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Renaturation of recombinant proteins expressed in E. coli and accumulated as
inclusion bodies by immobilized metal ion affinity chromatography (IMAC) tech-
nique was evaluated. Recombinant human interleukin-3 (IL-3), granulocyte-colony
stimulating factor (G-CSF) and granulocyte macrophage-colony stimulating factor
(GM-CSF), all possess metal-chelating sites in their sequence and were used for
investigation of their renaturation upon denaturated macromolecule interaction
with metalions charged Sepharose iminodiacetate (IDA) gels. The efficiency of
correctly folded protein generation was studied depending on the concentration of
guanidine-HCI in a loading buffer of inclusion bodies solution, type of metal ion,
pH and protein loading. The IMAC procedure was shown to be promising and
enabled to recover part of the target protein in non-denaturating conditions with
the protein-dependent yield.
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INTRODUCTION

Expression of recombinant proteins in Escherichia
coli often results in formation of insoluble inclusion
bodies [1]. They can usually be solubilized with cha-
otrophic agents which unfold the protein macromo-
lecule. Hence, unfolded protein must then be refol-
ded to the correct three-dimensional conformation
of the native protein. Different steps and methods
have been developed for isolation of recombinant
eukaryotic polypeptides from inclusion bodies and
for generation of their native conformation in solu-
tion [2-5]. Protein folding in solid state (immobili-
zed or reversibly attached) became, as it has been
shown [4, 5, 6-10], a more attractive approach, sin-
ce it might be adapted for technological application.
The reversible interaction of unfolded proteins with
ion-exchangers [6, 7], or HPLC stationary phases
that operate in hydrophobic interaction mode [8], in
some cases gave high yields of protein renaturation.
Recent studies on renaturation of constructed fu-
sion proteins have shown that the procedure of ite-
rative refolding of recombinant proteins, combining
reversible interaction of the protein which contains
hexa-histidine tail with the respective chelating ad-
sorbent and the system of proteins renaturation, e.g.,
pair reduced-oxidised glutathione, allowed to refold
over 20 eukaryotic proteins or protein domains [9],
while the fusion protein with hexa-arginine tail can
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be renaturated, as it has been shown [10], exploiting
its reversible interaction with ion-exchanger at a high
yield and high protein concentration. It is obvious
that these renaturation approaches are rather gene-
ral and might be expanded over the range of pro-
teins.

Herein, we describe the use of IMAC procedure
for the renaturation of recombinant proteins that
possess naturally existing metal-binding sites in their
sequence, if such sites are available for IMAC inter-
actions in a denatured protein or its folding inter-
mediates.

MATERIALS AND METHODS

Sepharose CL-6B and phenyl-Sepharose were obtain-
ed from Pharmacia (Uppsala, Sweden), iminodia-
cetic acid (IDA) and epichlorohydrin were obtained
from Fluka (Basle, Switzerland). All other chemi-
cals were of analytical or reagent grade and obtai-
ned from Merck (Darmstadt, Germany), Sigma (St.
Louis, MO, USA) or Serva (Heidelberg, Germany).
The harvested cells of E. coli (biomass) for the pro-
duction of respective recombinant proteins were ob-
tained from Biofa, AB (Vilnius, Lithuania).

E. coli lysate was prepared routinely as follows:
10 g (wet weight) of harvested cells was homogeni-
zed in 100 ml 0.1 M Tris-HCIL, 5 mM EDTA buffer,
pH 7.0-8.0, thereafter lysozyme (0.1%), Triton X-
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100 (0.1%), phenylmethyl sulfonyl fluoride (1 mM)
and B-mercaptoethanol (100 mM) were added, the
cells were incubated for 1 h at room temperature
and sonicated on ice 5 x 1 min. The suspension of
destroyed cells was centrifuged at 13,500 g for 30
min. The collected pellets of inclusion bodies were
washed twice with a solution of 0.15 M NaCl, 0.1%
Tween 80, and twice with water. Washed inclusion
bodies were solubilized in 10 mM Tris-HCI buffer,
pH 7.0, containing 6.0-7.0 M guanidine-HCI
(GdmCl). Before each IMAC experiment a freshly
prepared stock inclusion bodies solution was used.

