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Abstract

Bone morphogenetic proteins (BMPs) are secreted protein ligands that control numerous
biological processes, such as cell differentiation and cell proliferation. Ligands are regulated by a
large number of structurally diverse extracellular antagonists. PRDC or Protein related to DAN
and Cerberus is a BMP antagonist of the DAN family, which is defined by a conserved pattern of
cysteine residues that form a ring structure. Here we present the expression and purification of
recombinant mouse PRDC (mPRDC) from bacterial (E. coli) inclusion bodies through oxidative
refolding. Functional mPRDC was isolated from a nonfunctional component through reverse
phase chromatography and shown to inhibit BMP2 and BMP4 in a cell-based luciferase reporter
assay. Recombinant mPRDC also bound directly to BMP2, BMP4 and BMP7, but not activin A.
Furthermore, circular dichroism indicated that mPRDC is folded and contains a higher than
anticipated helical content for a DAN family member protein.
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Introduction

The TGFp family of secreted protein ligands is composed of over 30 individual members
categorized into three main classes (activins, bone morphogenetic proteins and TGFps).
During development ligands execute the instructions that define the body plan of animals
and in the adult are involved in numerous biological processes (e.g. inflammation,
reproduction and immune surveillance) [1-5]. Ligands signal by assembling type | and type
Il Ser/Thr kinase receptors to activate intracellular pathways [6-7].

A number of structurally distinct extracellular protein antagonists bind and neutralize TGFj
family ligands. Antagonists and receptors compete for similar surfaces on the ligand.
Structural studies have revealed that the antagonists noggin and follistatin both interact at
the type | and type Il ligand interfaces, although with quite different strategies [8-13].
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Antagonists typically bind with high affinity to a particular class of ligands, but can have
overlapping activities with a number of family members [14-16].

BMPs have the largest and most diverse array of extracellular inhibitors. This includes
chordin, twisted gastrulation, noggin and several members of the DAN family, which
include PRDC, gremlin, DAN, SOST, Coco and Cerberus [17-22]. PRDC, also known as
gremlin2, has been shown to be a potent antagonist of BMP2 and BMP4 signaling [23].
PRDC was first identified in a gene trapping experiment and was found to be expressed in
commissural neurons of the central nervous system [24]. PRDC has also been shown to be
highly expressed in the brain, ovary and spleen and may play an important role in regulating
BMP activity in these tissues [23]. Evidence supports the interplay of BMP4 and PRDC in
epibrachial neuron specification and osteogenesis [25].

Although the overall sequence identity of DAN family members is low, antagonists exhibit a
conserved arrangement of cysteine residues that form an eight-membered ring [26]. The ring
assembles into a cystine knot motif similar to TGFf family ligands, as depicted in the NMR
structures of SOST [27-28]. Secondary structure predictions of the other family members
indicate that most DAN antagonists display a mixture of B-sheet and random coil, resulting
in a flattened structure without a hydrophobic core [27-28]. This topology, along with the
large number of disulfide bonds, increases the difficulty of large-scale recombinant protein
production of DAN family members.

Several expression strategies are available to facilitate the production of disulfide-bonded
proteins. Recent advances have been made in mammalian cell expression, which have
helped increase expression yields and decrease production times [29]. However, these
methods are still significantly more costly and more time-consuming than recombinant
protein expression using bacteria. Disulfide bonded proteins are typically over-expressed in
bacteria as insoluble aggregates or inclusion bodies (IB). To recover the protein, 1B are then
purified, resolubilized and subjected to oxidative refolding. Similar to the crystallization of
proteins, optimal solution conditions for refolding are highly dependent on the protein under
investigation. As the number of successfully refolded disulfide bonded proteins increases, a
number of trends have been identified [30-31]. For instance, it is common to vary the redox
potential of the refolding solution (e.g. the ratio of oxidized and reduced glutathione) or to
include L-arginine, which has been shown to prevent protein aggregation [32—34]. Prior to
refolding, proteins are typically subjected to chromatographic separation, which occurs
under strong reducing conditions or after the cysteines have been reversibly modified by S-
sulfonation. Several examples have demonstrated the effective use of S-sulfonation of
proteins prior to refolding [35-37]. The use of S-sulfonation in the refolding of human
PRDC has previously been reported [38]. In this study, we present an optimized refolding
protocol with increased yields for the efficient production and purification of biologically
active mouse PRDC (mPRDC).

