Journal of Chromatography B, 867 (2008) 119-125

journal homepage: www.elsevier.com/locate/chromb

Contents lists available at ScienceDirect

Journal of Chromatography B

Identification of the heparin-binding domain of TNF-alpha and its use for
efficient TNF-alpha purification by heparin-Sepharose affinity

chromatography

Maja Kenig®*, Vladka Gaberc-Porekar®, Irena Fonda®, Viktor Menart?2-°

@ Lek Pharmaceuticals d.d., Verovskova 57, SI-1526 Ljubljana, Slovenia
b National Institute of Chemistry, Hajdrihova 19, SI-1001 Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Article history:

Received 17 December 2007
Accepted 26 March 2008
Available online 1 April 2008

Keywords:
Heparin-binding domain
TNF-alpha
Affinity chromatography

The N-terminus of the trimeric TNF-alpha molecule comprises two basic arginines within the short
amino-acid sequence VRSSSR, which is here shown to be essential for binding of TNF-alpha to
heparin-Sepharose. Mixed trimers containing full-length and AN6-truncated subunits revealed a single
VRSSSR sequence to be sufficient to achieve binding. On the basis of this newly identified heparin-binding
domain, a new method for efficient purification of TNF-alpha is described. Affinity chromatography on
heparin-Sepharose was introduced as a key step for highly purified TNF-alpha at a high yield. With minor
modifications, this procedure can be used for TNF-alpha analogues that have full-length N-termini, as
shown for the less toxic analogue LK-805.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

TNF-alpha is a cytokine that shows strong anti-tumour effects
and it is currently used for local treatment of inoperable soft tissue
sarcoma in combination with melphalan and mild hyperthermia,
with the isolated limb perfusion technique [1-4]. The interna-
tional non-proprietary name of recombinant human TNF-alpha is
tasonermin, which has been registered as Beromun® (Boehringer
Ingelheim). Native TNF-alpha is too toxic for systemic use; instead,
less toxic analogues appear to be good candidates for future anti-
tumour treatments [5-11]. In a tumour-bearing mouse model, the
TNF-alpha analogue LK-805, which was designed in our laboratory,
had almost the same anti-tumour activity as TNF-alphaitself, which
was accompanied by lower systemic toxicity, thus making LK-805
an interesting candidate for further studies [12].

Human TNF-alpha was initially purified from the human HL-
60 cell line following induction with the phorbol ester 4[3-phorbol
12-myristate 13-acetate [13]. This procedure comprised four chro-
matographic steps that were combined with two dialysis and
concentrating steps and one ultrafiltration step; this resulted in a
final yield of approximately 6%. The first expression of human TNF-
alpha in Escherichia coli was introduced by Pennica et al. in 1984,
which enabled more in-depth research of this protein [14]; how-
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ever, the full purification details were not provided. There have also
been some further reports of expression of recombinant human
TNF-alpha in E. coli, which was then purified to various levels of
purity at generally relatively low yields [15,16].

Sreekrishna et al. [17] produced recombinant TNF-alpha in
Pichia pastoris, where a three-step chromatographic procedure pro-
vided purified TNF-alpha at a very high yield (75%). This isolate
was highly active; however, it appears that the TNF-alpha was pre-
dominantly in an N-terminally truncated and/or deamidated form,
as judged from the isoelectric points [17]. The marketed form of
TNF-alpha (tasonermin) is produced in E. coli and purified by a five-
chromatographic-step procedure, although the full details have not
been disclosed [4].

There have also been reports of the purification of TNF-alpha
from other species: sheep [18], woodchuck [19], rat [20], guinea pig
[21], rabbit [22] and mouse [23], either in a recombinant form or
from natural sources. The yields are again usually low, and details of
the final purities are not usually provided. Recombinant sheep TNF-
alpha was expressed as a glutathione S-transferase (GST)-fusion
protein in E. coli, with the GST cleaved with thrombin after affinity
purification [18]. The cleaved GST was removed by rechromatogra-
phy using the same affinity matrix; however, no data were provided
as to if and how the cleaving enzyme was removed. Recombi-
nant woodchuck TNF-alpha was produced as a histidine-tagged
protein expressed in E. coli, which was then purified via two-step
immobilized metal ion affinity chromatography (IMAC) using a Ni-
nitrilotriacetic acid (NTA) matrix. The tag was not cleaved off after
this purification, resulting in very low biological activity of the puri-
fied protein [19]. Recently, the purification of a TNF-alpha analogue,
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RGD4C-rmhTNF, was reported, as a procedure involving two chro-
matographic steps that produces a highly purified protein with a
final yield of around 40% [24].

