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Abstract

Virus-like particles composed of the polyoma coat protein VP1 were produced as a central building block of an artifical
vector system for gene therapy. For this purpose, recombinant VP1 was expressed in E. coli. Classica purification schemes
resulted only in low yields of protein. Therefore, we developed a new affinity purification procedure. We decided to use a
polyionic seguence containing eight glutamic acid residues which allows efficient purification using ion-exchange
chromatography. This peptide was inserted in a solvent exposed loop on the surface of VP1. After recombinant expression
and cell lysis the first purification and concentration step consisted of a fractionated ammonium sulfate precipitation. The
resuspended VP1 was loaded on an anion-exchange column. Elution with ca. 600 mM NaCl yielded ailmost homogeneous
protein. Subsequently a size exclusion chromatography was performed to separate the pentameric VP1 from higher
oligomeric and aggregated material. In contrast to wildtype VP1 the highly charged mutant form showed no significant
tendency to aggregate. To demonstrate the functional state of the VP1 mutant, the in vitro assembly was investigated. At
conditions similar to those for wildtype VP1 assembly, the mutant protein could form homogeneous virus-like particles.
0 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Polyoma VP1 is the major coat protein of the
murine polyoma virus [1]. It is a pentameric protein
[2,3] that is able to assemble into virus-like particles
(VIp's) in vitro [4,5]. After loading with DNA, such
particles were aready used as a vector system for in
vitro transfection of eucaryotic cells [6]. Recombi-
nant production of VP1 in E. coli led to soluble VP1
pentamer. However, purification of recombinant VP1
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was performed according to a complex scheme
consisting of several chromatographic and precipi-
tation steps [7], resulting in only small amounts of
purified VP1. In order to improve the purification
procedure we searched for an affinity tag. Besides
alowing a simple purification such a tag should
enhance the solubility of the recombinant protein,
and thus minimize the tendency to aggregate. There-
fore, we chose a polyionic peptide sequence. It was
shown previously that poly-arginine tails could be
used to purify recombinant proteins [8—10] and also
its influence on precipitation of proteins was investi-
gated [11]. Furthermore, peptides containing six
arginine residues were used before to couple proteins
on suitable matrices, thus enabling the construction

0378-4347/00/$ — see front matter [ 2000 Elsevier Science BV. All rights reserved.

Pll: S0378-4347(99)00392-8



78 K. Subenrauch et al. / J. Chromatogr. B 737 (2000) 77-84

of an enzyme reactor or renaturation of matrix bound
proteins [12,13].

Here, we analyzed the interaction of different
polyionic peptides consisting of both positively and
negatively charged amino acids with commercialy
available ion-exchange matrices, respectively. Based
on these data a fusion of polyomaVP1 with one of
these polyionic peptides was constructed and a new
simplified purification scheme developed.

2. Experimental
2.1. Construction of the variant VP1-Glu

Mutagenesis of the virus coat protein polyoma
VP1 was caried out based on the plasmid
PALVPITAC encoding wt VP1 [7]. Using the Quik-
Change site directed mutagenesis kit (Stratagene) a
nonapeptide consisting of eight glutamic acid res-
idues and one cysteine (E,C) was inserted in theVP1
sequence between Asn®** and Tyr*®®. This represents
the HI loop of the VP1 structure [2]. The primers
used were: forward primer 5'- ATG GGC TGG
AGA GTT ACA AGA AAC GAA GAA GAG GAA
GAG GAG GAA GAA TGT TAT GAT GTC CAT
CAC TGG AGA GGG C-3' and reverse primer 5'-
G CCC TCT CCA GTG ATG GAC ATC ATA ACA
TTCTTCCTCCTCTTCCTCTTCTTCGTT TCT
TGT AAC TCT CCA GCC CAT-3'.

