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Recombinant human macrophage colony-stimulat
ing factor (rhM-CSF), a homodimeric, disulfide bonded 
protein, was expressed in Escherichia coli in the form 
of inclusion bodies. Reduced and denatured rhM-CSF 
monomers were refolded in the presence of a thiol 
mixture (reduced and oxidized glutathione) and a low 
concentration of denaturing agent (urea or guani
dinium chloride). Refolding was monitored by nonre
ducing gel electrophoresis and recovery ofbioactivity. 
The effects of denaturant type and concentration, pro
tein concentration, concentration of thiol/disulfide re
agents, temperature, and presence of impurities on 
the kinetics of rhM-CSF renaturation were investi
gated. Low denaturant concentrations ( <0.5 M urea) 
and high protein concentrations (>0.4 mg/ml) in the 
refolding mixture resulted in increased formation of 
aggregates, although aggregation was never signifi
cant even when refolding was carried out at room 
temperature. Higher protein concentration resulted 
in higher rates but did not lead to increased yields, 
due to the formation of unwanted aggregates. Experi
ments conducted at room temperature resulted in 
slightly higher rates than those conducted at 4°C. Al
though the initial renaturation rate for solubilized in 
clusion body protein without purification was higher 
than that of the reversed-phase purified reduced de
natured rhM-CSF, the final renaturation yield was 
much higher for the purified material. A maximum 
refolding yield of 95% was obtained for the purified 
material at the following refolding conditions: 0.5 M 
urea, 50 mM Tris, 1.25 mM DTT, 2 mM GSH, 2 mM 
GSSG, 22°c, pH 8, [protein] = 0.13 mg/ml. © 1999 Academic 
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Macrophage colony -stimulating factor (M-CSF ) is a 
hematopoietic growth factor that regulates the growth 
and differentiation of blood cells (1). M-CSF has been 
shown to stimulate the proliferation of mononuclear 
phagocytes (2) and to enhance their ability to phago
cyte infectious agents such as fungi. Biological activity 
is only achieved when the molecule is a disulfide-linked 
homodimer (2). In animals , activity occurs through 
interaction of M-CSF with the c-fms receptor (3). Three 
native forms have been found using cDNA cloning, 
M-CSFa, M-CSF,B, and M-CSFy . These forms contain 
256, 554, and 438 amino acids, respectively (4-6 ). All 
three forms have identical amino and carboxyl termini. 
Variation in molecular size results from in ser tions 
near the carboxyl terminal. The only region unambig
uously required for in vivo activity is located near the 
amino terminus, since a 3 to 153 amino acid-truncated 
form is biologically active (7). Monomeric subunits of 
M-CSF contain between 7 and 9 cysteines involved in 
both intra- and interchain disulfide bonds . Character
istically , two M-CSF monomers are linked by one or 
more interchain disulfide bridges. The backbone struc
ture of a 4 to 158 amino acid-truncated M-CSF has been 
determined, at a resolution of 2.5 A, by X-ray crystal
lography and was found to consist of two bundles of 
four antiparallel a -helices linked end to end forming a 
flat elongated structure (8). The intrachain disulfide 
bonds were found distal to the dimer interfac e. 

Halenbeck et al . (9) expressed a 218 amino acid
truncated form of M-CSFy as inclusion bodies in E sch
erichia coli. After renaturation and purification , th e 
resulting dimeric protein was biologicall y activ e and 
closely resembled both native and recombinant M-CSF 
produc ed by mammalian cells. Although the overall 
yield after purification was low (25%), the r enaturation 
yield after 96 h was approximately 80%. Wilkin s et al. 
(10) described renaturation of a 3 to 153 amino acid
truncated M-CSF , also produced in E. coli as inclusion 
bodies , that yielded only 30-50 % dimeric protein. The 
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refolding pathway of the purified 3 to 153 amino acid 
M-CSF was also studied . Wilkins et al. concluded that 
oxidative renaturation ofM -CSF proc eeds through two 
distinct pathways. The first pathway is thought to in
volve only monomeric intermediates. The second path
way is thought to involve only dimeric species . 

The reports cited here demonstrat ed that is possible 
to obtain biologically active M-CSF after renaturation 
(7, 9). In this work, we investig ated several parameter s 
that affect the renaturation rat e and yie ld of a 223 (1 to 
223) amino acid -truncated form ofrecombinant human 
M-CSF (rhM-C SF ), expres sed as inclusion bodies in E. 
coli. The parameters investigated included tempera
ture, denaturants, denaturant concentration, prot ein 
concentration, an d thiol/disulfide couple concentra
tions. The 223 amino acid rhM-CSF contains nin e cys
teines per monomeric subunit. Six of the cyste ine res
idues are thought to be involv ed in formation of thre e 
intrac hain disulfide bonds with the thr ee residual cys
teines involved in interchain disulfide bonds. 

