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Abstract: The specific molecular interactions of a-helical
peptide, human glucagon (i.e., intermolecular self-
association and specific receptor-binding affinity) pro-
vided a rationale for using the glucagon as the fusion ex-
pression partner to achieve high productivity of foreign
proteins both in vivo (in bacterial fusion-expression sys-
tem) and in vitro (in affinity column chromatography).
The fusion of glucagon peptide(s) effectively promoted
homogeneous aggregate formation of recombinant pro-
teins while avoiding intermolecular crosslinking by disul-
fide bridges. High sensitivity of the self-aggregation to
sequence effects resulted from two distinct nonpolar do-
mains of glucagon, determining specificity of molecular
interaction and aggregate size of recombinant proteins.
An N-terminal domain of glucagon molecule (Phe6-
Tyr10-Tyr13) could be a certain hydrophobic moiety in-
volved in intermolecular self-association (probably, via
helix–helix docking), while a C-terminal domain (Phe22-
Trp25-Leu26) seems to critically affect the oligomer size
in the off-pathway aggregation of synthesized fusion
proteins. An N-terminal extracellular domain of human
glucagon receptor was recombinantly expressed in Esch-
erichia coli, immobilized to a chromatography column,
and efficiently renatured to a conformation that attains
high specificity in interaction with N-terminus glucagon
molecules of recombinant fusion proteins. Through col-
umn chromatography employing the receptor fragment
as affinity ligand, the recombinant proteins were effi-
ciently purified from total intracellular proteins, and the
long-term ligand stability was evidently proven through
multiple cyclic-purification experiments. Major scaffolds
for using protein ligands are large-scale production in a
low-cost expression system and long-term stable opera-
tion with selective-binding affinity. From this point of
view, the extracellular fragment of human glucagon re-
ceptor used in this study seems to be a new potent ligand
for fusion protein-based affinity chromatography. © 2000
John Wiley & Sons, Inc. Biotechnol Bioeng 69: 418–428, 2000.
Keywords: glucagon; fusion protein; self-association; re-
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INTRODUCTION

In heterologous expression of many pharmaceutically im-
portant proteins, in vivo accumulation of polypeptide chains
in the form of aggregated non-native states is a potential fate
in bacterial cytoplasm (Hendrick and Hartl, 1993; Wetzel,
1994). Because isolation of the inclusion bodies is the most
efficient initial step in the purification process, followed by
refolding in vitro (Cleland, 1993), in vivo formation of ho-
mogeneous aggregates (which favors efficient conversion of
non-native aggregates to native state) by a specific intermo-
lecular interaction is of great advantage compared to cova-
lently crosslinked heterogeneous multimers.

The inclusion body problem is one of intracellular poly-
peptide folding and association. During the in vitro refold-
ing of certain proteins, aggregates often form from partially
folded intermediates in an off-pathway step, and the prop-
erties of inclusion bodies are consistent with a similar ori-
gin: off-pathway steps from intermediates in intracellular
chain folding and association pathways (Hasse-Pettingell
and King, 1988) Within cells, nascent chains are forming
sequentially on the ribosome, and must reach their native
state without the intervention of a major change of heter-
ologous environment. The ribosome, factors interacting
with the nascent chains, cofactors and prosthetic groups,
cytoplasmic membranes, chaperones, and the intracellular
cytoplasmic environment including temperature and ionic
composition, are all factors that can influence the outcome
of in vivo folding processes (Mitraki and King, 1989). How-
ever, property inherent in the protein sequence during the
folding process is most important as shown in the results
(Chrunyk et al., 1993; Mitraki et al., 1993; Wetzel, 1992) of
specific mutational effects on the folding-dependent aggre-
gation of monomeric, as well as oligomeric, proteins.
Hence, there would appear to be opportunities to manipulate
intermolecular aggregation using a specific sequence in an
engineered protein. Similar to the propeptides of some zy-
mogens (e.g., bacterial subtilisin,a-lytic proteases, and car-
boxypeptidase) acting as namely cotranslational chaperones
(i.e., mediating correct folding without being components of
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the final three-dimensional structure) (Ikemura et al., 1987;
Saen and Agard, 1989; Silen et al., 1989; Winther and So-
rensen, 1991; Zhu et al., 1989), a specific propeptide fused
to a mature protein sequence could have a dramatic effect
on conformation of whole fusion protein and hence, an in-
trinsic tendency to aggregate as well.

Glucagon is a 29-residue peptide hormone that antago-
nizes insulin action and thereby leads to a stimulation of
hepatic glucose production (Unger and Dobbs, 1978). X-ray
analysis has demonstrated that in crystals the peptide adopts
a mainlya-helical conformation, and in dilute solution, the
glucagon molecules have a strong tendency to stabilize the
a-helical conformation by hydrophobic interactions either
as an oligomer by self-association between molecules or as
a complex with the receptor (Sasaki et al., 1975). The bind-
ing of glucagon to receptors on liver cells initiates a signal-
transduction cascade resulting in the production of glucose
by glycogenolysis and gluconeogenesis (Unger and Orci,
1981). These dual properties of glucagon regarding inter-
molecular association provide a rationale for using glucagon
and receptor as a fusion expression partner and affinity li-
gand in column chromatography, respectively, in the pro-
duction and purification of recombinant proteins fromE.
coli. Protein–protein interactions can confer tremendous
specificity in separation processes, and especially in fu-
sion protein-based affinity purification, the exploitation of
these specific interactions can translate into significant sim-
plification and savings in downstream processing (Przyby-
cien, 1998). Glucagon receptor belongs to a subfamily of
peptide hormone receptors that are characterized by a seven
transmembrane-domain structure and their coupling via
GTP-binding proteins (G-proteins) to adenyl cyclase (Lok
et al., 1994). The cDNA of human glucagon receptor was
recently isolated, and the sequence and structure were de-
termined (Lok et al., 1994). Also, the glucagon-binding site
was presumably shown to be an amino-terminal extension
which is also involved in antibody recognition (Buggy et al.,
1995).

