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Abstract

A procedure for renaturation of heterodimeric platelet-derived growth factor (PDGF-AB) from inclusion bodies of
recombinant Escherichia coli using size-exclusion chromatography is described. Either prepurified or crude PDGF-AB
inclusion bodies solubilized with guanidinium hydrochloride were subjected to buffer exchange from denaturing to
renaturing conditions during chromatography. Renaturation of PDGF-AB involves folding of the solubilized and unfolded
molecules into dimerization competent monomers during size-exclusion chromatography and subsequent dimerization of
folded monomers into the biologically active heterodimeric growth factor. Optimized conditions result in an overall yield of
75% active PDGF-AB with respect to size-exclusion chromatography and subsequent dimerization. The described approach
allows renaturation at high protein concentrations and circumvents aggregation which is observed when refolding is carried

out by dilution. O 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Platelet-derived growth factor (PDGF) is a very
potent mitogen for cells of mesenchymal origin —
e.g. smooth muscle cells, connective tissue cells, and
blood cells [1-4]. It is a non-glycosylated all-B sheet
protein with a molecular mass of M, 30000 and
composed of two subunits linked together by two
intermolecular disulfide bonds. In addition to inter-
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molecular disulfide bonds, each monomer contains a
knot-like arrangement of three intramolecular disul-
fide bridges [5-7].

Two different monomers, denoted as A- and B-
chains, are known to exist in the three natura
occurring isoforms PDGF-AA, -AB, and -BB which
have apparently different biological functions [3,8—
10]. A comparative study on the mitogenic activities
of the three different dimeric isoforms reveaed the
lowest activity for PDGF-AA [11]. The BB and AB
isoforms showed similar stimulatory effects on cell
proliferation with a dightly higher activity of the
heterodimeric form of the growth factor [11]. In
addition, the majority of PDGF purified from human
platelets is the heterodimeric growth factor [10,12]
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indicating that it may have a higher importance in
wound healing processes [4].

The wound healing activity of PDGF renders it to
a potential therapeutic agent of pharmaceutical im-
portance [13—-16]. Therefore, many efforts have been
undertaken to develop a therapeutic agent for non-
healing chronical wounds based on the recombinant
production of this growth factor using mammalian
[17], yeast [18] or bacteria expression systems
[11,19-21]. Due to obvious greater difficulties in-
volved in the recombinant production of a hetero-
dimeric protein, the majority of clinical studies on
recombinant PDGF has been carried out using the
BB homodimer [4]. PDGF-BB has now been ap-
proved by the US Food and Drug Administration for
treatment of diabetic foot ulcers [22].

While production of PDGF with yeast and mam-
malian expression systems leads to very low levels
of a biologically active protein [17,18], the utiliza-
tion of bacterial expression systems results in sub-
stantially higher yields of the growth factor which is
exclusively found as biologically non-active protein
in inclusion bodies [11,19-21]. Previously described
renaturation procedures of homo- or heterodimeric
PDGF from inclusion bodies of recombinant E. coli
have been carried out with S-sulfonated monomers
[11,20,21]. It was shown that PGDF-AB hetero-
dimers are almost exclusively formed when renatura-
tion was carried out using an equimolar mixture of
the S-sulfonated A- and B-chains [11,21].

The objective of this study was the development
of a renaturation process for the heterodimeric form
of the growth factor which circumvents S-sulfonation
and alows renaturation at high yields and high
protein concentrations. Following a procedure for the
preparation of biologically active PDGF-AB pro-
duced as inclusion bodies in recombinant E. coli
using size-exclusion chromatography is described.
The production of the recombinant growth factor is
directed from a bicistronic expression vector which
alows equimolar synthesis of the A- and B-chainsin
the recombinant bacteria. The renaturation process
involves the folding of the solubilized and unfolded
molecules at high concentrations into dimerization
competent monomers during size-exclusion chroma-
tography and the subsequent dimerization of the
folded monomers into the biologically active hetero-
dimeric growth factor.

