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Though human L-chain ferritin has been known to
e more resistant to physical denaturation than
-type ferritin, its stability characteristics and kinetic

nformation have not been reported in detail. Overex-
ressed recombinant ferritin (FTN) in Escherichia coli
ormed inclusion bodies through noncovalent molecu-
ar interaction and easily dissolved with regaining the
ron-uptake activity by a simple pH-shift process at
igh protein concentration (>600 mg l21). FTN was
elatively thermostable at low protein concentration
0.2 g l21), but it became extremely thermolabile at
igh protein concentration (1.3 g l21), i.e., more than
0% of FTN was coprecipitated within 5 min under the
ame heat-induced denaturation condition. Aggrega-
ion rate constant for initial 5 min at high protein
oncentration was 6.04 3 1023 s21 for FTN. Surpris-
ngly, glucagon z ferritin mutant (GFTN), consisting of
n N-terminus fusion partner, human glucagon (29-
esidue a-helical peptide), showed significantly en-
anced thermal stability even at high protein concen-
ration. That is, in spite of 40-min heat treatment,
ore than 50% of GFTN the still remained soluble with
aintaining the same functional properties. The ag-

regation rate constants were 2.75 3 1024 and 2.80 3
024 s21 at low and high concentration, respectively,
or GFTN. These results suggest a critical participa-
ion of the N-terminal domain of ferritin in the
emperature-induced aggregation pathway. Presum-
bly, partially denatured amino terminus of FTN is
nvolved in nonspecific molecular interaction result-
ng in the off-pathway aggregation. It is notable that
he purified GFTN showed the same molar capacity
f iron (Fe13) storage as standard ferritin. From the
nalysis of fluorescence emission spectrum, the
hysical stability of GFTN was also very comparable
o that of standard ferritin under the various dena-
uration conditions induced by GdnHCl. © 2001

cademic Press
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usion mutant; temperature-induced aggregation;
-terminal domain.

An iron-storage protein, ferritin is a spherical shell
onsisting of 24 H- and L-chain subunits, and its shell
tructure is uniquely well designed to contain large
mount of iron (1–4). Each subunit of ferritin is a
undle of four long a helices, with a fifth short helix, a
hort nonhelical extension at the C and N termini (1,
). Biochemical studies of human H- and L-type chains
nd of some variants indicated that; (i) in vitro the
-chain ferritin oxidizes iron at rates several-fold

aster than L-chain ferritin (5–9); (ii) L-chain ferritin
ppears to induce iron mineralization with higher ef-
ciency than the H chain (10); and (iii) L chain is
otably more stable to physical denaturation than
-type ferritin (11).
Santambrogio et al. (1993) reported that soluble re-

ombinant human ferritin was produced using lpL pro-
oter system in E. coli, but the production level was

uite low, i.e., 10–15 mg and 2–5 mg per liter of culture
or H- and L-chain human ferritins, respectively. Re-
ortedly, x-ray analyses of recombinant ferritins ex-
ressed in E. coli showed H and L chains to have
omologous subunit conformations and subunit ar-
angements (3, 13, 14). The unfold recombinant human
erritin by guanidine denaturation was renatured to
orm homomutimeric multimers indistinguishable
rom the native ones (12), and the Gdn-HCl denatur-
tion and renaturation characteristics were compared
etween H- and L-chain ferritins (12). Especially with
uman H-chain ferritin, its ferroxidase function, and
tability characteristics were extensively studied, and

detailed mutation study showed that the carboxyl
erminus of H-chain ferritin is of crucial importance in
he formation of stable iron core (5).
0006-291X/01 $35.00
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As confirmed in the present study, high-level expres-
ion of recombinant human L-chain ferritin using T7
romoter system resulted in the formation of inclusion
odies. Interestingly, the recombinant ferritin aggre-
ates were easily dissolved by a simple pH-shift pro-
ess and simultaneously renatured with gaining the
ron uptake activity. In contrast to the efficient pH-
hift renaturation, the renatured recombinant L-chain
erritin was extremely thermolabile at high protein
oncentration. Since the stability characteristics of hu-
an L-chain ferritin have not been studied in detail

et, it would provide useful information for better un-
erstanding of the stability nature to investigate the
ggregation kinetics of human L-chain ferritin and its
usion mutant. In this study, we developed a recombi-
ant fusion mutant of human L-chain ferritin by plac-

ng 29-residue glucagon peptide at the N-terminus.
he fusion mutant was also efficiently renatured by
he simple pH-shift, but surprisingly, the presence of
he additional peptide at the amino terminus signifi-
antly increased the thermal stability of L-chain fer-
itin by enhancing the kinetic barriers in the denatur-
tion pathway. Physical stabilities of the fusion
utant under guanidine-induced denaturation condi-

ions and iron-storage capacity have been also demon-
trated in detail and compared with the properties of
irectly-expressed and/or standard ferritins.

