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Polyionic and cysteine-containing fusion peptides

as versatile protein tags

Abstract: In response to advances in proteomics research
and the use of proteins in medical and biotechnological
applications, recombinant protein production and the
design of specific protein characteristics and functions
has become a widely used technology. In this context,
protein fusion tags have been developed as indispensable
tools for protein expression, purification, and the design
of functionalized surfaces or artificially bifunctional pro-
teins. Here we summarize how positively or negatively
charged polyionic fusion peptides with or without an
additional cysteine can be used as protein tags for protein
expression and purification, for matrix-assisted refolding
of aggregated protein, and for coupling of proteins either
to technologically relevant matrices or to other proteins. In
this context we used cysteine-containing polyionic fusion
peptides for the design of immunotoxins. In general, poly-
ionic fusion tags can be considered as a multifunctional
module in protein technology.
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Introduction

The ever increasing demand on recombinant protein pro-
duction and purification, as well as the application of

proteins in different pharmacological and technological
set-ups, inspired the development of a large number of
protein tags that can be used in protein production and/
or application. These protein tags range in molecular size
and complexity from small peptides of only a few amino
acids to large proteins such as thioredoxin, maltose-
binding protein (MBP) or glutathione-S-transferase (GST).
Usually these large protein fusions facilitate higher expres-
sion yields of the target protein, enhance protein stabil-
ity against proteolysis, improve solubility, and enable an
affinity purification of the fusion protein. A comprehen-
sive summary of the characteristics and the use of such
fusion proteins can be found in a number of recent reviews
(Hearn and Acosta, 2001; Terpe, 2003; Young et al., 2012).
Even though these large fusion partners are well estab-
lished in protein chemistry, they may possess a disad-
vantageous effect on the function or oligomerization of
the target protein. Thus, these fusion partners are almost
always removed by proteolysis after purification.

Small peptide tags interfere to a lesser extent with
protein structure and function. Indeed, approximately
60% of all protein structures deposited in the pdb data-
bank contain a His-tag (Derewenda, 2004). The His -tag
and Strep tag II (Schmidt and Skerra, 2007) are probably
the peptidic protein tags most often used in recombinant
protein purification. Furthermore, these tags can be used
for protein detection, as there are antibodies commercially
available that specifically bind these short peptides. This
kind of antibody-mediated detection of fusion proteins is
also used for other peptide fusion tags, such as the FLAG-
tag or the c-myc-tag (Terpe, 2003; Young et al., 2012).

In addition to purification and detection, the His-tag
has also been exploited for matrix-assisted refolding of
proteins (Sinha et al., 1994; Negro et al., 1997; Rogl et al.,
1998; Zouhar et al., 1999). Overexpression of recombinant
proteins often leads to accumulation of the protein in the
form of inactive inclusion bodies (Marston, 1986). In order
to transfer this protein from the inactive into the native
and active state, these inclusion bodies must be solubi-
lized and refolded. A major side reaction of this refolding
process in vitro is protein aggregation (Kiefhaber et al.,
1991), which can be reduced by coupling the solubilized
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protein to a matrix prior to refolding. Using this strategy,
protein refolding can be performed at comparably high
protein concentrations and in a technically very-well-
defined process.

The primary function of most of the protein tags is
the ability to specifically bind to a certain target struc-
ture. These can be Ni-NTA (His-tag), a streptavidin variant
(strep tag II), GSH (GST), amylose (MBP), calmodulin
(calmodulin-binding-peptide) and others (Hearn and
Acosta, 2001; Young et al., 2012). This binding affinity can
be used for functionalization of a matrix by immobilizing
an appropriately tagged protein with the desired associ-
ated function, e.g. an enzymatic activity. A very high affin-
ity of a fusion protein to a matrix and thus a very stable
immobilization has been achieved via coiled-coil peptides
(Chao et al., 1998). Based on this kind of protein technol-
ogy, functionalized surfaces and nanoparticles have been
generated for biosensor and immunological applications
(Chao et al., 1998; Craig et al., 2012).