2.2, Expression of VP1-Glu

The gene of VP1-Glu was expressed in the strain
Eco B. The expression strain was cultivated on
mineral salt medium at 30°C at a scale of 51 in a
Biostat-Fermenter (Fa. Braun) using the fed-batch
technique [14]. The recombinant expression of VP1
was induced by addition of IPTG ad 0.4 mM at a cell
density of ODg,,=20. Six hours after induction the
cells were harvested by centrifugation (8000 g, 15
min) and stored at —70°C.

2.3 Protein purification

All chemicals used during purification and charac-
terization of VP1-Glu were purchased from Merck

(Darmstadt, Germany) and were of analytical grade.
Chromatographic materials utilized were Poros HQ
(PerSeptive  Biosystems, Wiesbaden, Germany),
heparin Sepharose and Superdex 200 (Pharmacia
Biotech, Uppsala, Sweden), and Fraktogel EMD 650
(Merck, Darmstadt, Germany).

For purification of VP1-Glu 15 g cells (wet mass)
were suspended in 150 ml buffer A (50 mM Tris, pH
7.4, 1 mM EDTA, 5% glycerol, 200 mM NaCl, 4
mM DTT). Cell lysis was performed by high pres-
sure dispersion in presence of 1 unit/ml Benzonase
(Merck, Darmstadt, Germany), 20 pg/ml RNase
(Roche, Basel, Switzerland) and two tablets of
complete protease inhibitor cocktail (Roche, Basdl,
Switzerland). The soluble fraction of the cell lysate
was subjected to a fractionated ammonium sulfate
precipitation. The precipitate containing VP1-Glu
was formed between 20 and 28% of saturation with
ammonium sulfate. It was resupended in 60 ml of
buffer A and dialyzed over night against the same
buffer. After dialysis an ion-exchange chromatog-
raphy (IEX) was performed using an AKTA Ex-
plorer System (Pharmacia Biotech, Uppsaa,
Sweden). VP1-Glu was loaded on a Poros 20 HQ
column with a bed volume of 1.7 ml. Step elution
with 400 mM NaCl was carried out for eight column
volumes, and then alinear gradient was applied up to
1.2 M NaCl using a flow-rate of 4 ml/min. The
VP1-Glu containing fractions were pooled. Since
VP1 is a DNA binding protein [15], remaining
oligonucleotides were digested further by adding 20
pg/ml RNase and 2.5 units/ml Benzonase to the
pool of VP1-Glu, supplemented with 10 mM MgSO,
and one tablet of EDTA free protease inhibitor. In a
last purification step the remaining nucleotides,
enzymes, and aggregated material were removed by
gel permeation chromatography on a Superdex 200
prep grade column at a flow-rate of 0.7 ml/min. All
steps of protein purification were carried out at 4°C.

2.4. Characterization of VPI-Glu

The protein concentration of VP1-Glu was de-
termined photometrically using a calculated extinc-
tion coefficient €(280 nm, 1 mg/ml, 1 cm)=1.34
[16,17]. In vitro assembly of VP1-Glu into vip's was
performed by dialyzing the protein against assembly
buffer (20 mM Tris, pH 7.4, 0.75 M ammonium
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sulfate, 5% glycerol, 1 mM CaCl,) for two days at
15°C. In order to remove the ammonium sulfate after
assembly, the vlp's were dialized against 20 mM
Tris, pH 7.4, 200 mM NaCl, 5% glycerol, 1 mM
CaCl, for 1 day at 15°C. In both buffers the vip's
could be stored for several weeks at 4°C.

For electron microscopy a vlp solution with a
concentration of 0.2—0.4 mg/ml was adsorbed onto a
formvar and carbon-coated copper grid for 2 min.
The grid was briefly washed with water and then
soaked in 1% uranylacetate for 15 s. The samples
were examined using a Tesla BS-500 electron micro-
scope (Tesla Nat. Corp., Brno, Czechia) at a cathode
voltage of 1000 eV.

