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Background: The role of chaperones in extracellular space is important. Haptoglobin, an extracellular chaperone, is inves-
tigated in the context of �2-microglobulin amyloidosis.
Results:Haptoglobin interactswith prefibrillar species, facilitates intracellular degradation, and prevents formation of cytotoxic
�2m fibrils. It exhibits pH-dependent chaperone activity.
Conclusions:Haptoglobin is an extracellular chaperone for �2-microglobulin under normal and inflammation-induced acido-
sis conditions.
Significance: Haptoglobin has promising therapeutic implications in extracellular protein deposition diseases.

Fibril formation of �2-microglobulin and associated inflam-
mation occur in patients on long termdialysis.We show that the
plasmaprotein haptoglobin prevents the fatty acid-promotedde
novo fibril formation of �2-microglobulin even at substoichio-
metric concentration. The fibrils are cytotoxic, and haptoglobin
abolishes the cytotoxicity by preventing fibril formation. Hap-
toglobin does not alleviate the cytotoxicity of preformed fibrils.
Fibrillar�2-microglobulin is resistant to lysosomal degradation.
However, the species of�2-microglobulin populated in the pres-
ence of haptoglobin is susceptible to degradation. We observed
that haptoglobin interactswith oligomeric prefibrillar species of
�2-microglobulin but notwithmonomeric or fibrillar�2-micro-
globulin that may underlie the molecular mechanism. 1,1�-
Bis(4-anilino)naphthalene-5,5�-disulfonic acid cross-linking to
haptoglobin significantly compromises its chaperone activity,
suggesting the involvement of hydrophobic surfaces. Haptoglo-
bin is an acute phase protein whose level increases severalfold
during inflammation, where local acidosis can occur. Our data
show that haptoglobin prevents fibril formation of �2-micro-
globulin under conditions of physiological acidosis (betweenpH
5.5 and 6.5) but with relatively decreased efficiency. However,
compromise in its chaperone activity under these conditions is
more than compensated by its increased level of expression
under inflammation. Erythrolysis is known to release hemoglo-
bin into the plasma.Haptoglobin forms a 1:1 (mol/mol) complex
with hemoglobin. This complex, like haptoglobin, interactswith
the prefibrillar species of �2-microglobulin, preventing its fibril
formation and the associated cytotoxicity and resistance to
intracellular degradation. Thus, our study demonstrates that
haptoglobin is a potential extracellular chaperone for�2-micro-
globulin even in moderately acidic conditions relevant during

inflammation, with promising therapeutic implications in
�2-microglobulin amyloid-related diseases.

Protein conformational diseases involve misfolding of pro-
teins leading to either loss of crucial function of the protein or
toxic gain of function of the misfolded species (1). Among such
diseases, Alzheimer disease, prion disease, systemic amyloido-
sis, Finnish type amyloidosis, and dialysis-related amyloidosis
involve extracellular amyloid deposition of the misfolded pro-
teins/polypeptides that are characteristic of the disease (2, 3).
Therefore, an understanding of factors in the extracellular envi-
ronment that modulate amyloidogenicity of proteins is impor-
tant and can be exploited for therapeutic development.

�2-Microglobulin (�2m),4 a component of the type I major
histocompatibility complex, is present in low concentrations in
circulating blood. Its turnover depends on the rate of its degra-
dation in the kidney. However, defective homeostasis due to
failure of kidney function and its inability to flow through a
dialysismembrane leads to its accumulation in the blood. Even-
tually, fibrillar deposition of�2moccurs in the joints of patients
undergoing dialysis for extended periods of time and leads to
acute inflammation and tissue destruction by infiltrating
macrophages, a pathological condition termed dialysis-related
amyloidosis (4). Interestingly, amyloid fibril deposition did not
occur in transgenic mice expressing elevated levels of human
�2m either alone or when injected with the fibril seed (5). A
critical balance of hydrophobic and hydrophilic interactions as
modulated by environmental factors, for example anionic co-
solutes, is important for the amyloid fibril formation of�2m (6).
Therefore, understanding the factors (especially from plasma)
that modulate the amyloid fibril formation of �2m is important
in the context of �2m amyloidosis. Fatty acids, lysophospholip-1 Recipient of a Senior Research Fellowship from the Department of Biotech-
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ids (1, 7, 8), glycosaminoglycan, and proteoglycan are among
the factors that are known to promote the fibril formation of
�2m (9–11). The details of plasma factors that suppress or
inhibit the fibril formation are not completely understood.
However, a recent study by Ozawa et al. (12) has shown that
�2-macroglobulin effectively suppresses the amyloid fibril for-
mation of�2m. Because the quality control mechanism in the
extracellular space is poorly understood, investigating fac-
tors that promote or inhibit the amyloid fibril formation of
proteins is not only important in the context of fibril forma-
tion of �2m and dialysis-related amyloidosis but also in sev-
eral amyloid-related diseases involving extracellular deposi-
tion of proteins/polypeptides.
Haptoglobin, a glycosylated hemoglobin-binding protein, is

abundantly present in the plasma (0.3–1.2 mg/ml; see Ref. 13).
It is an acute phase protein, whose level is elevated in response
to infection and a variety of injuries and inflammation (14) and
is, thus, a useful marker for inflammation-related diseases (15–
17). It possesses a tetrameric structure that is linked by disulfide
bridges among two� chains and two� chains (18, 19). Based on
the length of the � chain, three phenotypes of haptoglobin are
known to occur in the human population: Hp1-1, Hp2-1, and
Hp2-2. All of the phenotypes share the same 40-kDa � chain
(243 amino acids), but there are two types of � chains: �1 (83
amino acids), and �2 (142 amino acids). The Hp1-1 phenotype
has two � chains and two �1 chains; the Hp2-1 phenotype has
two � chains, one �1 and one �2 chain, whereas the Hp2-2
phenotype has two � chains and two �2 chains (Fig. 1a). The
three phenotypes of haptoglobin have been shown to exhibit
chaperone activity in preventing the amorphous aggregation of
target proteins (20). It has been proposed by Wilson’s group
that extracellular chaperones recognize exposed hydrophobic
surfaces on non-native proteins in the extracellular space and
mediate their clearance by targeting them for degradation in
lysosomes via receptor-mediated endocytosis (21). Recent
studies have shown that the Hp2-1 phenotype exhibits molec-
ular chaperone activity in preventing the amyloid aggregation
of some proteins (22).
Whether any of the isoforms of haptoglobin prevent the

amyloid fibril formation of �2m, which is involved in dialysis-
related amyloidosis and associated with inflammation, has not
been adequately addressed. However, there are indications that
haptoglobin (isoform not specified) can prevent the fibril for-
mation of �2m (12). The Hp2-2 phenotype is found to be over-
represented in autoimmune and inflammatory diseases, and
Hp2-2 subjects are characterized by higher immune reactivity
(23). The Hp2-2 isoform has been shown to be more potent in
macrophage activation than the Hp1-1 isoform (24). Consider-
ing the high levels of haptoglobin in plasma and its 3–8-fold
increase under conditions of inflammation (14), it is important
to study the role of haptoglobin in the amyloid fibril formation
of �2m, which has relevance in �2m amyloid-related diseases.
Because acidosis is associated with inflammation (25) and the
acidic condition has a promoting effect on the amyloidosis of
�2m (see Ref. 10; for a review, see Ref. 26), it is also important to
investigate the effect of pH on the chaperone properties of hap-
toglobin with respect to �2m amyloidosis.