Purification of recombinant proteins still represents a demand-
ing and time-consuming process, and consequently this represents
the most expensive step in their production, as especially in the
case of therapeutic proteins. In general, affinity chromatography
is one of the most effective methods for obtaining highly purified
recombinant proteins, especially through the use of immobilized
monoclonal antibodies. However, these procedures are usually too
expensive for the production of large quantities of recombinant
proteins on an industrial scale. The introduction of well-defined,
easily accessible, cost-effective affinity or pseudo-affinity matrices
is therefore needed, such as the use of IMAC, immobilized heparin,
cellulose, streptavidine, chitin, glutathione or cross-linked amylose.

Heparin-Sepharose is one of the cheapest affinity matrices on
the market, and therefore its use should be considered whenever
a protein of interest is known to have a potentially high affin-
ity for heparin. To the best of our knowledge, heparin-Sepharose
has not been used for the purification of either human or animal
TNF-alpha from a complex mixture of proteins (e.g. from E. coli pro-
teins). However, in studies of complexes of pure TNF-alpha and
its soluble receptor, an interaction between pure TNF-alpha and
heparin-Sepharose was reported by Lantz et al. [25], although they
did not use this interaction for purification purposes. The amino-
acid sequence that is responsible for this binding was also not
identified.

In our previous study of the mechanisms of increased in-
vitro cytotoxicity of the TNF-alpha analogue LK-805 [26], we
obtained interesting results that indicated that the N-terminus
of LK-805 might provide a decisive contribution to the interac-
tion of TNF-alpha with heparin. We have therefore now further
investigated the role of the N-terminus of TNF-alpha in this interac-
tion with heparin-Sepharose. Furthermore, chromatography with
heparin-Sepharose was used to develop an efficient method for the
purification of TNF-alpha from a complex mixture of E. coli proteins.

To date, the isolation procedures for TNF-alpha reported in the
literature have not considered the criteria necessary for the produc-
tion of the high-purity TNF-alpha that is needed for pharmaceutical
applications. This is defined by the absence of polymeric impuri-
ties, such as host-cell proteins, DNA and lipopolysaccharides, and
includes the need for quantitative analyses to determine the pre-
cise content, product-related substances and oligomeric forms of
TNF-alpha. The aim of this study was thus to develop an efficient
and economic purification procedure for TNF-alpha that provides
high-quality TNF-alpha for use as a pharmaceutical preparation.

2. Experimental
2.1. Instruments and chemicals

Bacterial cultures were grown in shaking flasks, using an ISF-
1-W stackable incubator shaker (Adolf Kithner AG, Birsfelden,
Switzerland). The cells were disrupted using a high-pressure
EmulsiFlex-C5 homogenizer (Avestin, Ottawa, Canada), and cen-
trifuged with JA-10 and JA-20 fixed angle rotors in a model J2-HS
centrifuge (Beckman, Palo Alto, California, USA). The chromatog-
raphy system comprised two HPLC 64 pumps and a variable
UV-vis wavelength monitor (Knauer, Berlin, Germany), with a
FRAC-100 fraction collector (Amersham Pharmacia Biotech, Buck-
inghamshire, England). The system was controlled by Eurochrom
2000 for Windows, version 2.05 (Knauer). All of the chromato-
graphic columns were from Amersham Biosciences, including the
PD-10 desalting columns. The SDS-PAGE was run on a Mini-Protean
Il system (BioRad, Hercules, Californina, USA), with calibration
with a low range, LMW, molecular weight standard (BioRad).

Coomassie blue stained gels were scanned using a GS 670 densit-
ometer (BioRad), with Molecular Analyst software (BioRad) used
for processing this data. The SDS-PAGE gels (Nu-PAGE, Invitrogen,
Carlsbad, California, USA) for Western blotting were run on an
Xcell Sure-LockTM System, and the transfer from gel to nitrocel-
lulose membrane was performed using an Xcell I™ Blot Module
(both from Invitrogen). The SeeBlue Plus2® prestained standard
(Invitrogen) was used for calibration. Isoelectric focusing was per-
formed using the CleanGel, Broad pl calibration kit (pH 3-10)
and a Multiphor I NovaBlot electrophoretic transfer system (both
from Amersham Biosciences). Protein concentrations were deter-
mined by the Bradford procedure [27] using an 8452A Diode Array
Spectrophotometer (Hewlett-Packard, Palo Alto, California, USA)
supported by UV-Visible Chemstation software, Rev. A. 08 03 [71]
(Agilent Technologies, Palo Alto, California, USA). The absorbance
on microplates was measured using a Synergy HT reader (Bio-Tek,
Winooski, Vermont USA), with the reader controlled by KC4 Kinet-
ical for Windows, version 3.4rev18. Fluorescence measurements
were performed on a C-61 quantitation spectrofluorometer (Pho-
tone Technology International, West Sussex, England). All of the
chemicals used were of analytical grade and purchased from Sigma
(Taufkirchen, Germany), unless otherwise stated.

