGD-hTNF was produced in E. coli as a polyhisti-
ine fusion protein. The fusion protein was easily purified from
rude bacterial extracts by a single immobilized metal affinity
hromatography (IMAC).

In the present paper, we report an improved strategy for purifi-
ation of RGD-hTNF. Fusion proteins were initially purified
y the first IMAC capture. After cleavage of tags by recombi-
ant TEV protease, the unwanted byproducts of the digestion
ere separated from the target protein by the second IMAC

apture. A gel filtration step was employed to improve the
urity of the target protein. The final product was character-
zed by SDS-PAGE, Western blot, mass spectroscopy and gel
ltration. Furthermore, we evaluated the biology activity of
GD-hTNF by in vitro cytotoxicity assay and cell adhesion
ssay.

. Experimental

.1. Construction of expression plasmids

The plasmid pUC18-TNF encoding human TNF-� was a
ift from Dr. Xu Xianxiu (Nanjing University, China) and was
sed as a template for polymerase chain reaction (PCR). The
lasmid pET23a hTNF for the expression of human TNF-�
as constructed in our laboratory. The clone was further mod-

fied to incorporate the RGD sequence at the amino terminus.
equence encoding ACDCRGDCFCG was inserted, by PCR,
pstream of the TNF-coding region, to generate pET23a RGD-

TNF. The upstream primer: 5′-g gaa ttc cat atg gca tgc gac
gc cgt ggt gac tgc ttc tgc ggt gtt cgt tct tct tcc cgt act-3′;
he downstream primer: 5′-cg gga tcc tca cag agc gat aat acc
aa-3′. Primer sequences were designed to introduce the Nde

l
8
b
p

able 1
-terminal amino acid sequence of fusion proteins and the cleavage sites

rotein N-terminal amino acid se

is-EK-RGD-hTNF MGSSHHHHHH. . .GSE
is-TEV-RGD-hTNF MGSSHHHHHH. . .GSE

Asterisk designates the expected cleavage site of the fusion protein. ↓ Arrow designa
s marked with bold letters.
B 857 (2007) 231–239

and BamH I restriction sites for the convenience of cloning
n pET23a plasmid (Novagen, Madison, WI, USA). A glycine
esidue between ACDCRGDCFC and the coding region was
sed as a spacer.

In order to achieve efficient affinity purification of the
odified protein, the plasmid pET28a was used to introduce

vailable polyhistidine tag. Additionally, in-frame enterokinase
ecognition site DDDDK or TEV protease recognition site
NLYFQG was introduced for tag removal. N-terminal amino
cid sequences of tagged and cleaved proteins are listed in
able 1.

The cDNA coding for His-EK-RGD-hTNF was obtained by
CR from plasmid pET23a RGD-hTNF. The following primers
ere used to introduce enterokinase cleavage site DDDDK. The
pstream primer: 5′-cg gaa ttc gat gac gat gac aaa gca tgc gac
gc cgt ggt g-3′; the downstream primer: 5′-a ccg ctc gag tta
ag agc gat aat acc gaa g-3′. Primer sequences were designed to
ntroduce the EcoR I and Xho I restriction sites for cloning in
ET28a plasmid (Novagen, Madison, WI, USA).

The cDNA coding for His-TEV-RGD-hTNF was obtained by
CR from plasmid pET23a RGD-hTNF. The following primers
ere used to introduce TEV protease cleavage site ENLYFQG.
he upstream primer: 5′-cg gaa ttc gaa aac ctg tat ttt cag ggc gca

gc gac tgc cgt ggt g-3′; the downstream primer: 5′-a ccg ctc gag
ta cag agc gat aat acc gaa g-3′. Primer sequences were designed
o introduce the EcoR I and Xho I restriction sites for cloning in
ET28a plasmid (Novagen, Madison, WI, USA).

.2. Expression and purification of his-tagged fusion
rotein

The his-tagged fusion protein was expressed in E. coli
L21 (DE3) cells (Novagen, Madison, WI, USA). Soluble

ecombinant protein was recovered from 1-l culture by bac-
erial sonication in 1 mM PMSF, 20 mM Tris–HCl buffer, pH
.0, followed by centrifugation (12,000 rpm, 20 min, 4 ◦C).
olid ammonium sulfate was added to the supernatant to 25%
aturation, after which the solution was clarified again by cen-
rifugation as above. The supernatant was then adjusted to
5% saturation with solid ammonium sulfate and incubated
n ice for 2 h. After centrifugation, the pellet was dissolved
n 150 mM sodium chloride, 50 mM sodium phosphate buffer,
H 8.0. The lysate was loaded onto Ni2+ affinity column
1.6 cm × 5 cm) (Sigma, St. Louis, USA) equilibrated with equi-

ibration buffer (150 mM NaCl, 50 mM sodium phosphate, pH
.0). Non-specific binding proteins were washed with wash
uffer (50 mM imidazole, 150 mM NaCl, 50 mM sodium phos-
hate, pH 8.0). His-tagged fusion protein was eluted with elution

quence

FDDDDK*↓ACDCRGDCFCGVR↓SSSRTPSDK
FENLYFQ*↓GACDCRGDCFCGVRSSSRTPSDK

tes the actual cleavage site detected by ESI-TOF. The sequence of RGD moiety
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uffer (500 mM imidazole, 150 mM NaCl, 50 mM sodium
hosphate, pH 8.0). Imidazole in the eluent was removed
y Sephadex G-25 gel filtration. Meanwhile, the buffer was
hanged to 50 mM Tris–HCl buffer, pH 8.0.