ATERIALS AND METHODS

Recombinant strains and gene expression. Human ferritin (L-
hain) gene was cloned from human liver cDNA library (Clontech,
A). After PCR-amplification using appropriate primers, the human

erritin gene was inserted into the NdeI–HindIII site of plasmid
T7-7 (15) to construct expression vector pT7-Fer for the direct
xpression of human ferritin. The FTN gene was also inserted into
hoI–HindIII site of plasmid pG-IL2 (16) to construct expression
ector pT7-GFer for the synthesis of recombinant fusion mutant,
FTN. After complete DNA sequencing of all plasmid vectors puri-

FIG. 1. Prussian-blue-stained polyacrylamide gels (native-
AGE) of FTN and GFTN protein samples after pH-shift dissolution
f recovered inclusion bodies: lane 1, bovine serum albumin (negative
ontrol); lane 2, FTN; lane 3, standard ferritin; lanes 4 and 5, GFTN
oaded by different amounts (13 and 26 mg, respectively); lane 6,
tandard ferritin.
126
ransformed with the constructed plasmid vectors above, and
mpicillin-resistant transformants were selected. For the shake
ask experiments (250 ml Erlenmeyer flasks, 37°C, 200 rpm), LB
edia containing 100 mg ampicillin per liter of culture was used.
hen the culture O.D.600 reached 0.4, the gene expression was in-

uced by adding IPTG (0.5 mM), and the induced cultures were
arvested after further 3–4 h cultivation. The recombinant cells in
0 ml culture were spun down at 6000 rpm for 5 min, and the cell
ellets were resuspended in 5 ml distilled water. After cell disruption
y using Branson Sonifier (Branson Ultrasonics Corp., Danbury,
T), the insoluble protein aggregates were isolated at 13,000 rpm for
0 min, washed twice with 1% Triton X-100, and subject to reducing
r non-reducing SDS–PAGE analysis.

Renaturation of inclusion bodies and heat treatment. The recov-
red inclusion bodies were subsequently dissolved (0.6–1 g/L) in 5 ml
lkaline solution (pH 12) without adding any denaturing agents.
fter 2 min, the solution pH was quickly shifted back to 8 by adding
M Tris–HCl buffer, pH 8. After centrifuge (13,000 rpm for 10 min)

he soluble proteins and insoluble aggregates in 50 mM Tris–HCl
uffer were analyzed by native-PAGE or SDS–PAGE. Dissolved re-
ombinant proteins were subject to heat treatment at 72°C for 50
in, and then after centrifuge (13,000 rpm for 10 min) the soluble
TN and GFTN in various time-course samples were analyzed by
ative-PAGE and reducing SDS–PAGE.

Estimation of iron-storage capacity of recombinant proteins. Iron-
torage capacities of standard ferritin (50 mg/L) and GFTN (50 mg/L)
urified through the heat treatment process above, were examined
y analyzing the amount of unbound free iron using ICP (induc-
ively-coupled plasma) atomic emission spectrometry (IRIS/AP spec-
rometer, Thermo Jarrell Ash Corp., Franklin, USA) after incubated
ith ferric chloride (0.4 mM) at 4°C for 18 h. Standard ferritin was
indly provided by Dr. Paolo Arosio (Protein Engineering Unit,
ibit, H. San Raffaele, Milano, Italy).