Sedimentation velocity runs were performed in an
analytical ultracentrifuge Optima XL-A (Beckman
Instruments, Palo Alto, USA). Double sector cells
were used at 10 000 and 30 000 rpm in a An60Ti
rotor. The data were analyzed using the software
provided by Beckman Instruments. For quantitative
analyses of the sedimentation equilibria a partial
specific volume of 0.734 ml/g was assumed. All
measurements were corrected for water viscosity and
20°C.

3. Results and discussion

3.1 Interaction of polyionic peptides with ion-
exchange supports

Polyionic interactions between charged peptides
and ionic matrices are a powerful tool for purifica
tion of recombinant proteins. In order to optimize
this affinity purification we first investigated the
interaction between polyionic peptides of different
length and solid supports used for ion-exchange
chromatography. Binding of peptides containing 6, 8
and 10 glutamic acid residues (ACE,_,,) to an
anion-exchange column (Poros HQ) was analyzed.
All peptides bound to the resin in the presence of 50
mM sodium phosphate, pH 7.5. Elution by a linear
gradient of NaCl concentration showed the differ-
ences in the stability of the interaction of the
peptides with the matrix. ACE; was eluted at a
concentration of 280 mM NaCl (Fig. 1A). With an
increasing number of charged amino acids the elu-
tion of the polyionic peptides shifted to higher salt
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Fig. 1. Interaction of polyionic peptides with ion-exchange ma-
trices. (A) Oligo-glutamic acid of different length (E6, E8, E10 75
rg each) were loaded on a Poros HQ column (bed volume 1.7
ml). Elution was performed using a linear gradient of NaCl
concentration between 0 and 1 M. Identification of each peptide in
the chromatogram was achieved by comparison of the elution
characteristics of the respective isolated peptides. The peptides
eluted at 280 (E6), 400 (E8) and 500 (E10) mM NaCl, respective-
ly. (B) Oligo-lysine (K4 (@), K6 (A), K8 (¥), K10 (M) 50 png
each) were separately incubated with Fraktogel EMD 650 for 30
min at different NaCl concentrations in a batch. Afterwards the
samples were centrifuged and washed with water. The bound
peptide was eluted with 1.5 M NaCl and the amount of peptide
was quantified spectroscopically.

concentrations. ACE, and ACE,, were eluted by 400
and 500 mM NaCl, respectively.

Similar experiments were performed to investigate
the binding of positively charged peptides to cation-
exchange supports like heparin Sepharose (data not
shown) and Fraktogel EMD 650. To this end the
matrix was suspended in 260 pl buffer containing
the peptide at a concentration of 50 p.g/ml at various
NaCl concentrations. After an incubation of 30 min
at 20°C the matrix was twice washed with water.



80 K. Subenrauch et al. / J. Chromatogr. B 737 (2000) 77-84

Peptide bound to the matrix was eluted with 1.5 M
NaCl and quantified spectroscopically at 205 nm. In
Fig. 1B the fraction of different oligo-lysine peptides
bound to Fraktogel EMD 650 is shown as a function
of the ionic strength of the buffer. As in the case of
negatively charged peptides the binding was strongly
dependent on the number of charges presented by the
oligo-lysine peptides.

These data showed that a polyionic tag used for
purification of recombinant proteins should consist of
at least four charged residues. However, since most
buffers used in protein chemistry have a basal level
of salt of 50 — 150 mM a tag of six to eight charged
residues should be preferred.

3.2, Design of a fusion of VP1 and a polyionic
peptide

For the construction of a variant of VP1 con-
taining a polyionic fusion peptide we first considered
whether a positively or negatively charged tag should
be used. Since VP1 in its native state is a pentameric
protein the fusion with a polyionic peptide tag would
introduce a high charge density in the protein. Using
a tag based on positively charged lysine or arginine
residues might result in an increase in binding and
co-purification of DNA and RNA. Therefore, we
decided not to use a positively charged peptide, but a
sequence containing eight glutamic acid residues.
Besides glutamic acid residues, a cysteine was
introduced thus enabling coupling of fluorescence
dyes that should alow a sensitive detection of VP1
particles in further cell culture experiments.