Low recovery of corr ectly folded protein is often du e 
to aggregatio n . Folding intermediates tend to aggre
gate through interactions betw een normally unexposed 
hydrophobic regions on their surface. Prot ein concen
tration is believed to be the pr edominan t factor gov
erning aggregation. In the kinetic competition between 
folding an d aggregation, the folding process is usually 
a first-order reaction, whereas the aggregation path
way is an intermolecular reaction involving more than 
two polypeptide chain s with a higher reaction rate 
order, 2::2.5 (11, 12). At higher protein concentrations 
aggregatio n is kinetically favored over folding due to 
its high er reaction order. Thu s, renaturation yields ar e 
a strong function of protein concentration and the most 
direct means of minimizing aggregation is by decr eas 
ing protein concentration. However , combating aggre
gation by renaturation at low protein concentrations is 
not a cost -effective solution on an indu strial scale . 
Large volumes of renaturation buffer would be neces
sary to process the desired amount of denatured pro
tei n , thereby driving production costs upward beyond 
economic feas ibility. This study was undertaken with 
the objective of finding foldin g protocols which maxi
mize yields of correctly folded and disulfide bonded 
rhM-CSF dim ers. Special attention was paid to identi 
fying env ironm ental conditions that prevent the for
mation of aberrant covalently bound aggregates . 

MATERIALS AND METHODS 

Materials. Ultrapure guanidinium chloride (Gd
mCl) and urea were obtained from ICN Biomedicals ; 
iodoaceta mid e and dithiothreitol (DTT ) were pur
chased from Sigma Chemical Company; HPLC-grade 
reduce d (GSH) and oxidized glutathione (GSSG ) were 
obta ined from Calbiochem-Novabiochem; and HPLC-

grade trifluoroacetic acid (TF A), methanol , and aceto 
nitrile were purchased from Fisher Scientific . 

Organism. The organism used for rhM-CSF 223 
production was E. coli K-12 strain GI724, a derivative 
of strain W3110. The genotype of GI724 is F- , ,\-, lacP
LB, Lac/9 , ampC:: (trpPO-Ml/g eneB RBS/cl +). The 
strain carries a wild -type allele of phage,\ cl repressor , 
stably integrated into the chromosome at the ampC 
locu s . A synthetic trp promoter integrated into ampC 
upstr eam of the cl gene directs the synthesis of cl 
repr ess or. Thi s repressor protein provides negative 
control over rhM-CSF 223 transcription initiated at the 
PL promoter located on a multicopy plasmid , pALM3 . 
Thi s hybrid trp-cl gene directs synth esis of the cl gene 
only when intracellular tryptophan leve ls are low. 
When intracellular tryptophan levels are high , cl re
pre ss or is not synthesized. Thus , when GI-724 is grown 
in medium containing low level s of tryptophan, rhM
CSF 223 production is repr esse d. Addition of tr ypto
phan to the growth medium repre sses cl synthesis , 
leading to derep ression of P L and induced production of 
rhM-CSF 223 . Th e replication of pALM3 is controlled 
by a modified colEl replication origin similar to that 
found in pUC vectors . Plasmid selection and mainte
nance is achieved through the presence of the {3-lacta
mase gene on the vector. 

Culture conditions . The basal fermentor medium 
(10 L) contained the following constituents (mmol/L ): 
KH 2PO 4 , 50; (NH 4 ) 2SO 4 , 15; trisodium citrate monoh y
drate , 30; CaCl 2 .2H 2O, 0.7; MgSO 4 • 7H 2O, 10. Trace 
metal solution (0.1 M FeCl 3 , 9.5 mM ZnCl 2 , 12 mM 
C0Cl 2 , 8.3 mM Na 2MoO 4 , 6.8 mM CaCl 2 , 7.5 mM 
CuCl 2 , 8.0 mM H 3BO3 , 0.12 mM HCl ) at 2.7 ml/L was 
also added . Th e medium was adjusted to pH 7.2 and 
suppl ement ed with gluco se (50 mmol/L ) prior to inoc
ulation. 

Glucos e served as the sole source of carbon and en 
ergy during the growth phase of GI-724 cells. To avoid 
limitation, the fermentation wa s controlled to main
tain glucose concentrations at slight excess. Excess 
glucose concentration was accomp lished by coupling 
glucose addition to pH changes that occur in the me
dium . The pH of the fermentation was controlled di
rectly by the addition of ammonium hydro xide titrant 
(7.5 M). Additional glucose (2.5 M) was delivered to the 
bioreactor in a 1.3:1 molar proportion with res pect to 
ammonium hydroxide titrant. To control foam , the am 
monium hydroxid e titrant was supplemented with 
medical/USP grade antifoam (6%, w/v, Dow Corning) . 