The present work describes: (1) the production of recom-
binant therapeutic protein [human interleukin-2 (rhIL-2) as
a model protein] fromE. coli using glucagon as N-terminus
fusion peptide, and (2) the affinity purification of the re-
combinant fusion protein using a fragment of glucagon re-
ceptor (GR120H) as a glucagon-binding ligand. We found
that by glucagon fusion, homogeneous aggregate formation
was effectively induced in vivo while avoiding the intermo-
lecular crosslinking by disulfide bridges. The sequence ef-
fects of glucagon molecule on interaction specificity and
association kinetics of folding intermediates were examined
through various immunoblotting analyses. Efficacy of the
GR120H ligand used for affinity column chromatography
was also demonstrated in detail in the purification of two
recombinant fusion proteins, fusion rhIL-2, and fusion ma-
gainin-2.

MATERIALS AND METHODS

Strains and Plasmid Vectors

RecombinantE. coli strain KCTC (Korean Culture-Type
Collection 8258P) contains plasmid pNKM21 which con-
sists of a structural gene for human interleukin-2 mutant
(Cys125Ser) (hIL-2, 15.5 kDa). The entire coding sequence
of hIL-2 gene in plasmid pNKM21 was amplified by PCR
(Bio-Rad, Hercules, CA) using primers, pNIL (58 GCA
CAT ATG GCA CCT ACT TCA AGT TCT 38) and pHIL
(58 GCA AAG CTT CTA TTA AGT TAG TGT TGA GAT
GAT 38) and inserted intoNdeI-HindIII site of plasmid
pT7-7 (Tabor and Richardson, 1985) to construct recombi-
nant plasmid pT7-IL2 (Fig. 1).

Two oligonucleotide fragments, GLU1 (58 CAC TCT
CAG GGT ACT TTC ACT TCT GAC TAC TCT AAA
TAC CTG GAC TCT 38) and GLU2 (58 AGT GTT CAT
CAG CCA CTG AAC GAA GTC CTG AGC ACG ACG
AGA GTC CAG GTA TTT AGA GTA 38), were synthe-
sized using a DNA synthesizer (PerSeptive Biosystem, Inc.,
Forster City, CA). The coding sequence of human glucagon
was then PCR-amplified using primers, Ga (58 CAC TCT
CAG GGT ACT 38) and Gb (58 AGT GTT CAT CAG CCA
38) with the GLU1 and GLU2 fragments as templates. The
sequences coding for three glucagon mutants, Ga (F6G,
Y10G, Y13G), Gb (F22G, W25G, L26G), and Gg (R17F,
Q20F, Q24F) were prepared by following the same ampli-
fication procedure using corresponding templates and prim-
ers. The coding sequences of 8th to 64th residue- (TL) and
8th to 12th residue-peptide (TS) of human TNF-a mutant
(Cha et al., 1998) were also obtained as the products of PCR
amplification using cDNA template of the human TNF-a
mutant. Using the nucleotide sequences coding for hIL-2,
glucagon (or mutants), and/or TL and TS peptides above as
templates, such sequences encoding various fusion rhIL-2
(TLG·, TSG·, G·, G2·, G3·, G3D(H)6·, Ga·, Gb·, and Gg·
IL-2) (shown in detail in Fig. 1) that are to be inserted into
NdeI-HindIII site of plasmid pT7-7, were PCR-amplified
with appropriate primers, and finally nine corresponding
plasmid vectors (pT7-T1GIL2, -T2GIL2, -GIL2, -G2IL2,
-G3IL2, -G3DHIL2, -GaIL2, -GbIL2, -GgIL2, respec-
tively) were constructed.

The entire coding sequence of magainin-2 (MSI-78, 2.6
kDa) (Jacob and Zasloff, 1994) was amplified with tem-
plates (58 GCA CTC GAG ATG GGT ATC GGT AAA
TTC CTT AAA AAG GCT AAG AAA TTC GGT 38 and 58
GCA AAG CTT CTA TTA CTT TTT AAG GAT TTT
AAC GAA AGC TTT ACC GAA TTT 38) and primers Ma
and Mb, which introducedXhoI andClaI restriction sites at
positions encoding the N-terminal and C-terminal end of the
peptide, respectively. Then, theXhoI-ClaI fragment in the
plasmid vector pT7-G3DHIL2 including the coding region
of hIL-2 was replaced with the amplified sequence of ma-
gainin-2 to construct the plasmid vector pT7-G3DHM for
the synthesis of G3D(H)6·M.
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The nucleotide sequence encoding extracellular 119 resi-
dues of human glucagon receptor (Fig. 1) was synthesized
via four-stage PCR amplification where the products of 1st

to 3rd PCR amplification (GR-1, GR-2, and GR-3 encoding

50, 73, and 96 residues, respectively) were used as template
in next-stage PCR. As the product of 4th PCR amplification
using primers introducingNdeI and HindIII sites at 58 and
38 end, respectively, the sequence coding for 126 residues