Fatty acids, such as palmitic acid, stearic acid, and oleic acid
have been reported to be present in the serum in amolar ratio of
3:1:3 (2, 27, 28), and themixture of these fatty acids is known to
promote the amyloid fibril formation of �2m (7). In the present
study, we have investigated the effect of the extracellular pro-
tein haptoglobin (Hp2-2 isoform) on the fatty acid-promoted
de novo fibril formation of �2m. Our study indicates that extra-
cellular factors (such as haptoglobin) have a potential role in the
pathogenesis of dialysis-related amyloidosis. Our results show
that haptoglobin prevents the amyloid fibril formation of �2m
and the associated cytotoxicity. It plays an important role in the
intracellular clearance of the �2m species. In addition, the
results provide important insights into the molecular chaper-
one activity of haptoglobin itself, which is an emerging extra-
cellular chaperone.

EXPERIMENTAL PROCEDURES

Materials

Thioflavin T (ThT), MES, hemoglobin, bovine serum albu-
min (BSA), N-acetyl-L-tryptophanamide, fluorescein isothio-
cyanate (FITC) isomer I, anti-hemoglobin antibody, and the
sodium salts of the fatty acids palmitate, stearate, and oleate
were purchased from Sigma-Aldrich. bis-ANS, LysoTracker
Red, and Hoechst 33342 were purchased from Molecular
Probes, Invitrogen. CNBr-activated Sepharose, SuperdexG-75,
and Superose 6 10/300 GL column were purchased from GE
Healthcare. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) was obtained from Calbiochem. Ferritin
was obtained from GE Healthcare. Human plasma was
obtained from the Red Cross Society (Hyderabad, India) and
stored frozen at�20 °C until use. All other chemicals usedwere
of analytical grade.

Methods

Purification of Haptoglobin—Haptoglobin was purified by
hemoglobin affinity chromatography essentially as described
by Liau et al. (29). In order to remove traces of hemoglobin, we
loadedhaptoglobin purified by hemoglobin affinity chromatog-
raphy onto an anti-hemoglobin antibody-Sepharose column to
remove any haptoglobin-hemoglobin complex. The unbound
flow-through, which contained haptoglobin, was found to be
homogeneous by SDS-PAGE (Fig. 1b). The concentration of
haptoglobin was determined using a molar extinction coeffi-
cient of 5.1 � 104 at 280 nm (20).
Preparation of �-Synuclein—�-Synuclein was expressed in

Escherichia coli and purified as described previously by Ahmad
et al. (30). Briefly, expression of �-synuclein in E. coli BL21
(DE3) cells transformed with the pRK172/�-synuclein plasmid
was induced by 1 mM isopropyl 1-thio-�-D-galactopyranoside.
Cells harvested 4 h after induction were suspended in 50 mM

Tris-HCl buffer, pH 7.5, containing 1mMEDTA, 100mMNaCl,
0.1 mg/ml lysozyme, and 20 �M PMSF and lysed by sonication
on ice. The sample was centrifuged at 5000 � g, and the super-
natant containing �-synuclein was subjected to ammonium
sulfate (15–45% saturation) fractionation. The precipitated
protein was resolubilized in 50 mM Tris-HCl buffer, pH 7.5,
containing 1 mM EDTA, 100 mM NaCl and subjected to gel
filtration chromatography using a Sephadex G75 gel filtration
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column (150 cm � 1.8-cm diameter). Fractions containing
�-synuclein were pooled, exchanged in 20 mM Hepes-NaOH
buffer, pH 7.0, and concentrated byAmicon ultrafiltration. The
protein preparation was found to be highly homogeneous as
assessed by 15% SDS-PAGE. The concentration of �-synuclein
was determined using an extinction coefficient of 0.354 at 280
nm for a 1 mg/ml solution.
Preparation of �2-Microglobulin—Human �2m was cloned

by amplifying the �2m cDNA from total cDNA of HeLa cells
using the primers TCT GGC CTG CAT ATG ATC CAG CGT
and CCT CCA TGA AAG CTT TTA CAT GTC TGG and
cloning the PCRproduct into the prokaryotic expression vector
pET 21a using the NdeI and HindIII sites of the vector.
Expression of �2m in E. coli BL21 (DE3) cells transformed

with the pET 21a-�2m plasmid was achieved by induction with
1 mM isopropyl 1-thio-�-D-galactopyranoside. The expressed
�2m partitioned into inclusion bodies. Refolding and purifica-
tion of �2m from the inclusion bodies was carried out by the
method of Chiba et al. (31). Briefly, inclusion bodies were sol-
ubilized in 20 mM Tris-HCl (pH 8.0) containing 8 M urea and
air-oxidized to form the intrachain disulfide bond. Disulfide
bond formation was confirmed by reverse phase HPLC as
described by Chiba et al. (31). �2m was refolded and loaded
onto a DEAE-Sepharose column equilibrated with the same
buffer. The protein was eluted by a linear concentration gradi-
ent of NaCl (0–200 mM). The fraction containing the major
peak was concentrated and loaded onto a Sephadex G75 gel
filtration chromatography column (150 cm � 1.8-cm diame-
ter). The fractions corresponding to monomeric �2m were
pooled and dialyzed against 10 mM sodium phosphate buffer,
pH 7.5. Concentration of monomeric �2m was determined
using an extinction coefficient at 280 nm of 1.69 for a 1 mg/ml
solution. A micro-BCA protein assay kit from Pierce was used
for determining the concentrations of fibrils and proteins.
De Novo Amyloid Fibril Formation of �2-Microglobulin—De

novo �2m amyloid fibril formation was initiated essentially as
described byOzawa et al. (12). Briefly, monomeric human �2m
(25�M)was incubated at 37 °Cwith stirring at 500 rpm in phos-
phate-buffered saline (pH 7.5), containing a 250 �M concentra-
tion of the mixture of palmitate, stearate, and oleate in a 3:1:3
molar ratio (henceforth referred to as the fatty acid mixture).
Similarly, we carried out fibril formation of�2m at different pH
conditions (in 50mMMES-Na2HPO4 buffers, pH 5.0–8.0, or in
50 mM sodium citrate buffers, pH 2.5–4.5) in the absence or in
the presence of the indicated concentrations of haptoglobin or
its complex with hemoglobin. Fibril formation was monitored
by ThT fluorescence.
De Novo Amyloid Fibril Formation of �-Synuclein—De novo

�-synuclein amyloid fibril formation was initiated by stirring
monomeric human �-synuclein (20 �M) at 1000 rpm in PBS
(pH7.5), containing 250�M fatty acidmixture at 37 °C, either in
the absence or in the presence of the indicated concentrations
of haptoglobin. Fibril formation was monitored by ThT
fluorescence.
ThT Fluorescence—In order to measure fibril formation, an

aliquot of 10 �l was taken from the sample and mixed with 1.0
ml of 10 �M ThT in 50 mM glycine-NaOH buffer, pH 8.5. ThT
fluorescence intensity at 485 nmwasmeasured upon excitation

at 445 nm using a Hitachi F-4000 fluorescence spectrophotom-
eter. The fluorescence intensity is proportional to the extent of
fibril formation (32).
SDS-PAGEAnalysis of�2mSpecies Formed in the Presence or