Since part of the N-terminus and the C-terminus of
VPl are of functiona importance regarding the
assembly process and the stability of these particles
[18,19] the glutamic acid containing peptide was
inserted within the sequence of VP1 instead of fused
to one of the termini. VP1 possesses three large
protuding loops, each connecting two strands of a
B-sheet (DE-, HI- and BC2-loop, Fig. 2). From
crystal structure analyses it has been shown, that the
DE-loop is involved in monomer monomer interac-
tions within the pentamer. The two other loops
seemed to alow an insertion of a peptide without
strongly disturbing the VP1 structure. In this first
approach we chose the HI-loop at the position Asn®*

COOH

NH,

Fig. 2. Structure of polyomaVP1. A monomer of the pentameric
VP1 [3] is displayed. The HI loop used for the insertion of the
polyionic peptide is marked by an arrow.

for the insertion of a nonapeptide containing eight
glutamic acid residues and one cysteine.

3.3 Expression and purification of VPI-Glu

Based on the expression plasmid for wt VP1,
PALVPITAC [7], the mutant VP1-Glu was con-
structed using site directed mutagenesis. Thus, like
wt VP1 the expression of the mutant was under
control of the same tac promotor, allowing a direct
comparison of the expression of wt VP1 and VP1-
Glu. As shown in Fig. 3 expression of VP1-Glu
resulted in a large amount of recombinant product.
The yield of VP1-Glu was only dlightly lower than
that of wt VPl under identical conditions. The
partitioning between soluble and insoluble product
did not change significantly compared to wt VP1,
thus allowing production of solubleVP1-Glu in large
quantities.

Starting with the soluble fraction of the cell lysate
the first purification step consisted of a fractionated
ammonium sulfate precipitation. This step proved to
be very efficient for two reasons. In the pentameric
form of VP1-Glu N- and C-terminus were prone to
proteolysis. Addition of ammonium sulfate stabilized
VP1, thus preventing proteolytic cleavage of VP1-
Glu by proteases present in the cell lysate. Cleavage
products already formed during expression precipi-
tated at an ammonium sulfate saturation of about
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Fig. 3. Expression of VP1-Glu. Cells producing either VP1-Glu or
wt VP1 were harvested 6 h after induction of expression. Soluble
and insoluble fractions of the cell lysate were analyzed. Lane 1,4
— Molecular mass standard; lane 2 — insoluble fraction of wt VP1
expression; lane 3 soluble fraction of wt VP1 expression; lane 4 —
insoluble fraction of VP1-Glu expression; lane 5 — soluble
fraction of VP1-Glu expression

20%, whereas full length VP1-Glu precipitated at
higher ammonium sulfate concentrations. However,
this separation of full length and partially degraded
products was not complete since VP1-Glu is a
pentameric protein and precipitation might depend
on how many monomers of VP1-Glu within a
pentamer were partialy degraded. A small amount of
full length VP1-Glu was also observed in the precipi-
tate at 20% ammonium sulfate saturation and, on the
other hand, a thin band at ca. 36 KDa corresponding
to the partially degraded VVP1-Glu was till present in
the precipitate at 28% ammonium sulfate saturation
(Fig. 4C). The partia degradation and the existence
of aggregated VP1-Glu in the lysate might be
responsible for the loss of protein during this sepa-
ration step (Table 1).

In the second step of purification the solubilized
ammonium sulfate precipitate was loaded on a Poros
HQ column. Most of the contaminating proteins
were found in the flow through. A step of 400 mM
NaCl resulted in the elution of additional weakly
bound proteins. Elution of VP1-Glu was achieved by
a linear gradient from 0.4 to 1.2 M NaCl (Fig. 4A).
Almost homogeneous protein was recovered at NaCl
concentrations of 600 mM. Fractions containing
VP1-Glu eluting above 700 mM NaCl were dis-

carded because of high contaminations with nucleic
acids, which eluted in a sharp peak at 800 mM NaCl.