Figure 1. Schematic presentation of recombinant expression systems: Small letters in amino acid sequences represent restriction enzyme sites; polyhi-
stidine tags were indicated in parentheses; new residues inserted by point mutation in the glucagon mutants (Ga, Gb, and Gg) were represented by bold
and underlined letters; and the symbol (.) indicates cleavage site for enterokinase. (Amp and ori: ampicillin resistance gene and origin of replication,
respectively;NdeI, BamHI, HindIII, and ClaI: restriction enzyme sites.)
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including N-terminal methionine and C-terminal 6 histidine
residues was obtained and inserted into theNdeI-HindIII
sites of the plasmid pT7-7 to construct the recombinant
plasmid pT7-GR120HIS. After complete DNA sequencing
(Sanger et al., 1977) of all plasmid vectors purified from
transformant cells ofE. coli XL1-blue, theE. coli strain
BL21(DE3) [F− ompT hsdSB(rB−mB−)] was transformed
with the constructed plasmid vectors above.

Culture Growth, Gene Expression, and Recovery
of Insoluble Protein Aggregates

For the shake-flask experiments (250-mL Erlenmeyer
flasks, 37°C, 200 rpm), LB media containing 100 mg am-
picillin per liter of culture was used. When the culture
O.D.600 reached 0.4, the gene expression was induced by
adding IPTG (0.5 mM), and the induced cultures were har-
vested after further 3–4 h cultivation. The recombinant cells
in 50-mL culture were spun down at 6000 rpm for 5 min,
and the cell pellets were resuspended either in 5 mL distilled
water or acidic solution (0.1M HCl) where applicable. After
cell disruption by using Branson Sonifier (Branson Ultra-
sonics Corp., Danbury, CT), the insoluble protein aggre-
gates were isolated at 5000 rpm for 10 min, washed twice
with 1% Triton X-100, and subject to reducing SDS-PAGE
analysis for estimating the purities of recombinant proteins.
When necessary, the recovered inclusion bodies were sub-
sequently dissolved (0.8∼ 2 g/L) in 5 mL alkaline solution
(pH 12) without adding any denaturing agents. The solution
pH was quickly shifted back to 8 by adding 1M Tris-HCl
buffer, pH 8, and the soluble protein aggregates in 50 mM
Tris-HCl buffer were analyzed by various PAGE and sub-
sequent Western blot.

In Vitro Coaggregation Experiment

Insoluble protein aggregates involving G·IL-2 or Ga·IL-2,
isolated from the recombinant cells disrupted under acidic
condition (0.1M HCl), were dissolved in 20 mM Tris-HCl
buffer (pH 8.0) containing urea (2M). After adjusting con-
centration of the dissolved proteins to 0.3 g/L, the soluble
proteins were reduced using 50 mM dithiothreitol (DTT) for
1 h at room temperature. The reduced protein solution was
contained in dialysis membrane (Spectra/Por 3.1 with MW
cut-off, 3.5 kDa, Spectrum Laboratories, Inc., Laguna Hills,
CA) and incubated in the same Tris-HCl buffer for 3 d at
4°C. The buffer was exchanged with a fresh one every 18 h
during the incubation, and the final coaggregation products
were analyzed by reducing/non-reducing SDS-PAGE and
Western blot.

Affinity Column Chromatography

Metal-chelating Sepharose (Pharmacia, Uppsala, Sweden)
in 3 mL loading buffer (0.5M NaCl, 20 mM Tris-HCl, pH
8.0) was packed in a column, and nickel ion was chelated by
loading 10 mL NiSO4 solution (50 mM) at 2 mL/min using

a peristaltic pump (Watson Marlow, Falmouth, Cornwall,
England). Non-chelated nickel ion was washed out using
the same Tris buffer (20 mL). Then, GR120H was bound to
the Ni+2-Sepharose column by loading the protein solution
containing GR120H (0.2 g/L) at 2 mL/min for 30 min, and
unbound GR120H and other impurities were removed from
the column with additional 20 mL Tris buffer.

After the isolated intracellular aggregates involving
G3D(H)6 · IL-2 or G3D(H)6 · M were dissolved by simple
pH shift (→12 →8) as described earlier, urea, NaCl, and
imidazole were supplemented. The recombinant protein
[G3D(H)6 · IL-2 or G3D(H)6 · M] in the resulting solution
(0.16 g/L protein, 0.5∼ 2M urea, 0.5M NaCl, 50 mM im-
idazole, and 20mM Tris-HCl, pH 8) was purified through
the column (GR120H-Ni+2-Sepharose) chromatography us-
ing GR120H as an affinity ligand. The affinity column chro-
matography was operated by the following procedure: (1)
loading 10 mL intracellular protein solution above (load-in)
at 2 mL/min for 20 min with the effluent (load-out) recycle;
(2) washing the column with 20 mL Tris-HCl buffer (20
mM, pH 8) containing 0.5M NaCl at 2 mL/min; (3) eluting
the recombinant protein with 8M urea in 10 mL Tris-HCl
buffer (20 mM, pH 8) at 1 mL/min; and (4) renaturing the
immobilized GR120H with 10 mL Tris-HCl buffer (20 mM,
pH 8) at 1 mL/min. When necessary, the operation of af-
finity column chromatography above was repeated through
50 cycles in purifying G3D(H)6 · IL-2, and in each cycle the
operational procedure was the same as above except that the
load of intracellular protein solution was made every 10
cycle. The purity of G3D(H)6 · IL-2 in the eluted solution
was analyzed using C8 reverse-phase HPLC column (250 ×
4.6 mm, YMC, Milford, MA, USA) with a binary buffer
system (buffer A: 100% CH3CN + 0.1% TFA; buffer B:
0.1% TFA). The samples were loaded onto the column and
eluted with a linear gradient of 0–100% buffer A for 40 min
at 1 mL/min. The elution profile was monitored at 220 nm.