GI-724 cells were induced to produce the recombi
nant protein when the culture reached a density of 5 g 
(dry cell weight )/L , through the addition of a trypto
phan-rich induction solution. Addition of th e induction 
solution yielded final medium concentrations (g/L) of 
the following compone nt s: Amisoy , 8; yeast extract, 2; 
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tryptophan , 1.2; proline, 0.6; leucine, 0.6. Inclusion 
body formation could be observed microscopically 
(l000 x , phase contrast) after 2 h postinduction . Max
imum recombinant protein formation occurred within 
4 hours after initiation of induction . Cells were har 
vested by centrifugation (8000g , 30 min, 4 °C) in a 
Beckman Model J6B centrifuge. Harvested cells were 
"pelletized" by submersion in liquid nitrogen, prior to 
storage at -80°C. 

rhM-CSF isolation and purification. Frozen rhM
CSF-containing E.coli cell pellets were resuspended in 
50 mM Tris, 10 mM EDTA, pH 8 (at 100 g cells/L). This 
cell suspension was passed three times through a APV 
Gaulin 30 CD homogenizer (9000 psi). The resulting 
lysate was centrifuged (8000g , 30 minutes , 4 °C) in a 
Beckman J6B centrifuge. The pellet fraction was re
suspended in 10 mM EDTA, 50 mM Tris (pH 8). 

In experiments where the inclusion body protein was 
not further purified prior to use, urea and DTT were 
added to the pellet suspension to yield the following 
final concentrations: 1-5 mg/ml protein, 8 M urea, 10 
mM DTT, 10 mM EDTA , and 50 mM Tris (pH 8). 
Solubilized inclusion body suspension was incubated 
for 1.5 hat room temperature, followed by centrifuga
tion (8000g , 30 min, 4 °C) and filtration (Pall Corpora
tion, 0.2-µ,m filter cartridge ) to remove residual cellu
lar debris. 

In experiments where the inclusion body protein was 
further purified prior to use, GdmCl and DTT were 
added directly to the inclusion body suspension to yield 
the following final concentrations : 1-5 mg/ml protein, 8 
M GdmCl , 50 mM DTT, 10 mM EDTA, and 50 mM Tris 
(pH 8). This solubilized inclusion body suspension was 
incubated for 1.5 h at room temperature, and the pH 
was adjusted to 5 with acetic acid, followed by centrif 
ugation (8000g , 30 min, 4 °C) and filtration (Pall Cor
poration , 0.2-µ,m filter cartridge ) to remove residual 
cellular debris. 

A gradient organic solvent system was used to sep
arate rhM-CSF 223 protein, from other cellular com
ponents on a preparative RP-HPLC Vydac C4 column 
(5 X 30 cm, 5-µ,m particle size, Vydac , Hesperia , CA). 
Mobile Phase A was 0.1% (v/v) TFA, and Mobile Phase 
B was 0.1 % (v/v) TFA in 95% (v/v) acetonitrile. The 
gradient proceeded from 30 to 80% Mobile Phase B 
over a 30-min period (15 ml/min ). The elution was 
monitored at 214 nm . The column was operated at 
ambient temperature. 

The rhM-CSF 223-containing fraction was collected, 
diluted by one-half with ultrapure water , and chro
matographed again on the same RP-HPLC column. 
Purity and identity of the rhM-CSF 223-containing 
fraction were assessed by SDS-PAGE and Western 
blot analysis using a monoclonal antibody recognizing 
the monomeric form of rhM-CSF 223 . Purified rhM -

CSF 223 fractions were freeze-dried and stored at 
-80 °C. 

Renaturation experiments. In experiments that 
used purified protein, freeze-dried RP-HPLC fractions 
were resuspended in a deoxygenated solution of 8 M 
urea, 5 mM EDTA, 50 mM Tris (pH 8), and 10 mM DTT 
(unless otherwise indicated) . The volume of the resus
pension solution was adjusted to give a final protein 
concentration of between 1 and 6 mg/ml. Resuspension 
took place at room temperature for approximately 45 
min . Renaturation was initiated by rapid dilution with 
5 mM EDTA, 50 mM Tris (pH 8), and variable concen
trations of GSH and GSSG. At intervals during rena 
turation , samples were withdrawn and quenched with 
a 1:10 vol of a 0 .5 M iodoacetamide solution also con
taining 5 mM EDTA and 50 mM Tris (pH 8). Quenched 
samples were stored at -80°C. Samples to be analyzed 
for bioactivity were quenched by lowering the pH to 
between 3 and 4 with acetic acid , since iodoacetamide 
interferes in the bioactivity assay. 