Absence of Haptoglobin—To detect the nature of the species of
�2m formed in the presence of haptoglobin, samples of �2m
were agitated at 500 rpmand37 °C in the presence or absence of
haptoglobin, as described above. At the end point of the reac-
tion, an aliquot of 10 �l of the sample was withdrawn from the
200-�l reactionmixture (total fraction). Thereafter the samples
were centrifuged at 20,000 � g for 1 h to separate the superna-
tant and pellet fractions. The pellet was resuspended in 190 �l
of PBS, pH 7.5. From the supernatant fraction and the PBS
resuspended pellet fraction, an aliquot (10 �l) was withdrawn
and dried in a ScanVac vacuum concentrator. The dried sam-
pleswere boiled in SDS-PAGE sample loading buffer having 8M

urea and then subjected to 15% SDS-PAGE. The protein bands
were visualized by Coomassie Brilliant Blue staining.
In another experiment, SDS-PAGE of the samples was per-

formed as described above, and the protein bands from the
SDS-polyacrylamide gel were transferred onto a nitrocellulose
membrane using a semidry transfer apparatus (GEHealthcare).
The nitrocellulose membrane was blocked with 5% BSA in PBS
for 1 h. It was incubated for 2 h either with mouse monoclonal
anti-�2m antibody (1:400) (sc-13565, Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX) or rabbit polyclonal anti-haptoglobin
antibody (1:1000) (LS-B32, LifeSpan Biosciences, Seattle, WA).
�2m and haptoglobin bands were detected with horseradish
peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG
(1:5000) (PerkinElmer Life Sciences), respectively.
ElectronMicroscopy—Aportion of the sample of�-synuclein

or �2m incubated alone or in the presence of haptoglobin was
placed on Formvar/carbon-coated grids (300-mesh). Excess
sample was removed by blotting with filter paper, and the grid
was air-dried. The fibril-bearing grid was negatively stained
with 2% (w/v) uranyl acetate solution for 1 min. Images from
randomly selected areas were captured on a film at �30,000–
50,000 magnification.
Circular Dichroism Spectroscopy—Far-UV CD spectra of 0.2

mg/ml solutions of monomeric �2m and �-synuclein in PBS
were recorded in a Jasco J-815 spectropolarimeter. Far-UV CD
spectra of �2m (150 �g/ml) and �-synuclein (280 �g/ml) amy-
loid fibrils formed in the presence or absence of the indicated
concentrations of haptoglobin in PBS were recorded using a
0.1-cm path length cell. All spectra shown are average of four
scans taken at 37 °C. The signal contribution of haptoglobin
was subtracted from samples of amyloid fibrils of �2m and
�-synuclein formed in the presence of haptoglobin.
Preparation of theHaptoglobin-Hemoglobin Complex—Hap-

toglobin-hemoglobin complex was prepared by incubating
haptoglobin (2�M)with differentmolar ratios of hemoglobin in
50mMMES-Na2HPO4 buffer, pH 7.5, containing 100mMNaCl
for 2 h at room temperature.
In order to study the stoichiometry of the complex, hapto-

globin-hemoglobin complex formation was monitored by per-
forming gel filtration chromatography on a Superose 12 10/300
GL column fitted to a Bio-Rad BioLogic DuoFlow chromatog-
raphy system (Bio-Rad) previously equilibrated with 50 mM
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MES-Na2HPO4 buffer, pH 7.5, containing 100 mM NaCl. Pro-
tein were eluted at a flow rate of 0.5 ml/min. Molecular mass
standards were used for calibration.
Chaperone Activity of the Haptoglobin-Hemoglobin Complex—

To study the chaperone activity of the purified haptoglobin-
hemoglobin complex, the complex was prepared by incubating
haptoglobin (2 �M) with a 5-fold molar excess of hemoglobin
under the conditions described above. The complex was puri-
fied using a Superose 12 gel filtration column.
To study pH-dependent changes in chaperone activity of the

haptoglobin-hemoglobin complex, the complex was prepared
by incubating haptoglobin (2�M)with hemoglobin (2�M) in 50
mM MES-Na2HPO4 buffers, pH 5.5–7.5, or in 50 mM sodium
citrate buffers, pH 3.5–4.5, containing 100 mM NaCl for 2 h at
room temperature.
Intrinsic Tryptophan Fluorescence—Intrinsic tryptophan flu-

orescence spectra of haptoglobin (2 �M), hemoglobin (2 �M) or
haptoglobin-hemoglobin complex (each 2 �M) in 50 mM MES-
Na2HPO4 buffer, pH 7.5, containing 100 mM NaCl were
recorded in the corrected spectrum mode using a Hitachi
F-4500 fluorescence spectrophotometer with the excitation
wavelength set at 295 nm. The excitation and emission band
passes were set at 5 nm.
Photochemical Cross-linking of Haptoglobin with Bis-ANS—

Bis-ANS was photochemically cross-linked to haptoglobin
essentially by the method of Poon et al. (33). Haptoglobin (40
�M) or haptoglobin-hemoglobin complex (each 40 �M) was
incubated for 15 min with 800 �M bis-ANS. The samples were
then dialyzed against PBS to remove unbound bis-ANS. Sam-
ples were then placed in a cuvette and illuminated with 254-nm
light for 20 min in a F4500 fluorimeter under constant stirring.
In controls, samples of haptoglobin or haptoglobin-hemoglo-
bin complexwere exposed to 254 nm light as described above in
the absence of bis-ANS. Photochemical cross-linking of hapto-
globin with bis-ANS was confirmed by the presence of a fluo-
rescent band in SDS-PAGE. The chaperone activity of the
cross-linked proteins against �2m amyloid fibril formation was
assayed by monitoring ThT fluorescence as described above.
Electrospray ionization (ESI) Mass Spectrometry of Hapto-

globin—Purified haptoglobin was reduced by 1 mM tris(2-
carboxyethyl)phosphine hydrochloride. ESI mass spectra of
reduced haptoglobin were recorded on LTQ-Orbitrap Velos
(Thermo Fisher Scientific) equipped with a dual linear ion trap
and Orbitrap mass analyzer. ESI mass spectra (direct injection)
were recorded in positive ionization mode using acetonitrile/
H2O/0.2% formic acid. The source was operated at 4.0 kV, with
no sheath gas flow and with an ion transfer tube at 275 °C. The
data were processed using Xcalibur (Thermo Fisher Scientific).
Immuno-dot-blot Assay—Aliquots of�2m (10�l) withdrawn

at the indicated time points were spotted on a nitrocellulose
membrane (previously soaked in Tris/glycine transfer buffer
containing 20%methanol) using aMillipore dot-blot apparatus.
The nitrocellulose membrane was blocked with 5% BSA in PBS
containing 250 �M fatty acid mixture. The nitrocellulose mem-
brane was then incubated for 2 h with purified haptoglobin or
haptoglobin-hemoglobin complex (7.5 �M each) in PBS con-
taining 250 �M fatty acid mixture. The membrane was washed
three times with PBS containing 250 �M fatty acid mixture.