Sepharose CL-6B — IDA gel was prepared ac-
cording to Porath and Olin [11] by reaction of an
epichlorohydrin-activated matrix with disodium imi-
nodiacetate. The content of iminodiacetate groups
was controlled by gel capacity to adsorb Cu?*ions.
For this, 1.0 ml volume of Cu**-loaded and approp-
riately pre-washed gel was treated with 50 mM so-
lution of EDTA and the content of metal ions was
determined by atomic absorption spectrometry. Usu-
ally, IDA-gel with copper capacity of 38-42 umol/ml
was used for all the IMAC experiments.

Metal ion (Cu,>* Ni** Zn>*)-loaded gels were
prepared as follows: metal-free IDA-gel pre-washed
with 1.0 mM HCI and water was loaded with at
least a ten-bed volume of a freshly prepared 20-50
mM solution of respective metal salts in water, the
excess of loosely bound metal ions was removed by
washing with water, and finally the adsorbent was
equilibrated with the buffer of chromatography.

IMAC of recombinant proteins was performed
on a 1.7 x 9.0 cm glass column (20 ml bed volume
of the respective metal ion-charged Sepharose-IDA
gel) at a flow-rate of 80-100 ml/h controlled by pe-
ristaltic pumping. A sample of a target protein inc-
lusion bodies solution in 10 mM Tris-HCI buffer,
6.0-7.0 M GdmCl, pH 7.0 was diluted to adjust
GdmCl to the appropriate concentration (see Re-
sults and Discussion) and applied to the column
equilibrated with the starting 10 mM Tris-HCI buf-
fer, pH 7.0, containing 1.0-6.0 M GdmCl. Not re-
tained protein was washed out by passing a tened
volume of a starting buffer at a flow rate of 80-100
ml/h, further, the same buffer without GdmCL, and
finally, the elution of adsorbed protein was perfor-
med by a linear imidazole gradient. A LKB Uvicord
S II was used for detection of absorbing fractions at
280 nm during chromatography. Additionally, the
protein concentration in eluate fractions was deter-
mined spectrophotometrically at 595 nm by Brad-
ford assay [12]. Protein identity and purity in the
eluates were analysed by sodium dodecyl sulfate po-
lyacrylamide gel electrophoresis (SDS-PAGE) [13].

Recombinant hG-CSE, the folding intermediates,
the denatured, and the reduced denatured protein
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were analysed by reverse-phase HPLC by using a
C-4 (Bio-Rad, Hi-Pore RP-304, 0.46 x 25 cm, 30
nm) reverse-phase column similarly as described [14].
Mobile phase: solvent A — 0.10% TFA, solvent B —
0.10% TFA, 90% CH,CN. Chromatographic runs we-
re performed by a linear gradient: 60-80% B over
40 min for G-CSF, 40-65% B over 50 min for GM-
CSE, and 45-55% B over 20 min for IL-3 at a flow
rate of 1.0 ml/min. Peaks were detected at 215 nm
(Waters detector, Model 481). The amount of a cor-
rectly folded respective protein was determined ac-
cording to its retention time (RT) and relative ab-
sorbance at 215 nm. If necessary, separate samples
of individual purified recombinant proteins were used
as references or internal standards for RP-HPLC of
G-CSE, GM-CSF and IL-3, respectively.

RESULTS AND DISCUSSION

Recent studies performed by the group of Arnold
and cowokers [15-17] on metal chelation by engin-
eered proteins which have di-histidine motifs showed
that such chelating sites are also effective in stabi-
lizing folded proteins. It was shown [16] that high
affinity binding of His-X,-His cytochrome ¢ with
Cu(II)-IDA complex gained a protein stabilization
with respect to unfolding induced by GdmCl [16].
Particularly based on this, and having in mind the
role of specific ligands (metal ions, too) in folding
process and the present knowledge on the folding
pathways [1, 4, 5], we supposed to evaluate whether
the renaturation of unfolded protein macromolecule
which possesses in a native form well-defined metal
binding motifs or is rich primarily in histidine resi-
dues might be achieved by IMAC.