2. Experimental

2.1. Production and recovery of PDGF-A/B
inclusion bodies

The high-cell density cultivation for temperature-
inducible production of PDGF-A/B with recombi-
nant E. coli TG1:pBS/PDGF-BA2 was performed as
described before [23]. The expression vector carry-
ing a bicistronic operon encoding the mature A- and
B-chains of human PDGF under the control of the
temperature-inducible \-P; promoter, pBS/PDGF-
BA2, has also been described previoudly [21]. Prod-
uct formation in high-cell density cultures was
induced at 50 gl * cell dry mass by a temperature-
shift from 30 to 42°C. The culture broth was
transferred directly 8 h post-induction from the
bioreactor to a high pressure homogenizer for cell
disruption (800 bar, SHL 05, Bran-Lubbe). The
resulting homogenate was diluted four-fold with 0.05
mol | " sodium phosphate buffer (pH 7.0) and
subsequently passed at a flow-rate of 75 |h™*
through a continuously working centrifuge (Wes-
tfalia Separator CSA8). The insoluble cell fraction
(inclusion bodies and cell debris) was washed three
times with 0.02 mol I " Tris-HCI (pH 85), 0.5
mmol |+ EDTA, and 2% (v/v) Triton X-100. After
each washing step, the suspension was centrifuged at
8500 g and 4°C for 40 min (Cryofuge 20-3, rotor
7790, Heraeus Sepatech). The last centrifugation step
was carried out with 25 ml aliquots of the suspension
a 10000 g and 4°C for 40 min (Sorvall SS34,
DuPont). The remaining pellet fraction containing
PDGF-A/B inclusion bodies was stored at —70°C.

2.2. Solubilization of PDGF-A/B inclusion bodies

After thawing, the PDGF-A/B inclusion bodies
(from 25 ml aliquots) were resuspended in 5 ml
solubilization buffer composed of 6 moll™*
guanidinium hydrochloride (Gnd—HCl), 0.1 mol I+
Tris—=HCI (pH 8.5), 0.1 mol | * dithiothreitol (DTT),
and 1 mmol I~* EDTA. The resulting suspension
was sonicated for 5 min (50 W, Labsonic U 40T,
Braun). After overnight incubation at room tempera-
ture, the solution was centrifuged at 26 000 g and
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4°C for 45 min (Biofuge 28 RS HFA 16.15, Heraeus
Sepatech) and the supernatant containing 1.2
mgml " PDGF-A/B (=27% of the total protein in
the soluble fraction) was immediately subjected to
size-exclusion chromatography.

2.3. Sze-exclusion chromatography

Chromatography was carried out at room tempera-
ture using a size-excluson column (High Load
Superdex 75 pg XK 26/60, Pharmacia) with a bed
volume of 348 ml (FPLC system BiolLogic, Bio-
Rad). All eluents were treated by microfiltration
(nitrocellulose filtersheet, 0.1 pm cutoff, Sartorius)
and degassed prior to chromatography.

Size-exclusion chromatography for prepurification
of solubilized PDGF-A/B inclusion bodies was
carried out under denaturing conditions [0.05 mol |+
glycine/H,PO, (pH 3.0), 2 mol | ~* Gnd—HCI]. The
Gnd—HCI concentration was determined according to
Nozaki [24]. The column was loaded with 10 ml of
the above inclusion body solution (2.8% of the bed
volume) via an injection loop and eluted at 4
ml min~*. The PDGF-A/B containing fractions were
collected and concentrated by ultrdfiltration (2.5
mg ml~* PDGF-A/B; Centriprep-3, Amicon) prior to
renaturation.

Size-exclusion chromatography for renaturation of
solubilized and denatured PDGF-A/B was carried
out with the following standard buffer system based
on reduced (GSH) and oxidized glutathion (GSSG)
as redox system to alow disulfide bond formation
during renaturation: Eluent A [0.1 mol |~ Tris—HCI
(pH 7.8); 4 mol 1" Gnd—HCI] and Eluent B [0.1
mol | ~* Tris—HCI (pH 7.8); 10 mmol | ~* GSH; 0.25
mmol |~ GSSG].