In this review we describe the different possible appli-
cations of polyionic fusion peptides containing a stretch of
either positively charged amino acids (arginine or lysine)
or negatively charged amino acids (glutamic acid or aspar-
tic acid) in protein technology. These polyionic fusion
peptides might additionally contain a cysteine residue,
which can transfer non-covalent polyionic interactions
into a disulfide-bonded covalent coupling reaction. Such
polyionic fusion peptides have been applied in protein
purification, immobilization, matrix-assisted refolding,
and the covalent coupling of different proteins in order to
design artificially bifunctional proteins.

Polyionic peptide tags in
expression and purification of
recombinant proteins

Whenever fusing a tag to a protein, the first decision to be
made is whether the tag should be positioned at the N- or
C-terminus of the target protein. Obviously, this decision
depends on the structural accessibility and solvent expo-
sure of both termini. A statistical analysis of structures of
a small subset of monomeric proteins in the pdb databank
showed that in 80.3% of the cases the N-terminus is sol-
vent-accessible and in 86.1% the C-terminus is accessible
to solvent (Jacob and Unger, 2007). In the case of domains
of larger proteins, the ideal position of a tag is the terminus
of the domain that would be fused to the rest of the natural
full-length protein. At the genetic level, the actual coding
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sequence near the start codon is important for translation
initiation and thus affects the expression level of recombi-
nant proteins (Jana and Deb, 2005). During recombinant
expression of yeast o-glucosidase in E. coli, an N-terminally
positioned polyionic fusion tag decreased the production
of the enzyme more than ten-fold, whereas the same poly-
ionic tag at the C-terminus did not influence, or only slightly
influenced, the expression yield compared to the non-
modified enzyme (Richter and Lilie, unpublished). If the
polyionic tag has to be placed N-terminally, e.g. because of
functional reasons, then it might be very useful to combine
it with another tag, such as a cleavable GST (Kleinschmidt
et al., 2003) or a His-tagged SUMO fusion. In such a con-
struct, the polyionic tag is placed in the middle of the fusion
protein, thus not affecting expression any more. Purifica-
tion can subsequently be performed very efficiently, utiliz-
ing a two-tag strategy (Kleinschmidt et al., 2003).

An alternative to positioning the polyionic tag at
either the N- or the C-terminus of the protein, is the inte-
gration of the fusion peptide into a surface-exposed loop
of the protein, as has been done for the viral coat protein
VP1 of polyoma virus (Stubenrauch et al., 2000). This
strategy, however, requires a detailed structural and func-
tional knowledge of the protein of interest.

To date, all proteins containing a polyionic tag have
been produced in the cytoplasm of E. coli. Therefore, there
are currently no data available on the effect of a polyionic
tag on the secretion of a recombinant protein into the peri-
plasm. One might assume that a C-terminal fusion of such
a highly charged sequence probably does not interfere
with the interaction of the protein to be secreted with SecA
and SecB, which is the initial reaction of protein transport
across the cytoplasmic membrane via the Sec pathway;
however, this is currently rather speculative.

Polycationic fusion peptides

Sassenfeld and Brewer (1984) were the first to use a
polyarginine tag for protein purification. They fused a
penta-arginine-tag to the C-terminus of -urogastrone,
over-produced the protein in E. coli and purified it to 95%
homogeneity via two steps of ion-exchange chromatog-
raphy. The first purification step was a cation exchange,
and because most E. coli proteins are neutral or slightly
acidic, they do not bind to the resin. In contrast, the pol-
yarginine tag enables a strong interaction of the recombi-
nant protein with the matrix. The eluted protein was then
digested with carboxypeptidase B to remove the arginine-
tag and the tag-free protein was subsequently purified by
an anion-exchange chromatography step.
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Alternatively, it would have been possible to re-
chromatograph the tag-free protein on the cation exchange
resin, as it would no longer bind to the column or would
elute at a lower ionic strength. Thus, the possibility to
remove by proteolysis of the C-terminal tag using carboxy-
peptidase B greatly facilitates efficient protein purifica-
tion. Initially, it was proposed that the proteolytic removal
of the tag is neither efficient nor very specific (Nagai and
Thogersen, 1984), however, a detailed analysis of polyar-
ginine-tagged RNase A demonstrated perfectly controlled
and highly efficient removal of the tag (Fuchs and Raines,
2005).