Nonr educing SDS-PAGE. SDS-PAGE was carried 
out according to Laemmli (13), except that the loading 
buffer did not contain {3-mercaptoethanol. Electro
phoresis was conducted in precast 10-20 % polyacryl
amide gradient gels obtained from Integrated Separa
tions Systems. Coomassie blue CR-250)-stained gels 
were analyzed using a Hoefer Scientific Model 1650 
scanning densitometer, interfaced with a data module 
recorder (Waters Model 745B). 

Protein concentration. Protein concentration was 
determined using a Bio-Rad (Richmond, CA) protein 
assay kit based on the Bradford dye binding assay . 
Calibration curves were constructed using bovine se 
rum albumin as the standard. 

Bioactivity assay . The biological activity of rhM
CSF was measured via a mouse bone marrow colony
forming assay as described by Metcalf (14). The stan
dard used for bioactivity assays was Chinese hamster 
ovary-derived rhM-CSF. 

RESULTS 

Can a 223 amino acid-truncated form of M-CSF ex
pressed in E. coli be renatured and is the resulting 
protein active? Purified reduced denatured rhM-CSF 
was allowed to refold under oxidative conditions at 
4°C. Samples were taken periodically and analyzed by 
nonreducing SDS-PAGE (Fig . la ) and in vitro activit y 
using the mouse bone marrow colony-forming assay 
described by Metcalf (14) (Fig. lb ). Figure lb also 
shows percentage of monomeric, dimeric, and aggre
gated protein obtained by scanning the SDS-PAGE gel 
shown in Fig. la. Over time , in vitro activity increased 
from 30%, at 24 h , to a maximum of near 100% at 64 h. 
Figure lb also shows that approximately 85% of the 
total protein had dimerized by 24 h, suggesting that 
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FIG. 1. Time cour se ofrhM- CSF renat ur ation . Fin al conditi ons: 1 M ur ea , 50 mM Tris, 1 mM EDTA, pH 8, 1.25 mM DTT, 2 mM GSH , 4 
mM GSSG . rhM -CSF concentr ation: 0.21 mg/ml , 4°C. (a) Nonr educing SDS- PAGE and (b) mass percent age of monomeri c species (e ), dimeric 
species (■), and aggrega ted species (A), obta ined by scannin g the gels shown in (a), and re lat ive activity (♦) calculated as th e activity at a 
given tim e over th e maxi mum observed activity . 

some dimeric speci es formed early in th e renaturation 
pathway wer e not fully folded. Incubation of the folded 
protein in renaturation buffer for times longer than 
90 h resulted in decreased activit y. Conceivably , thi s 
may hav e been due to modification of the protein 
caused by ammonium cyanate which is in equilibrium 
with urea (data not shown ). 

Eff ect of temp eratur e on rhM -CSF renaturation . 
The renaturation of purified denatured rhM-CSF 223 
was tested at two temperatures ; 4 °C (Fig. lb ) and 22°C 
(Fig . 2). When renaturation occurred at 22°C, the max
imum dimerization yield (90%) wa s obtain ed by 24 h. 
At 4°C, the maximum dimerization yield (93%) was not 

observed until the 96-h time point , indicating that the 
dimerization rate increased with temperat ure. When 
held at 4 °C, renaturation continued at a low rate for up 
to 4 days (Fig. 1). At 4°C, little aggregation was ob
served even after 6 days. More of the protein aggre 
gated (approximately 10%) when renaturation oc
curred at the elevated temperature. At both 
temperatures, aggregated protein continued to accu
mulate the longer the protein remained under renatur
ation conditions. These data demonstrate a relation
ship between t emperature , the ext ent of dimer 
formation , and aggregate formation. Even thou gh ag
gregation at 22°C was considered inconsequential, to 
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FIG. 2. Effect of temp eratur e on the kin et ics of rhM-CSF renat ur
at ion . Final conditions : 1 M ur ea , 50 mM Tri s, 1 mM EDTA, pH 8, 
1.25 mM DTT, 2 mM GSH, 2 mM GSSG. rhM-CSF concent ration: 
0.11 mg /ml. Dim eric species (circl es) and aggregated species 
(squar es). Open symbol s corr espond to data obtained at 22°C; closed 
symbols corres pond to data obtained at 4°C. 

avoid additional complications arising from aggregate 
formation, subsequent experiments were carried out at 
4 °C, unless otherwise noted. 