�2m-bound haptoglobin was detected using rabbit polyclonal
anti-haptoglobin antibody (1:1000) (LS-B32, LifeSpan Biosci-
ences) and horseradish peroxidase-conjugated anti rabbit IgG
(1:5000) (PerkinElmer Life Sciences).
Effect of �2m Species on the Viability of Mouse Macrophage

RAW264.7 Cells—Cell viability was studied using theMTT cell
viability assay. RAW 264.7 mouse macrophage cells were
seeded in 96-well plates at a cell density of �8000 cells/well in
serum-free AIM V medium (Invitrogen). After 18 h of incuba-
tion at 37 °C and in 5% CO2, PBS-dialyzed samples of �2m,
formed in the absence or the presence of haptoglobin or hap-
toglobin-hemoglobin complex, were added to cells, and the
cells were incubated in AIMVmedium further for 24 h at 37 °C
and in 5% CO2. The formazan crystals, formed after the incu-
bation of cells withMTT (500�g/ml inAIMVmedium) for 2 h,
were solubilized in DMSO, and absorbance was measured at
570 nm. In all of the samples, the final concentration of �2m
corresponded to 18 �Mmonomeric �2m. The concentration of
haptoglobin in samples of �2m incubated along with haptoglo-
bin alone was 5.4 �M, and the concentrations of haptoglobin
and hemoglobin in samples of �2m incubated with the hapto-
globin-hemoglobin complex were 5.4 �M each. Final concen-
trations of haptoglobin or haptoglobin-hemoglobin complex
were 5.4 �M in control samples that did not contain �2m.
FITC Labeling of �2m Samples—�2m samples formed in the

presence or absence of haptoglobin were labeled with FITC
according to the manufacturer’s protocol. After labeling, the
samples were dialyzed against PBS to remove excess unreacted
FITC.
Live Cell Imaging of the Uptake and Localization of FITC-

labeled �2m Species Formed in the Presence or Absence of
Haptoglobin—RAW 264.7 cells were seeded in Labtek 4-well
glass chamber slides (Nunc, Thermo Fisher Scientific) in AIM
V medium and incubated for 24 h at 37 °C and in 5% CO2.
FITC-labeled �2m samples formed in the presence or absence
of haptoglobin were added to the cells at a �2mmonomer con-
centration of 30 �g/ml and incubated for 2.5 h at 37 °C and in
5% CO2. The cells were then washed twice with PBS. Lyso-
Tracker Red (25 nM) and Hoechst 33342 (2 �g/ml) were added
to cells, and cell images were acquired using an LSM 510 Meta
NLO confocal microscope (Carl Zeiss) with a �63 oil immer-
sion objective lens. Quantitative colocalization analysis was
performed by calculating Pearson’s correlation coefficient and
Mander’s overlap coefficient using the LSM 510 software.
Flow Cytometric Analysis of Cell-mediated Uptake and Deg-

radation of �2m Species—Cell-mediated uptake and degrada-
tion of �2m species formed in the presence or absence of hap-
toglobin was studied by flow cytometry using the protocol
essentially as described by Morten et al. (26). RAW 264.7 cells
were seeded in 6-well plates in AIM V medium and incubated
for 18 h at 37 °C and in 5% CO2. FITC-labeled �2m species
formed in the absence or presence of either haptoglobin or
haptoglobin-hemoglobin complex were added to the cells at a
�2m concentration of 12.5 �M and incubated for 4 h at 37 °C
and in 5% CO2. To monitor the cell-mediated degradation of
�2m samples, the cells were washed twice with PBS and further
incubated for 24 h at 37 °C in AIM V medium only (devoid of
any FITC-labeled protein samples). Flow cytometric analyses
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were carried out after washing the cells three times with PBS.
The intensity of cell-associated fluorescence was measured
by BD FACSCalibur flow cytometer. Cells were gated on
forward and side scatter to exclude cell debris, and 10,000
gated events were recorded. Data were analyzed using the
Cell Quest software.
Analytical Ultracentrifugation—Sedimentation velocity mea-

surements of �2m in the absence or presence of 250�M fatty acid
mixture were performed using anOptima XL-I analytical ultra-
centrifuge (Beckman Coulter, Fullerton, CA). The samples of
monomeric�2m (300�g/ml) in PBS (pH7.5),�2m (300�g/ml)
in PBS (pH 7.5) containing 250 �M fatty acid mixture (taken
immediately after adding the fatty acid mixture), and �2m (300
�g/ml) in PBS (pH 7.5) agitated in the presence of 250 �M fatty
acid mixture for 10 h at 37 °C were centrifuged in an An-60 Ti
rotor at 55,000 rpm, 37 °C. The molecular mass and the sedi-
mentation coefficient s20,w was calculated using the software
SEDFIT. We fitted the data with the continuous distribution
c(S) Lamm equation model, which uses the weight-averaged
frictional ratio. We also used the size and shape distribution
model of the type continuous c(S,M), which allows the individ-
ual frictional ratios of the species to vary.

RESULTS

Effect of Haptoglobin on the Fibril Formation of �2m—We
purified haptoglobin from human plasma by hemoglobin affin-
ity chromatography and anti-hemoglobin antibody affinity
chromatography as described under “Experimental Proce-
dures.” Three phenotypes of haptoglobin are known to occur in
the human population (schematically represented in Fig. 1a).

The haptoglobin that we isolated from plasma was found to be
Hp2-2, based on itsmobility in SDS-PAGE (Fig. 1b).We further
analyzed by mass spectrometry the haptoglobin preparation
after reducing the disulfide bonds using 1 mM tris(2-carboxy-
ethyl)phosphine hydrochloride. ESI mass spectrometry shows
the presence of the �2 chain (charge states 12� to 21�, yielding
amass of 15.94 kDa; Fig. 1c), whereas them/z peak correspond-
ing to the �1 chain could not be detected, confirming that the
preparation was Hp2-2.
Whether the Hp2-2 isoform exhibits molecular chaperone

activity against amyloid aggregation is not yet clear. We inves-
tigated the effect of Hp2-2 isoform (henceforth referred to as
haptoglobin) on the fibril formation of human �2m promoted
by physiologically relevant fatty acids. Fatty acids, such as pal-
mitic acid, stearic acid, and oleic acid, have been reported to be
present in the serum in a molar ratio of 3:1:3 (27, 28), and the
mixture of these fatty acids is known to promote the fibril for-
mation of �2m (7).
Fig. 2a shows the effect of haptoglobin on the de novo fibril

formation of�2mpromoted by 250�M fatty acidmixture at pH
7.5, as monitored by ThT fluorescence. The fluorescence of
ThT increases upon binding to amyloid fibrils (32). In the case
of the �2m sample in the absence of haptoglobin, the ThT fluo-
rescence increases with time and reaches a plateau at 40 h. Such
increase in ThT fluorescence was progressively decreased in
the presence of increasing concentrations of haptoglobin (Fig.
2a), indicating that haptoglobin prevents the fibril formation of
�2m. At a low �2m/haptoglobin ratio (1:0.075, mol/mol), hap-
toglobin prevented the fibril formation to an extent of �21%

FIGURE 1. Phenotypes of human haptoglobin. a, schematic representation of the three phenotypes. b, SDS-PAGE of purified haptoglobin. Lane 1, molecular
mass markers; lane 2, purified haptoglobin. The sample is homogeneous and exhibits bands corresponding to the � chain and �2 chain, indicating that it is
Hp2-2. The �1 and �2 chains are distinguishable on SDS-PAGE because they exhibit apparent mobilities corresponding to �14 and �20 kDa, respectively (29).
c, ESI mass spectrum of disulfide-reduced (by tris(2-carboxyethyl)phosphine hydrochloride) haptoglobin sample. The mass calculated from the m/z values of
various charged species is around 15,945 Da, corresponding to the �2 chain.
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(Fig. 2b). The percentage of prevention of fibril formation (%
protection) increased with increasing concentrations of hapto-
globin, and at a 1:0.3 (mol/mol) ratio of �2m/haptoglobin, the
amyloid fibril formation of �2m was almost completely pre-
vented (Fig. 2b).
Amyloid fibril formation of proteins or peptides is accompa-

nied by the generation of awell ordered cross-�-sheet structure
(34). We investigated the effect of haptoglobin on the associa-
tion-induced generation of the cross-�-sheet structure of �2m.
The far-UV CD spectrum of native monomeric �2m exhibited
a unique chiral structure (Fig. 2c, blue curve), which changed
upon treatment with the fatty acid mixture (Fig. 2c, black

curve), indicating a conformational change. The CD spectrum
of �2m obtained in the presence of the fatty acid mixture is
similar to the CD spectra of �2m reported earlier in the pres-
ence of the fatty acid, oleate (7), or in the presence of SDS (2, 35,
36). Under conditions that favor amyloid fibril formation (50-h
incubation with stirring in the presence of the fatty acid mix-
ture), �2m yielded a characteristic far-UV CD spectrum that
showed the generation of cross-�-sheet structure (Fig. 2c, red
curve). The far-UV CD spectrum (Fig. 2c, green curve) of the
sample of �2m in the presence of haptoglobin showed much
lower ellipticity in the region of 218–250 nm compared with
that of the fibril alone. Subtracting the CD signal contribution