The interaction of a polyarginine-tagged protein with
an ion-exchange resin strongly depends on the amount of
positive charges on the tag. Although no systematic anal-
yses have been performed, nevertheless a comparison
of published data shows that such a correlation exists.
RNase A tagged with nine arginine residues eluted from
a SP-sepharose at a salt concentration >1 M NaCl (Fuchs
and Raines, 2005), whereas a tag of eight or six arginine
residues conferred a binding to cation exchange resins
at concentrations up to 450 mm and 80 mM NaCl, respec-
tively (Stempfer et al., 1996; Stubenrauch et al., 2001).
Obviously, the interaction of polyarginine-tagged proteins
with a resin does not only depend on the length of the tag
but also on the structure of the matrix. A polyionic matrix
such as heparin-sepharose would be much more efficient
in binding polyarginine peptides than conventional ion-
exchange matrices.

Instead of a chromatographic purification of polyar-
ginine-tagged proteins via ion-exchange chromatography,
these protein fusions can also be purified from a crude
cell extract via precipitation with the polyelectrolyte poly-
acrylic acid (Ford et al., 1991).

If the tag is needed after purification for any further
applications (see below) then it can be protected against
proteolytic activity of several carboxypeptidases by intro-
ducing an amino acid such as proline at the C-terminus,
which is not a substrate for these proteases. The polyionic
tag should not interfere with structure, function, and sta-
bility of the fusion protein. We have never observed any
negative effect of our polyarginine tag (8-10 arginines) on
the fused enzymes or antibody fragments tested (Richter
et al., 2001, Kleinschmidt et al., 2003, Bergelt et al., 2009).
The crystal structure of an arginine-tagged maltodextrin-
binding protein was identical to that of the non-tagged
protein (Bucher et al., 2002). Although the enzyme activity
ofaRNase A tagged with nine arginines was also unaltered,
the stability of the tagged protein was slightly decreased
compared to the wildtype protein because of an electro-
static repulsion of the positively charged fusion peptide
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with the positively charged protein surface (Fuchs and
Raines, 2005). However, as for any other peptide tag, the
influence of polyionic tags on stability and activity of any
single fusion protein needs to be checked experimentally.
In principle, polylysine can also be exploited as a pol-
yionic fusion tag. Indeed, for the chemically synthesized
peptide NPY we used an octalysine tag for protein coupling
(see below) and a fusion protein of glucagon-like peptide-1
has been refolded and purified successfully on a cation
exchange resin using a hexalysine tag (Kim et al., 2012).
For recombinantly produced proteins, however, polyargi-
nine tags have usually been described. Favoring arginine
over lysine in these polyionic tags is probably based on
genetic reasons. Lysine is encoded by only two different
codons whereas there are six codons for arginine. Even
though only two arginine codons are used frequently in E.
coli, currently available E. coli expression strains are sup-
plemented with additional tRNA*¢, This makes it easier to
design the encoding sequence of a polyarginine tag.

Polyanionic fusion peptides

As an alternative to polyarginine fusion peptides, nega-
tively charged polyglutamate/aspartate tags can be
exploited. Polyglutamate/aspartate tags are less sensi-
tive to proteolytic degradation than polyarginine (Parker
et al., 1990; Zhao et al., 1990). Initially these polyanionic
fusion peptides, consisting of up to eleven aspartate resi-
dues, were designed for the purification of the respective
fusion proteins via polyelectrolyte precipitation using
polyethyleneimine (Parker et al., 1990; Zhao et al., 1990).
However, Stubenrauch et al. (2000) and Richter et al.
(2001) could demonstrate that a tag of 8-10 glutamic acid
residues, either introduced in a loop of the polyoma viral
protein VP1 or placed at the C-terminus of the Fd chain of
an antibody Fab fragment, permitted an efficient purifica-
tion by anion-exchange chromatography.