Electrophoresis and spectrophotometric analyses for stability esti-
ation. FTN, GFTN, and standard ferritin were subject to reduc-

ng (15 mM DTT) and nonreducing SDS–PAGE and native PAGE
14% Tris-glycine precast gel, Novex, San Diego, CA), followed by
oomassie, Silver, or Prussian-blue (10, 12) staining where applica-
le. The resulting protein bands were scanned and analyzed using a
ensitometer (Duoscan T1200, Bio-Rad, Hercules, CA).
Fluorescence spectra were collected with a Perkin–Elmer spec-

rofluorimeter with excitation window of 3 nm and emission window
f 20 nm. Denaturation plot was obtained by incubating ferritin
amples (50 mg/L) for 18 h at 4°C with various GdnHCl concentra-
ions in 0.1 M phosphate buffer, pH 7.4 and 3 mM DTT. The confor-
ational status of standard ferritin or GFTN was derived from
uorescence spectra with excitation at 295 nm, using as controls the
erritin in 0.1 M phosphate, pH 7.4 (native status), and in 6 M
dnHCl, 0.1 M phosphate buffer, pH 3.5 (denatured status). Fluo-

escence spectra were analyzed for the ratios of the emission at 355
nd 330 nm.

ESULTS AND DISCUSSION

enaturation of FTN and GFTN Produced in E. coli

In the SDS–PAGE analyses of inclusion bodies of
TN and GFTN, each recombinant protein appeared at
onomer position under both reducing and non-

educing conditions (data not shown), and hence it
eems that the intracellular aggregates were formed
ia noncovalent intermolecular linkages. More than
0% of the FTN and GFTN aggregates were quickly
issolved at high concentrations (0.6–1.0 g/L) by a
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imple pH-shift process (831238). Subsequently, the
issolved FTN and GFTN (50 mg/L) were subject to
ron saturation experiment with 0.4 mM ferric chlo-
ide. The iron uptake of FTN and GFTN was confirmed
hrough Prussian-blue gel staining after native-PAGE
Fig. 1). Notably in Fig. 1, both of FTN and GFTN were
learly stained as iron-bound proteins like standard
erritin while BSA (bovine serum albumin, negative
ontrol) was not stained at all. Consequently, through
he simple pH-shift process, the insoluble FTN and

FIG. 3. Thermal denaturation kinetics of FTN and GFTN: Sem
ased on quantitative analysis of protein bands in Fig. 2. (r2 represe

FIG. 2. Coomassie-stained polyacrylamide gels (reducing SDS–PA
nd 1.3 g l21 during denaturation at 72°C. (“S” represents standard
127
FTN aggregates were converted into active recombi-
ant proteins with the same functional property as
tandard ferritin.

ggregation Kinetics of FTN and GFTN

Figure 2 shows the rapid disappearing of soluble
TN at high protein concentration (1.3 g l21) under the
emperature-induced denaturation condition, whereas
he fusion mutant GFTN maintained high thermal sta-

arithmic plot showing time-course aggregation of FTN and GFTN
correlation coefficient of each linearly-regressed line.)

) of FTN and GFTN protein samples at different concentrations, 0.2
man L-chain ferritin.)
i-log
nts
GE
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ility at both high and low protein concentrations. The
uantitative analysis of soluble FTN and GFTN bands
llows the kinetic analysis of the aggregation process
Fig. 3) by finding the parameters of the equation that
escribes the time-dependent aggregation of FTN and
FTN: dN/dt 5 2kN where N and k represent quan-

ity of soluble protein (FTN or GFTN) and aggregation
ate constant, respectively. The first-order kinetic
quation above was used because the results of time-
ourse aggregation were well fitted by linear regression
n the semi-logarithmic plot as shown in Fig. 3. The

Aggregation Rate Constants (s21) of FTN and GFTN, kH

nd kL at Low (0.2 g l21) and High (1.3 g l21) Protein Concen-
ration, Respectively, under Heat-Induced Denaturation
ondition

Constant Protein FTN GFTN

kL 2.60 3 1024 2.75 3 1024

kH
a6.04 3 1023 2.80 3 1024

b4.73 3 1024

Note. At high protein concentration, most FTN aggregated rapidly
ithin first 5 min, and afterwards the aggregation slowly progressed

Fig. 3), and hence in this case the aggregation rate constant was
stimated separately in two different time periods, i.e., initial 5-min
nd next 45-min periods.

a Estimated for initial 5 min.
b Estimated for next 45 min.