.3. Cleavage of fusion protein by protease

Enterokinase cleavage of fusion protein was performed as
escribed [21]. The fusion protein was incubated with recom-
inant EKL-His6 at 16 ◦C. Various EKL-His6 concentrations
nd incubation times were tested to optimize the specificity and
fficiency of cleavage as described in results. EKL-His6 and His-
K-RGD-hTNF (100 �g) were mixed in the mass ratio 1:10,000
nd 1:20,000, respectively at 16 ◦C in 50 mM Tris–HCl buffer,
H 8.0. Samples of the reaction mixture were taken after 0.5, 1,
, 16 and 30 h for SDS-PAGE analysis.

Recombinant tobacco etch virus (TEV) protease containing
His-tag (His6-TEV) was used to cleave the affinity-purified
is-TEV-RGD-hTNF as described previously [22]. For cleav-

ge specificity and efficiency evaluation, different masses of
is6-TEV were added to 6 �g His-TEV-RGD-TNF in a final
olume of 30 �l at 4 ◦C for 12 h or at 30 ◦C for 5 h. The mass
atio of TEV enzyme to substrate were 1:5, 1:10, 1:20, 1:50 and
:100, respectively. Reaction buffer was 50 mM Tris–HCl, pH
.0, 0.5 mM EDTA, 1 mM DTT.

For large-scale digestion, after the appropriate adjustment of
eaction volume, 20 mg His-TEV-RGD-hTNF was cleaved with
mg His6-TEV in a final volume of 50 ml at 4 ◦C for 12 h.

.4. Purification of recombinant RGD-hTNF

After digestion, the buffer of the reaction mixture was
xchanged to 150 mM sodium chloride, 50 mM sodium phos-
hate buffer, pH 8.0 using a Sephadex G-25 column. In order
o remove the polyhistidine tag, un-cleaved protein, His6-TEV
rotease and impurities, the cleaved sample was loaded on a
i2+ affinity column (1.6 cm × 5 cm) to remove the remain-

ng un-cleaved protein. The flow-through fraction containing
GD-hTNF was further purified using HiPrep 16/60 Sephacry
-200 HR column on ÄKTAFPLC (Amersham Biosciences, Upp-
ala, Sweden) system. The final product was stored in multiple
liquots at −80 ◦C.

Protein concentration was determined by Bradford method.
he crude lysates and purified hTNF conjugate were ana-

yzed by 15% SDS-PAGE. Coomassie blue stained gels were
canned using UVP white/ultraviolet transilluminator and quan-
itative analysis was performed using Grab-it 2.5 and Gelwork
oftware.

.5. Electrospray ionization mass spectrometry (ESI-MS)
nalysis

The high resolution MS analysis was performed on an orthog-

nal time-of-flight mass spectrometer (Agilent Corp., Santa
lara, CA, USA) equipped with an ESI source. All spectra were

ecorded in positive mode in 100–3000 m/z mass range. The
onditions of the ESI source were as follows: the capillary tem-

w
w
i
r
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erature, 300 ◦C; capillary voltage, 3500 V; drying gas (N2) flow
ate, 9 l/min; nebulizer (N2) pressure, 35 psi.

Prior to mass analysis, the samples were desalted on Centri-
on PM10 (cut off = 10,000 Da) micro-concentrators (Amicon,
illipore, Bedford MA, USA) in 10 mM ammonium acetate

pH 6.8). At least eight dilution/concentration steps were per-
ormed at 4 ◦C and 4000 rpm. Protein analytes were dissolved
n 50% aqueous acetonitrile containing 0.1% formic acid. The

olecular weight was estimated by mass analysis in denatured
onditions.

All the operations, acquisition and analysis of data were
ontrolled by Agilent LC-MS TOF Software Version A.01.00
Agilent Technologies, USA) and Agilent TOF Protein Con-
rmation Version A.01.00 (Agilent Technologies, USA),
espectively.

.6. Western blot analysis

TNF mutants were resolved on 15% SDS-PAGE under
educing condition and transferred to PVDF membranes. After
locking with 5% non-fat milk for 1 h, the PVDF membrane was
ncubated with anti-human TNF� monoclonal antibody (The
ourth Military Medical University, Xi’an, China). Then the
embrane was washed three times with phosphate buffered

aline Tween-20 (PBST) and followed by incubation for 1 h
ith HRP conjugate of anti-mouse antibody. The membrane
as washed and then developed with enhanced chemilumines-

ence (ECL) detection system (Cell Signaling, USA) followed
y exposure to X-ray film.