FIGURE 2. Haptoglobin prevents de novo amyloid fibril formation of �2m promoted by the fatty acid mixture known to be present in serum. a, de novo
amyloid fibril formation of �2m in the presence of 250 �M serum fatty acid mixture (palmitate, stearate, and oleate in a 3:1:3 molar ratio) at pH 7.5, monitored
by ThT fluorescence in the absence of haptoglobin, (E) and at �2m/haptoglobin molar ratios of 1:0.075 (●), 1:0.150 (‚), 1:0.225 (Œ), and 1:0.30 (f). Data points
represent a mean of ThT measurements from four samples. Error bars, S.E. b, percentage of prevention (% protection) of amyloid fibril formation of �2m in the
presence of 250 �M fatty acid mixture (f) at different �2m/haptoglobin (Hp) molar ratios. The percentage of fibril formation was calculated by the formula, %
protection � (1 � (FHp/F0)) � 100, where F0 and FHp are ThT fluorescence of the sample in the absence and in the presence of haptoglobin. c, far-UV CD spectra
of native �2m (blue curve), �2m in the presence of the fatty acid mixture (black curve), amyloid fibrils of �2m (red curve), the sample of �2m incubated in the
presence of haptoglobin at a molar ratio of 1:0.30 under the fatty acid mixture-induced fibril forming conditions (green curve), and the same sample after
subtracting the signal contribution of haptoglobin (pink curve). MRM, mean residue mass ellipticity. The curves are representative of three independent
experiments. d, SDS-PAGE analysis. Lane M, molecular mass markers; T1, S1, and P1, total sample, soluble fraction, and insoluble/pellet fraction of �2m species
formed in the absence of haptoglobin; T2, S2, and P2, total sample, soluble fraction, and insoluble/pellet fraction of �2m species formed in the presence of
haptoglobin. e, Western blot analysis of the �2m species formed in the presence or absence of haptoglobin. The top panel was probed for �2m, whereas the
bottom panel was probed for haptoglobin. f, transmission electron microscope image of mature �2m amyloid fibrils formed in the presence of 250 �M fatty acid
mixture at pH 7.5, in the absence of haptoglobin. g, transmission electron microscope image of the sample of �2m (plus 250 �M fatty acid mixture) incubated
in the presence of haptoglobin at a molar ratio of 1:0.30. Scale bars in f and g, 200 nm. a.u., arbitrary units.
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of haptoglobin alone from that of the mixture (Fig. 2c, pink
curve) did not show such a characteristic fibrillar�-sheet struc-
ture; rather, it resembled the CD spectrum of �2m in the pres-
ence of the fatty acid mixture (Fig. 2c, black curve). Thus, this
result indicates that haptoglobin prevents the association-in-
duced �-sheet generation of �2m.

The possibility of the loss of CD signal due to the formation
of amorphous aggregates in the sample was analyzed by centri-
fuging the sample and subjecting the supernatant and the pellet
to SDS-PAGE (Fig. 2d). Upon fibril formation (in the absence of
haptoglobin), no detectable �2m was found in the supernatant
(Fig. 2d, lane S1), and almost all �2m partitioned into the insol-
uble pellet fraction (Fig. 2d, lane P1). On the other hand, in the
presence of haptoglobin, almost all of the�2mwas recovered in
the supernatant (Fig. 2d, lane S2), and no detectable �2m was
found in the pellet fraction (Fig. 2d, lane P2). These results show
that the loss of CD signal of�2m in the presence of haptoglobin
is due to the formation of soluble �2m species and not due to
the formation of amorphous aggregates. Analysis of the super-
natant and pellet fractions on a Western blot, probed using
antibodies to �2m and haptoglobin, showed the presence of
�2m and haptoglobin in the supernatant, confirming the for-
mation of soluble �2m species in the presence of haptoglobin
(Fig. 2e).
The presence of matured fibrils could be seen in the electron

micrograph of the �2m sample (Fig. 2f) but not in the presence
of haptoglobin (Fig. 2g). Thus, all of these results show that
haptoglobin not only prevents the amyloid fibril formation of

�2m but also keeps it in a soluble state without forming detect-
able amorphous insoluble aggregates. It is also to be noted that
haptoglobin, even at substoichiometric ratios, prevents the
amyloid fibril formation of �2m at pH 7.5 almost completely.
We also tested the effect of the most abundant plasma pro-

tein, serum albumin, and the acute phase plasma protein, ferri-
tin (whose molecular mass is comparable with that of hapto-
globin), on the fibril formation of �2m. However, unlike
haptoglobin, these proteins did not prevent the fatty acid mix-
ture-induced fibril formation of �2m, although BSA delays the
onset of fibril formation to some extent, as monitored by the
ThT fluorescence (Fig. 3a). Transmission electron microscopy
of the samples of �2m in the presence of BSA or ferritin
revealed the presence of matured fibrils (Fig. 3, b and c). Inter-
estingly, the ability of haptoglobin to prevent amyloid fibril for-
mation also appears to be target protein-dependent because it
did not prevent the fatty acid mixture-induced fibril formation
of �-synuclein, as monitored by ThT fluorescence (Fig. 4a) and
transmission electron microscopy (Fig. 4, b and c).
Haptoglobin Prevents the Acquired Cytotoxicity of �2m upon

Fibril Formation—It is generally believed that soluble oligo-
mers are cytotoxic, whereas amyloid fibrils are less cytotoxic or
relatively inert species (37). However, the fibrils of �2m have
been reported to be cytotoxic (38). We investigated whether
haptoglobin has any effect on such acquired cytotoxicity of
�2mupon amyloid fibril formation. AnMTT assay of cells after
24 h incubation with �2m fibrils or species formed in the pres-
ence of haptoglobin is shown in Fig. 5a. Incubation of mouse

FIGURE 3. Effect of BSA and ferritin on the de novo fatty acid mixture promoted amyloid fibril formation of �2m. a, serum fatty acid mixture (250 �M)
promoted de novo amyloid fibril formation of �2m alone at pH 7.5, monitored by ThT fluorescence, (f), in the presence of BSA (●), and in the presence of ferritin
(Œ). Molar ratios of �2m/BSA and �2m/ferritin were 1:0.30. Shown are transmission electron microscope images of the sample of �2m (plus 250 �M fatty acid
mixture) incubated in the presence of BSA (b) and ferritin (c) at a molar ratio of 1:0.30. Scale bars in b and c, 200 nm. a.u., arbitrary units.