Is monom er purification before rhM-CSF renatur
ation necessary ? rhM-CSF (223) inclusion bodie s 
were liberated from recombinant E. coli cells and par
tially purified through repeated high-pr ess ure homog
enization and centrifugation, as described under Ma
terials and Methods. Unpurified inclusion bodies were 
denatured , solubilized, and used without further puri
fication . After liberation and partial purification , puri
fied inclusion body preparation s were subjected to re
peated acidic reverse-phase HPLC . Figure 3 shows the 
effect of monomer purification on the accumulation of 
dimeric 223 rhM-CSF, during refolding. Refolding con
ditions wer e the same as the standard refo ldin g condi
tions described und er "Mat erial s and Method s" except 
that renaturation took place at 22°C. Although initial 
dimerization r ates were similar for th e purified and 
unpurified materials, the unpurified protein dimeriz ed 
at a decidedly slower rate during the subsequent 
phase. In addition, the dimerization yield for the puri
fied material was higher (93%) than for the unpurifi ed 
material (65%). Purification also affected the yield of 
monom er ic and aggregate species. After refolding for 
96 h , the ratio of aggregated (3%) to monomeric (4%) 
species wa s 0.75:1 for the purified preparation. The 
ratio of aggregated (10%) to monomeric (25%) species 
was 0.4: 1 for the unpurified mat erial after refolding for 
122 h , indicating that re sidual cellular contaminants 
may have interfer ed in the formation of multim eri c 
species. 

Alternativel y, the effect of denaturation on renatur
ation was not examined during this study. Because of 
the purification methodology employed, the purified 

material was exposed to more rigorou s denaturation 
conditions during solubilization than the unpurified 
material. Consequently, thi s ma y have resulted in re
sidual aberrant secondary and tertiary structure, for 
the unpurified material , that could have affected sub 
sequent renaturation of the protein. Regardless , since 
the purified mat erial dimerized more completely and at 
higher rates, all subsequent experiments were per
formed with purified preparations. 

Can rhM -CSF be renatured in the pr esence of resid
ual concentrations of gu anidinium chlorid e? Purified 
denatur ed rhM-CSF 223 was allowed to renature in 
the presence of residual concentrations of either Gd
mCl or urea to test the hypothesis that the presence of 
small residual concentrations of denaturants allows 
proper folding to take place while preventing aggrega
tion . Figure 4 shows a comparison of the recovery of in 
vitro biological activity of rhM-CSF renatur ed in th e 
presence of either GdmCl or urea. In vit ro biological 
activities are reported as percentages of the maximum 
va lu e observed in each experiment. The maximum ac
tivity observed in the GdmCl experiment was about 
60% of the maximum activity obtained in the urea 
experiment (data not shown). It is not known if higher 
activities could have been obtained for the GdmCl ex
periment if renat ur ation was allowed to proceed for 
times larger than 144 h. In the urea experiment, max
imum activity was observed after 96 h of renaturation , 
and incubation for longer times resulted in decreased 
activity, similar to the behavior shown in Fig. lb . 

Eff ect of urea concentration on rhM-CSF renatur
ation. Th e effect of the final ur ea concentration on 
renaturation of rhM-CSF 223 was examined. Figure 5 
shows the accumulation of dimeric species with time at 
three final urea concentrations , 0.5, 1, and 2 M. When 
the residual urea concentrations were either 0.5 or 1 
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FIG. 3. Effect of conta min ant s on th e kin etics of rhM- CSF rena
tur ation. Final conditions : 1 M ur ea, 50 mM Tri s, 1 mM EDTA , pH 
8, 1.25 mM DTT, 2 mM GSH , 2 mM GSSG. rHM-CSF concentration : 
0.2 mg/ml, 22°c . (e ) RP-HPL C purified protein ; (■) solubilized in
clusion body prot ein without purification. 
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FIG. 4. Effect of denaturant of the kin et ics of rhM-CSF renatur
at ion . Final condit ions : 50 mM Tris, 1 mM EDTA, pH 8, 1.25 mM 
DTT, 2 mM GSH, 2 mM GSSG . M-CSF concentration: 0.2 mg/ml , 
4°C. (e ) 1 M GdmCl, (■) 1 M ur ea. 

M, high dimerization yields (90%) were observed . In 
addition, low but statistically significant levels of ag 
gregation were detected. Under these conditions, the 
highest proportion of aggregated species (10%) was 
obtained when the final urea concentration was the 
lowest (0.5 M). The highest residual urea concentration 
tested (2 M) effectively eliminated aggregation but did 
not support equivalent dimerization rates or yields 
when compared to the lower urea concentrations. 
Based on these observations, 1 M urea was adopted as 
the standard residual urea concentration and was used 
during all subsequent refolding experiments, unless 
otherwise noted . 