.7. In vitro cytotoxicity assay

The biologic activity of TNF was determined by using a
tandard assay, which depends on cytotoxicity in L-929 murine
broblast cells as previously described [23]. Briefly, 5 × 103

ells were seeded into 96-well microtiter plates in 100 �l of
ulture medium and incubated 16 h at 37 ◦C, 5% CO2. Ten-fold
erial of TNF were added in the presence of 1 �g/ml actinomycin
, and after incubation at 37 ◦C, 5% CO2 for 24 h, the cytotoxic

ctivity was quantified by standard 3-(4, 5-dimethylthiazol-2-
l)-diphenyltetrazolium bromide assay.

.8. Cell adhesion assay

Polyvinyl chloride microtiter plates were coated with TNF
reparations at various concentrations (100 �l/well in PBS) or
.2% gelatin as a positive control. After washing with PBS,
ach well was filled with PBS containing 2% BSA to block
on-specific binding sites and washed again. ECV304 cells
ere harvested, washed with PBS, resuspended in incomplete
MEM and added to wells at a density of 50,000 cells/well.
fter incubation for 30 min at 37 ◦C, 5% CO2, unbound cells
ere removed by washing with PBS. Adherent cells were stained

ith 20% methanol containing 0.5% crystal violet. The cells
ere solubilized in 33% acetic acid and quantified by read-

ng the absorbance of each well at 550 nm using a microplate
eader.



234 D. Ma et al. / J. Chromatogr.

Fig. 1. Analysis of total protein expression, solubility of RGD-hTNF, His-EK-
RGD-hTNF and His-TEV-RGD-hTNF using SDS-PAGE. E. coli BL21 (DE3)
cells harbouring individual expression plasmid were grown in LB medium con-
taining 100 �g/ml ampicillin or 50 �g/ml kanamycin to an optical density of
0.8-1 at 600 nm. The culture was then induced at 37 ◦C for an additional 3 h
by adding isopropyl �-d-thiogalactopyranoside (IPTG) at a final concentration
of 0.6 mM. Harvested cells from 1 ml of bacteria culture were re-suspended in
300 �l of 20 mM Tris–HCl buffer, pH 8.0 and lysed by sonication. The total
b
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acterial lysates (T) were divided into soluble (S), and insoluble or pellet (P)
ractions. The insoluble fraction was suspended in a volume equal to that of the
oluble fraction. Protein size markers (M) are indicated in kDa.

. Results

.1. Effect of the RGD moiety on protein expression and
urification

Human TNF has been successfully over-expressed in E. coli,
nd recovered as soluble homotrimeric protein with high yield.
e tested the effect of RGD modification on expression and

olubility of RGD-hTNF. To investigate the expression level of

oluble recombinant proteins, the cells were harvested and son-
cated. The cell lysates were separated by centrifugation into
oluble supernatant and insoluble pellet, and each fraction was
nalyzed with SDS-PAGE. As shown in Fig. 1, the expressed

H

t

ig. 2. Affinity chromatogram (A) and SDS-PAGE (B) of His-EK-RGD-hTNF fusion
oluble fraction was loaded onto Ni2+ affinity column, and then washed and eluted w
ane 1, the crude lysate after ammonium sulfate precipitation; lane 2, the flow-throu
raction at 500 mM imidazole.
B 857 (2007) 231–239

GD-hTNF was mostly recovered from the soluble fraction, and
he expression level was about 27% of the total soluble proteins
f E. coli. Though the expression level of RGD-hTNF was well,
ts purification was laborious and inefficient. At the beginning of
he study, we tried to purify RGD-hTNF in non-fusion form by
mmonium sulfate precipitation, hydrophobic chromatography,
on exchange, and gel filtration chromatography as described.
hough hTNF was easily purified by the strategy, RGD-hTNF
as difficult to recover from crude extracts with the desired
urity. So the recombinant protein RGD-hTNF was expressed
s polyhistidine-tagged protein for affinity purification.

When RGD-hTNF was introduced a polyhistidine tag by
loning the target gene directionally into pET28a vector, well-
xpressed and highly soluble proteins were obtained. The
xpression levels of His-EK-RGD-hTNF and His-TEV-RGD-
TNF were 26% and 40% of the total soluble proteins,
espectively.

.2. Affinity purification of His-EK-RGD-hTNF and
is-TEV-RGD-hTNF

In order to achieve efficient purification of RGD-hTNF,
hexa-histidine tag was introduced to the N-terminus of

he molecular. Recombinant His-EK-RGD-hTNF or His-TEV-
GD-hTNF fusion protein was purified by one step Ni2+ affinity
hromatography. After optimizing imidazole concentration,
ash buffer containing 50 mM imidazole was used to reduce
on-specific protein binding. The target protein was eluted from
olumn with high purity by elution buffer containing 500 mM
midazole. The two polyhistidine-tagged proteins displayed
ood chromatographic behavior. All fractions were analyzed by
DS-PAGE and the gels were stained with Coomassie Brilliant
lue as shown in Fig. 2 and Fig. 3. Purified His-EK-RGD-hTNF
r His-TEV-RGD-hTNF was exhibited as a homogenous band
orresponding to the molecular weight of 22 kDa.