FIG. 4. Silver-stained polyacrylamide gels (native-PAGE) of
TN and GFTN samples during denaturation at 72°C at high protein
oncentration (1.3 g l21). NS and NL indicate native multimers of FTN
nd GFTN, and IS and IL represent presumed partially-unfolded
orms of NL and NS of FTN, respectively. (“S” represents standard
uman L-chain ferritin.)
128
ate constants for FTN and GFTN at different protein
oncentration are shown in Table 1. Note that the
mino terminal fusion of glucagon exhibits more than
0-fold reduction in the initial aggregation rate at high
rotein concentration, compared to the aggregation of
TN. The aggregation rate constant for GFTN is
early invariable despite the significant change of pro-
ein concentration (Fig. 3 and Table 1). Therefore, the
resence of the fused glucagon peptide at the amino
erminus seems to engender a kinetic barrier prevent-
ng the off-pathway aggregation, probably caused by
he imposition of steric impediments to the denatur-
tion process that initiates at the amino terminus of
TN. Time-course unfolding process at high protein
oncentration (1.3 g l21) was also analyzed using
ative-PAGE as shown in Fig. 4. Standard L-chain
erritin shows two major multimers, i.e., NS and NL in
ilver-stained polyacrylamide gels. In native-PAGE of
TN, two additional proteins, IS and IL appear at early
tage of aggregation process and gradually disap-
eared, while in the denaturation process of GFTN no
dditional protein bands are shown besides two major
ative multimers. Since FTN showed high thermal

nstability at high protein concentration (Fig. 3), it is
ikely that IS and IL are partially unfolded intermedi-
tes of NS and NL, respectively, in the aggregation
athway activated at high protein concentration. IS

nd IL still seem to form large multimers (showing
lower migration than NS and NL, respectively, in na-
ive PAGE), which probably happened because prior to
omplete dissociation of the subunits, the amino termi-
us of FTN polypeptide chain starts to be partially
enatured first while the rest of the polypeptide still
nteracts with other polypeptide chains with maintain-
ng multimeric forms. This partially denatured FTN

ay be involved in nonspecific molecular interaction
esulting in off-pathway aggregation. Figure 4 shows
hat this partial denaturation of FTN is effectively
revented by the amino terminus peptide fusion, that
s, the a-helical glucagon is completely interwound so
hat subunit dissociation cannot occur without sub-
tantial denaturation, which is probably a major rea-
on for the high thermal stability of GFTN. These
bservations confirm the critical role of the FTN amino
erminal domain in the initiation of protein aggrega-
ion process during the heat-induced denaturation
nd may provide interesting information to further

Iron (Fe13) Storage Capacity of Standard Ferritin and
GFTN Purified through Heat Treatment Process

Protein Molar iron (Fe13) storage capacity

Standard ferritin 123 moles Fe13 per mole subunit
GFTN 128 moles Fe13 per mole subunit
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xplore unfolding kinetics of this multimeric and un-
table protein.

haracteristics of GFTN Function and Physical
Stability

GFTN was purified through the repeated heat treat-
ent process at low protein concentration, and its iron-

torage capacity was analyzed and compared with that
f standard ferritin. Table 2 shows that the molar
ron-storage capacities of GFTN and standard ferritin
ere very comparable, indicating GFTN has the same

unctional property as the standard ferritin.
The purified GFTN and standard ferritin were dena-

ured under various denaturation conditions generated
y adding GdnHCl (4–8 M) in 0.1 M phosphate buffer
pH 7.4). Fully-denatured status (“DN” in Fig. 5) was
chieved in 6 M GdnHCl, 0.1 M phosphate buffer (pH
.5), as previously reported by Santambrogio et al. (1993).
luorescence emission spectrum of each denatured sam-
le was analyzed using Perkin–Elmer spectrofluorimeter
t the excitation at 295 nm, and the ratios of the emission
t 330 and 355 nm were estimated. Protein stability
robed by the variation in fluorescence of samples under
he Gdn-HCl-induced denaturation conditions shows
hat GFTN has very comparable physical stability as the
tandard ferritin (Fig. 5).

Protein GFTN, in which a foreign peptide (gluca-
ons) is fused at the amino terminus of FTN, is the
rstly described example of a new type of FTN mu-
ants, showing an dramatic increase of its thermal
tability, or decrease in the aggregation rate without
nterrupting the intrinsic functional property (i.e.,
ron-uptake activity) of FTN.
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