FIGURE 4. Effect of haptoglobin on the de novo fatty acid mixture promoted amyloid fibril formation of �-synuclein. a, serum fatty acid mixture (250 �M)
promoted de novo amyloid fibril formation of �-synuclein alone at pH 7.5, monitored by ThT fluorescence (f) and in the presence of haptoglobin (●) at a molar
ratio of 1:0.30. Shown are transmission electron microscope images of the sample of �-synuclein (plus 250 �M fatty acid mixture) incubated in the absence (b)
and in the presence of haptoglobin (c) at a molar ratio of 1:0.30. Scale bars in b and c, 100 nm. a.u., arbitrary units.
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macrophage RAW 264.7 cells with monomeric �2m alone or
haptoglobin alone did not affect the viability of the cells. In
these cases, the cell viability was between 80 and 90%.However,
when cells were incubated in the presence of �2m fibrils (cor-
responding to a monomeric �2m concentration of 18 �M), a
drastic reduction in the viability of cells (�40%cell viability; Fig.
5a) was observed. These results are in good agreement with the
observation of Radford’s group (38) that the �2m fibrils are
highly cytotoxic.
When RAW 264.7 cells were treated with the sample of �2m

incubated (for�50 h) in the presence of haptoglobin, there was
only a marginal decrease in the cell viability to 76%, compared
with 81% cell viability in control cells (Fig. 5a). Thus, haptoglo-
bin could inhibit fibril formation and the acquired cytotoxicity.
However, treating the preformed fibrils with haptoglobin nei-
ther led to dissociation of the fibrils (Fig. 5b) nor reduced their
associated cytotoxicity (Fig. 5a).

�2m Fibrils Are Resistant to Lysosomal Degradation and
Haptoglobin Populates �2m Species That Are Susceptible to
Degradation—We next investigated whether the �2m species
formed in the presence of haptoglobin can be internalized by
RAW 264.7 cells and cleared from the extracellular space. We
incubated RAW 264.7 cells with FITC-labeled samples of �2m
fibrils or �2m species formed in the presence of haptoglobin.
Confocal microscopy shows that FITC-labeled �2m fibrils
colocalized with LysoTracker Red, showing that �2m fibrils
were localized to the lysosomes of RAW 264.7 cells (Fig. 6a).
The species of�2m formed in the presence of haptoglobinwere
also localized to the lysosomes (Fig. 6b). We performed quan-
titative estimation of colocalization of FITC-labeled �2m sam-
ples with LysoTracker Red by measuring Pearson’s correlation
coefficient and Mander’s overlap coefficient. The fluorescence
intensity profiles and colocalization results for �2m fibrils are
shown in Fig. 6, c and d, and those for �2m species formed in
the presence of haptoglobin are shown in Fig. 6, e and f. These
results clearly demonstrate that the �2m fibrils as well as the

�2m species formed in the presence of haptoglobin localize to
the lysosomes.
In order to address the susceptibility of the �2m species to

lysosomal degradation, we monitored the cell-associated fluo-
rescence using flow cytometry with time. Our study shows that
the cell-associated fluorescence of �2m fibrils (FITC-labeled)
persists in the RAW 264.7 cells over the chase period of 24 h,
indicating that the fibrils are resistant to lysosomal degradation
(Fig. 6g). This finding is consistent with the earlier observation
of Morten et al. (26), that �2m fibrils are localized to the lyso-
somes and are resistant to lysosomal degradation (26). On the
other hand, the cell-associated fluorescence of the species of
�2m formed in the presence of haptoglobin decreased and
came to the basal control level during the 24-h chase period
(Fig. 6h). Our study shows for the first time that the species of
�2m formed in the presence of haptoglobin are localized to the
lysosomes and readily undergo lysosomal degradation during
the chase period. Thus, haptoglobin has a potential role in �2m
turnover by way of its ability to prevent the amyloid fibril for-
mation of �2m and the consequently acquired cytotoxicity and
resistance to intracellular degradation.
pH Dependence of the Chaperone Activity of Haptoglobin;

Relevance to InflammatoryConditions—�2mamyloidosis leads
to chronic inflammation (39, 40), which is known to be associ-
atedwith a lowering of pHup to 5.5 (25).Morten et al. (26) have
demonstrated that �2m undergoes fibril formation at lyso-
somal pH (pH 4.5) (41); it also undergoes fibril formation in
much harsher acidic conditions (10, 42–44). We therefore
studied the effect of haptoglobin on the fibril formation of �2m
under different pH conditions. We found that in buffer alone,
haptoglobin did not prevent the fibril formation significantly at
either pH 4.5 (Fig. 7a) or at pH 2.5 (Fig. 7, b–d).
At a �2m/haptoglobin ratio of 1:0.225 (mol/mol), haptoglo-

bin did not prevent the fibril formation of �2m at pH 4.5 in the
presence of the fatty acid mixture as well (Fig. 7e). However, it
prevented the fibril formation significantly atmoderately acidic

FIGURE 5. Cytotoxicity of �2m species formed in the presence and absence of haptoglobin in mouse macrophage RAW 264.7 cells. a, viability of RAW
264.7 cells upon treatment with the samples of �2m species formed in the presence or absence of haptoglobin as monitored by the MTT assay. Cell viability
upon treating with preformed fibrils along with haptoglobin is also shown. Results are the average measurements of four independent samples in a given
experiment; p � 0.001, one-way analysis of variance. Error bars, S.E. b, stability of the preformed mature �2m amyloid fibrils in the presence of haptoglobin.
Haptoglobin was added to preformed mature amyloid fibrils at a �2m/haptoglobin ratio of 1:0.3 (mol/mol). Aliquots of the sample were withdrawn at the
indicated time points, and ThT fluorescence was measured. a.u., arbitrary units.
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conditions (pH 5.5 and 6.5) relevant to physiological acidosis
(Fig. 7e). At pH 5.5, the prevention of amyloid fibril formation
induced by the fatty acidmixture was 23%, whereas at pH 6.5, it
was 57% (Fig. 7e). At pH 7.5, haptoglobin prevented the fibril
formation of �2m very efficiently (Figs. 2 and 7e). Thus, the
chaperone activity of haptoglobin is optimal at around neutral
pH. It is important to note that under conditions of local acido-
sis that occur physiologically at sites of inflammation (between
pH 5.5 and 6.5) (25), haptoglobin prevents the amyloid fibril
formation of �2m significantly although relatively less than at
normal physiological pH conditions.
Haptoglobin-Hemoglobin Complex Prevents �2m Fibril For-

mation and the Associated Cytotoxicity and Resistance to Lyso-
somal Degradation—Haptoglobin is known to form a complex
with hemoglobin with high affinity (18), and this complex for-

mationmediates the hemoglobin degradation (18, 45).We per-
formed gel filtration chromatography on complexes of hapto-
globin with hemoglobin mixed at various molar ratios. On a
Superose 12 gel filtration column, haptoglobin and hemoglobin
elute as distinct peaks. Thus, the complex formation of hapto-
globin and hemoglobin could be readily monitored (Fig. 8a).
We found that at a 1:1 mol/mol ratio of haptoglobin to hemo-
globin, hemoglobin was completely complexed with haptoglo-
bin (Fig. 8, b and inset), and any further increase in the concen-
tration of hemoglobin led to saturation of the complex peak and
increase in the free hemoglobin peak, indicating that the stoi-
chiometry of the complex is 1:1 (Fig. 8, b and inset). Our pre-
liminary study of isothermal titration calorimetry of the inter-
action of haptoglobin with hemoglobin showed a characteristic
binding isotherm at pH 7.5 with a stoichiometry close to 1 (data