Electrophoresis and Immunoblotting Analyses

Expression levels (%) of recombinant proteins were esti-
mated by subjecting the total cell lysates to reducing (15
mM DTT) SDS-PAGE (14% Tris-glycine precast gel,
Novex, San Diego, CA) with Coomassie staining. The re-
sulting protein bands were scanned using a densitometer
(Bio-Rad, Hercules, CA), and the percentage of recombi-
nant protein in total cellular proteins was subsequently ana-
lyzed. Purities of recombinant proteins in the isolated in-
clusion bodies were measured through the same reducing
SDS-PAGE and scanning analyses above. Non-reducing
SDS-PAGE and native PAGE analysis were also conducted
for appropriate analysis of synthesized recombinant pro-
teins.

The multimer formation and intermolecular interactions
of fusion rhIL-2 were examined by various Western blot
analyses: the mouse monoclonal IgG1, anti-human interleu-
kin-2 (BioSource International, Inc., Camarillo, CA) and
goat anti-mouse IgG conjugated to alkaline phosphatase
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(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were
used as primary and secondary antibodies, respectively. The
electrophoresed proteins were transferred on nitrocellulose
using electrotransfer kit (Novex), and the filter was blocked
for 1 h in PBSbuffer containing 1% dried milk, followed by
incubation with the primary antibody (1:2, 500) at room
temperature for 1 h. The filter was washed extensively with
PBS for 10 min and incubated in the same buffer containing
the secondary antibody for 1 h at room temperature. The
membrane was washed in PBS and developed using NBT/
BCIP (Bio-Rad) as described (Ausubel et al., 1988).

RESULTS

Self-Association of Recombinant Proteins
Induced by N-terminus Glucagon Fusion

For fusion expression of rhIL-2, various N-terminus fusion
partners consisting of glucagon or glucagon-derived mu-
tants were designed: TLG (10.8 kDa), TSG (6.1 kDa), G (4.7
kDa), G2 (8.3 kDa), G3 (12.0 kDa), G3D(H)6 (11.2 kDa),
Ga (4.4 kDa), Gb (4.4 kDa), and Gg (4.7 kDa) (Fig. 1). The
TS and TL peptides, derived from N-terminal human TNF-a
(known as formingb-sheet structure) were previously re-
ported as effective fusion partners in the high-level synthe-
sis of other therapeutic proteins (Chang et al., 1998; Shin et
al., 1997; 1998) and also employed in this study to clarify
the role of glucagon fusion. After gene expression, all re-
combinant fusion proteins were accumulated in the form of
insoluble aggregates (inclusion bodies) in bacterial cyto-
plasm, and all isolated aggregates involving recombinant
fusion proteins were easily dissolved at room temperature
by simple pH shift (→12 →8) only without using any de-
naturing agents. To examine the characteristics of the mo-
lecular interaction in recombinant aggregation and coaggre-
gation, in vitro analysis conditions were appropriately cho-
sen with the isolated protein aggregates.

Direct Expression Versus Fusion Expression of
rhIL-2 Using Glucagon or Glucagon-Derived
Peptides as N-Terminus Fusion Partner

The results of Western blot analysis following native PAGE
of the dissolved aggregates (Fig. 2A) show that hIL-2 an-
tibody-specific immunoreactive proteins in all types of iso-
lated aggregates formed large multimers of high-molecular
weight. Through immunoblotting analysis of the aggregates
involving the directly expressed rhIL-2, a high degree of
immunoreactivity was extensively detected at various mul-
timer positions under the nonreducing condition of SDS-
PAGE (lane 2 in Fig. 2B), while under the reducing condi-
tion, immunoreactive proteins appeared only at monomer
and homo-dimer positions (lane 4 in Fig. 2B). (Some extent
of immunoreactivity at homo-dimer position seems to result
from strong hydrophobic molecular interaction of rhIL-2.)
These results certainly imply that in the direct-expression
mode, various heterogeneous multimers were significantly

formed via nonspecific intermolecular crosslinking by di-
sulfide bridges. However, the immunoblotting analysis of
the aggregates involving fusion proteins, which were elec-
trophoresed in the nonreducing SDS-PAGE gel (Fig. 2C)
shows that most of the immunoreactive proteins appeared at
monomer position. Hence, evidently with glucagon fusion,
the intermolecular covalent linkage was effectively circum-
vented, and the multimerization took place via noncovalent
(most probably hydrophobic) interaction.