Matrix-assisted refolding of
polyionically tagged proteins

Renaturation of proteins in vitro from inclusion bodies
obtained by recombinant production can be a very
tedious process, as a number of biophysical factors have
to be considered (De Bernardez Clark et al., 1999). The
predominant side reaction limiting the renaturation
yield is protein aggregation. As aggregation is a higher
order reaction, it can be suppressed very efficiently by
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reversible immobilization of the denatured protein on
a solid support prior to renaturation. This concept was
initially applied by Creighton (1985), who used an ion-
exchange resin. The denatured protein was bound to a
commercially available ion-exchange column in a buffer
of low ionic strength containing a high concentration of
urea. By decreasing the urea concentration gradually,
the bound protein folded to its native state and could
be eluted subsequently by increasing the ionic strength
of the buffer. Although this strategy led to a success-
ful matrix-assisted refolding of the target protein, it is
limited by a conceptual problem: because of classical
interaction of a protein to an ion-exchange resin the
protein is bound via multiple attachment sites depend-
ing on the number of charged amino acids in the protein
sequence. This multivalent binding might have a strong
negative effect on refolding. To circumvent this problem,
Stempfer et al. (1996a) used a hexaarginine tag fused to
the N- or C-terminus of a-glucosidase to immobilize the
denatured protein on heparin-sepharose. To ensure that
the protein is only attached to the matrix via the poly-
ionic tag, a salt concentration of 40 mM NaCl was added
to the buffer. Higher salt concentrations caused unspe-
cific hydrophobic interactions of the protein with the
matrix, which again limited the yield of refolded protein.
Whereas the arginine-tag showed a negative influence
on refolding of a-glucosidase in solution compared to
the non-tagged wildtype protein, the matrix-assisted
refolding of the hexaarginine-tagged o-glucosidase was
more efficient and, importantly, could be performed at a
100-fold higher protein concentration (Figure 1A). Sub-
sequently, this concept of matrix-assisted refolding on
an ion-exchange resin could be transferred to a protein
tagged with a decaglutamic acid sequence and bound
to an anion-exchange matrix (Figure 1B). These data
showed that: (i) the polyglutamate tag increased the yield
of refolding already with the soluble protein; (ii) similar
to the arginine-tagged variant, matrix-assisted refolding
could be performed at a 100-fold higher protein concen-
tration compared to refolding in solution; and (iii) the
success of refolding strongly depends on the matrix.

Immobilization of proteins via
polyionic fusion peptides

Polyionic fusion peptides are very well suited for
binding of fusion proteins to charged resins for either
protein purification or matrix-assisted renaturation.
Depending on the number of charged amino acids on
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Figure1 Matrix-assisted refolding of o-glucosidase.

(A) Yield of renaturation of wildtype o-glucosidase and
o-glucosidase fused to a hexaarginine tag at its C-terminus.
Renaturation was performed in 10 mm phosphate pH 7.6, 30 mm
NacCl, 8% (w/v) ethylene glycol, 10°C either in solution (open circles
wildtype a-glucosidase; closed circles o -glucosidase-Arg,) or with
the protein immobilized on heparin-sepharose (closed triangles).
Data taken from Stempfer et al., 1996b.(B) Yield of renaturation of
wildtype a-glucosidase and o-glucosidase fused to a decagluta-
mate tag at its C-terminus. Renaturation was performed in 10 mm
phosphate pH 7.6, 1 mm EDTA, 10°C either in solution (open circles
wildtype a-glucosidase; closed circles a-glucosidase-Glu, ) or with
the protein immobilized on Fractoprep DEAE (closed triangles up) or
Q-sepharose (closed triangles down). Richter and Lilie, unpublished
results.