Materials and Methods

Construction of pET-mPRDC Plasmid

The gene sequence encoding the 441 base pairs of mouse PRDC (amino acid residues: 22—
168) (GenBank accession no. AB011030) was amplified from pCS2-mPRDC-6xMyc (a
generous gift from Dr. Eek-hoon Jho, University of Seoul, Korea) [39] by standard PCR
reaction. The insert was cloned into pET-21a (Novagen) using Ndel and Xhol and
designated pET21a—-mPRDC. The 5’ primer included the ATG start codon and the 3’ primer
included the TCA stop codon. This resulted in a protein product that did not include
additional purification tags. The nucleotide sequence was verified using primers
corresponding to the T7 promoter and terminator present in the vector.
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Protein Expression and Inclusion Body Preparation

For protein expression, the pET21a—mPRDC plasmid was transformed into E. coli BL21
(DE3) Rosetta cells and grown on Lysogeny broth (LB) agar plates supplemented with
ampicillin (200 mg/ml) (amp) and chloramphenicol (34 mg/ml) (cam) at 37°C overnight. A
single colony was used to inoculate a 20 mL starter culture of LB/amp/cam media and
incubated with shaking overnight at 37°C. One liter of LB/amp/cam media was inoculated
with the starter culture and incubated at 37°C with shaking until the OD at 600 nm reached
0.8-1.0. Expression of recombinant mPRDC was then induced by addition of 0.5 mM IPTG.
After 3.5 hrs, cells were harvested by centrifugation at 10,000 x g for 10 min at 4°C. Pellets
containing mPRDC IB were resuspended in the following buffer (1x PBS pH 7.4, 0.35 mg/
ml lysozyme, 10 ug/ml DNAse I, 3 mM MgCl,) and lysed through sonication. Lysate was
centrifuged at 7,000 x g for 30 min at 4°C. The pellet containing the IB was resuspended in
50 ml of IB wash buffer (50 mM Tris, 100 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, pH
8.0), followed by centrifugation at 13,200 x g for 10 min at 4°C. This step was repeated two
times followed by an identical wash with a buffer lacking Triton X-100. IB pellets were
resuspended in 5 ml of 8 M Urea, 100 mM Tris, 1 mM EDTA, 10 mM NayS;404, 100 mM
Na,SOg3, pH 8.5, stirred for 16 hrs at room temperature and clarified through centrifugation.

Pre-refolding Purification, Refolding and Purification

Purification of the solubilized IB was performed as previously described with minor
modifications [38]. Briefly, the solubilized 1B was loaded on a Sephacryl S-200 column
(120 ml) equilibrated in 8 M Urea, 50 mM MES, 200 mM NaCl, 1 mM EDTA, pH 6.0.
Fractions containing mPRDC were diluted with 6 M Urea, 20 mM MES, pH 6.0 and loaded
on a Hiprep 16/10 SP XL cation-exchange column (20 ml) and eluted with a 1M NaCl
gradient over 10 column volumes (10 CVs). Fractions containing purified, denatured
mPRDC were pooled and added drop-wise into refolding solutions (Table 1) to a final
concentration of 0.1 mg/ml and incubated at 4°C under constant stirring. After 5 days of
refolding, mPRDC was applied to a C18 reverse phase HPLC column (14.2 ml) and eluted
with a linear gradient (6.6 CVs) of acetonitrile (30-50%) containing 0.1% TFA. Fractions of
individual peaks containing mPRDC were pooled and buffer exchanged with 20 mM
HEPES, 150 mM NaCl, pH 7.5. Relative protein purity and concentrations were determined
by SDS-PAGE densitometry measurements and the bicinchoninic (BCA) protein assay
(Thermo Scientific).

Circular Dichroism (CD) Measurements

CD spectral investigations were performed on an Aviv 215 spectropolarimeter. mPRDC was
measured at a protein concentration of 0.8 mg/ml buffered in 10 mM NaH,PQOy4, 100 mM
NaF, pH 8.0. Spectra were recorded from 190 to 300 nm at a rate of 20 nm/min with a step
resolution and bandwidth of 1 nm at 25°C. Each spectrum represents an average of 3 scans
and is expressed as the molar mean residue ellipticity at a given wavelength.