2.2. Expression of TNF-alpha and its analogues

The synthetic TNF-alpha gene with E. coli-optimized codons
was obtained from British Biotechnology and subcloned into the
pCyAcl expression plasmid [28]. The BL21(DE3) E. coli strain
was used as the host organism for the production of the
recombinant proteins. To obtain the TNF-alpha analogue LK-805,
the E107K mutation was introduced by oligonucleotide-directed
mutagenesis on ssDNA, using the following oligonucleotide: 5'-
CTGCACCCTTGGGAGTTTCACGCT-3'.

Both TNF-alpha and LK-805 were expressed in BL21(DE3) E.
coli cultures in 250 mL LB medium supplemented with 100 p.g/mL
ampicillin, in shaking (150 rpm) 1-L Erlenmeyer flasks at 30 °C. Each
flask was inoculated with 15 mL of pre-culture (7 h of cultivation at
37°C and 150 rpm), and the bacteria were collected after 16 h of
cultivation, when they were in a late exponential phase.

2.3. Preparation of mixed trimers and chromatographic
separation on heparin-Sepharose

The LK-805 and ANG6LK-805 TNF-alpha analogues were used as
the starting materials for the preparation of the mixed trimers.
ANG6LK-805 is a truncated form of LK-805 that lacks the first six
amino acids (VRSSSR). This truncated protein was prepared by
enzymatic cleavage of His7- ANG6LK-805 by dipeptidyl aminopep-
tidase (DAPase) [29]. Samples of LK-805 and AN6LK-805 were
desalted using PD-10 columns, with a final buffer of 10 mM potas-
sium phosphate, pH 6.5. Equal amounts of LK-805 and AN6LK-805
were mixed and incubated at 4 °C for four days. The formation of
mixed trimers was confirmed by isoelectric focusing. This protein
mixture was then loaded onto HR5/5 columns packed with ~1 mL
of heparin-Sepharose 6 Fast Flow. A linear gradient of NaCl from
0.0 M to 0.5 M was applied to elute the bound protein. The fractions
obtained were analyzed by isoelectric focusing immediately after
this chromatographic separation.

2.4. Prechromatographic steps in the protein purification

Bacterial cells were collected by centrifugation at 2700 x g for
5min, washed with 50mM Tris-HCl buffer containing 30 mM
NaCl, and resuspended in the same buffer. The cells were then
homogenized in an EmulsiFlex-C5cell disruptor. The homogenate
was centrifuged at 17,600 x g for 30 min, and the nucleic acids
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were removed from the supernatant by precipitation with 0.1%
polyethyleneimine. The precipitate was removed by further cen-
trifugation at 17,600 x g for 30 min. The protein in the supernatant
was precipitated with 65% saturated ammonium sulfate solution.
The protein precipitate was used immediately or stored at 4 °C for
up to several weeks. These storage conditions were shown to pre-
serve the protein for up to one year without any changes in structure
or loss of biological activity.

2.5. Chromatographic purification of TNF-alpha and LK-805

The precipitate from the ammonium sulfate that contained
approximately 50 mg total protein was dissolved in 5mL 10 mM
potassium phosphate buffer, pH 8.0, and desalted on PD-10
columns before being diluted to 10 mL with the same buffer. The
final protein concentration here was around 5mg/mL. Samples
were loaded onto an HR10/10 column packed with DEAE-Sepharose
Fast Flow (Amersham Biosciences) and equilibrated with the same
buffer. Different gradients of NaCl were tested to obtain the best
purification of TNF-alpha in this chromatographic step, with the
optimized gradient used in the final purification procedure shown
in Fig. 4a. The flow rate was 2 mL/min and 2-mL fractions were
collected. For the purification of the basic TNF-alpha analogue LK-
805, the ammonium sulfate precipitate was dissolved in 10 mM
potassium phosphate buffer, pH 9.0, and this same buffer was used
for column equilibration. Fractions were analyzed by SDS-PAGE,
and those containing TNF-alpha were pooled and concentrated to
approximately one half of their starting volume, using an Ami-
con cell with a Millipore YM10 membrane. These samples were
loaded onto an HR10/10 column packed with heparin-Sepharose
6 Fast Flow (Amersham Biosciences). With LK-805, this target pro-
tein remained in the flow-through fraction of the DEAE-Sepharose
separation step (see Section 3), so this fraction was used for the fur-
ther purification. To achieve better binding to heparin-Sepharose,
the pH of the loading solution was carefully adjusted to 6 with
0.1 M ortho-phosphoric acid. The column was equilibrated with
10 mM potassium phosphate buffer, pH 6.0. Again, different NaCl
gradients were tested, with the optimized gradient illustrated
in Fig. 4b.