the tag and the structure of the solid support, this inter-
action can be very stable; elution of RNase A contain-
ing a nona-arginine-tag from a SP-sepharose required a
NaCl concentration >1 M (Fuchs and Raines, 2005). This
strong interaction can be used to establish a stable non-
covalent immobilization on such a matrix. In this way
Stempfer et al. (1996b) designed an enzyme reactor in
which they immobilized the enzyme o-glucosidase with
C-terminal polycationic hexaarginine fusion peptide
to heparin-sepharose. The immobilized o-glucosidase
exhibited the same stability toward thermal or urea-
induced denaturation, and the same enzymatic activity
as the soluble enzyme. However, the operational stabil-
ity of the coupled enzyme under conditions of continu-
ous substrate conversion was much higher compared to
the soluble form. In contrast to covalent immobilization,
the non-covalent immobilization allowed regeneration
of the enzyme reactor by simply eluting the enzyme at
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high salt concentrations and subsequently re-charging
the matrix with fresh enzyme.

Another interesting application of protein immo-
bilization is the functionalization of flat surfaces. The
uniform and oriented immobilization of proteins is
important in the design of biosensors, supramolecu-
lar nanostructures or for formation of two-dimensional
crystals used in structural analyses by electron and scan-
ning probe microscopy. One material well established for
such analyses is mica. Because of the atomic structure of
its aluminosilicate crystals, mica possesses a very flat,
negatively charged hydrophilic surface. By fusing either
green fluorescent protein or GST to a hexaarginine tag,
Nock et al. (1997) could specifically and reversibly bind
these fusion proteins to mica plates. In analogy to the sit-
uation described for matrix-assisted refolding, immobili-
zation necessitated that the ionic strength of the buffer
be adjusted in order to minimize random, non-specific
electrostatic interactions of the target protein with the
surface and to achieve an attachment where the protein
is only bound by the polyionic fusion peptide.

Design of artificial bifunctional
proteins via association of polyionic
fusion peptides

Proteins are indispensible tools in biotechnology, medi-
cine, and basic research and their different functions
are exploited in many kinds of applications. Modern
molecular biology provides the opportunity to design and
produce tailor-made proteins with functions or molecu-
lar properties not found in natural proteins. Combining
functions of different proteins is of particular interest;
well-established examples are enzyme-linked antibod-
ies for ELISA diagnostics or the fusion of protein toxins
to tumor-specific antibody fragments as therapeutically
active immunotoxins (Pastan et al., 2007; Weldon and
Pastan, 2011). Oppositely charged polyionic fusion pep-
tides can be used as biochemical tools to create such
bifunctional protein complexes from the appropriately
tagged proteins.

Non-covalent heterodimer formation of
polyarginine- and polyglutamate-tagged
proteins

Binding of polyionically tagged proteins to ion-exchange
resins has been shown to be very stable depending on
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the ionic strength of the buffer. For these interactions,
polyionic matrices such as heparin-sepharose, or on
solid supports with charged groups positioned on flex-
ible arms such as tentaclegels, e.g., Fractogel materials,
have been shown to be very efficient. Similarly, oppo-
sitely charged polyarginine and polyglutamate fusion
peptides facilitate a specific association of proteins
fused with these tags. A thermodynamic quantification
of this association reaction was analyzed by fluorescence
resonance energy transfer using blue fluorescent protein
(BFP) fused to a peptide containing eight glutamic acid
residues and enhanced green fluorescent protein (EGFP)
with eight C-terminal arginine residues. From a titration
of the polyionic EGFP to the oppositely charged poly-
ionic BFP in 25 mM phosphate buffer pH 7.4, a dissocia-
tion constant of the polyionic interaction of 250 nMm was
calculated (Figure 2, Frost and Lilie, unpublished data)
translating into an interaction energy of AG=-9.4 kcal/
mol. If this titration is performed and one of the proteins
is not tagged no interaction could be observed, clearly
indicating that association is mediated solely via the
polyionic fusion peptides.