Luciferase-reporter assay

To measure the potency of mPRDC to inhibit BMP and activin A signaling, a cell-based
luciferase-reporter assay was used. For BMP inhibitory studies, C2C12-BRE stable cells
[40] (a generous gift from Dr. Gareth Inman, Beatson Institute for Cancer Research, UK)
were plated at 2x10* cells/well in 24-well plates containing DMEM supplemented with 2
mM L-glutamine, 10% fetal bovine serum (FBS), 100 U/ml of penicillin, 100 U/ml
streptomycin and 700 ug/ml G418 and grown at 37°C in 5% CO2. After 18 hrs, cells were
washed with PBS and the medium was replaced with 0.5 ml of DMEM plus 0.1% FBS and
1x Pen/Strep for 6 to 8 hrs. BMP-related ligands were mixed with mPRDC and allowed to
incubate at room temperature for 45 to 60 min and applied overnight to the C2C12-BRE
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cells. For activin A inhibitory studies, HEK293-CAGA stable cells were treated as
previously described [41] with ligand alone or preincubated with mPRDC. Cells were lysed
in 100 pl of 1x Passive Lysis Buffer and luciferase activity was measured using the
Luciferase Assay System (Promega). Error bars indicate the standard deviation of percent
activity from individual wells performed in triplicate. Percent activity was calculated as
percentage of the ligand signal in the absence of mPRDC.

Surface Plasmon resonance (SPR) analysis

Results

SPR measurements were performed using a Biacore 3000 (GE Biosciences). BMP2, 4, 7
were purchased from R&D Systems. Activin A was produced as previously described [11].
Ligands were immobilized on carboxymethylated dextran matrix (CM5) sensor chips by
primary amine coupling and terminated with ethanolamine. All sensograms were corrected
by subtraction from a control cell that was mock coupled in HPBS buffer (Biacore). mPRDC
was diluted in running buffer (20 mM HEPES, 500 mM NacCl, 0.005% Surfactant P20, pH
7.4) and injected at various concentrations at a flow rate of 30 pl/min. The association phase
was measured for 6 min followed by a 40 min dissociation phase. After each cycle, chip
surfaces were regenerated by a short injection of 2 M GnHCI.

Expression and purification of PRDC

Native, untagged mPRDC (17 kDa, residues 22—-168) was over-expressed in E. coli BL21
(DE3) Rosetta cells. mPRDC was exclusively found in the insoluble fraction as inclusion
bodies (Fig. 1A). A patent describing the purification and refolding of PRDC was used a
starting point for subsequent optimization [38]. Following expression, the 1B were isolated
by centrifugation and washed repeatedly with and without the addition of Triton x-100.
Purified 1B were solubilized in urea and maintained under denaturing conditions until
oxidative refolding was initiated. The major contaminant was a band that migrated at twice
the expected MW. This band contained mPRDC as determined by western blotting, but
failed to migrate at 17 kDa under highly reducing conditions. Since refolding yields can be
dramatically affected by sample purity, we further purified mPRDC through a two-column
scheme which included size exclusion (Sephacryl S-200) followed by cation exchange
(Hiprep SP) under denaturing conditions (Fig. 1B). The resulting material was over 95%
pure with a significant reduction in the relative levels of the 34 kDa contaminant.

PRDC refolding trials

Refolding mPRDC under conditions previously described (50 mM Tris HCI pH 8.5, 1M
NaCl, 0.5 mM cysteine) resulted in a significant amount of protein precipitation, decreasing
the overall yield. Therefore, to determine more efficient refolding conditions that resulted in
higher yields of active protein, mPRDC was subjected to a panel of commonly used
oxidative refolding reagents and additives, as described in Table 1. Typically during
oxidative refolding, misfolded protein either precipitates or forms a ladder of disulfide-
bonded aggregates. Therefore, we monitored the success of refolding by both reduced and
non-reduced SDS-PAGE (Figs. 1C and 1D). Recovery yields were determined by BCA
protein assay then confirmed by SDS-PAGE gel. (Table 1). Significantly more precipitation
was observed in the solutions without L-arginine (Fig. 1D, lanes 2, 3 and 4) than in the
buffers containing 0.5 M L-arginine (Fig. 1D, lanes 1 and 5-10). This demonstrates that L-
arginine is a critical component that prevents mPRDC aggregation during refolding [32-34].
To determine if samples contained bioactive mPRDC, refolded protein was analyzed for the
ability to inhibit BMP signaling in C2C12 cells stably transfected with the luciferase gene
under control of a BMP-responsive promoter [40]. The protein recovery yield and biological
activity of refolded mPRDC as measured by percent BMP inhibition for each condition are
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presented in Table 1. Several conditions resulted in high yields of bioactive protein. For
further analysis, we focused on condition 1 for large-scale purification and analysis.