Upon the fusion expression using the glucagon-derived
mutants, Ga and Gg, native PAGE-Western blot analysis of
isolated aggregates shows similar mobilities of immunore-
active large multimers (lanes 5 and 6 in Fig. 2D), compared
to the earlier results of fusion expression using wild-type
glucagon molecule(s) (Fig. 2A). With the fusion of Gb,
however, the size of immunoreactive multimers was dra-
matically reduced to about 110 kDa (from the analysis re-
sults by gel filtration chromatography) (lane 7 in Fig. 2D),
and the 110-kDa oligomer was found to be formed via non-
covalent (hydrophobic) interaction, too (lane 3 in Fig. 2D).

For all recombinant proteins synthesized in various re-
combinantE. coli cultures, the fraction in the isolated ag-
gregates (defined as aggregate purity of recombinant pro-
tein, %) and in total cellular proteins (defined as expression
level, %) were estimated by reducing SDS-PAGE. Figure 3
shows that the aggregate purity of directly expressed rhIL-2
was very low (≈40%) due probably to nonspecific binding
between rhIL-2 and other host proteins, while the purity of
G3 · IL-2 increased to the highest level (≈80%). The aggre-
gate purity of foreign proteins did not show a noticeable
correlation with the expression level (Fig. 3). The purities of
recombinant proteins, TLG· and TSG · IL-2 were apparently
lower than that of G · IL-2, which suggests that the addi-
tional N-terminus fusion of human TNF-a fragments dimin-
ishes the glucagon effect on homogeneous aggregate for-
mation. Also, with the N-terminus fusion of glucagon mu-
tants (Ga, Gb, and Gg) the purities of the recombinant
fusion proteins were lowered, and especially the fusion of
the mutant Ga resulted in the most significant decrease of
purity to < 40% level (Fig. 3).

In Vitro Coaggregation Study: Glucagon (G)
Versus Glucagon Mutant (Ga) As a Fusion Partner

To elucidate the role of glucagon peptide in the molecular
interaction of recombinant fusion proteins, an in vitro co-
aggregation experiment was conducted. Total intracellular
aggregates (i.e., recombinant plus host-derived proteins),
coprecipitated under the highly acidic condition (0.1M HCl)
after cell disruption, were subsequently denatured using
strong denaturing agents, DTT (50 mM) and urea (2M).
Using this procedure, two different mixtures of denatured
total proteins were prepared from the induced recombinant
cultures, BL21(DE3)[pT7-GIL2] and BL21(DE3)[pT7-
GaIL2] producing G · IL-2 and Ga · IL-2, respectively. In
vitro coaggregation process was obliged to proceed inside a
membrane tube (containing the denatured total protein mix-
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ture above) with removing DTT and urea by dialysis (Ex-
perimental protocols). As DTT and urea are removed from
the protein mixture, the coaggregation is subject to progres-
sively take place. At the end of each coaggregation experi-
ment, the insoluble aggregates were never formed in the
solution, and the coaggregation products were assayed by
reducing/non-reducing SDS-PAGE and subsequent Western
blot analysis. Figure 4 shows that at the beginning of the
experiment, monomeric G· and Ga · IL-2 appeared even
under the nonreducing condition of SDS-PAGE (lanes 2 and
4), while at the end of the coaggregation experiment, the
Ga · IL-2 monomer disappeared in the nonreducing SDS-
PAGE (lane 8). Evidently, most of G · IL-2 was coaggre-
gated via hydrophobic interaction, while in the coaggrega-

tion of Ga · IL-2, the multimer formation via intermolecular
covalent (S-S) bridge(s) was much more significant.

Affinity Purification Using a Glucagon
Receptor Fragment

Synthesis of Recombinant Receptor Fragment in
Escherichia coli

The cDNA of human glucagon receptor encodes a 477-
residue protein with 7 putative transmembrane (TM) do-
mains (Lok et al., 1994). An N-terminus domain of 119
residues (Gln27 to Tyr145) between the predicted signal
peptide and the first putative TM domain was presumed to

Figure 2. (A) Result of Western blot analysis after native PAGE of inclusion bodies involving directly expressed rhIL-2 (lane 1), TLG · IL-2 (lane 2),
TSG · IL-2 (lane 3), G · IL-2 (lane 4), G2 · IL-2 (lane 5), and G3 · IL-2 (lane 6). (B) Result of Western blot analysis after nonreducing (lane 2) and reducing
(lane 4) SDS-PAGE of inclusion bodies involving directly-expressed rhIL-2. (lanes 1,3, markers; “§ ” indicates monomeric rhIL-2.) (C) Result of Western
blot analysis after nonreducing SDS-PAGE of inclusion bodies involving TLG · IL-2 (lane 2), TSG · IL-2 (lane 3), G · IL-2 (lane 4), G2 · IL-2 (lane 5), and
G3 · IL-2 (lane 6). [Lanes 1,7, markers; lane 8, total cell lysate sample from wild-type BL21(DE3)] (D) Result of Western blot analysis after nonreducing
SDS-PAGE (lanes 1–4) and native PAGE (lanes 5–7) of inclusion bodies involving Ga · IL-2 (lanes 2, 5), Gb · IL-2 (lanes 3,6), and Gg · IL-2 (lanes 4,7).
(Lane 1, markers).
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be extracellular and contain a specific glucagon-binding site
(Buggy et al., 1995; Lok et al., 1994). With C-terminus
fusion of polyhistidine tag, (His)6, the extracellular frag-
ment of glucagon receptor was expressed in recombinantE.
coli using the same T7 promoter system (Fig. 1), and the
intracellular recombinant protein (i.e., GR120H, 14.8 kDa)
was accumulated in the form of insoluble aggregates. The
isolated aggregates were surprisingly dissolved by simple
pH shift (→12 →8) like the earlier aggregates of recombi-
nant fusion proteins expressed with glucagon fusion (Fig.
5A). Fig. 5B shows that a major portion of the dissolved
GR120H appeared at monomer position even in the nonre-
ducing SDS-PAGE and therefore, the intermolecular S-S
bond formation was not significant. The dissolved GR120H
in Tris-HCl buffer (20 mM, pH 8) was loaded onto Ni+2-
Sepharose column and then bound by virtue of their His-
tags to the chelated metal ion (Ni+2) on the column (Fig.
6A).