.3. Cleavage of His-EK-RGD-hTNF and

is-TEV-RGD-hTNF

To keep the cytotoxicity of hTNF moiety, the polyhistidine
ag must be removed from the fusion protein by a protease.

protein from Ni2+ affinity column. After ammonium sulfate precipitation, the
ith different concentrations of imidazole. Lane M, molecular weight markers;
gh fraction; lane 3, the wash fraction at 50 mM imidazole; lane 4, the elution
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ig. 3. Affinity chromatogram (A) and SDS-PAGE (B) of His-TEV-RGD-hTNF
oluble fraction was loaded onto Ni2+ affinity column and then washed and elu
ane 1, the total bacterial lysate; lane 2, the soluble fraction; lane 3, the crude ly
he wash fraction at 50 mM imidazole; lane 6, the elution fraction at 500 mM im

irst, an enterokinase recognition site, DDDDK, was introduced
etween polyhistidine tag and RGD-hTNF for the release of
ntact RGD-hTNF without any remaining amino acid residues.
he specificity and efficiency of cleavage were tested. Fig. 4
hows the time course for cleavage of His-EK-RGD-hTNF using
he mass ratio 1:10,000 or 1:20,000 (EKL-His6: substrate) at
6 ◦C. The cleavage of His-EK-RGD-hTNF was obviously after
h incubation. However, the target protein released by EKL-His6
as not homogeneous. An extra band smaller than RGD-hTNF

ppeared, which suggests RGD-hTNF has a non-specific cleav-
ge site recognized by enterokinase. When incubation time
ncreased, the band corresponding to RGD-hTNF decreased
n intensity and shift to a lower molecular weight degradation
roduct.

Since RGD-hTNF was non-specifically released by enteroki-
ase, a TEV recognition site was inserted into the fusion protein
o substitute for the enterokinase cleavage site. It has been
eported that TEV protease is active over a broad tempera-

ure range [24]. So we tested His-TEV-RGD-hTNF cleavage by
is6-TEV at 4 ◦C for 12 h or at 30 ◦C for 5 h. To optimize TEV
rotease cleavage, different ratios of His6-TEV to substrate were
ested as shown in Fig. 5. The cleavage of His-TEV-RGD-hTNF

ig. 4. Cleavage of His-EK-RGD-hTNF fusion protein with enterokinase pro-
ease. The incubation time and the mass ratio for EKL-His6 to substrate are
ndicated. Lane C represents the uncut fusion protein control. The arrows indi-
ate the location of His-EK-RGD-hTNF, released RGD-hTNF and non-specific
leavage product, respectively.

i
p

F
L
4
1
1
b
9
f
l
T

n protein from Ni affinity column. After ammonium sulfate precipitation, the
ith different concentrations of imidazole. Lane M, molecular weight markers;
fter ammonium sulfate precipitation; lane 4, the flow-through fraction; lane 5,
le.

as indicated by the appearance of the single band of 18 kDa for
GD-hTNF. However, incubation of His-EK-RGD-hTNF with
nterokinase resulted in two fragments. The released large frag-
ent had the same migration as RGD-hTNF protein released by
EV, which confirmed that the small fragment was non-specific
leavage product. His6-TEV can cleave His-TEV-RGD-hTNF
n a dose-dependent manner. Most of His-TEV-RGD-hTNF was
leaved using the ratio 1:5, 1:10 or 1:20 (His6-TEV to substrate).
t the same enzyme/substrate ratio, the cleavage efficiency at
0 ◦C for 5 h was similar to that at 4 ◦C for 12 h. But the cleaved
GD-hTNF protein released by TEV at 30 ◦C displayed a slight
iffuse migration band on the gel. These results indicated that
he cleavage of His-TEV-RGD-hTNF by TEV was specific and
fficient at low temperature. So the digestion temperature was
elected at 4 ◦C and the enzyme/substrate ratio was selected as
:5 for complete cleavage in large-scale digestion.

.4. An improved purification of RGD-hTNF
Our protein purification scheme relies on the Nickel bind-
ng ability of the polyhistidine tag. His-TEV-RGD-hTNF fusion
rotein was initially purified by 1st IMAC capture. The tag was

ig. 5. Cleavage of His-TEV-RGD-hTNF fusion protein with TEV protease.
ane M: molecular weight markers; lane 1, uncut fusion protein incubated at
◦C for 12 h; lanes 2–6, the digestion reactions were carried out at 4 ◦C for
2 h, the mass ratios for His6-TEV to substrate were 1:100, 1:50, 1:20, 1:10 and
:5, respectively; lane 7, the cleaved protein mixture of His-EK-RGD-hTNF
y enterokinase; lane 8, uncut fusion protein incubated at 30 ◦C for 5 h; lanes
–13, the digestion reactions were carried out at 30 ◦C for 5 h, the mass ratios
or His6-TEV to substrate were 1:100, 1:50, 1:20, 1:10 and 1:5, respectively;
ane 14, His6-TEV only. The arrows indicate the location of His6-TEV, His-
EV-RGD-hTNF and released RGD-hTNF, respectively.
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Fig. 6. (A) Purification of recombinant RGD-hTNF during the second IMAC
step for removal of polyhistidine tag and His6-TEV protease. The flow-through
fraction contained the majority of the target proteins, while the elution fraction
at 500 mM imidazole contained His6-TEV protease and the uncleaved proteins.
Lane M, molecular weight markers; lane 1, the reaction mixture after TEV
treatment; lane 2, the flow-through fraction; lane 3, the wash fraction at 50 mM
imidazole; lane 4, the elution fraction at 500 mM imidazole. (B) SDS-PAGE and
Western blot analysis of the purified RGD-hTNF. Lane M, molecular weight
m
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Fig. 7. Deconvoluted ESI-TOF mass spectrum of the reaction mixture after
digestion of His-EK-RGD-hTNF by enterokinase. The 18,478 Da peak repre-
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arkers. Lane 1 represents RGD-hTNF under reducing conditions. Lane 2 rep-
esents RGD-hTNF under non-reducing condition. Lane 3 represents Western
lot of RGD-hTNF under reducing conditions.