The affinity of this polyionic interaction strongly
depends on the ionic strength of the buffer. At 56 mm NaCl
(5 uMm BFP and EGFP, respectively, in 25 mm phosphate, pH
7.4) 50% of the BFP-EGFP complex is dissociated; under
physiological salt concentrations (150 mm) only 20%
of the complex remained (Frost and Lilie, unpublished
results). Consequently, polyionic fusion peptides of at
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Figure 2 Non-covalent polyionic association of BFP and EGFP.
EGFP fused to an octaarginine tag was titrated to 0.3 um BFP
containing a C-terminal octaglutamate tag. The association was
monitored in 25 mm phosphate, pH 7.4, 1 mm EDTA, 1 mm DTT by
analyzing the EGFP fluorescence at 507 nm after excitation of BFP
at 352 nm. The solid line represents a fit to the data according to a
dissociation constant of K;=254 nm.
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least eight charged residues facilitate a very specific and
structurally highly directed complex formation at low salt
conditions in vitro. In a biological context such as those
in vivo this polyionic interaction is not strong enough to
ensure stably associated complexes.

Cysteine-containing polyionic fusion
peptides induce a covalent association of
tagged proteins

The interaction of oppositely charged polyionic fusion
peptides is a very specific reaction. The resulting
complex, however, is not very stable because of its sen-
sitivity to increasing ionic strength. This sensitivity can
be suppressed by introducing cysteines into the poly-
ionic fusion peptides. These cysteines can form cova-
lent disulfide bonds upon association of the polyionic
tags, thus rendering the now covalently linked complex
insensitive to varying salt concentrations. The advan-
tage of such a system compared to just single cysteines
relies on its specificity; whereas single cysteines added
at two different proteins will cause covalent association
of both homodimers and heterodimers, in the context of
polyionic tags covalent heterodimers are formed exclu-
sively because of the specific interaction of the oppositely
charged sequences and electrostatic repulsion of identi-
cally charged fusion peptides. In a similar approach, Pack
and Pliickthun (1992) used disulfide-stabilized heterodi-
merization motifs of four-helix bundles or coiled-coils to
design mini-antibodies consisting of covalently linked V|
and V, domains.

The formation of the disulfide bond between cysteine-
containing polyionic fusion peptides is dependent on the
redox conditions of the environment. This dependence has
been measured by analyzing the amount of covalent het-
erodimers after incubating synthetic peptides AlaCysLys,
and AlaCysGlu, in 20 mM borate pH 8.5 in the presence
of different ratios of reduced and oxidized glutathione
(Figure 3). From this dependency, a redox potential of
AE°=380 mV of the cysteine-containing polyionic pep-
tides could be calculated. Compared to the redox poten-
tial of the tripeptide glutathione of AE°=-295 mV under
the same conditions (Wunderlich and Glockshuber, 1993),
this indicates a very strong interaction of these polyionic
peptides, thus favoring the oxidation of the respective
disulfide bond compared to that of glutathione (Richter
et al., 2001). Similar results were obtained when analyzing
the fluorescent proteins BFP-Glu,Cys and EGFP-Arg,Cys
(Frost and Lilie, unpublished results). Obviously, the poly-
ionic sequences direct covalent heterodimerization only in
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Figure 3 Covalent association of cysteine-containing polyionic
peptides.

The covalent heterodimerization of the peptides AlaCyslys, and
AlaCysGlu, at concentrations of 50 um was analyzed in dependence
of varying concentrations of oxidized and reduced glutathione.
Reaction conditions were 20 mm borate, pH 8.5, 20°C. The amounts
of covalent heterodimer (closed circle), mixed disulfide AlaCyslys,-
glutathione (closed triangle), and free peptide AlaCyslys, (open
squares) were quantified by ion-exchange chromatography. The
solid lines represent fits to the law of mass action after reaching
equilibrium. From this equilibrium a redox potential of the cysteine-
containing polyionic peptides of AE=-380 mV could be calculated.

the presence of low ionic strength; once formed, the stabil-
ity of the covalent complex is no longer sensitive to high
salt concentrations.