In this regard, rhIL-3 which has been recently
found [18] to contain a specific zinc-binding domain
was chosen as a first representative for the detec-
tion of renaturation effect upon denatured protein
interaction with Sepharose-IDA gel charged with zinc
ions. The sample from a stock inclusion bodies so-
lution in a buffer containing 7.0 M GdmCl was di-
luted 10 times with the equilibrating buffer contai-
ning 1.5 M GuHCI and loaded onto a Zn(II)-IDA-
Sepharose column. After that the column was wash-
ed with the inverse gradient (a buffer, pH 7.0, con-
taining 1.5 M GuHCI and a buffer without GuHCI).
The retained target protein was eluted in non-dena-
turing conditions with 50 mM imidazole in the
buffer of pH 7.0, or the elution of the retained
protein was started by the pH gradient from pH 7.0
to pH 4.0, further returning to pH 7.0, and subse-
quent elution of the second protein fraction under
50 mM imidazole. In such cases the fraction of IL-
3 was eluted from the Zn-IDA column by pH gra-
dient and composed 25-39%, while 75-61% of the
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Fig. 1. RP-HPLC analysis of IL-3 removed from Zn(II)-
IDA column under imidazole elution and rechromatograp-
hed on phenyl-Sepharose (the position of correctly folded
protein is marked by the arrow)

total recovered protein was desorbed by imidazole.
Since RP-analysis did show some difference in the
retention behaviour of both fractions of IL-3 (refer-
red as a correctly folded conformation), they were
further chromatographed separately by a hydropho-
bic interaction mode on a phenyl-Sepharose column
in 10 mM Tris-HCI buffer, pH 7.0, containing 2
mM EDTA and 1.4 M ammonium sulphate. In both
cases IL-3 was similarly recovered from the column
under 10 mM sodium phosphate buffer, pH 7.0, and
yielded 72-73% (pH gradient fraction) and 61-72%
(imidazole fraction). SDS-PAGE and RP-HPLC ana-
lysis (Fig. 1) of both fractions of IL-3 revealed their
purity to be 90-93%. Both fractions of IL-3 were
shown to possess a distinguishable biological activity
of 4.6 x 10° U/mg and 10 x 10° U/mg for pH gra-
dient and imidazole fraction, respectively. Thus, it
appears possible that Zn-IDA gel is sensitive to-
wards some type of local IL-

paired cysteine-17 [19], which are of interest be-
cause via part of them the unfolded protein or in-
cipient folding intermediates may be involved in
the interaction with immobilized metal ions. The
existence of the latter during the folding process
of rhG-CSF was shown. Even more of these inter-
mediate protein species (I, and I1,) as well as the
conversion of intermediate I, to the native form
can be detected by RP-HPLC [14]. With regard to
this, the IMAC renaturation of G-CSF was studied
in more detail by evaluating the type of metal ion,
pH, protein loading and the concentration of
GdmCl in a buffer of chromatography. Some data
on G-CSF renaturation performed on Ni(II)-char-
ged Sepharose-IDA column are summarized in Tab-
le and exemplified by Fig. 2.

Among the metal ions studied, most favourable
are nickel ions. The Zn(II)-IDA complex is less con-
venient, if the column has to operate at a high con-
centration of GdmCI. On the other hand, the pos-
sible leakage of copper from its IDA-Sepharose co-
lumn might influence Cu?* ions-catalysed oxidative
folding of a protein. As can be seen from Table, the
relative amount of correctly folded form of G-CSE,
if its renaturation was performed by IMAC on
Ni(II)-charged-IDA-Sepharose column at pH 7.0, is
strongly dependent on a protein loading and the
concentration of GdmClI in the loading buffer. The
effect of both these features influenced the strength
of nickel ions chelation by less or more available
histidine residues, since the concentration of imida-
zole which causes the elution of the protein varies
as is seen from Table. It is worth to noting that the
relative percentage of the native form of G-CSF in
eluates that were recovered from Ni(II)-IDA column
increased (Table and Fig. 2B-2C) in a time-depen-
dent mode, in turn being dependent on the condi-
tions of IMAC renaturation.