Large scale preparation and refolding of PRDC

After selection of the refolding condition, IB were prepared from 4 L of induced E. coli
culture, which yielded approximately 44 mg of mPRDC protein (Table 2). After initial
rounds of purification, approximately 89% of the sample was discarded due to overlap with
the 34 kDa contaminant. Refolding of purified mPRDC was initiated by rapid dilution into
refolding buffer to minimize aggregation. After 5 days of refolding, it is possible to have a
population of misfolded, inactive protein with non-native disulfide bond structure that
remains soluble. Therefore, to further isolate properly folded mPRDC from the soluble
misfolded component the sample was applied to a C18 reverse phase HPLC column. The
protein eluted in two peaks; a sharp first peak (Peak-1) and a broader second peak (Peak-2)
(Figs. 2A and 2B). The final purified mPRDC from Peak-1 was determined to be over 97%
pure (Fig. 2C). The protein migrates as a monomer under both reducing and non-reducing
SDS-PAGE with an apparent MW shift (Fig. 2C) supporting the presence of internal
disulfide bonds. The final purification statistics are presented in Table 2, and the final yield
is 0.3 mg per liter of bacterial culture.

Although the purity of the final mMPRDC was >97%, we wanted to determine if the overall
yield could be increased by eliminating one of the two chromatographic steps prior to
refolding. Therefore, the resolubilized 1B were either purified by SEC or ion-exchange
chromatography prior to refolding. In each case the protein was refolded under similar
conditions and separated by the C18 reverse phase column. For comparison, the purification
results, including yields, are presented in Table 2. During refolding more precipitation was
observed with the different single-column purifications than with the two-column
purification scheme. The final purified mPRDC from the different single-column
purifications was analyzed by SDS-PAGE (Fig. 2C). Overall the yield is significantly higher
for the one-step purification schemes, but the final product contains significantly more
contaminants.

Recombinant PRDC inhibits BMP2 and BMP4

To determine if either Peak-1 or Peak-2 from the reverse phase C18 column contained
biologically active mPRDC, each was assayed for its ability to inhibit BMP signaling using
the C2C12-BRE luciferase-reporter assay [40]. Treatment of C2C12 cells with BMP ligand
alone caused a robust increase in luciferase activity (Fig. 3). When BMP ligands were
preincubated with increasing amounts of PRDC protein from Peak-1, both BMP2 and BMP4
signaling was abolished (Fig. 3A). In contrast, fractions from Peak-2 were relatively
ineffective at the same inhibitor concentrations (Fig. 3B). We also tested if PRDC from
Peak-1 and Peak-2 could inhibit the ligand activin A in a similar reporter assay (Fig. 3C)
[41]. Consistent with previously published results for human PRDC produced in HEK293T
cells, the PRDC from Peak-1 failed to inhibit activin A signaling [23]. Therefore, although
both peaks represent soluble versions of PRDC, only Peak-1 contains properly folded and
biologically active protein that is able to inhibit BMP signaling. This supports that reverse
phase chromatography is an effective means of removing biologically inactive mPRDC that
would hinder biophysical and structural characterization. Furthermore, this also supports
that bacterial derived PRDC behaves similarly to PRDC expressed in mammalian cells.

Surface plasmon resonance analysis

We next determined if mPRDC binds directly to TGFp family ligands by surface plasmon
resonance. Ligands were immobilized on the sensor chips and binding sensograms were
measured by injecting mPRDC as described under Materials and Methods. Fig. 4 shows an
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overlay of the sensograms obtained by interaction of mPRDC with sensor chips coupled to
BMP2, 4, 7 and activin A. The binding curves were corrected for nonspecific binding and
bulk refractive index effects by subtracting signals obtained from the reference flow cell.
Binding was observed with all BMPs as indicated by the significant increase in response
units. The binding profiles of mMPRDC to BMP2 and 4 were characterized by a rapid
association phase and an extremely slow dissociation phase. A similar behavior has
previously been described for other TGFf family antagonists [14-15]. In contrast to BMP2
and 4, mPRDC dissociated more rapidly from BMP7, indicating a weaker interaction (Fig
4). This matches reported results where human PRDC was shown to be a more effective
BMP2 and 4 antagonist over BMP7 [23]. Binding appears specific for BMPs, as little or no
interaction of MPRDC with activin A was observed (Fig 4).