The equilibrated column (0.5 mol | ™ Gnd—HCI;
12% eluent A, 88% eluent B) was loaded with 1 ml
solubilized and denatured PDGF-A /B (0.28% of the
bed volume) via an injection loop. Samples were
alowed to penetrate the column using 10 ml of 2
mol | ~* Gnd—HClI, elution conditions were changed
afterwards to 0.5 mol | ~* Gnd—HCl at a flow-rate of
2 mmin~' to dlow renaturation of the growth
factor. Solubilized PDGF-A /B inclusion bodies were
subjected either directly or prepurified to size-exclu-
sion chromatography under renaturing conditions.

2.4. Heparin chromatography

Heparin chromatography was applied for small-
scale final polishing of renatured PDGF-AB (e.g.
removal of monomeric PDGF). The column (HiTrap,
Pharmacia) with a total volume of 5 ml was equili-
brated at room temperature with 0.05 mol |~ * Tris—
HCl (pH 7.0) using four column volumes. Injection
of 1 ml of the renaturation mixture was carried out
via an injection loop and the column was washed
with four additional column volumes of 0.05 mol | ~*
Tris—=HCI (pH 7.0). A linear gradient of 0—1 mol 1™*
NaCl in 0.05 mol | ~* Tris=HCI (pH 7.0) was used
for elution of heterodimeric PDGF-AB (flow-rate of
1 ml min~*, six column volumes).

2.5. Blocking of free thiol groups

Disulfide-bonded heterodimeric PDGF-AB was
distinguished from non-disulfide-bonded monomers
through disulfide trapping by irreversible blocking of
free thiol groups and subsequent gel electrophoresis
under non-reducing conditions. Blocking of free thiol
groups was carried out by the addition of 0.2 mol |1+
iodoacetate (pH 8.7) to an equa volume of the
PDGF-A/B containing sample [25].

2.6. Gel electrophoresis

Protein analysis was done by sodium dodecylsul-
fate—polyacrylamide gel electrophoresis (SDS—
PAGE) according to Laemmli [26]. Samples were
mixed with sample buffer consisting of 7% (w/v)
SDS, 40% (v/v) glycerol, 0.25 mol |~ Tris—HCl
(pH 6.8), 0.0005% (w/v) bromophenol blue and 0.15
mol |™* DTT (in some cases when non-reducing
conditions were necessary, DTT was not added to
the sample buffer). After 10 min boiling, electro-
phoresis was carried out using precast gels (EXCEL-
Gel 8-18, Pharmacia). Gels were stained with
Coomassie Brilliant Blue R250 and quantification
was carried out by densitometry (Hirschmann
elscript 400).

2.7. Fluorescence spectroscopy

Fluorescence emission spectra were obtained at
25°C with a Perkin-Elmer LS50B fluorescence spec-
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trophotometer (Perkin-Elmer, Uberlingen, Germany)
using 0.6 ml quartz cuvettes (d=0.5 cm). The
excitation wavelength was 280 nm, emission was
determined from 300—-400 nm.

2.8 N-terminal sequencing

Automated N-terminal sequence analysis was per-
formed on a protein sequencer (470A, Applied
Biosystems) with on-line HPLC (12A, Applied Bio-
systems) via automated Edman degradation.

2.9. Bioassay

Mitogenic activity of PDGF-AB was assayed by
the stimulation of [*H]thymidine incorporation into
the DNA of serum-depleted BALB 3T3 cdlls as
described previously [27]. The assay was done in
triplicate using PDGF-AB in concentrations ranging
from 05 to 40 ngml~'. Commercia available
PDGF-AB (SIGMA P6684) was used as standard.

2.10. Endotoxin analysis

Endotoxin concentrations in PDGF-AB samples
were determined using a commercialy available
endotoxin test kit (COATEST Endotoxin LAL-test,
Endosafe) according to the manufacturers instruc-
tions. Since negatively charged endotoxins bound to
basic proteins (PDGF, pl 9.8-10.2 [2]) are not
accessible by this test, samples were treated prior to
analysis with proteinase K for the determination of
the total endotoxin content [28].