The NaCl concentrations neccessary for elution of
VP1-Glu were significant higher then those used for
the elution of the peptide ACE4 on the same matrix.
This indicated that in the case of pentameric VP1-
Glu more than one polyionic sequence contributed to
the interaction with the matrix (cf. Fig. 1A).

Although VP1-Glu seemed to be purified to homo-
geneity after anion-exchange chromatography (the
additional thin band with an apparent molecular mass
of 36 KDa represents a degradation product still
integrated in the pentameric structure of VP1) there
might be some oligomeric or aggregated species
present, since the association of pentamersto vip'sis
an intrinsic property of VP1. Thus in a last purifica
tion step a preparative gel permeation chromatog-
raphy on a Superdex 200 prep grade column was
performed (Fig. 4B). It showed that about 20% of
VP1-Glu was aggregated, whereas the remaining
VP1-Glu was in its native pentameric state. Analyses
of the pentamers after different times of storage by
gel permeation yielded only the pentamer, indicating
that the native pentameric form is a stable, non-
aggregating protein.

3.4. Characterization of VPI1-Glu

Since the fusion peptide was inserted into the
sequence of VP1 it remained in the protein after
purification, thus presenting a high density of addi-
tional negative charges on the surface of VP1-Glu. In
order to analyze whether this insertion influences the
functional properties of VP1 we characterized VP1-
Glu in more detail. Its structural integrity as a
pentamer was aready demonstrated by gel permea-
tion chromatography during protein purification (Fig.
4B). This result was confirmed by analytical ultra-
centrifugation. The svalue of sw,20)=7.2 S de
termined for VP1-Glu (Fig. 5) is identical to that of
pentameric wt VP1 within experimental error (data
not shown, [4,20]). However, the stability of VPI1-
Glu is dlightly decreased compared to that of wt VP1
as measured by temperature denaturation (Fig. 6).
Whereas the midpoint of the thermal denaturation
transition was ca. 48°C for wt VP1, it shifted to
Tm=37°C for VP1-Glu. This destabilization might
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Fig. 4. Purification of VP1-Glu. VP1-Glu obtained after a fractionated ammonium sulfate precipitation was applied on a Poros HQ column
(1.7 ml bed volume) equilibrated in buffer A. The column was then washed with 15 ml of buffer A supplemented with 400 mM NaCl.
Elution of VP1-Glu was achieved by applying alinear gradient of NaCl between 0.4 and 1.2 M. VP1-Glu eluted at 600 mM NaCl. The pool
of VP1-Glu was further purified by gel filtration (Superdex 200 prep grade), equlibrated in buffer A. (A) Elution profile of the IEX using a
Poros HQ column. Absorption at 280 nm (-), at 260 nm (---) and the conductivity (") were monitored. (B) Elution profile of the gel
permeation on a Superdex 200 prep grade column, monitoring the absorption at 280 nm (—) and 260 nm (---). The time of elution of
VP1-Glu of about 60 min corresponds to the molecular weight of a pentamer. (C) SDS-PAGE of VP1-Glu purification. lane 1, 8 —
Molecular mass standard; lane 2 — cell extract; lane 3 — precipitate after 20%-(NH,),SO,-saturation; lane 4 — precipitate after
28%—(NH,),SO,—saturation; lane 5 — flowthrough from Poros HQ; lane 6 — eluate of Poros HQ at 600 mM NaCl; lane 7 — VP1 pentamer
after gel permeation on a Superdex 200 prep grade.

be due to electrostatic repulsion on the surface of another sequence at the same position in VP1 did not
VP1-Glu. The insertion itself seemed not to be lead to changes in VP1 stability (unpublished data).
responsible for this destabilization, since insertion of The most important functional parameter of VP1
Table 1