Effect of the thiolldisulfide couple on rhM-CSF rena
turation. Three relative concentrations of reduced 
and oxidized glutathione (GSH and GSSG ) were tested 
for their effect on renaturation of rhM-CSF 223: (A) 2 
mM GSH:2 mM GSSG; (B ) 2 mM GSH:4 mM GSSG; 
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FIG. 5. Effect of final ur ea concentration on the kin et ics of rhM
CSF ren at uration . Final condition s: 50 mM Tri s , 1 mM EDTA , pH 8, 
1.25 mM DTT, 2 mM GSH, 2 mM GSSG . M-CSF concentration: 0.19 
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FIG . 6. Effect of the concentration of thiol/disulfide reagents on 
rhM-CSF renaturation. Final conditions: 1 M w·ea, 50 mM Tri s, 1 
mM EDTA , pH 8, 1.25 mM DTT. M-CSF concentration: 0.2 mg/m l, 
4°C. (a ) Kinetic s of dimer formation for (e ) 0.5 mM GSH, 5 mM 
GSSG; (■) 2 mM GSH, 2 mM GSSG; (• ) 2 mM GSH, 4 mM GSSG. (b) 
Distribution of species and relativ e act ivit y after 96 h of renaturation 
in th e following order from left to right: aggrega ted species, mono
meric species, dimeric species , re lative act ivit y (as a percenta ge of 
th e maximum observed for 2 mM GSH , 4 mM GSSG ). 

and (C) 0.5 mM GSH:5 mM GSSG . In addition, 1.25 
mM DTT was present in all experiments. Figure 6A 
shows that an increase in dimeric species occurred 
with time for all three thiol/disulfide mixtures exam 
ined. The rate of dimer formation was comparable for 
systems A and B and slowed significant ly for system C. 
Figure 6B shows a plot of in vitro activity and the 
proportion of monomeric, dimeric, and aggregated spe
cies obtained 96 h after initiation under renaturation 
conditions. Aggregation was undetectable when rena
turation conditions were more oxidizing (system C). 
However , higher dimer ization yie lds were obtained un
der more reducing conditions (systems A and B). For 
all three thiol/disulfide mixtures, approximately 90% 
of the rhM-CSF protein dimerized; however , in vitro 
activity measurements indicated that the dimer 
formed un der more oxidi zing conditions was not fu lly 
active. These data suggest that activation and aggre -
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gation of the protein occur as a consequence of disulfide 
bond shuffling, since shuffling can occur under more 
reducing conditions but would not be expected to occur 
under more oxidizing conditions. 

Effect of protein concentration on rhM-CSF renatur
ation. Three rhM-CSF concentrations (0.16, 0.40 , and 
0.72 mg/ml) were tested to determine the effect ofrhM
CSF concentration on renaturation. To enhance aggre 
gate formation , this renaturation study was carried out 
at 22°C rather than at 4 °C. Samples were periodically 
taken from the refolding mixtures and analyzed by 
nonreducing SDS-PAGE, followed by gel scanning. 
Protein that did not enter the gel and multimeric spe
cies with relative mobilities lower than dimeric species 
were considered aggregates. Aggregated species were 
observed in the SDS-PAGE gels for the 0.40 and 0.72 
mg/ml protein concentration refolds, but were not ob
served at the lower protein concentration (0.16 mg/ml ). 
Figure 7A shows the yield of aggregated rhM-CSF for 
the three protein concentrations tested. At 0.40 mg/ml , 
2 days elapsed before 10% of the protein was aggre
gated . At the higher protein concentration (0. 72 mg/ 
ml), aggregation reached the 10% level almost imme
diately after renaturation was initiated, suggesting a 
relationship between aggregate formation and protein 
concentration. At the higher protein concentration 
(0.72 mg/ml), 29% of the total protein was aggregated 2 
days into renaturation . Aggregate formation continued 
to increase over time for both the intermediate and the 
high protein concentration conditions. 

To compare the kinetics of dimer formation, the rel
ative proportion of monomeric to dimeric species were 
calculated based only on nonaggregated protein. These 
data are plotted as a function of time in Fig. 7B. As the 
concentration of protein in the refolding mixture in
creased so did the rate of dimerization. In this study, 
rhM-CSF reached the 50% dimerization level after 50 h 
when the total protein concentration was 0.16 mg/ml, 
38 hat 0.40 mg/ml , and 20 h at 0. 72 mg/ml. Figures 7 A 
and 7B demonstrate that both dimer and aggregate 
formation rate increase with protein concentration, 
suggesting that both reactions exhibit a reaction rate 
order higher than 1. 