Finally, size-exclusion chromatography on Superosel2 was
introduced as a sample ‘polishing’ (cleaning) step. Phosphate-
buffered saline (PBS, Maniatis) containing 0.2 M NaCl was used to
equilibrate the column and to elute the protein. Prior to loading
on the Superose12, the samples were appropriately concentrated.
All of the chromatographic procedures were performed at room
temperature.

2.6. Final product analysis

The final purified TNF-alpha and LK-805 products were ana-
lyzed by SDS-PAGE, with the gels stained with Coomassie blue.
Isoelectric focusing was performed to determine the isoelectric
points of the purified proteins. The identities of the TNF-alpha
and LK-805 were confirmed through immunodetection using poly-
clonal rabbit anti-TNF-alpha primary antibodies prepared at the
Blood Transfusion Centre of Slovenia. An anti-rabbit IgG (whole
molecule) peroxidase conjugate was used as the secondary anti-
body, and the colour was developed with 4-chloro-1-naphtol.
Residual E. coli protein in the final products was also revealed
by Western blotting, using primary polyclonal rabbit anti-E. coli
antibodies (DakoCytomation) in combination with anti-rabbit
IgG, alkaline-phosphatase-conjugated secondary antibodies. A
5-bromo-4-chloro-3-indolyl phosphate (BCIP)/4-nitroblue tetra-
zolium (NBT) premixed colour development solution was used
to detect the bands, with different amounts of E. coli protein
standards used to estimate the amounts of E. coli proteins in sam-

ples. The E. coli protein standards were precipitated with 100%
saturated ammonium sulfate solution from supernatants after
sonicating BL21(DE3)/pET3aE. coli cultures (with the pET3a expres-
sion plasmid without the TNF-alpha and LK-805 coding genes).
Traces of bacterial endotoxins were measured using the QCL-1000
Limulus amebocyte lysate test (Cambrex, Walkersville, Maryland,
USA). Traces of bacterial DNA were measured using the Quant-
iT PicoGreen dsDNA kit (Molecular Probes Inc., Eugene, Oregon,
USA).

3. Results and discussion
3.1. Identification of the heparin-binding domain of TNF-alpha

There are many proteins that are known to interact with heparin.
Basic amino-acid residues are mainly responsible for this bind-
ing, with arginines in particular showing high binding affinities
towards the sulfate groups of heparin [30]. The heparin-binding
sites are very different from protein to protein: in some proteins,
just a few basic amino-acid residues are needed to achieve heparin
binding, while other proteins have binding domains that include
numerous exposed basic amino-acid residues, which might not
be close together in the primary protein structure, but which are
instead brought together in the three-dimensional protein struc-
ture [30-36].

Our previous investigations into the chromatographic proper-
ties of heparin-Sepharose towards TNF-alpha and its analogues,
including LK-805, were performed to study the mechanisms of
increased in-vitro cytotoxicity of some TNF-alpha analogues. Chro-
matographic resins with immobilized heparin served as a model for
cell-surface heparin sulfates. On this basis, we would assume that
an increased cytotoxicity should be related to the increased basic-
ity of a TNF-alpha analogue, which would lead to more favourable
orientation of the molecule for TNF-alpha receptor binding, and
thus to an increased concentration of TNF-alpha in the proxim-
ity of the receptors. Stronger binding was expected for LK-805 and
ANG6LK-805, the two analogues that have additional lysines intro-
duced into the tip region of the TNF-alpha trimer. However, we saw
that as well as LK-805, TNF-alpha efficiently bound to immobilized
heparin, while the truncated forms of AN6TNF and AN6LK-805
remained in the flow-through fraction [26]. Based on these data,
we concluded that a conserved N-terminus with an RSSSR amino-
acid sequence is crucial for this interaction with heparin. Despite
the pIvalues of TNF-alpha and it analogue AN6LK-805 being almost
identical (6.83 and 6.76, respectively), TNF-alpha binds to immobi-
lized heparin, and AN6LK-805 does not. Obviously, the pI values,
and therefore the overall basicities of these proteins, are not the
only factors that affect their binding, as the appropriate arrange-
ment of the basic amino-acid residues will also be very important.
Our first binding experiments were performed at pH 7.0; however,
later it became apparent that the same results were obtained at pH
6.5 and at pH 6.0.