Affinity Column Chromatography and Stability of
GR120H Ligand

The affinity chromatography column (GR120H-Ni+2-
Sepharose) was used to purify G3D(H)6 · IL-2 from total
intracellular protein mixtures. First, to effectively dissociate
the hydrophobic multimers of G3D(H)6 · IL-2 without de-
naturing thea-helical conformation of glucagon molecules,
a range of urea concentration (0.2 to 2.0M) was investigated
in the load solution (0.16 g/L total intracellular proteins in
0.5M NaCl, 50 mM imidazole, 20 mM Tris-HCl buffer, pH
8) The lanes 2 to 5 in Figure 6B were subject to scanning
analysis using a densitometer, and the percentage of
G3D(H)6 · IL-2 was increased to >90% in the lanes 3 to 5
where urea concentration was# 1M in the load. Also, Fig-
ure 6C shows that G3D(H)6 · IL-2 was not purified through
GR120H-unbound Ni+2-Sepharose column. These results
indicate that the recombinant G3D(H)6 · IL-2 was purified
by virtue of specific binding to the GR120H ligand with a
highly enhanced purity. The high purity of G3D(H)6 · IL-2
in the eluted solution was evidently shown in the result of
reverse-phase HPLC analysis (Fig. 6E).

To more fully elucidate the efficacy of GR120H as an
affinity ligand, the same chromatography column was used
again to purify G3D(H)6 · M [recombinant fusion ma-
gainin-2 (MSI-78)] from the total intracellular proteins.
(The preparation of the expression vector pT7-G3DHM and
the synthesis of recombinant G3D(H)6 · M in E. coli are
well described in the Materials and Methods section.) Al-
though the fraction of recombinant G3D(H)6 · M in the in-
tracellular protein mixture was quite low due to a low ex-
pression level (< 5%), the G3D(H)6 · M was purified with
high purity using GR120H as an affinity ligand (Fig. 6D).
Consequently, the recombinantly synthesized GR120H li-
gand using a bacterial-expression system was immobilized
on the column and finally attained such a conformation that

Figure 4. Results of reducing (lanes 1,2,5,6) and nonreducing (lanes
3,4,7,8) SDS-PAGE analysis of total cellular proteins involving G · IL-2
(lanes 1,3,5,7) and Ga · IL-2 (lanes 2,4,6,8) before (lanes 1–4) and after
(lanes 5–8) in vitro coaggregation experiment. (“©” and “§ ” indicate
recombinant G· and Ga · IL-2, respectively.)

Figure 3. Aggregate purity, % (black bars) and expression level, % (grey
bars) of various recombinant proteins: directly expressed rhIL-2 (I),
TLG · IL-2 (II), TSG · IL-2 (III), G · IL-2 (IV), G-g3a · IL-2 (V),
G-g3b · L-2 (VI), G-f3 · IL-2 (VII), G2 · IL-2 (VIII), G3 · IL-2 (IX).

Figure 5. (A) Result of reducing SDS-PAGE analysis of total cell lysates
(lane 2) and inclusion bodies involving GR120H, before (lane 3) and after
(lane 4) dissolved by simple pH shift (→12 →8). (lane 1, markers) (B)
Results of reducing (lane 1) and nonreducing (lane 2) SDS-PAGE analysis
of inclusion bodies involving GR120H, after dissolved by simple pH shift
(→12 →8). (“§ ” indicates recombinant GR120H.)
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Figure 6. (A) GR120H binding to Ni+2-Sepharose column, analyzed by reducing SDS-PAGE: Lane 1, markers; lane 2, inclusion bodies involving
GR120H, dissolved by simple pH shift (→12 →8) (“load-in” solution); lane 3, effluent of unbound proteins from the column (“load-out” solution). (B)
Purification of G3D(H)6 · IL-2 using GR120H-Ni+2-Sepharose column, analyzed by reducing SDS-PAGE: Lane 1, total intracellular proteins containing
G3D(H)6 · IL-2 (“load-in” solution); lanes 2–5, eluted solutions from the column loaded with 2M (lane 2), 1M (lane 3), 0.5M (lane 4), and 0.2M (lane 5)
urea. (C) Purification of G3D(H)6 · IL-2 using Ni+2-Sepharose column (GR120H-unbound), analyzed by reducing SDS-PAGE: Lane 2, total intracellular
proteins containing G3D(H)6 · IL-2 (“load-in” solution); lane 3, effluent of unbound proteins from the column (“load-out” solution); lane 4, eluted solution
from the column. (Lane 1, markers) (D) Purification of G3D(H)6 · M using GR120H-Ni+2-Sepharose column, analyzed by reducing SDS-PAGE: Lane 1,
total intracellular proteins from noninduced recombinant culture; lane 2, total intracellular proteins from induced recombinant culture (“load-in” solution);
lane 3, eluted solution from the column. (E) Purification of G3D(H)6 · IL-2 using GR120H-Ni+2-Sepharose column, analyzed by C8 reverse-phase HPLC:
Chromatograms 1 and 2 were obtained by analyzing the same “load-in” and eluted solutions, shown in lanes 1 and 4, respectively, in Figure 6B.
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allows N-terminus glucagon peptides of recombinant fusion
proteins to selectively bind to it.