leaved from the purified fusion protein using a polyhistidine-
agged version of TEV protease (His6-TEV). The polyhistidine
ag, the recombinant TEV and the un-cleaved protein were
eparated from the target protein through subtractive IMAC
urification as shown in Fig. 6A. After the subtractive purifi-
ation, the homotrimers were further purified by gel filtration.
ecause hTNF has been proved to be a compact homotrimeric
rotein [25–27], only fractions corresponding to trimeric species
ere collected during the final gel filtration chromatography.
he final product was analyzed by gel filtration chromatogra-
hy on the same column. The retention volume of RGD-hTNF
as consistent with the retention time of hTNF, which corre-

ponds to trimers (data no shown). The purity of the preparation
nd the molecular mass of the RGD-hTNF protein were checked
y ESI-MS.

Reducing SDS-PAGE of RGD-hTNF showed a major band
ith molecular weight of 18 kDa for RGD-hTNF monomers and
minor band with molecular weight of 36 kDa for non-reducible
immers. The fact that these bands were immunoreactive by
nti-human TNF-� monoclonal antibody suggested that they
orrespond to RGD-hTNF monomers and dimers. The formed
on-reducible dimmers for hTNF were also observed elsewhere

9,28,29]. Under non-reducing condition, the level of dimers
as about 17% of the total protein, suggesting the presence of

ubunits with intra- and inter-chain disulfide bridges. The 18 kDa
ubunits with intra-chain disulfide bridges accounted for about

i
R
2
i

able 2
urification of RGD-hTNF from E. coli extract (1 l of fermentation)a

ractions Total proteinb (mg) P

rude extract 235.3 3
mmonium sulfate precipitation 159.0 3
he capture step by IMAC-1 61.7 7
he subtractive step by IMAC-2 35.3 8
el filtration chromatography 17.8 9

a Data are normalized to quantities obtained per liter growth medium that approxim
b Determined by Bradford method.
c Determined by densitometric scanning of the SDS-PAGE gel.
ents the signal of the cleavage product at the engineered DDDDK site. The
7,095 Da peak represents the non-specific product corresponding to cleavage
fter Arg2 of hTNF motif.

2% of the total material. Table 2 shows the yield of each step
f RGD-hTNF purification. As a result, about 18 mg of pure
GD-hTNF was obtained from 1 l of bacteria culture.

.5. Characterization of the protein of interest after
leavage by ESI-MS

In order to reveal the non-specific cleavage site in His-EK-
GD-hTNF fusion protein, the reaction mixture after digestion
as subjected to ESI-MS. The mass spectrum after deconvo-

ution of the raw data shows a minor peak of 18,478 Da and a
ajor peak of 17,095 Da (Fig. 7). Analysis of the amino acid

equence indicated that the former value corresponded to the
leavage product at the expected DDDDK site (Mw = 18,484 Da)
nd the latter value corresponded to the mass of hTNF3-157
Mw = 17,097 Da). This suggested that enterokinase had recog-
ized a secondary cleavage site within the target protein. The
runcated form was produced by cleavage after Arg2 of hTNF

otif.
It is necessary to characterize the protein of interest after

leavage from the affinity label to assure that there are no
hanges in covalent structure of the protein of interest [30].
he purified protein was subjected to ESI mass spectrometry

o confirm identity and integrity. The major signals observed

n the mass spectrum were due to multiply charged ions of
GD-hTNF monomer with ions ranging from m/z 900 to m/z
800. The expected molecular mass of RGD-hTNF subunit
s 18,541 Da (Fig. 8). The deconvoluted mass spectrum of

urityc (%) RGD-hTNF (mg) Step recovery (%)

4.1 80.2 100
5.0 55.7 69.5
6.4 47.1 84.6
9.0 31.4 66.7
5.9 17.1 54.5

ately 3.6 g wet weight of cells.
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ig. 8. Deconvoluted ESI-TOF mass spectrum of RGD-hTNF obtained under
enaturing conditions. The 18,538 Da peak represents the intact RGD-hTNF
eleased by TEV protease at the engineered ENLYFQG site.

GD-hTNF showed an intense peak corresponding to a mass
f 18,538 Da, in good agreement with the value expected for
GD-hTNF monomer. Thus the 18,538 Da peak represents the

ull-length target protein.