Primarily we wanted to determine whether all three of the
trimer N-termini are needed to promote heparin binding, or
whether just one is sufficient. This was investigated using a mix-
ture of trimers (see Fig. 1) that had been prepared from the purified
TNF-alpha analogues LK-805 and its truncated form ANG6LK-805,
as described in Section 2.6. The formation of mixed trimers was
confirmed by isoelectric focusing (Fig. 2a). The trimer mixtures
were separated using a heparin-Sepharose column (Fig. 2b), with
selected fractions analyzed by isoelectric focusing (Fig. 2c). Here,
the trimers that contained at least one VRSSSR sequence bound to
the heparin-Sepharose matrix. The mixed trimers then eluted with
alinear NaCl gradient according to the increasing number of VRSSSR
sequences. The trimers containing no VRSSSR sequences (the pure
ANG6LK-805 analogue) remained in the flow-through fraction.
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Fig. 1. The mixed trimers. In the incubated mixture of AN6LK-805 (A) with LK-805
(with its conserved N-terminus; (B), four different species are possible, containing
no N-terminus VRSSSR sequences (As), or one (A;B), two (AB;) or three (B3) N-
termini VRSSSR sequences.

The experiments described above unequivocally prove that the
arginine residues of the VRSSSR domain naturally present at the
N-terminus of each TNF-alpha subunit are responsible for binding
to heparin. Although positively charged amino acid residues are in
principle appropriate for such binding, it cannot be widely general-
ized that the recognized sequence will also work in other proteins
or on other locations within the TNF-alpha structure. Anyway, to
prove wider applicability of the VRSSSR sequence it would be inter-
esting to engineer this domain into various proteins and investigate
the chromatographic behaviour of obtained analogues on heparin
columns.

3.2. Purification of TNF-alpha and LK-805 using
heparin-Sepharose

When the recombinant E. coli were cultivated at 30 °C, the high
levels of expression of TNF-alpha and LK-805 usually exceeding 40%
of the total soluble protein. SDS-PAGE gels from the crude extracts
and ammonium sulphate precipitates for TNF-alpha and LK-805
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Fig.3. SDS-PAGE analysis of the crude extracts and ammonium sulphate precipitates
for TNF-alpha and LK-805. (a) TNF-alpha: 1 - LMW standards; 2 - supernatant after
homogenization; 3 - ammonium sulphate precipitate. (b) Same for LK-805.

are shown in Fig. 3, and Table 1 summarizes the expression levels
of both of these target proteins and their contents in the ammo-
nium sulfate precipitates. Both TNF-alpha and LK-805 were located
intracellularly as soluble proteins as well as in the insoluble frac-
tion. The majority of the correctly folded protein was in the soluble
form, and this fraction was used for the purification studies.

Many studies have described the isolation of TNF-alpha and
its different analogues, but none of these were actually optimized
[13-24] in terms of the purities and/or final yields obtained. As
we saw a strong enough interaction between TNF-alpha and the
heparin-Sepharose, we wanted to include this chromatographic
step in our development of an efficient purification method for TNF-
alpha and its analogues with conserved N-termini. The first step in
this direction was to confirm the binding of TNF-alpha and LK-805
to heparin-Sepharose in the presence of E. coli proteins. Both TNF-
alpha and LK-805 were bound at pH 7.0, and even better at pH 6.0,
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Fig. 2. Purification of the mixed trimers. (a) Isoelectric focusing showing the formation of mixed trimers: 1 - AN6LK-805; 2 - LK-805; 3 - AN6LK-805 plus LK-805 mixture
before incubation; 4 - same mixture after incubation; 5 - standards. (b) Chromatographic separation of the mixed trimers on heparin-Sepharose. (c) Isoelectric focusing of

the chromatographic pools from (b), as indicated.
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Table 1
Expression of TNF-alpha and LK-805

Target protein

Percentage of the target protein in the soluble fraction of the E. coli proteins

Percentage of the target protein in the ammonium sulfate precipitate

TNF-alpha 41
LK-805 (E107K) 50

75
66

where the binding capacity was also greater. Using an increasing
NaCl gradient for the elution, some E. coli proteins co-eluted with
our target proteins, and therefore DEAE-Sepharose was introduced
as the first chromatographic step, to remove the majority of the
host-cell protein. TNF-alpha bound to DEAE-Sepharose at pH 8.0
and was eluted with increasing NaCl concentrations. A substantial
portion of the E. coli protein was removed in this anion-exchange
chromatography step. On the other hand, with its theoretical pI
value of 8.56, LK-805 did not bind to the matrix at pH 8.0 orat pH 9.0.
Therefore, a negative chromatography approach was used here on
the basis that the majority of the E. coli protein bound very strongly
at pH 8.0, while LK-805 remained in the flow-through fraction.

The use of heparin-Sepharose chromatography provided the
key affinity step in our new purification procedure. Under
optimized conditions, relatively strong binding of the target pro-
teins was achieved. The first chromatographic separations on
heparin-Sepharose were performed at pH 7.0, although it was
later discovered that a much more efficient binding of TNF-alpha
was achieved at pH 6.0. Of note, the binding capacity of the
heparin-Sepharose matrix was also much higher at pH 6.0, and
for this reason all of the further separations were carried out at pH
6.0, including those with the TNF-alpha analogues. TNF-alpha itself
was eluted with approximately 200 mM NaCl, while its analogues,
which all have higher pI values, were eluted with approximately
250 mM Nacl.