On the experimental level the formation of the
disulfide bond leading to a covalent heterodimer is very
simple. The oxidation can be carried out just by Cu?*-
catalyzed air oxidation of the cysteines, with the speci-
ficity of this oxidation being determined by the interac-
tion of the polyionic sequences (Bergelt et al., 2009). For
this oxidation, however, it is necessary that the cysteines
within the polyionic fusion peptides are in the reduced
state prior to the reaction. Alternatively, proteins tagged
with cysteine-containing polyionic fusion peptides can
be covalently coupled in the presence of a redox system
of reduced and oxidized glutathione (Richter et al., 2001;
Stubenrauch et al., 2001; Kleinschmidt et al., 2003).
The reaction was usually completed within 6-8 h and a
product yield of approximately 80% could be obtained
(Richter et al., 2001). In one case, however, we observed
a drastic limitation in both kinetics and yield of covalent
heterodimer formation. The protein granzyme B fused to
the peptide GlyCysAsp, did not covalently couple to an
antibody fragment B3-Arg,CysPro under the conditions
mentioned above because the negatively charged peptide
GlyCysAsp, folded back onto a positively charged surface
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of granzyme B, thus limiting the accessibility of the tag
including its cysteine. Here the covalent coupling of the
two proteins could still be obtained by chemically activat-
ing the cysteine within the tag of the antibody fragment
B3. In order to increase the reactivity of the respective
cysteine, it was activated by conversion to a highly reac-
tive mixed disulfide with dithiopyridine (DTP). This acti-
vated cysteine then formed a disulfide with the cysteine-
containing polyionic fusion peptide of granzyme B;
specificity and yield of this reaction were comparable to
those mentioned before (Kurschus et al., 2004).

In principle, the cysteine of the polyionic tag can
form disulfide bonds with other cysteines of the respec-
tive fusion protein as well. This would be especially prob-
lematic during oxidative renaturation of proteins linked

Figure 4 Schematic representation of a polyionic immunotoxin.

A disulfide-stabilized antibody Fv fragment (pdb 1DSF) with the V,
domain fused to the polyionic peptide Arg,CysPro at its C-terminus
is covalently coupled by a disulfide bond to the PE38 fragment of
Pseudomonas exotoxin (pdb 11KQ) connected to the peptide GlySer-
ProGluPheGlu,Cys at its N-terminus. The immunotoxin B3-PE38 is
listed in Table 1.
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by a disulfide bond, as the non-native disulfide bond
would strongly interfere with formation of the native
protein structure upon renaturation. The only example of
a disulfide-containing protein tagged with a cysteine-con-
taining octaarginine peptide that has been produced by in
vitro renaturation is the disulfide-stabilized Fv fragment
of the antibody B3 (Stubenrauch et al., 2001). In this case
the additional cysteine in the tag did not interfere with the
refolding process of the antibody fragment. Presumably,
this result cannot be generalized.

Immunotoxins as examples for bifunctional
proteins coupled via cysteine-containing
polyionic fusion peptides

Cysteine-containing polyionic fusion peptides permit a
specific and covalent coupling of two proteins independ-
ent of their structure and function. By using common
cloning strategies it is thus possible to create a variety
of different tailor-made bifunctional proteins. We used
this concept for the design of immunotoxins (Figure 4).
Immunotoxins are artificially bifunctional proteins con-
sisting of two functional units: (i) a targeting module
addressing tumor cells or any other diseased cells; and
(ii) a protein exhibiting a toxic activity. The combined
functions of these two protein modules result in a cell-
type-specific elimination of the targeted cells (Kreitman,
2006). Table 1 lists different immunotoxins designed by
the concept of covalent coupling via polyionic fusion

Table1 Immunotoxins designed by covalent coupling of a targeting module with a protein toxin via polyionic fusion peptides.