FIGURE 6. Uptake, intracellular localization, and degradation of �2m species formed in the presence and absence of haptoglobin in mouse macro-
phage RAW 264.7 cells. Uptake and intracellular localization of FITC-labeled �2m fibrils (a), and �2m species (b) formed in the presence of haptoglobin. The
first panel in a and b shows the intracellular localization of FITC-labeled �2m samples (green), the second panel shows the LysoTracker Red staining, and the third
panel shows the merged image (yellow), indicating the localization of FITC-labeled �2m samples to the lysosomes. Scale bars in a and b, 20 �m. c, colocalization
profile of FITC-labeled �2m amyloid fibrils with LysoTracker Red dye in the pixels falling on the arrow shown in the figure. The fluorescence peaks of channel 2
(green) overlap with the fluorescence peaks of channel 3 (red), indicating colocalization. d, quantitative estimation of colocalization of �2m amyloid fibrils with
LysoTracker Red was done by calculating Pearson’s correlation coefficient and Mander’s overlap coefficient. e, colocalization profile of FITC-labeled �2m
species formed in the presence of haptoglobin with LysoTracker Red dye in the pixels falling on the arrow shown in the figure. The fluorescence peaks of
channel 2 (green) overlap with the fluorescence peaks of channel 3 (red), indicating colocalization. f, quantitative estimation of colocalization of �2m species
formed in the presence of haptoglobin with LysoTracker Red was done by calculating Pearson’s correlation coefficient and Mander’s overlap coefficient. In d
and f, MI, mean intensity; SD, standard deviation; CC, colocalization coefficient; WCL, weighted colocalization coefficient. Shown is flow cytometry analysis of
the FITC-labeled �2m samples formed in the absence of haptoglobin (g) and in the presence of haptoglobin (h). Black line, cell-associated fluorescence of
control untreated cells; magenta line, cell-associated fluorescence after a 4-h incubation with FITC-labeled �2m samples. After a 4-h incubation with FITC-
labeled �2m samples, the cells were washed with PBS and further incubated in AIM V medium for 24 h, and the cell-associated fluorescence was monitored as
indicated by the blue line.

FIGURE 7. pH-dependent chaperone activity of haptoglobin toward the de novo amyloid fibril formation of �2m. a, amyloid fibril formation of �2m at pH
4.5 monitored by ThT fluorescence in the absence and in the presence of Hp. b, amyloid fibril formation of �2m at pH 2.5 monitored by ThT fluorescence in the
absence of Hp (E) and at �2m/Hp molar ratios of 1:0.2 (●), 1:0.4 (‚), 1:1.0 (Œ), and 1:2.0 (f). Data points represent a mean of ThT measurements from four
samples. Error bars, S.E. c, transmission electron microscope image of mature �2m amyloid fibrils formed at pH 2.5, in the absence of Hp. d, transmission
electron microscope image of the sample of �2m incubated at pH 2.5 in the presence of Hp at a molar ratio of 1:0.2. Scale bars in c and d, 100 nm. e, percentage
of prevention of amyloid fibril formation of �2m (induced by the fatty acid mixture (250 �M)) by haptoglobin at a molar ratio of 1:0.225 at the indicated pH. The
percentage of fibril formation was calculated by the formula, % protection � (1 � (FHp/F0)) � 100, where F0 and FHp are ThT fluorescence of the sample in the
absence and in the presence of haptoglobin. Results are the average of ThT measurements of four independent samples in a given experiment; p � 0.0001,
one-way analysis of variance. Error bars, S.E. The results shown are representative of three independent experiments.
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not shown). Our results are in agreement with the stoichiome-
try found based on SPR results of haptoglobin-hemoglobin
complex formation by Kristiansen et al. (18) and the crystal
structure of the haptoglobin-hemoglobin complex by Ander-
sen et al. (46), where the � chain of haptoglobin interacts with
the ��-dimer of hemoglobin (46).

Fluorescence of intrinsic or extrinsic probes of hemoglobin is
known to be strongly quenched by resonance energy transfer to
the heme (47). It is known that the intrinsic fluorescence of
haptoglobin (Hp1-1 phenotype) is quenched upon complex
formation with hemoglobin (48). We studied the quenching of
intrinsic tryptophan fluorescence of haptoglobin upon adding
hemoglobin at 1:1 (mol/mol) ratio. We found that the intrinsic
fluorescence of haptoglobin was quenched to an extent of
�50% in the presence of hemoglobin (Fig. 8c).
We mixed haptoglobin and hemoglobin at a 1:1 ratio by

molarity and investigated the effect of the haptoglobin-hemo-
globin complex on the amyloid fibril formation of �2m in the
presence of the fatty acid mixture under different pH condi-

tions. The percentage of prevention of fibril formation of �2m
by the haptoglobin-hemoglobin complex was found to be
�93%, 63, and 26% at pH 7.5, 6.5, and 5.5, respectively, which
was higher than that found in the case of haptoglobin alone at
the respective pH conditions (Fig. 8d). However, hemoglobin
alone also offered some protection, although it wasmuch lower
than that offered by haptoglobin (Fig. 8d). At pH 4.5, neither
haptoglobin, hemoglobin, nor theirmixture prevented the fibril
formation of �2m (Fig. 8d). Because free hemoglobin also
exhibits some chaperone activity, we incubated haptoglobin
with a 5-foldmolar excess of hemoglobin and purified the com-
plex using gel filtration chromatography. The results of the
chaperone activity of the purified complex (Fig. 8d, inset) are
also very similar to those shown in Fig. 8d.
As observed in the case of haptoglobin alone (Fig. 5a), the hap-

toglobin-hemoglobin complex could also prevent the acquired
cytotoxicity (Fig. 9a). The �2m species formed in the presence of
haptoglobin-hemoglobin complex localized to the lysosomes (Fig.
9, b–d) and underwent intracellular degradation (Fig. 9e).

FIGURE 8. Complex formation of haptoglobin with hemoglobin and chaperone activity of the complex toward amyloid fibril formation of �2m. a,
Superose 12 gel filtration chromatography elution profile of haptoglobin alone (2 �M), hemoglobin alone (2 �M) and haptoglobin-hemoglobin complex at 1:1
molar ratio (2 �M each). b, Superose 12 gel filtration chromatography elution profile of haptoglobin mixed with hemoglobin at various molar ratios. Shown are
elution profiles of haptoglobin alone (black curve) and of haptoglobin mixed with hemoglobin at molar ratios of 1.0:0.5 (red curve), 1.0:1.0 (green curve), and
1.0:2.0 (blue curve). b (inset), plot of peak absorbance (at 8-ml elution volume) versus molar ratio of haptoglobin to hemoglobin complex. Molecular mass
markers used for calibration are thyroglobulin (669 kDa) (A), conalbumin (75 kDa) (B), ovalbumin (43 kDa) (C), and carbonic anhydrase (29 kDa) (D). c, quenching
of the fluorescence of haptoglobin upon complex formation with hemoglobin. Shown is intrinsic tryptophan fluorescence of 2 �M haptoglobin alone (curve 1)
and in the presence of 2 �M hemoglobin (curve 2). Hemoglobin alone (2 �M) exhibits negligible fluorescence (curve 3). d, comparison of the pH-dependent
variation of the chaperone activity of haptoglobin alone (hatched bars), hemoglobin alone (open bars) and the haptoglobin-hemoglobin complex (gray bars)
toward the amyloid fibril formation of �2m. d (inset), chaperone activity of the purified haptoglobin-hemoglobin complex (using a Superose 12 gel filtration
column as described under “Experimental Procedures”) toward amyloid fibril formation of �2m. Results are the average of ThT measurements of four
independent samples in a given experiment; p � 0.0001, one-way analysis of variance. Error bars, S.E. The figures are representative of three independent
experiments. a.u., arbitrary units.
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Involvement of Hydrophobic Surfaces in the Chaperone Activ-
ity of Haptoglobin or Haptoglobin-Hemoglobin Complex—To
investigate the role of hydrophobic surfaces in the chaperone
activity of haptoglobin, we used haptoglobin (or the haptoglo-
bin-hemoglobin complex) photochemically cross-linked with
bis-ANS. We studied the effect of cross-linked haptoglobin (or