The stability of GR120H ligand was examined during the
extended period of operation, that is, the affinity column
(GR120H-Ni+2-Sepharose) was used through 50 cycles to
purify recombinant G3D(H)6 · IL-2 from total intracellular
proteins (Materials and Methods). As seen in the results in
Figure 7 (lanes 3–8), the affinity of GR120H ligand to
G3D(H)6 · IL-2 was so stably maintained during the mul-
tiple cyclic operation that the purification was successful
even at the 50th cycle. After the 50th cycle of operation, the
GR120H ligand was eluted by passing 0.5M imidazole
through the column (lane 10 of Fig. 7), which clearly indi-
cates the longterm operational stability of affinity ligand,
GR120H retained in the chromatography column.

DISCUSSION

In vivo inclusion body formation presumably represents a
situation of overexpression in the heterologous environ-
ment, where nascent polypeptide chains which are synthe-
sized continuously, may aggregate with any partially folded
intermediates within the cells. In vivo aggregation is some-
time so nonspecific that coaggregation of various host pro-
teins significantly lowers the aggregate purity of target re-
combinant protein. The design of a special fusion peptide
inducing, in general, the self-assembly of foreign protein is
of great advantage in recovering relatively pure protein
from the inclusion body state. The smalla-helical peptide,
glucagon which has special dual properties regarding inter-
molecular association: (1) strong self-association, and (2)
stable complex formation with a receptor, is a very attrac-
tive candidate as a fusion expression partner in the produc-
tion of recombinant proteins fromE. coli. The specific glu-
cagon-receptor binding could provide a convenient means,

i.e., affinity column chromatography using the specific pro-
tein (glucagon)-ligand (receptor) interaction, for producing
highly purified protein.

Mechanism of Glucagon-Induced Self-Association
and Coaggregation

The various electrophoresis and immunoblotting analyses
have shown that the directly expressed rhIL-2 interacted
with various host-derived proteins via disulfide bridge(s)
and formed large heterogeneous multimers. This suggests
that in off-pathway aggregation of the partially folded
rhIL-2 intermediate, the cysteine residues (Cys58 and
Cys105) participated in the intermolecular disulfide linkage
at a much higher rate before they were linked by intramo-
lecular S-S bond. With the fusion of glucagon molecule(s),
however, all recombinant proteins formed the hydrophobic
aggregates where the intermolecular disulfide linkage was
rarely found, and the fraction of recombinant protein was
highly increased. Presumably, this drastic change in the pat-
tern of intermolecular association arose from distinct con-
formational change of fusion proteins induced by N-
terminus stronga-helical peptide(s) which effectively res-
cued the rhIL-2 molecules from being coagulated with
various host proteins. Sasaki et al. (1975) reported that
a-helical conformation of glucagon molecules favors inter-
molecular self-association to form trimers and possibly
higher oligomers where the helical arrangement is more
tightened up. Probably, the N-terminus glucagon in synthe-
sized fusion protein was quickly transformed to ana-helical
conformation and induced the self-association of folding
intermediates. Because oligomeric proteins generally have a
higher affinity for themselves than for other proteins (Jae-
nicke and Rudolph, 1986), the higher aggregate purity of
G3 · IL-2 molecules might be due to the increased tendency

Figure 7. Purification of G3D(H)6 · IL-2 through multiple cyclic operation of affinity chromatography using GR120H-Ni+2-Sepharose column, analyzed
by reducing SDS-PAGE: Lane 2, “load-in” solution of total intracellular proteins containing G3D(H)6 · IL-2; lanes 3–8, eluted solutions at 1st, 10th, 20th,
30th, 40th, and 50th column chromatography, respectively; “§ ” indicates G3D(H)6 · IL-2. (Lane 1,9, markers; lane 10, GR120H eluted by passing 0.5M
imidazole after the 50th operation is finished, indicated by “§.”)
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of self-association arising from more extended helical do-
main in the G3 trimer.