Size-exclusion chromatography was used as a ‘polishing’, or
cleaning, step, to remove the traces of high molecular weight
impurities that were still present after the heparin-Sepharose
chromatography (enlarged chromatogram in Fig. 4c). In the case
of LK-805, this step was omitted, as the required purity had
already been achieved by the two-step procedure involving
ion-exchange chromatography and affinity chromatography on
heparin-Sepharose.

Representative chromatograms of all three of the purifica-
tion steps for TNF-alpha are shown in Fig. 4: anion-exchange
chromatography on DEAE-Sepharose; affinity chromatography on
heparin-Sepharose; and size-exclusion chromatography on Super-
ose12. Similar chromatograms were obtained with LK-805 (data
not shown), except for the first step, where LK-805 remained in the
flow-through fraction. SDS-PAGE and Western blotting of the final
products are shown in Fig. 5.

Itis not common practice to introduce ion-exchange chromatog-
raphy prior to affinity chromatography, but in our case this is the
optimal solution. The binding capacities for TNF-alpha and LK-805
of the heparin-Sepharose is much higher when some of the E. coli
protein is already removed. Another reason is the simple transfer of
the fractions containing the target proteins from DEAE-Sepharose
to heparin-Sepharose. The target proteins were eluted from DEAE-
Sepharose at low ionic strengths (TNF-alpha at ~90 mM Nacl, and
LK-805 in the flow-through fraction without NaCl). Consequently,
there were no problems with binding to heparin-Sepharose that
would be caused by a high-salt content. If these two steps were to
be inverted, a desalting step would have to be introduced after the
heparin-Sepharose to allow binding to DEAE-Sepharose.

The so-called ‘negative purification’ is even less frequently used
in similar systems; here, the target protein does not bind to the
chromatographic matrix, while other proteins are bound and effi-
ciently removed. This type of chromatography is appropriate when
the expression levels of a target protein are very high, as in our

case; otherwise, problems with the capacity of the column would
occur. A large amount of the E. coli protein binds tightly to the
DEAE-Sepharose under the conditions used here, and therefore it
is efficiently removed. These procedures that comprise three steps
for the purification of TNF-alpha and two steps for the purification
of its analogue LK-805 are very efficient and result in very high
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Fig. 4. Chromatograms of the three-step purification of TNF-alpha. (a) Anion-
exchange chromatography on DEAE-Sepharose. (b) Affinity chromatography on
heparin-Sepharose. (c) Size-exclusion chromatography on Superosel2. For each
chromatogram, the fractions containing TNF-alpha are marked with a grey line near
the X-axis. Inset: SDS-PAGE analysis of each of the main peak pools for TNF-alpha.



124 M. Kenig et al. / ]. Chromatogr. B 867 (2008) 119-125

(a) (b)
[kDa] 2 3 1 2
97.4 __ S
66 — s vl
45 — *“
e
31 — ond
-

21.5 — =

— 3--

14,4 — s

2

—
— — e
[
o
p—
e d

Fig. 5. Final analysis. (a) SDS-PAGE analysis, Coomassie blue staining: 1 - LMW standards; 2 - purified TNF-alpha; 3 - purified LK-805. (b) Western blotting, anti-TNF-alpha:
1 - See Blue Plus 2 MW-ST; 2 - purified TNF-alpha; 3 - purified LK-805. (c) Western blotting, anti-E. coli: 1 — See Blue Plus 2 MW-ST; 2-6 - E. coli proteins at 5 ng, 10 ng, 25 ng,

50 ng, 100 ng; 7 - purified TNF-alpha: 20 pg. 8 - purified LK-805: 20 p.g.

Table 2
Summary of TNF-alpha and LK-805 purification

Target protein Purification step Percentage of target protein Yield (%) Total yield (%)

TNF-alpha Ammonium sulfate precipitate 75 100 31% (7.2 mg/g cell paste)
DEAE-Sepharose 94 87>
Heparin-Sepharose 99 65
Size-exclusion chromatography 99.92 56>

LK-805 Ammonium sulfate precipitate 66 100 57% (11.3 mg/g cell paste)
DEAE-Sepharose 85 95
Heparin-Sepharose 99.92 60

2 See Table 3.

b Including the yield of sample concentration.

Table 3

Final analysis - traces of major polymeric impurities and biological activities of the purified target proteins

Target protein activity E. coli protein (ppm)

Bacterial endotoxins (ng/mg)

Host cell DNA (ng/mg) Biological (EU/mg)

TNF-alpha <50 0.2
LK-805 <50 0.3

5 3.8 E07
8 7.2 EO7

yields. A summary of the purification steps and final yields is given
in Table 2.