Secondary structure analysis of mPRDC

The secondary structure of refolded, biologically active mPRDC protein from Peak-1 was
characterized by CD spectroscopy in the far-UV region (190-300 nm) (Fig. 5A). The CD
spectra indicated that the recombinant protein contained a substantial amount of a-helix
secondary structure, with a maximum in ellipticity at 202 nm and a minimum at 220 nm.
Analysis of the secondary structure content with CD spectra analysis programs indicated a
range of 33-52% a-helix [42-45]. This is a slightly higher helical content than expected
from secondary structure predictions and also higher than that observed with the other DAN
family members [17-19, 27-28]. In contrast, the CD spectra for the biologically inactive
mPRDC of Peak-2 displayed a completely random coil profile (Fig 5B).

Discussion

Obtaining significant quantities of BMP antagonists is challenging due to the considerable
number of intramolecular disulfide bonds that need to join in a defined arrangement.
Generation of the BMP antagonist SOST has been achieved by both refolding bacterial
inclusion bodies and by expression as a soluble maltose-binding protein fusion in E. coli
(OrigamiB) [27-28]. PRDC and SOST are expected to have a similar disulfide-bonding
pattern, but the production of recombinant mPRDC is complicated because PRDC consists
of an odd number of cysteines, leaving one unpaired. In this study, we describe an optimized
protocol for refolding mPRDC from bacterial inclusion bodies. We also show that,
depending on the desired level of purity, the overall yield could be dramatically increased by
eliminating one of the chromatographic steps prior to refolding. Therefore, studies that
require high levels of purity would be better suited with a two-step purification scheme prior
to refolding.

In the three refolding schemes tested, an active and inactive population of PRDC was
formed, which required further separation. The inactive component likely contained a non-
native arrangement of disulfide bonds but still remained soluble even though it exhibited
little secondary structure. Interestingly, the lack of activity for this fraction suggests that the
biological activity of PRDC is not confined to a small peptide sequence, but requires a
properly folded protein. It is also possible that the inactive PRDC protein has a disulfide
arrangement that sequesters the BMP binding epitopes.

The recombinant bacterial mPRDC produced here potently binds and inhibits BMP2, BMP4
and BMP7 but does not interfere with activin A signaling. The IC50 values reported here for
BMP inhibition (IC50<1nM) of the bacterial recombinant mPRDC are similar or slightly
better than those previously published on mammalian produced PRDC (IC50=3nM) [23].
PRDC includes two N-linked glycosylation consensus sequences, which are modified in
mammalian cell expression. Since this modification is absent in bacteria, our data supports
that N-linked glycosylation is not necessary for BMP binding and inhibition. This does not
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le out the possibility that glycosylation is involved in BMP binding. The procedure

presented here allows for the large-scale production of recombinant mPRDC derived from
bacteria that is homogenous with similar potency towards BMP as the mammalian derived
protein.
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Abbreviations

BMP bone morphogenetic protein
PRDC protein related to dan and cerberus
TGFp transforming growth factor beta
DAN differential screening-selected gene aberrant in neuroblastoma
1B inclusion body
GnHCI guanidine hydrochloride
BRE BMP responsive element
MW molecular weight
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Fig. 1.