3. Results and discussion

3.1. Purification of unfolded and reduced PDGF-A
and -B monomers using size-exclusion
chromatography

Inclusion bodies were harvested, washed with
detergents, and solubilized by Gnd—HCI as described
in Section 2. Subsequently, solubilized and reduced
inclusion body proteins were subjected to size-exclu-
sion chromatography under denaturing conditions for
further purification of PDGF-A and -B monomers. A
typical chromatogram indicates effective separation

of monomeric PDGF-A/B from protein contami-
nants present in the solubilized inclusion bodies, as
well as from the additives EDTA and DTT (Fig. 1).
In addition, SDS—-PAGE analysis of the PDGF-A/B
containing fractions from the different steps of the
purification procedure confirmed that no other pro-
tein contaminants were present in the PDGF-A/B
containing eluate fraction collected after size-exclu-
sion chromatography under denaturing conditions
(Fig. 2).

The prepurified inclusion bodies containing pure
unfolded and reduced PDGF-A/B monomers in 2
mol | " Gnd-HCl were subjected to native con-
ditions either by dilution or by buffer exchange using
size-exclusion chromatography to study the renatura-
tion of the growth factor in the absence of con-
taminating proteins.

3.2, Sudies on renaturation of heterodimeric
PDGF-AB using the dilution method

Experiments on the renaturation of PDGF-AB
were first carried out using the dilution method.
Prepurified PDGF-A/B monomers (in 2 mol | *
Gnd—HCl) were rapidly diluted into standard re-
naturing buffer (0.5 mol I™* Gnd-HCl, 25°C) at
varying final protein concentrations. These experi-
ments revealed that aggregation was a major side
reaction at all protein concentrations studied. Even at
protein concentrations as low as 10 pg ml~* PDGF-
A /B, only 45% of the expected total protein fluores-
cence (corresponding to approximately 45% soluble
growth factor) was present in the renaturation mix-
ture after 20 h of incubation and subsequent removal
of aggregates by ultrafiltration (M, 100 000 cutoff
filter, Microcon-100, Amicon). These discouraging
results stimulated us to search for another procedure
alowing renaturation at higher protein concentra-
tions.

3.3 Renaturation of heterodimeric PDGF-AB
using size-exclusion chromatography

Renaturation of the growth factor was initiated by
subjecting prepurified PDGF-A/B monomers (2.5
mgml~* PDGF-A/B in 2 moll™* Gnd-HCl) to
size-exclusion chromatography under renaturing con-
ditions. At first, the protein solution was allowed to
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Fig. 1. Prepurification of Triton X-100 washed PDGF-A/B inclusion bodies under denaturing conditions (2 mol | ~* Gnd—HCl) using
size-exclusion chromatography. The amount injected was 10 ml of solubilized, non-prepurified inclusion bodies containing 1.2 mgl~*
PDGF-A/B (=27% of the total protein in the soluble fraction). Conditions were as described in Section 2.
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Fig. 2. Prepurification of PDGF-A/B inclusion bodies. SDS-PAGE analysis of PDGF-A/B containing fractions from different stages of the
inclusion body purification procedure. Lanes: 1=Low-molecular-mass marker proteins (M,): 94 000 (top), 67 000, 43 000, 30 000, 20 100,
14 400; 2=Total cell protein; 3=Crude inclusion bodies (insoluble cell protein); 4 and 5=Insoluble and soluble fractions, respectively, after
washing crude inclusion bodies two times with Triton X-100; 6=Soluble fraction after solubilizing Triton X-100 washed inclusion bodies
with 6 mol |~ Gnd-HCl; 7=PDGF-A/B containing eluate fraction after subjecting Triton X-100 washed and Gnd—HCl solubilized
inclusion bodies to size-exclusion chromatography under denaturing conditions (see Fig. 1).
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penetrate the column under denaturing conditions as
described in Section 2. Thereafter, elution conditions
were changed to renaturing conditions. A typical
chromatogram under standard renaturing conditions
(0.5 mol I ~* Gnd—HClI, 10 mmol | * GSH and 0.25
mmol | ' GSSG) is depicted in Fig. 3. The main
peak (V,=161+1 ml) corresponds to monomeric
PDGF-A/B (see also Fig. 4). Elution of PDGF-A/B
as monomeric protein after subjecting the unfolded
and reduced monomers to size-exclusion chromatog-
raphy under renaturing conditions was additionally
confirmed when a mixture of the monomeric and
heterodimeric form of the growth factor was injected
and eluted using the described conditions (data not
shown). A further PDGF containing fraction was
eluted at a volume of V,=108 ml corresponding to
the void volume of the column (V,=122 ml, de-
termined with Blue dextran). This fraction was
attributed to PDGF-A/B aggregates formed during
chromatography on the column which are too large
to penetrate the pores and, moreover, are too large to