To confirm the high purity of the final products, the residual
E. coli protein and DNA, and the traces of bacterial endotoxins
were measured. The residual E. coli protein is below 50 ppm for
both TNF-alpha and LK-805, as estimated from the blots illus-
trated in Fig. 5c and as summarized in Table 3, which also includes
the other residuals specifically investigated. At the same time, the
biological activities of both of our final target products were compa-
rable to previously reported values (Table 3; [12]). Of note, several
other TNF-alpha analogues with pI values between 7.9 and 8.6
were also efficiently purified by the procedures we have described
here.

4. Conclusions

The VRSSSR amino-acid sequences at the N-termini of the
trimeric TNF-alpha protein are responsible for the binding of
TNF-alpha to immobilized heparin. This was confirmed chromato-
graphically by demonstrating the binding TNF-alpha and various
TNF-alpha analogues to heparin-Sepharose. TNF-alpha and its ana-
logue LK-805 (which retains the original N-termini) both bound
to the heparin-Sepharose matrix, while their truncated forms
that lack the N-terminal VRSSSR sequence, AN6TNF and ANGLK-
805, remained in the flow-through of the heparin-Sepharose. The
use of mixed trimers revealed that one RSSSR sequence within a

trimer is sufficient for this heparin-Sepharose binding. Based on
this finding, an isolation procedure was developed, which used
heparin-Sepharose affinity chromatography as the key step in
the purification, and which resulted in highly purified TNF-alpha.
According to all of the criteria for pharmaceutical proteins, this
highly purified TNF-alpha can be applied to in-vitro systems as well
as to clinical testing. With minor modifications, this purification
procedure can also be used for other TNF-alpha analogues that have
these conserved N-termini. This purification scheme is also suitable
for scale-up for the production of large amounts of TNF-alpha and
its analogues.

Acknowledgements

The authors are very grateful to Mrs. Jelka Lenarcic for all the
work performed in the Genetics Laboratory, and to Mrs. Ana Jesenko
and Mrs. Mateja Skok for experimental help in the Protein Labora-
tory, and especially with the isoelectric focusing. This study was
financially supported in part by the Ministry of Higher Education,
Science and Technology of the Republic of Slovenia.

References

[1] EJ. Lejeune, C. Ruegg, D. Lienard, Curr. Opin. Immunol. 10 (1998) 573.
[2] A.M. Eggermont, K. Schraffordt, D. Lienard, B.B. Kroon, A.V. van Geel, H.J. Hoek-
stra, FJ. Lejeune, J. Clin. Oncol. 14 (1996) 2653.



M. Kenig et al. / ]. Chromatogr. B 867 (2008) 119-125 125

[3] D. Lienard, A.M. Eggermont, H.S. Koops, B. Kroon, G. Towse, S. Hiemstra, P.
Schmitz, J. Clarke, G. Steinmann, F. Rosenkaimer, FJ. Lejeune, Melanoma Res. 9
(1999) 491.

[4] C.£P.M.P, The European agency for the Evaluation of Medicinal Products, Euro-
pean Public Assessment Report, Beromun, 1999.

[5] J.H. de Wilt, G. Soma, T.L. ten Hagen, J. Kanou, K. Takagi, P.T. Nooijen, A.L. Seyn-
haevel, A.M. Eggermont, Anticancer Res. 20 (2000) 3491.

[6] J.A. Barbara, W.B. Smith, J.R. Gamble, X. van Ostade, P. Vandenabeele, ]. Tav-
ernier, W. Fiers, M.A. Vadas, A.F. Lopez, EMBO J. 13 (1994) 843.

[7] X. van Ostade, P. Vandenabeele, B. Everaerdt, H. Loetscher, R. Gentz, M. Brock-
haus, W. Lesslauer, ]. Tavernier, P. Brouckaert, W. Fiers, Nature 361 (1993) 266.

[8] K. Kuroda, K. Miyata, F. Fujita, M. Koike, M. Fujita, M. Nomura, S. Nakagawa, Y.
Tsutsumi, T. Kawagoe, Y. Mitsuishi, T. Mayumi, Cancer Lett. 159 (2000) 33.

[9] Y. Atarashi, S. Yasumura, S. Nambu, Y. Yoshio, ]J. Murakami, T. Takahara, K.
Higuchi, A. Watanabe, K. Miyata, M. Kato, Hepatology 28 (1998) 57.

[10] H.Shikama, K. Miyata, N. Sakae, Y. Mitsuishi, K. Nishimura, K. Kuroda, M. Kato,
J. Interferon Cytokine Res. 15 (1995) 677.

[11] K. Miyata, Y. Mitsuishi, H. Shikama, K. Kuroda, K. Nishimura, N. Sakae, M. Kato,
J. Interferon Cytokine Res. 15 (1995) 161.