.6. Biological activity of RGD-hTNF

The in vitro cytolytic activities of hTNF and RGD-hTNF were
easured by standard cytolytic assay with L929 mouse fibrob-

asts. The in vitro cytolytic activities of hTNF and RGD-hTNF
ere 2.45 × 107 and 4.15 × 107 units/mg, respectively. These

esults indicate that the RGD domain of RGD-hTNF does not
nterfere with TNF receptor binding and RGD-hTNF maintains
he biological activity of the TNF moiety.

RGD-peptide, as a ligand of �v�3 integrin and �v�5 inte-
rin, is well known for its binding to integrins on the surface
f endothelial cells. To determine whether the addition of
GD-motif to hTNF could enhance its binding capability to
ndothelial cells, the binding specificity of RGD-hTNF was
ested against ECV304 cells. At the beginning, the expression
f integrins on the membrane of ECV304 cells was detected

sing flow cytometry. Integrin flow cytometry analysis with spe-
ific antibodies showed that ECV304 cells express both �v�3
ntegrin and �v�5 integrin as expected (data no shown). So
CV304 cells were used to evaluate the binding activity of RGD-

p

(
t

ig. 9. Adhesion of ECV304 cells to solid phases coated with RGD-hTNF or hTNF.
ell adhesion kinetic analysis of RGD-hTNF or hTNF (A). Microphotograph of well
B 857 (2007) 231–239 237

TNF. BSA-blocked wells were used as a negative control, and
.2% gelatin-coated wells were used as a positive control. We
bserved adhesion and spreading of ECV304 cells on plates
oated with RGD-hTNF but not with hTNF (Fig. 9A and B).
GD-hTNF could increase cell attachment in a dose-dependent
anner. Cell adhesion was completely abrogated by depletion

f Ca2+ and Mg2+ with EDTA (data not shown), as expected for
ivalent ion-dependent integrin binding. These results suggest
hat the RGD domain of RGD-hTNF fold properly and is able
o interact with adhesion receptors on the surface of ECV304
ells.

. Discussion

Curnis et al. firstly reported that targeted delivery of TNF
o tumor vessels by coupling TNF with cyclic CNGRC peptide
ould enhance the anti-tumor effect of TNF. About 17.25 mg
f murine NGR-TNF and 16 mg human NGR-TNF could be
urified from 1 l culture using conventional chromatographic
echniques [9]. However, RGD modification resulted in a low
roduction and about 2 mg of purified RGD-mTNF was recov-
red from 1 l of E. coli culture using the similar scheme [11].
hese results suggest that RGD modification and NGR modifica-

ion have different effects on expression and purification. In this
aper, we expressed and purified intact RGD-hTNF by his-tag
usion strategy. We unambiguously demonstrated that recom-
inant His-EK-RGD-hTNF or His-TEV-RGD-hTNF could be
luted from Ni2+ affinity column with high purity by imida-
ole as high as 500 mM with good chromatographic behavior.
n previous reports, various histidine-tags were fused to the N-
erminus of full-length TNF and to the truncated form (dN6) of
NF. Because of very strong binding for affinity resin, the fusion
roteins had to be recovered by elution buffer containing EDTA
31,32]. To avoid the difficulty that the previous reports had met
ith, our purification procedure was designed different from the

eported methodology in both the polyhistidine tag length and

osition.

Enterokinase and recombinant enterokinase light chain
rEKL) have been used widely to cleave fusion proteins with
he target sequence of (Asp)4-Lys. Enterokinase is able to

Cell adhesion assay was performed as described in Section 2. Dose-dependent
coated with 100 nM RGD-hTNF or hTNF, at 200× magnifications (B).
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leave fusion protein without leaving any remaining amino acid
esidues at the N-terminus of the target protein, which makes
t more ideal for tag removal. In our previous studies, the puri-
ed EKL-His6 demonstrated excellent cleavage activity towards
usion proteins containing the recognition sequence [33,34].
n the case of His-EK-RGD-hTNF, degradation pattern was
bserved and a secondary cleavage site was identified after Arg2
f hTNF moiety using ESI-MS. Kenig et al. had observed non-
arget cleavage of hTNF moiety when His10-TNF was digested
ith recombinant enterokinase previously. N-terminal sequenc-

ng showed that 80% of cleavage occurred after the first arginine
Arg2) and 20% after the second (Arg6) [32]. These data show
hat enterokinase is not appropriate for digesting the fusion
rotein containing hTNF moiety. Since RGD-hTNF was non-
pecifically released by enterokinase, a TEV recognition site was
reated in the fusion protein. Highly specific and efficient cleav-
ge of His-TEV-RGD-hTNF at 4 ◦C was achieved as expected,
nd there was no non-specific degradation occurred on the final
roduct RGD-hTNF.