occupy the entire interparticle space. However, ag-
gregation of PDGF-A /B during size-exclusion chro-
matography under renaturing conditions was only
observed to a low extent (=10% aggregation at 2.5
mgml~* PDGF-A/B), in contrast to renaturation of
the growth factor using the dilution method (=55%
aggregation at 10 pg mli~* PDGF-A/B). In addition,
aggregates were removed efficiently from the folded
monomeric growth factor during chromatography.
The recovery of PDGF-A/B (soluble monomers and
aggregates) collected after size-exclusion chromatog-
raphy under renaturing conditions was always higher
than 90% of the protein that was loaded onto the
column.

Aggregation was influenced by the amount of
protein loaded onto the column, e.g. doubling the
protein concentration from 25 to 5 mgml~* in-
creased aggregation from 10 to 20%, respectively.
Also, replacing Gnd—HCI by NaCl (both at 0.5
mol | %) increased aggregate formation from 10 to
60%, respectively. However, variations in the con-
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Fig. 3. Renaturation of prepurified PDGF-A/B inclusion bodies under standard renaturing conditions (0.5 mol | ™* Gnd—-HCI) using
size-exclusion chromatography. The amount injected was 1 ml of prepurified inclusion bodies containing 2.5 mg|~* PDGF-A/B. Conditions
were as described in Section 2.
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Fig. 4. Dimerization of PDGF-A/B monomers after renaturing size-exclusion chromatography. SDS-PAGE analysis of the PDGF-A/B
containing eluate fraction after size-exclusion chromatography of prepurified PDGF-A/B inclusion bodies under standard renaturing
conditions. Aliquots from the eluate were taken at the indicated times and free thiol groups were immediately blocked by the addition of
iodoacetate. Samples were electrophoresed under non-reducing conditions to monitor the time-dependent formation of disulfide-bonded
heterodimeric PDGF-AB. M and D denote the positions of the monomeric and dimeric form of the growth factor and M, the lane of the
low-molecular-mass marker (M,): 67 000 (top), 43 000, 30 000, 20 100, 14 400.

centration or ratio of the redox system components
or the pH (pH 7.8-8.7) did not show any effect on
aggregation during chromatography. Following chro-
matography, aggregation of PDGF-A/B in the eluate
fraction corresponding to the monomeric growth
factor did not occur at any of the conditions studied.

When size-exclusion chromatography under re-
naturing conditions was carried out with Gnd—HCI
concentrations below 0.5 mol |~ (without substitut-
ing Gnd-HCI by NaCl), multiple peak formation
was observed with a main pesk (e.g. V,=169 ml,
0.25 mol |~* Gnd—HCl) and multiple minor tailing
peaks (data not shown). All peak fractions analyzed
correspond to the monomeric form of the growth
factor which is able to dimerize to heterodimeric
PDGF-A/B.

Treatment of aliquots taken at different time points
from the PDGF-A /B containing eluate fraction with
iodoacetate for irreversible blockage of free thiol
groups and subsequent SDS—PAGE analysis under
non-reducing conditions revealed that the eluted
monomeric form of the growth factor was able to
dimerize via disulfide bridge formation to yield
heterodimeric PDGF-AB (Fig. 4). However, dimeri-
zation of monomeric PDGF-A/B to the heterodi-
meric form of the growth factor is a low process
occurring in the time-scale of hours.