[12] S. Novakovic, V. Menart, V. Gaberc-Porekar, A. Stalc, G. Sersa, M. Cemazar, B.
Jezersek, Cytokine 9 (1997) 597.

[13] B.B. Aggarwal, W]. Kohr, PE. Hass, B. Moffat, S.A. Spencer, W]. Henzel, T.S.
Bringman, G.E. Nedwin, D.V. Goeddel, R.N. Harkins, ]. Biol. Chem. 260 (1985)
2345.

[14] D. Pennica, G.E. Nedwin, J.S. Hayflick, P.H. Seeburg, R. Derynck, M.A. Palladino,
WJ. Kohr, B.B. Aggarwal, D.V. Goeddel, Nature 312 (1984) 724.

[15] J.M. Davis, M.A. Narachi, N.K. Alton, T. Arakawa, Biochemistry 26 (1987) 1322.

[16] A. Paquet, A. Levesque, M. Page, ] Chromatogr A 667 (1994) 125.

[17] K. Sreekrishna, L. Nelles, R. Potenz, ]. Cruze, P. Mazzaferro, W. Fish, M. Fuke, K.
Holden, D. Phelps, P. Wood, Biochemistry 28 (1989) 4117.

[18] H.F. Seow, ].S. Rothel, M. Pepin, M. David, PR. Wood, Vet. Immunol.
Immunopathol. 44 (1995) 279.

[19] B. Lohrengel, M. Lu, D. Bauer, M. Roggendorf, Cytokine 12 (2000) 573.

[20] G.S. Rees, C.K. Gee, H.L. Ward, C. Ball, G.M. Tarrant, S. Poole, A.F. Bristow, Eur.
Cytokine Netw. 10 (1999) 383.

[21] T.Tamatani, S. Kimura, T. Hashimoto, K. Onozaki, J. Biochem. (Tokyo) 105 (1989)
55.

[22] B. Adams, U. Regenass, N. Cerletti, Lymphokine Res. 6 (1987) 203.

[23] K.Haranaka, E.A. Carswell, B.D. Williamson, J.S. Prendergast, N. Satomi, L.J. Old,
Proc. Natl. Acad. Sci. U. S. A. 83 (1986) 3949.

[24] H. Wang, Z. Yan, ]. Shi, W. Han, Y. Zhang, Protein Expr. Purif. 45 (2006) 60.

[25] M. Lantz, H. Thysell, E. Nilsson, I. Olsson, J. Clin. Invest. 88 (1991) 2026.

[26] V.Menart, I. Fonda, M. Kenig, V. Gaberc-Porekar, Ann. N. Y. Acad. Sci. 973 (2002)
194.

[27] M.M. Bradford, Anal. Biochem. 72 (1976) 248.

[28] V.Menart,S. Jevsevar, M. Vilar, A. Trobis, A. Pavko, Biotechnol. Bioeng. 83 (2003)
181.

[29] M.Kenig, S. Peternel, V. Gaberc-Porekar, V. Menart, ]. Chromatogr. A 1101 (2005)
293.

[30] J.R.Fromm, R.E. Hileman, E.E. Caldwell, .M. Weiler, R.J. Linhardt, Arch. Biochem.
Biophys. 323 (1995) 279.

[31] E. Soncin, D.J. Strydom, R. Shapiro, J. Biol. Chem. 272 (1997) 9818.

[32] M. Zhao, T. Abdel-Razek, M.F. Sun, D. Gailani, ]. Biol. Chem. 273 (1998) 31153.

[33] L. Rastegar, B.O. Villoutreix, A.S. Ribba, P. Legendre, D. Meyer, D. Baruch, Bio-
chemistry 41 (2002) 6668.

[34] A.D. Cardin, H.J. Weintraub, Arteriosclerosis 9 (1989) 21.

[35] V.C.Chen, L. Chao, D.C. Pimenta, G. Bledsoe, L. Juliano, J. Chao, J. Biol. Chem. 276
(2001) 1276.

[36] H.C. Whinna, M.A. Blinder, M. Szewczyk, D.M. Tollefsen, E.C. Church, J. Biol.
Chem. 266 (1991) 8129.



	Identification of the heparin-binding domain of TNF-alpha and its use for efficient TNF-alpha purification by heparin-Sepharose affinity chromatography
	Introduction
	Experimental
	Instruments and chemicals
	Expression of TNF-alpha and its analogues
	Preparation of mixed trimers and chromatographic separation on heparin-Sepharose
	Prechromatographic steps in the protein purification
	Chromatographic purification of TNF-alpha and LK-805
	Final product analysis

	Results and discussion
	Identification of the heparin-binding domain of TNF-alpha
	Purification of TNF-alpha and LK-805 using heparin-Sepharose

	Conclusions
	Acknowledgements
	References