Compared to the fusion of G peptide, the use of Ga

fusion partner caused a significant decrease in aggregate
purity, and the tendency to form intermolecular S-S linkage
was much more significant. It is presumed that the point
mutation at three hydrophobic residues with aromatic
sidechain (i.e., Phe6Gly, Tyr10Gly, Tyr13Gly) accompa-
nied significant conformational change affecting the speci-
ficity of intermolecular association. Namely, an N-terminal
domain of glucagon consisting of Phe6, Tyr10, and Tyr13 is
responsible for such ana-helical conformation that pro-
motes hydrophobic self-association via specific intermo-
lecular packing. Probably, the domain of Phe6-Tyr10-Tyr13
is a specific site, directly involved in the intermolecular
hydrophobic packing. In contrast to other fusion proteins,
Gb · IL-2 formed much lower oligomer (≈ 110 kDa) at the
inclusion body state. If one protein folds or aggregates much
faster than the other, then it effectively excludes the other
from being further incorporated into a coaggregate complex
(Mitraki et al., 1993; Speed et al., 1996). Probably switching
the C-terminus residues (Phe22, Trp25, Leu26) with gly-
cines increased the aggregation rate of the partially folded
intermediate of fusion protein and hence, reduced the size of
off-pathway aggregates. Glycine residues provide the flex-
ibility of polypeptide conformation and can easily attain
conformations which are energetically unfavorable to hy-
drophobic amino acids with sidechains (Sasaki et al., 1975).
Thus, the C-terminus glycines of Gb may change the con-
formation in a way that gives thermodynamic stability to
oligomers at an early stage of aggregation and suppresses
further multimerization. Consequently, it seems likely that
there are two nonpolar domains on the glucagon molecule
that are of crucial importance in determining intermolecu-
lar-binding specificity and final aggregate size of recombi-
nant fusion proteins. The N-terminus domain (i.e., Phe6-
Tyr10-Tyr13) could be a certain structural moiety involved
in intermolecular self-association through a defined manner
such as helix–helix docking, while the C-terminus domain
(i.e., Phe22-Trp25-Leu26) seems to be related to the assem-
bly size of folding intermediates.

Although a common assumption is that the off-pathway
aggregation reactions are nonspecific, it has been recently
reported that aggregation can occur by specific interaction
of certain conformations of folding intermediates rather
than by nonspecific coaggregation (Speed et al., 1996).
Also, this study reports that the aggregation specificity of
fusion protein was highly sensitive to sequence effects of
N-terminus fusion peptide, glucagon. Therefore, there
would appear to be opportunities to manipulate the in vivo
aggregation by enforcing the specific aggregation of recom-
binant proteins, for instance, by using a special fusion pep-
tide which efficiently induces the self-association of syn-
thesized proteins via specific molecular interaction, as pre-
sented in this study.

Application of Active Recombinant Receptor
Fragment to Affinity Purification

Fortunately, the analysis of isolated aggregates involving
recombinant GR120H has shown that intermolecular S-S
linkage formation by GR120H molecules was not signifi-
cant, which is presumed to result from an inherent aggre-
gation property of extracellular domain of glucagon recep-
tor. Also, the GR120H immobilized to Ni+2-Sepharose col-
umn demonstrated the high specificity in molecular
interaction with both recombinant fusion proteins,
G3D(H)6 · IL-2 and G3D(H)6 · M. It is strongly suggested
that the immobilized recombinant GR120H (which contains
six cysteine residues) was efficiently renatured and attained
the specific-binding affinity to glucagon molecules like the
extracellular domain of native receptor (though the struc-
tural authenticity was not confirmed by comparison with
active glucagon receptor, which has been recently produced
from animal cell cultures (Buggy et al., 1995; MacNeil et
al., 1994)). Immobilizing recombinant proteins on a column
has been recently reported to be of great advantage in pro-
tein refolding, because this approach can effectively prevent
reaggregation as evidenced in the folding of two chloroplast
membrane proteins (Toc75 and LHC2) (Rogl et al., 1998)
and bacterial prosubtilisin (Volkov and Jordan, 1996). The
reason for the anti-aggregation effect is that the hydropho-
bic faces exposed in folding intermediates are not free to
associate with one another because the resin material may
have a chaperone-like function in keeping folding proteins
separated (Rogl et al., 1998). The six cysteine residues
(Cys18, Cys33, Cys42, Cys56, Cys75, Cys96), 100% con-
served in extracellular domains of other 13 GPCRs (G-
protein-coupled receptors), are almost evenly distributed
through the entire sequence of GR120H. Hence, once the
intramolecular S-S bonds are correctly formed, they prob-
ably confer stable structural conformation to GR120H mol-
ecule. Therefore, the longterm operational stability, proven
through the cyclic-purification experiments which required
repeated denaturation and renaturation steps of the immo-
bilized GR120H, may result from efficient renaturation pro-
cess of the immobilized receptor fragment and/or inherent
structural stability of GR120H molecule.

Adding a certain amount of urea to the load solution was
shown effective in increasing the binding selectivity and
affinity of G3D(H)6 · IL-2 to the GR120H and hence, the
recovery purity. The lowered purity of G3D(H)6 · IL-2 at
high-urea concentration (2M) seems to result from the re-
duced binding specificity to GR120H, which is due prob-
ably to significant denaturation ofa-helical conformation of
glucagon peptides at 2M urea. The helix uncoiling of
G3D(H)6 peptide at high-urea concentration enabled urea to
be used as an effective eluent dissociating the specific bind-
ing between GR120H and G3D(H)6 · IL-2.

The discovery of new affinity ligands which have high
affinity to a certain peptide via specific molecular interac-
tion is itself an important area in fusion protein-based af-
finity chromatography. In various approaches (Boder and
Wittrup, 1997; Georgiou et al., 1997, Lima et al., 1997;
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Nord et al., 1997; Tripet et al., 1996) for developing the new
protein ligand, two major requirements for protein ligands
are: (1) large-scale production in a low-cost expression sys-
tem, and (2) longterm operational stability. From the view-
point of this criteria, GR120H seems to provide a firm basis
for being used in practice as a protein ligand for affinity-
column chromatography.
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