A number of variables such as protein concen-
tration, temperature, concentration of Gnd—HCl, and

ratio and concentration of reduced to oxidized
glutathion were analyzed with respect to their impact
on the formation of heterodimeric PDGF-AB in the
eluate fraction (Table 1). The highest yield of
heterodimeric PDGF-AB (=90%) was obtained in
the absence of Gnd-HCl or with a 10:1 ratio of
reduced to oxidized glutathion. Low temperature and
high Gnd—HCI concentrations resulted in poor di-
merization yields, whereas the initial concentration
of PDGF-A/B monomers in the eluate fraction did
not affect the final yield of the heterodimeric growth
factor.

Considering that around 90% of the unfolded and
reduced PDGF-A/B applied to size-exclusion chro-
matography under renaturing conditions elutes as
folded monomeric protein, a yield of about 75%
heterodimeric PDGF-AB can be reached by combin-
ing chromatography with subsequent dimerization.

A further simplification of the renaturation pro-
cedure was achieved by subjecting Ghd—HCI solubil-
ized and reduced, but non-prepurified PDGF-A/B
inclusion body proteins to size-exclusion chromatog-
raphy under standard renaturing conditions (Fig. 5).
The chromatogram and the SDS-PAGE analysis of
the different eluate fractions show that the majority
of host cell proteins elute prior to the refolded
PDGF-A/B monomers, but the PDGF-A/B con-
taining eluate fraction is not completely devoid of
contaminating proteins (Fig. 5). However, enhanced
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Table 1

Comparison of different parameters on the extent of dimerization of PDGF-A/B monomers after size-exclusion chromatography under

renaturing conditions

Parameter® Value Dimerization
yield (%)°

PDGF-A/B (wmol | 7%) 1.9 59

8.9 64

47.0 63
Temperature (°C) 4 17

25 64
Gnd-HCl (mol I71) 0 93

0.25 73

0.50 64

0.80 35

1.20 17

1.50 13
Redox system 10, 0.25; 40:1 64
GSH (mmol | %), GSSG (mmol | %); 5, 0.25; 20:1 62
ratio GSH:GSSG 5, 0.5; 10:1 89

5 1 51 57

2 Standard conditions: 8.9 wmol | " PDGF-A/B, 0.5 mol |~ Gnd—HCI, 10 mmol I-* GSH, 0.25 mmol |-* GSSG, 25°C, pH 7.8
(temperature and PDGF-A/B concentrations refer to the conditions during dimerization in the eluate fraction after size-exclusion
chromatography). The column was loaded with 2.5 mgml~* prepurified PDGF-A/B monomers (in 2 mol I~* Gnd—HCl).

® The standard deviation was less then 5%.

aggregation of PDGF-A/B was not observed when
non-prepurified but solubilized and reduced inclusion
body proteins were subjected directly to size-exclu-
sion chromatography under renaturing conditions. In
addition, PDGF-A/B monomers in the eluate frac-
tion were able to dimerize in the same manner and to
the same extent as shown for the prepurified mono-
mers indicating that the contaminants do not in-
fluence the correct folding to the biologically active
protein. Reduced renaturation yields which have
been reported for the refolding of hen egg white
lysozyme in the presence of inclusion body con-
taminants during renaturation by dilution [29] were
not observed during renaturation of PDGF-A/B
using size-exclusion chromatography.

3.4. Characterization of renatured heterodimeric
PDGF-AB

Characterization of renatured PDGF-AB was car-
ried out after small-scale polishing using Heparin
chromatography as described in Section 2.

N-terminal  sequence analysis demonstrated a
homogenous N-terminus for the PDGF-A and -B

chains which were identical with the sequence of the
authentic human PDGF-A and -B chains and devoid
of the leading bacterial methionine (PDGF-A
chain: SIEEAVPAVCKT,; PDGF-B chain:
SLGSLTIAEPAM).

Fluorescence emission spectra obtained from de-
natured PDGF-A and -B chains in 6 mol |~ Gnd-—
HCI and renatured heterodimeric PGDF-AB revealed
the same red-shift from 347 to 351 nm, respectively,
in the maximum of fluorescence emission (data not
shown) as has been reported previously for the BB
homodimer [18].