Summary of purification of VP1-Glu. VP1-Glu was purified starting with 15 g (wet mass) of biomass. The amount of total protein was
measured by Bradford analyses [21]. Since VP1-Glu does not possess any enzymatic activity the amount of VP1-Glu at different stages of
purification was estimated by quantification of Coomassie stained gels using the program Phoretics (Pharmacia Biotech, Sweden)

Stage of purification Volume Tota protein VP1-Glu Yield
[mi] [mg] [mg] (%]
Cell extract 150 1005 50.25 100
Fractionated ammonium sulfate precipitation 50 72.25 32.16 64
Poros 20 HQ 18 28.87 2343 47

Superdex 200 36 18.56 18.56 37
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Fig. 5. Analytical ultracentrifugation of pentameric VP1-Glu. The
sedimentation velocity run was performed at 30 000 rpm, 20°C in
buffer A. Scans were taken every 10 min (displayed every 30
min). The s-value was calculated to be s(w,20)=7.2 S.

isits ability to assemble into vip’s [4]. Therefore, we
studied the assembly of VP1-Glu. The protein was
dialyzed against assembly buffer containing 0.75 M
ammonium sulfate. Ammonium sulfate was previ-
oudly shown to induce assembly of VP1 [5]. Under
these conditions VP1-Glu also assembled into virus-
like particles as judged by gel permeation chroma-
tography and electron microscopy (Fig. 7). The
electron micrograph of assembled VP1-Glu showed
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Fig. 6. Thermal denaturation of VP1-Glu. 50 pg/ml VP1-Glu and
wt VP1 in buffer A were used, respectively. The heating rate was
0.3°C/min. The denaturation was measured using fluorecence in a
stirred and temperature controlled cuvette. A wavelength of 295
nm was set for excitation and 338 nm for emission. The
temperature transition of wt VP1 (@) had an apparent midpoint of
Tm=48°C whereas VP1-Glu (O) showed a transition with Tm=
37°C

Fig. 7. Electron micrograph of virus-like particles of VP1-Glu.
VP1-Glu at 0.36 mg/ml were dialyzed against assembly buffer for
two days at 15°C. Afterwards the protein was adsorbed onto a
formvar and carbon coated grid and negatively stained using
uranyl acetate. Nominal magnification was 100 000-fold.

that viruslike particles of different sizes were
formed, a phenomenon aso known for vip's com-
posed of wt VP1 under these conditions [5]. Thus,
the basic functional characteristics of VP1-Glu were
shown to be identical to those of wt VPL1.

4. Conclusion

Here we show that polyionic fusion peptides can
be used for the efficient purification of recombinant
proteins. According to its affinity to standard com-
mercial matrices, both positively and negatively
charged peptides are suitable. Efficient binding is
promoted by octapeptides of basic or acidic amino
acids. In this first approach, we used an octaglutamic
acid peptide as purification tag, inserted in a surface
loop of pentameric VP1 of polyoma virus. By this
way, we could establish a fast and efficient purifica-
tion procedure for functional VP1-Glu. For more
general applications such polyionic peptides could be
fused to the N- or C-terminus of the respective
proteins. Introducing a specific cleavage site for
proteases would allow a processing after purification
to get the unmodified mature protein. In this context
it should be noted that the cleavage site of enterokin-
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ase consists of four aspartic acid residues. Elongation
of this sequence might directly lead to a peptide
sequence combining both, a polyionic affinity tag
and a specific proteolytic cleavage site.

5. Abbreviations

DTT dithiothreitol

IEX ion-exchange chromatography

IPTG isopropyl-B-thiogal acto-pyranosid

PAGE polyacrylamide gel electrophoresis

vip virus-like particle

wt VP1 wildtype of the polyoma virus coat
protein 1

VP1-Glu mutant VP1 with an insertion consisting

of a CE, peptide in the HI-loop of VP1
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