3 conformational states. This
may be in parallel with the de-
termined [17] different reten-

Table. Relative amount of correctly folded conformation of G-CSF as a function
of protein loading and concentration of GdmCl

tion behaviour of the proper- [GdmCI],| Amount of Amount of Relative amount Protein
ly folded and misfolded His- M loaded protein, | adsorbed protein, | of correctly folded | recovery,
X,-His IGFI variants on a mg mg form, % %o
Cu(ID)-IDA column. 3.0 155.2 128.5 9 (35) 87 (50)°
IMAC renaturation was 3.0 84.6 75.3 26 78 (54)
expanded among the range 3.0 455 43.0 41 (78)™ 75 (60)
of other human recombinant 3.0 275 275 44 83 (62)
proteins which have a defi- 24 93.6 88.0 54 (88)™ 15 (60)
ned number of histidine resi- 5.0 94.2 89.5 33 (56)= 75 (54)

dues in their polypeptide se-
quence, e.g., thG-CSF and
rhGM-CSE. The polypeptide
chain of G-CSF contained fi-
ve histidine residues and un-

tion maximum.

@ Concentration of imidazole which causes the appearance of protein concentra-

* and ™ Relative amount of the native form determined by RP-HPLC in the same
sample after its stay at +4 °C for 120 (x) and 24 (xx) h, respectively.
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Fig. 2. RP-HPLC analysis of G-CSE A - inclusion bodies
solution in 10 mM Tris-HCI buffer, pH 7.0, containing 7.0
M GdmCl, B - sample of the protein recovered from
Ni(II)-IDA column under imidazole elution, C — analysis
of a sample as in B stored for 24 h at +4 °C (the arrows
indicate the positions of nascent correctly folded conforma-
tion of G-CSF in A, and correctly folded protein in B and
C, respectively)
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Recombinant hGM-CSF possesses three histidi-
ne residues in a polypeptide sequence [20], therefo-
re it also can be used as a model for IMAC rena-
turation. Similarly, as in the case of IL-3 and G-
CSE, a sample of GM-CSF inclusion bodies solution
was chromatographed on Ni(II)-IDA gel in a buf-
fer, pH 7.0, containing 2.4 M GdmCl, and once again
the fraction of the target protein was eluted under
imidazole gradient in native conditions. RP-HPLC
analysis (Fig. 3) of the eluate enabled to determine
that GM-CSF was also in a properly folded confor-
mation and its purity reached 40-84%.
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Fig. 3. RP-HPLC analysis of GM-CSF fraction recovered
from Ni(II)-IDA-Sepharose under imidazole gradient (the
position of correctly folded protein is marked by the arrow)

The data presented demonstrate the IMAC met-
hodology to be applicable for the renaturation of
recombinant proteins expressed in E. coli as an in-
soluble inclusion body, if the target protein has an
appropriate metal-binding domain or is rich in his-
tidine residues that are available for chelation in
denatured protein or its folding intermediates. This
renaturation procedure may be regarded as a more
generalized approach expanding it into the range of
recombinant proteins, e.g., interleukins, colony-stimu-
lating factors, interferons, etc.
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REKOMBINANTINIU BALTYMU RENATURACIJA
AFININE CHROMATOGRAFIJA SU
IMMOBILIZUOTAIS METALO JONAIS

Santrauka

Ivertintas rekombinantiniy baltymy, akumulivojamy E. co-
li lastelése intarpiniy kiineliy pavidalo, renatiiracijos vyks-
mas naudojant giminingaja chromatografija, kurioje speci-
finio ligando vaidmeni atlieka metalo jonai. Buvo tirtas
zmogaus rekombinantiniy interleukino-3, granulocity kolo-
nijas ir granulocity makrofago kolonijas stimuliuojanciy
veiksniy, turin¢iy savo pirminéje sekoje metalo sur§imo vie-
tas, natyvios struktiiros generavimas chromatografuojant de-
natiiruoto baltymo makromolekules per Sefarozés-iminodia-
cetato | sorbenta, krauta metalo jonais. Baltymo korektis-
kos strukttros generavimo efektyvumas tirtas priklausomai
nuo guanidino hidrochlorido koncentracijos intarpiniy ki-
neliy nhromatografijos tirpale, metalo jono prigimties ir
chromatografijos pH. Parodyta, kad S§iame baltymy renat-
racijos procese jmanoma atgauti baltyma su jo visiskai at-
statyta natyvia struktiira, ir iSeiga, priklausoma nuo pasta-
rojo prigimties.
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