The renatured recombinant PDGF-AB was also
tested for its mitogenic activity on 3T3 cells. For
comparison, commercial available PDGF-AB (Sigma
P6684, Germany) was used as standard. Half maxi-
mal stimulation of [*H]thymidine incorporation into
the DNA of serum-depleted cells was observed at 3.5
and 5.5 ngml ~* PDGF-AB for the renatured growth
factor of this study and the commercial standard,
respectively (Fig. 6). These activities are in accord-
ance with those reported previously for PDGF-AB
(3-5 ngml ~* [11,30)).

Finally, the renatured PDGF-AB was analyzed for
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Fig. 5. Renaturation of Triton X-100 washed, non-prepurified PDGF-A/B inclusion bodies by size-exclusion chromatography under
standard renaturing conditions (0.5 mol I~* Gnd—HCl). The amount injected was 1 ml of solubilized, non-prepurified inclusion bodies
containing 1.2 mg|~* PDGF-A/B (=27% of the total protein in the soluble fraction). Conditions were as described in Section 2. Insert:
SDS—-PAGE analysis of eluate fractions. M, denotes the lane of the low-molecular-mass marker (M,): 94 000 (top), 67 000, 43 000, 30 000,
20 100, 14 400. The other lanes correspond to eluate fractions marked in the chromatogram with the same numbers.

the presence of endotoxins. Free endotoxin con-
centrations were found to be 3 ngmg™* PDGF-AB
(0.2 mgml~* PDGF-AB). Proteolytic digestion of
PDGF-AB with proteinase K and subsequent de-
termination of the total endotoxin concentration
revedled 17 ngmg ' PDGF-AB indicating that the
majority of endotoxins was tightly bound to the
growth factor. Since the upper limit for endotoxins
are 0.5 ngkg * bodyweight [31] and clinical ad-
ministrations of PDGF are in the g range [14], the
remaining contamination of the renatured growth
factor with endotoxins appears to be acceptable.

4. Conclusions

Size-exclusion chromatography under renaturing
conditions represents a two-step procedure for the
renaturation of heterodimeric PDGF-AB (or probably
more general for multimeric proteins) produced as

inclusion bodies in recombinant E. coli. The first step
represents the folding of solubilized and unfolded
protein chains into dimerization competent mono-
mers during chromatography. The second step in-
volves the dimerization of competent monomers into
the heterodimeric growth factor after chromatog-
raphy. This two-step procedure offers independent
possibilities for optimizing both steps (minimal
aggregation at high protein concentrations during
chromatography and maximal dimerization after
chromatography).

Acknowledgements

The authors would like to thank M. Kief3 for the
determination of the amino acid composition and
N-terminal sequence of PDGF-AB and D. Petsch for
endotoxin analysis. We are grateful to H.A. Weich for
advice in mitogenic activity measurements and to M.



212 C. Muller, U. Rinas / J. Chromatogr. A 855 (1999) 203-213

60000 —_

50000 M| positive control T
s
& 40000 —
° ]
£
S 30000 -
€ 1
>
e
20000
I 1 | negative
o

control
10000
{1 )
o mg® I
LA DRRNL AN L L B | LA DL DL DL DL B A, B

6 7 8 9 10 35 40

PDGF-AB [ng/ml]

Fig. 6. Determination of the biological activity of PDGF-AB. Stimulation of [*H]thymidine incorporation into the DNA of serum-depleted
BALB 3T3 cells by PDGF-AB. Comparative studies on the mitogenic activity of PDGF-AB after fine-polishing using Heparin
chromatography (O) and of commercial available PDGF-AB (Sigma P6684) (@). Positive and negative controls for the mitogenic activity
measurements were the stimulation of [*H]thymidine incorporation into the DNA of serum-depleted BALB 3T3 cells by 20% fetal calf

serum and phosphate buffered saline, respectively.

Schmidt and S. Marten for general technical assis-
tance. Also, we like to acknowledge continuous
support by W.-D. Deckwer.

References

[1] R. Ross, EW. Raines, D.F. Bowen-Pope, Cell 46 (1986) 155.

[2] H.N. Antoniades, P. Pantazis, Methods Enzymol. 169 (1989)
210.

[3] C.-H. Heldin, EMBO J. 11 (1992) 4251.