The use of affinity tags provides a generic strategy for purifi-
ation. The strategy might make it possible to purify proteins
hat would be difficult or even impossible to obtain by tra-
itional techniques. Affinity-based purification methods have
een developed in several areas of research, particularly in high-
hroughput protein production for structure genomics. Most of
he studies employ a two-step affinity chromatography proce-
ure, with an optional polishing step to improve the purity of
he target protein [35,36]. Our purification process included
he first IMAC capture, the cleavage of the fusion protein with
olyhistidine-tagged TEV protease, the second IMAC to cap-
ure the unwanted byproducts of the digestion (polyhistidine
ag, His6-TEV, and any undigested fusion protein). Though the
leavage efficiency was good (about 93% of the fusion protein),
he final yield was compromised by the interaction between undi-
ested His-TEV-RGD-hTNF and final product RGD-hTNF. So
s we observed in Fig. 6A, the band of RGD-hTNF appeared in
oth flow-through fraction and the elution fraction. In a previous
tudy, Kenig et al. detailed the effect of the cleavage efficiency
nd the degree of oligomerization of the protein on the final
ield using hTNF fusion protein bearing different histidine tags
s a model protein. Despite high cleavage efficiency (95%), the
ield from the second IMAC was rather low, less than 65%. In
he flow-through fraction, there was only cleaved protein. In the
lution fraction, there were both uncleaved and cleaved proteins
ith a ratio of 1:1.76. Since one tag is sufficient for binding to

MAC resin, each oligomeric molecule bearing even single histi-
ine tag is lost during the second IMAC [32]. In our research for
he purification of RGD-hTNF, the ratio for uncleaved protein to
leaved protein in the elution fraction was 1:2.5, giving that the
ost of trimers have one histidine-tagged subunits. The yield

rom the second IMAC step was about 66.7%. These results
uggest that the Ni affinity adsorbents exhibit strong binding
apacities for trimers containing one histidine tag, which is con-

isted with the previous results. However, the proposed method
till allowed us to obtain RGD-hTNF with an overall yield of
1%, which is due to high efficiency of affinity purification and
EV protease cleavage. In previous reports, about 2 mg of RGD-
B 857 (2007) 231–239

TNF was purified from 1 l of E. coli culture, and 3.9 mg of
GD4C-rmhTNF was recovered from 1 g wet weight of cells

11,20]. Our purification procedure produced a higher yield than
ver reported.

ESI-MS is a widely recognized technique for mass mea-
urements of individual proteins with high precision. Quality
ssurance of proteins by mass spectrometry is necessary. In this
tudy, we used the benefits of ESI-MS to unambiguously deter-
ine the integrity of RGD-hTNF, which further confirmed the

orrect cleavage of His-TEV-RGD-hTNF fusion protein using
EV protease. Moreover, ESI-MS can distinguish individual

ngredient in protein mixture, which has been used to reveal the
on-specific cleavage sites in a thioredoxin-fused protein [37].
sing the same method, we revealed the non-specific site in His-
K-RGD-hTNF, which might help us to design point mutation

o eliminate non-specific cleavage.

. Conclusion

In this study, we have shown that the fusion protein of RGD-
TNF with polyhistidine tag can be produced in soluble form
n the cytoplasm of E. coli. Separation of RGD-hTNF from the
usion protein, however, was not straightforward as we expe-
ienced difficulties with non-specific cleavage of RGD-hTNF
y enterokinase. We have constructed a novel expression plas-
id where the enterokinase recognition site was replaced by the
EV protease recognition site. Finally, we have isolated a sol-
ble intact recombinant RGD-hTNF that was characterized by
DS-PAGE, Western blot, mass spectroscopy and gel filtration.
e demonstrated that the in vitro cytotoxic activity of RGD-TNF
as similar to that of hTNF and the RGD domain of RGD-hTNF
as able to interact with adhesion receptors on the surface of
CV304 cells.

cknowledgements

The project was supported by grants from the Chi-
ese National Nature Sciences Foundation (30330530,
0425009) and Jiangsu Provincial Nature Sciences Foundation
BK2007715) to Zi-chun Hua.

eferences

[1] H.R. van, T.L. Ten Hagen, A.M. Eggermont, Oncologist 11 (2006) 397.
[2] D.J. Grunhagen, J.H. de Wilt, W.J. Graveland, C. Verhoef, A.N. van Geel,

A.M. Eggermont, Cancer 106 (2006) 1776.
[3] D.J. Grunhagen, J.H. de Wilt, A.N. van Geel, A.M. Eggermont, Eur. J.

Surg. Oncol. 32 (2006) 371.
[4] D.J. Grunhagen, J.H. de Wilt, T.L. ten Hagen, A.M. Eggermont, Nat. Clin.

Pract. Oncol. 3 (2006) 94.
[5] Y. Liu, L.H. Cheung, J.W. Marks, M.G. Rosenblum, Int. J. Cancer 108

(2004) 549.
[6] H. Wajant, J. Gerspach, K. Pfizenmaier, Cytokine Growth Factor Rev. 16

(2005) 55.

[7] L. Borsi, E. Balza, B. Carnemolla, F. Sassi, P. Castellani, A. Berndt, H.

Kosmehl, A. Biro, A. Siri, P. Orecchia, J. Grassi, D. Neri, L. Zardi, Blood
102 (2003) 4384.

[8] C. Halin, V. Gafner, M.E. Villani, L. Borsi, A. Berndt, H. Kosmehl, L.
Zardi, D. Neri, Cancer Res. 63 (2003) 3202.



togr.

[
[

[

[
[
[

[
[
[

[

[

[

[

[

[

[
[

[
[
[
[
[

[

[

[

D. Ma et al. / J. Chroma

[9] F. Curnis, A. Sacchi, L. Borgna, F. Magni, A. Gasparri, A. Corti, Nat.
Biotechnol. 18 (2000) 1185.