Immunotoxin Targeting module Toxin Cytotoxicity Reference
Protein Tag Protein Tag [ECy, ()]
B3-PE38 Antibody Fv Arg CysPro Pseudomonas  Glu,Cys 0.5 Kleinschmidt et al., 2003
Fragment B3 (C-terminus) Exotoxin PE38  (N-terminus)
B3-GzmB Antibody Fv Arg,CysPro Granzyme B Asp,Cys 35 Kurschus et al., 2004
Fragment B3 (C-terminus) (C-terminus)
B3-LLO Antibody Fv Arg CysPro Listeriolysin O Glu,Cys 2.3 Bergelt et al., 2009
Fragment B3 (C-terminus) (N-terminus)
CD4-PE38 Domain D1 of  CysArg.Pro Pseudomonas  Glu,Cys 10 Jager and Lilie unpublished
Receptor CD4  (C-terminus) Exotoxin PE38  (N-terminus)
NPY-PE38 NPY peptide Cyslys, Pseudomonas  Glu,Cys 10 Gehle and Lilie unpublished
(Coupled to Lys4 side chain  Exotoxin PE38  (N-terminus)
of NPY)
B3-VP1 Antibody Fv Arg CysPro Polyomaviral  Glu,Cys Gene Stubenrauch et al., 2001;
Fragment B3 (C-terminus) Coat VP1 (HI-loop) Delivery May et al., 2002

The cytotoxic activity of immunotoxins depends on the cell lines used in cell culture experiments. The EC, values given for immunotoxins
with B3 or NPY as targeting module were measured on MCF7 cells, the CD4-immunotoxin was analyzed on CHO-K1 cells expressing gp120 of

HIV.
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peptides. In all of these cases, neither the tag nor the cou-
pling affected structure or activity of the single proteins;
all polyionic immunotoxins exhibited in cell culture the
expected cell-type-specific cytotoxicity with EC, values
in the low nanomolar range.

Two other biological activities of polyarginine-tagged
proteins have been described. Sequences of seven-to-
nine arginine residues mediate a cell-type-unspecific
translocation of fused proteins across cellular mem-
branes (Wender et al., 2000; Fuchs and Raines, 2005).
Such a cell-penetrating activity of polyarginine has also
been used to reprogram human somatic cells using
cytokines tagged with eleven arginines (Takahashi et al.,
2007). The second known biological activity of polyargi-
nine is the induction of an immune response. Antibodies
against a nona-arginine peptide are commercially avail-
able, and polylysine with a very similar structure is well
known as an efficient adjuvant in immunization proto-
cols (Clementi et al., 1991; Beekman et al., 1999; Waka-
moto et al., 2007; Romestand et al., 2010), even though
polylysine of a size of c. 120 residues rarely induces an
antibody response itself (Romestand et al., 2010). Sur-
prisingly, we observed none of these activities in the case
of the polyionically fused immunotoxins or their isolated
partner proteins. The cellular interaction of an antibody
fragment fused to eight arginines was always depend-
ent on the presence of its cellular antigen, a cell-type-
unspecific interaction of the octa-arginine-tag or even a
cell-penetrating activity did not occur (May et al., 2002;
Kleinschmidt et al., 2003; Bergelt et al., 2009). Presum-
ably, a peptide length of eight arginines is just too short
for such an activity. Similarly, a polyionic peptide consist-
ing of eight charged residues might be too small to elicit
an antibody response. In classical immunization trials
in rabbits using Pseudomonas exotoxin, PE38 tagged
with an octa-arginine peptide and a disulfide-stabilized
B3 Fv fragment fused to an octaglutamate tag, respec-
tively, only antibodies against the respective protein part
but not against the polyionic fusion peptide could be
raised (Frost and Lilie, unpublished). Thus, for biologi-
cal applications of artificial bifunctional proteins, such
as immunotoxins, polyionic fusion peptides consisting of
maximally eight charged residues seem to be well suited
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