[4] W. Meyer-Ingold, W. Eichner, Cell Biol. Int. 19 (1995) 389.

[5] C. Oefner, A. D'Arcy, F.K. Winkler, B. Eggimann, M.
Hosang, EMBO J. 11 (1992) 3921.

[6] N.Q. McDonad, W.A. Hendrickson, Cell 73 (1993) 421.

[7] NW. Isaacs, Curr. Opin. Struct. Biol. 5 (1995) 391.

[8] C.H. Heldin, B. Westermark, Trends Genet. 5 (1989) 108.

[9] M. Hannink, D.J. Donoghue, Biochim. Biophys. Acta 989
(1989) 1.

[10] C.E. Hart, M. Bailey, D.A. Curtis, S. Osborn, E. Raines, R.
Ross, JW. Forstrom, Biochemistry 29 (1990) 166.

[11] J. Hoppe, H.A. Weich, W. Eichner, D. Tatje, Eur. J. Biochem.
187 (1990) 207.

[12] A. Hammacher, U. Hellman, A. Johnsson, A. Ostman, K.
Gunnarsson, B. Westermark, A. Wasteson, C.-H. Heldin, J.
Biol. Chem. 263 (1988) 16493.

[13] A.JR. Habenicht, P. Salbach, U. Janf3en-Timmen, C. Blat-
tner, G. Schettler, Klin. Wochenschr. 68 (1990) 53.

[14] M.C. Robson, L.G. Phillips, A. Thomason, L.E. Robson,
G.F. Pierce, Lancet 339 (1992) 23.

[15] W. Meyer-Ingold, Trends Biotechnol. 11 (1993) 387.

[16] S. Szabo, S. Kusstatscher, G. Sakoulas, Z. Sandor, A.Vincze,
M. Jadus, Scand. J. Gastroenterol. 30 (Suppl. 210) (1995)
15.

[17] W. Eichner, V. Jager, D. Herbst, H. Hauser, J. Hoppe, Eur. J.
Biochem. 185 (1989) 135.

[18] S. Craig, JM. Clements, A.L. Cook, D.T.F. Dryden, D.R.
Green, K. Heremans, PM. Kirwin, M.J. Price, A. Fallon,
Biochem. J. 281 (1992) 67.

[19] J. Hoppe, H.A. Weich, W. Eichner, Biochemistry 28 (1989)
2956.

[20] D.M. Alexander, T. Hesson, A. Mannarino, M. Cable, B.L.
Dalie, Protein Expres. Purif. 3 (1992) 204.

[21] B. Schneppe, W. Eichner, JE.G. McCarthy, Gene 143 (1994)
201.



C. Muller, U. Rinas / J. Chromatogr. A 855 (1999) 203-213 213

[22] M.C. Robson, T.A. Mustoe, T.K. Hunt, Am. J. Surg. 176 [28] D. Petsch, W.-D. Deckwer, F.B. Anspach, Anal. Biochem.
(2A Suppl.) (1998) 80S. 259 (1998) 42.

[23] A. Seeger, B. Schneppe, JE.G. McCarthy, W.-D. Deckwer, [29] J. Maachupalli-Reddy, B.D. Kelley, E. De Bernardez Clark,
U. Rinas, Enzyme Microb. Technol. 17 (1995) 947. Biotechnol. Prog. 13 (1997) 144.

[24] Y. Nozaki, Methods Enzymol. 26 (1972) 43. [30] C. Schdllmann, R. Grugel, D. Tatje, J. Hoppe, J. Folkman, D.

[25] T.E. Creighton, in: T.E. Creighton (Ed.), Protein Structure. A Marmé, H.A. Weich, J. Biol. Chem. 267 (1992) 18032.
Practical Approach, IRL Press, Oxford, 1990, p. 155. [31] H. Miller-Cagan, in: R. Scheer (Ed.), Der Limulustest,

[26] U.K. Laemmli, Nature 227 (1970) 680. Wissenschaftliche Verlagsgesellschaft, Stuttgart, 1989, p. 47.

[27] M. Klagsbrun, R. Langer, R. Levenson, S. Smith, C. Lillehel,
Exp. Cell Res. 105 (1977) 99.