10] F. Curnis, A. Sacchi, A. Corti, J. Clin. Invest. 110 (2002) 475.
11] F. Curnis, A. Gasparri, A. Sacchi, R. Longhi, A. Corti, Cancer Res. 64

(2004) 565.
12] G. Colombo, F. Curnis, G.M. De Mori, A. Gasparri, C. Longoni, A. Sacchi,

R. Longhi, A. Corti, J. Biol. Chem. 277 (2002) 47891.
13] A. Corti, M. Ponzoni, Ann. N.Y. Acad. Sci. 1028 (2004) 104.
14] A. Corti, Meth. Mol. Med. 98 (2004) 247.
15] A. Sacchi, A. Gasparri, C. Gallo-Stampino, S. Toma, F. Curnis, A. Corti,

Clin. Cancer Res. 12 (2006) 175.
16] R. Pasqualini, E. Koivunen, E. Ruoslahti, Nat. Biotechnol. 15 (1997) 542.
17] R. Pasqualini, E. Ruoslahti, Nature 380 (1996) 364.
18] E. Koivunen, B. Wang, E. Ruoslahti, Biotechnology (N.Y.) 13 (1995)

265.
19] F.M. de Groot, H.J. Broxterman, H.P. Adams, V.A. van, G.I. Tesser,

Y.W. Elderkamp, A.J. Schraa, R.J. Kok, G. Molema, H.M. Pinedo, H.W.
Scheeren, Mol. Cancer Ther. 1 (2002) 901.

20] H. Wang, Z. Yan, J. Shi, W. Han, Y. Zhang, Protein Exp. Purif. 45 (2006)

60.

21] L. Fang, Q.M. Sun, Z.C. Hua, Acta Biochim. Biophys. Sinica (Shanghai)
36 (2004) 513.

22] L. Fang, K.Z. Jia, Y.L. Tang, D.Y. Ma, M. Yu, Z.C. Hua, Protein Exp. Purif.
51 (2007) 102.

[

[
[

B 857 (2007) 231–239 239

23] D. Guo, B. Shen, X. Dong, Q. Qiu, X. Xu, Biochem. Biophys. Res. Com-
mun. 207 (1995) 927.

24] T.D. Parks, K.K. Leuther, E.D. Howard, S.A. Johnston, W.G. Dougherty,
Anal. Biochem. 216 (1994) 413.

25] F. Curnis, A. Corti, Meth. Mol. Med. 98 (2004) 9.
26] R. Alzani, A. Corti, L. Grazioli, E. Cozzi, P. Ghezzi, F. Marcucci, J. Biol.

Chem. 268 (1993) 12526.
27] O. Van, X.J. Tavernier, W. Fiers, Protein Eng. 7 (1994) 5.
28] X.M. Zhang, I. Weber, M.J. Chen, J. Biol. Chem. 267 (1992) 24069.
29] M.S. Hora, R.K. Rana, F.W. Smith, Pharm. Res. 9 (1992) 33.
30] R.J. Jenny, K.G. Mann, R.L. Lundblad, Protein Exp. Purif. 31 (2003) 1.
31] I. Fonda, M. Kenig, V. Gaberc-Porekar, P. Pristovaek, V. Menart, Scientific

World Journal 2 (2002) 1312.
32] M. Kenig, S. Peternel, V. Gaberc-Porekar, V. Menart, J. Chromatogr. A

1101 (2006) 293.
33] Q.M. Sun, L.L. Chen, L. Cao, L. Fang, C. Chen, Z.C. Hua, Biotechnol.

Prog. 21 (2005) 1048.
34] Q.M. Sun, L. Cao, L. Fang, C. Chen, J. Dai, L.L. Chen, Z.C. Hua, Protein

Exp. Purif. 39 (2005) 288.

35] J. Arnau, C. Lauritzen, G.E. Petersen, J. Pedersen, Protein Exp. Purif. 48

(2006) 1.
36] D.S. Waugh, Trends Biotechnol. 23 (2005) 316.
37] O.W. Liew, J.P. Ching Chong, T.G. Yandle, S.O. Brennan, Protein Exp.

Purif. 41 (2005) 332.


	Purification and characterization of RGD tumor-homing peptide conjugated human tumor necrosis factor alpha over-expressed in Escherichia coli
	Introduction
	Experimental
	Construction of expression plasmids
	Expression and purification of his-tagged fusion protein
	Cleavage of fusion protein by protease
	Purification of recombinant RGD-hTNF
	Electrospray ionization mass spectrometry (ESI-MS) analysis
	Western blot analysis
	In vitro cytotoxicity assay
	Cell adhesion assay

	Results
	Effect of the RGD moiety on protein expression and purification
	Affinity purification of His-EK-RGD-hTNF and His-TEV-RGD-hTNF
	Cleavage of His-EK-RGD-hTNF and His-TEV-RGD-hTNF
	An improved purification of RGD-hTNF
	Characterization of the protein of interest after cleavage by ESI-MS
	Biological activity of RGD-hTNF

	Discussion
	Conclusion
	Acknowledgements
	References