DISCUSSION 

Several previous reports have shown that rhM-CSF 
can be renatured to full activity (7, 9, 10). In this study , 
we have confirmed these earlier observations by show
ing that it is possible to recover fully active 223 amino 
acid rhM-CSF derived from inclusion bodies produced 
in E. coli . The 223 amino acid rhM-CSF used in this 
stud y contains the intact amino terminus of M-CSF . 
Unlike the studies cited above , this work examined 
environmenta l conditions that affect oxidative rena
turation and the formation of fully active rhM-CSF. 
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FIG. 7. Effect of prot ein concentration on th e kin etic s ofrhM-CSF 
renaturati on. Final condition s: 1 M ur ea , 50 mM Tri s , 1 mM EDTA , 
pH 8, 1.25 mM DTT , 2 mM GSH , 2 mM GSSG , 22°C. M-CSF con
centration : 0.16 mg/ml (e ), 0.40 mg/ml (■) , 0. 72 mg/ml (.4.). (a ) Mass 
percent age of aggr egat ed species and (b) mass percentag e of dim eric 
species in the solubl e fraction (monom eric + d.imeric species ). 

Typically, we conducted 10-L fermentations that pro
duced approximately 150 g of cells. The cell paste was 
resuspended in 50 mM Tri s, 10 mM EDTA, pH 8, to a 
final concentration of 100 g cells per liter and the 
suspension was homogenized as described under Ma
terials and Methods . After homogenization , we de
tected 40 mg protein per gram of cell pellet. The ho
mogenized pellet was solubilized with 8 M GdmCl , 50 
mM DTT, 50 mM Tris , 10 mM EDTA, pH 8, to a final 
protein concentration of 2.5 g/L and clarified by filtra
tion. The solubilized and clarified protein (1.4 L, 2.5 g 
protein per lit er ) was loaded onto a preparative RP
HPLC column and eluted with an acetonitrile gradient 
(as described und er Materials and Methods). Fractions 
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containing monomeric reduced rhM-CSF wer e pooled 
(0.76 L, 0.4 g protein per liter , 0.25 g rhM-CSF per 
liter ), diluted in half with ultra pure water , and loaded 
again onto the preparative RP-HPLC column. Frac 
tions containing rhM-CSF were pooled (0.17 L, 1.1 g 
protein per liter, 1.0 g rhM-CSF/L ) and stored for fur
ther use . A typical renaturation experiment was initi
ated by freeze-drying a fraction of the RP-HPLC puri
fied protein and resuspending the freeze -dried protein 
in 8 M urea , 10 mM DTT , 50 mM Tris , 10 mM EDTA, 
pH 8 (1 ml , 2.1 mg protein per milliliter ). Refolding was 
initiated by dilution of the resuspended protein with 
dilution buffer consisting of 50 mM Tris, 10 mM EDTA, 
pH 8, and the appropriate amounts of reduced and 
oxidiz ed glutathione (typically 2 mM GSH , 2 mM 
GSSG ) to a final volume of 16 ml and a final protein 
concentration of 0.13 mg/ml. For these conditions , ap
proximately 95% of the purified monomeric rhM-CSF 
was renatured to a fully active dimer. Thus , in a typical 
fermentation/homogenization/purification/refolding 
process , we recovered 1.85 mg of active dimeric rhM
CSF per gram of cell paste. 

The appearance of biological activity during renatur
ation does not parallel dimer formation and dimeric 
species which form early in the folding pathway are not 
fully active (Fig. lb ). Each active and correctly folded 
rhM-CSF (223) molecule is composed of two monomeric 
subunits that contain three intrachain disulfide bonds. 
The two subunits are joined through three interchain 
disulfides. If at some point during renaturation one or 
mor e sets of these disulfides are not correctly paired , 
then it is likely that the resulting protein will not 
posses s the correct tertiary or quaternary structure 
necessary for full activity. It is presumed that full 
activity is achieved when all of the correct disulfide 
bonds have been made. Currently, however, it is un 
clear if the emergence of activity occurs because of 
reshuffling of disulfides until appropriate cysteines 
align or if activity is dependent on the final covalent 
bond formation between correctly matched and spa
tially aligned cysteines. 

Aberrant disulfide bond formation was examined by 
Wilkins et al. (10) who studied intermediates that 
formed during the renaturation of a 150 amino acid 
form of M-CSF . That protein, when correctly folded, 
contains thre e intrachain disulfide bonds per monomer 
and one interchain disulfide bond between monomeric 
subunits . Three inactive intermediates were described . 
Each possessed one or more incorrect disulfide bond . 
One inactive dimeric intermediate had a single incor 
rect intrachain disulfide bond. Each of the two inactive 
monomeric intermediates studied did not contain the 
interchain disulfide bond between subunits. One of 
these monomeric intermediates also lacked an addi 
tional intrachain disulfide bond. 