Expression, isolation and refolding trials of mMPRDC. (A) SDS-PAGE analysis of the
mPRDC expression in E. coli BL21(DE3) Rosetta grown at 37°C. Lane designation is as
follows: Lane M- MW standards (and in all subsequent gels), Lane 1- Cell lysate before
induction, Lane 2- Cell lysate after overnight induction at 37°C with 0.5 mM IPTG, Lane 3-
supernatant after lysis, lane 4- pellet after lysis. Arrow points to mPRDC band. In each lane
20 pl of sample was loaded. (B) Purification of denatured mPRDC IB with size exclusion
and cation exchange SP-sepharose column. Lane 1- 2 pl of solubilized mPRDC IB. Lane 2-
selected fraction of mMPRDC from HiLoad Sephacryl S-200 column elution, Lane 3- selected
fraction from Hiprep 16/10 SP XL column elution after S-200 purification. (C) Reduced and
(D) Nonreduced SDS-PAGE analysis of mMPRDC refolding. Samples were clarified by
centrifugation to remove precipitated protein prior to loading. Lanes 1-10 corresponds to the
different refolding conditions of mMPRDC as described in Table 1.
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Fig. 2.
Purification of refolded mPRDC. (A) Elution profile of mPRDC applied to a reverse phase
C18 column. Sample: 50 ml of refolded MPRDC in (50 mM Tris HCI pH 8.5; 150 mM
NaCl; 5 mM EDTA; 0.5 M arginine; 5 mM GSH; 5 mM GSSG; 0.5 mM cysteine); mobile
phase A:[5% acetonitrile, 0.1% TFA]; mobile phase B:[95% acetonitrile, 0.1% TFA];
fractions 1 ml; flow rate 0.5 ml/min. Sample eluted with a linear gradient of 30-50% B for 2
hours. Fractions B5 and B6 were pooled and designated Peak-1 and fractions B10-B13 were
pooled and designated Peak-2 (B) SDS-PAGE gel of selected C18 fractions under reducing
conditions. Lane M- MW standards, Lane Load- 30 pl of refolded protein applied to the C18
column, Lane FT- unbound sample, Lanes B4-B11- 20 ul of the corresponding C18
fractions. (C) SDS-PAGE of pooled Peak-1 C18 fractions from different purification
strategies after buffer exchange with 20 mM HEPES, 150 mM NaCl pH 7.5. Each lane was
loaded with 2.5 pg of protein and analyzed under reducing and non-reducing conditions.
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Recombinant mPRDC inhibits BMP signaling. (A,B) C2C12 cells stably transfected with a
BMP responsive luciferase reporter were treated with BMP2 (left) or BMP4 (right) alone or
in pre-incubated with increasing concentrations of mPRDC from either Peak-1 (A) or
Peak-2 (B). (C) Recombinant mPRDC does not inhibit activin A signaling. HEK293
response to activin A signaling shows that mPRDC Peak-1 (top) and Peak-2 (bottom) do not
interfere with activin A signaling. Percent activity was calculated as percentage of the ligand
signal in the absence of mPRDC.

Protein Expr Purif. Author manuscript; available in PMC 2013 April 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kattamuri et al. Page 14

400

BMP2

W
-
o

BMP4
BMP7

- . . Activin A

300 700 1100 1500
Time (sec)

Response Units
N
o
o

N
o
o

Fig. 4.

SPR analysis of mPRDC binding to immobilized BMP2, 4, 7 & activin A. mPRDC at 1.6
uM in 20 mM Hepes, 500 mM NaCl, 0.005% P20 pH 7.4 buffer at 25°C was injected over
the immobilized sensor chip at a ow rate of 30 uL/min to monitor the association phase, and
buffer alone was injected to measure the dissociation phase. A significant increase in
response units (RU) were observed with BMP2, 4 & 7, while minimal binding occurred with
activin A.
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Far-UV CD based analysis of mPRDC form Peak-1 (A) or Peak-2 (B). The far-UV CD
spectra of mPRDC in 10 mM NaH,PO,4 and 100 mM NaF were recorded at 25°C in the
range of 190-300 nm.
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Prokaryotic expression, refolding, and purification of recombinant mMPRDC

Table 2

Overall yield (%)

Purity (%) ©

Purification step Total Protein (mg) b Total PRDC (mg) b
Bacterial lysate? 5319 50

Unwashed Inclusion bodies 4347 46.5

Washed inclusion bodies 76.2 441

Sephacryl S-200 (1B) 20.5 174

Hiprep SP (IB) 25.8 21.3

Hiprep SP (IB/Sephacryl S-200) 4.8 4.6

Refold and C18 (Sephacryl S-200 only) 34 3.1

Refold and C18 (Hiprep SP only) 4.9 4.1

Refold and C18 (Sephacryl S-200+ Hiprep SP) 1.3 1.26

100

93
88.2
34.8
42.6
9.2
6.2
8.2
2.6

9.4

10.7
57.9
84.6
82.6
95.4
89.6
82.5
>97

aResuIts are given for 8 g of wet weight cells derived from 4 L of E. coli culture.

Protein concentration from pooled samples determined by the BCA assay using bovine serum albumin as a standard protein.

CThe purity was determined by using SDS-PAGE densitometry software ImageJ (http://rsh.info.nih.gov/ij/).

Protein Expr Purif. Author manuscript; available in PMC 2013 April 1.

Page 18


http://rsb.info.nih.gov/ij/