X-ray crystallography was performed on a 155 amino 

acid-truncated M-CSF (determined at 2.5 A) by Pandit 
et al. (8). That study showed that all three intrachain 
disulfide bonds are found at the surface of the protein. 
Thi s spatial arrangement allows the intrachain cys
teines to be influenced by solvent conditions . Under 
partially reducing conditions used during renatur
ation, this influence could manifest itself by allowing 
intrachain cysteines to remain reduced or to become 
inappropriately engaged in interchain disulfide pair 
ings . Incorrect interchain disulfide pairing is a likely 
explanation for the observation of covalently bound 
multimeric aggregates. 

The purification ofrhM -CSF inclusion bodies affects 
dimerization rates and protein yields. More aggrega
tion and less monomer conversion to dimer occurred 
when solubilized protein was allowed to renature prior 
to purification . This could be due to impurities present 
in the unpurified inclusion body preparations spatially 
hindering the adoption of required orientations. Alter
natively , residual aberrant secondary or tertiary struc 
ture could have persisted in the unpurified protein 
preparations. Residual structure may have survived 
past the inclusion body solubilization step since less 
reductant (10 mM DTT) and a less powerful denatur
ant (urea ) than purified protein (50 mM DTT , GdmCl) 
were used to solubilize unpurified protein. In addition , 
for purified protein , aberrant unfolded species, even if 
present after solubilization, may have been removed 
during the purification step. 

Renaturation of solubilized rhM-CSF inclusion bod
ies was initiated through dilution of the protein prep
arations. These preparations contained residual dena
turant and reducing agent, leaving low concentrations 
of these components in the final refolding buffer. Re
sidual urea in the 0.5 to 1 M range allowed for dimer 
formation and low levels of aggregation (Fig . 5). At 
higher urea concentrations (2 M), aggregation was 
practically eliminated at the expense of lower dimer 
ization rates and yields. This finding is consistent with 
the observations of Hevehan and De Bernardez Clark 
(12) who found, for hen egg white lysozyme , that as the 
denaturant concentration in the refolding buffer in
creased , both folding and aggregation rates dimin
ished. For lysozyme , residual GdmCl prevented aggre
gation but increased the length of time necessary for 
full recovery of enzymatic activity. 

The concentrations of thiol/disulfide mixtures com
monly cited for oxidative renaturation vary between 2 
to 1 and 10 to 1 reduced to oxidized glutathione (15). 
However, since rhM -CSF 223 contains six disulfide 
bonds, more oxidative conditions were tested in this 
study. For rhM-CSF , final dimerization yields were 
independent of the thiol/disulfide concentrations used 
(Figs . 6a and 6b), and dimerization rates were similar. 
Although aggregation was significantly decreased at 
higher GSSG concentrations, dimeric protein produced 
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at higher GSSG concentrations is not fully active. 
Based on the hypothesis that dimeric species with in
complete intrachain disulfide bonds are formed early in 
the folding pathway , at higher GSSG concentrations 
the surface exposed free cysteines could be glutathio
nated, thus preventing the disulfide bonding necessary 
for full biological activity . 

The results discussed above, together with those ob
tained varying temperature and protein concentration , 
support the hypothesis that M-CSF folding proceeds 
through a pathway that could be simplified as follows: 

M 1-0 N 

\ I 
A 

in which the denatured reduced monomer (M) rapidly 
converts to an intermediate monomeric species (I) . 
This intermediate species can lead to either dimer (D) 
or aggregates (A). Dimeric species (D) may possess an 
incomplete set of intrachain disulfide bonds that may 
potentially lead to aggregation (A) if these free cys
teines become engaged inappropriately in interchain 
disulfide bonds. The biologically active native dimer 
(N) is produced from the dimeric species (D). 

The data obtained in the absence of aggregation (at 
low protein concentration and/or low temperature) sug
gest that th e likel y rate-limiting step is formation of 
dimeric species. These data also support the assump 
tion that the intermediate (I) forms rapidly. In the 
absence of aggregation (at low protein concentration 
and/or low temperature ), folding kinetic data reveal a 
hyperbolic rather than an exponential decay of mono
mer concentration with time. These decay characteris
tics are typical of a second-, rather than a first -, order 
reaction (Fig. lb ). In addition, Fig. 7 shows that dimer 
formation rate is protein concentration dependent , 
even in the presence of aggregation, supporting the 
hypothesis that the rate -limiting step is the formation 
of the dimeric species. Aggregation was only significant 
at high protein concentrations (> 0.4 mg/ml) , indicating 
that aggregation is also a higher order reaction, with 
an order likely to be higher than the dimerization 
reaction of two . 
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