haptoglobin-hemoglobin complex) on the amyloid fibril forma-
tion of �2m at a �2m/haptoglobin ratio of 1:0.225 (mol/mol).
Bis-ANS-cross-linked haptoglobin prevents �2m fibril forma-
tion to an extent of only �32% (Fig. 10a), a drastic decrease in
chaperone activity when compared with that in the case of hap-
toglobin alone at this ratio (�80%; Fig. 2a) or irradiated control
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(without bis-ANS) of haptoglobin (�73%; Fig. 10a). A similar
reduction in the chaperone activity was found for the haptoglo-
bin-hemoglobin complex (from �83 to �51%; Fig. 10b) upon
bis-ANS cross-linking. Thus, our results show that hydropho-
bic pockets (reported by the specific binding of bis-ANS) play
an important role in the chaperone activity of haptoglobin.
Prefibrillar Oligomeric Species of �2m Is Recognized by Hap-

toglobin and Haptoglobin-Hemoglobin Complex—We per-
formed dot-blot analysis to investigate the species of �2m on
the pathway of its fibril formation recognized by haptoglobin.
We initiated amyloid fibril formation of �2m in the presence of
250 �M fatty acid mixture, as mentioned under “Experimental
Procedures.” There was no increase in the ThT fluorescence of
the�2m sample until 10 h of incubation. The ThT fluorescence
gradually increased beyond this time point and increased
sharply after 20 h of incubation (Fig. 11a). During the course of
�2m fibril formation, 10�l of the�2m sampleswerewithdrawn
from the reaction mixture at the indicated time points. These
samples were then spotted on the nitrocellulosemembrane and
incubated with either haptoglobin alone or with the hapto-
globin-hemoglobin complex and subsequently washed with
buffer. The blots were probed for haptoglobin using anti-hap-
toglobin antibodies. It was observed that haptoglobin inter-
acted with the species formed at around 10–15 h during the
course of the�2m fibril formation, where the ThT fluorescence is
negligible (Fig. 11b). It neither recognized the �2m species at the
zero time point nor recognized the fibrils that have high ThT flu-

orescence (beyond 25 h). A similar observation was made for the
haptoglobin-hemoglobin complex as well (Fig. 11b).

We also performed isothermal titration calorimetry of the
interaction, if any, of haptoglobinwithmonomeric�2mor�2m
fibrils and found that the results do not show a characteristic
binding isotherm indicative of any stable interaction (data not
shown). Thus, haptoglobindoesnot exhibit detectable interaction
with monomeric �2m or �2m fibrils but interacts with certain
prefibrillar species on the pathway of the fibril formation. Due to
potential pH-dependent structural alteration in haptoglobin anti-
bodies as well as conformational changes of haptoglobin poten-
tially leading to differences in epitope exposures, we could not
carry out dot-blot analysis at lower pH conditions.
In order to characterize the species that is recognized by

haptoglobin, we performed sedimentation velocity measure-
ments of the�2m samples in the absence and in the presence of
the fatty acid mixture. We analyzed the sedimentation data
using the program SEDFIT. We fitted the data with two differ-
ent models: (i) continuous distribution c(S) Lamm equation
model and (ii) the size and shape distributionmodel of the type
continuous c(S,M). In both models of analysis, the sedimenta-
tion profile of native �2m gives an s20,w value of �2, corre-
sponding to a molecular mass of 12,000 Da (Fig. 11, c and f),
indicating that it is a monomer. The sedimentation velocity
measurement of the �2m sample performed immediately after
the addition of the fatty acid mixture also shows a sedimenta-
tion pattern similar to that of the native �2m, indicating a

FIGURE 9. Cytotoxicity, uptake, intracellular localization, and fate of �2m species formed in the presence and absence of haptoglobin-hemoglobin
complex in mouse macrophage RAW 264.7 cells. a, viability of RAW 264.7 cells upon treatment with the samples of �2m species formed in the presence or
absence of haptoglobin-hemoglobin complex, as monitored by an MTT assay. Cell viability upon treatment with preformed fibrils along with haptoglobin-
hemoglobin complex is also shown. Results are the average measurements of four independent samples in a given experiment; p � 0.001, one-way analysis
of variance. Error bars, S.E. b, uptake and intracellular localization of FITC-labeled �2m species formed in the presence of haptoglobin-hemoglobin complex.
The first panel shows the intracellular localization of FITC-labeled �2m samples (green); the second panel shows the LysoTracker Red staining; and the third
panel shows the merged image (yellow), indicating the localization of the FITC-labeled �2m samples to the lysosomes. Scale bars in b, 20 �m. c, colocalization
profile of FITC-labeled �2m species formed in the presence of haptoglobin-hemoglobin complex with LysoTracker Red dye in the pixels falling on the arrow
shown in the figure. The fluorescence peaks of channel 2 (green) overlap with the fluorescence peaks of channel 3 (red), indicating colocalization. d, quantitative
estimation of colocalization of �2m species formed in the presence of haptoglobin-hemoglobin complex with LysoTracker Red was done by calculating
Pearson’s correlation coefficient and Mander’s overlap coefficient. In d, MI, mean intensity; SD, standard deviation; CC, colocalization coefficient; WCL, weighted
colocalization coefficient. e, flow cytometry analysis of the FITC-labeled �2m samples formed in the presence of haptoglobin-hemoglobin complex. Black line,
cell-associated fluorescence of control untreated cells; magenta line, cell-associated fluorescence after a 4-h incubation with FITC-labeled �2m samples. After
a 4-h incubation with FITC-labeled �2m samples, the cells were washed with PBS and further incubated in AIM V medium for 24 h, and the cell-associated
fluorescence was monitored as indicated by the blue line.

FIGURE 10. Role of hydrophobic surfaces in the chaperone activity of haptoglobin or haptoglobin-hemoglobin complex. Chaperone activity of bis-ANS-
cross-linked haptoglobin and haptoglobin-hemoglobin complex toward de novo �2m amyloid fibril formation was monitored by ThT fluorescence. a, ThT
fluorescence intensity of de novo �2m fibrils formed in the presence of fatty acid mixture (E), in the presence of bis-ANS cross-linked (by irradiation at 254 nm)
to haptoglobin (f), and in the presence of irradiated (at 254 nm) haptoglobin control (Œ). The molar ratio of �2m to haptoglobin was 1:0.225. b, ThT
fluorescence intensity of de novo �2m fibrils formed in the presence of fatty acid mixture (E), in the presence of bis-ANS cross-linked (by irradiation at 254 nm)
to haptoglobin-hemoglobin complex (f), and in the presence of irradiated (at 254 nm) haptoglobin-hemoglobin control (Œ). The molar ratio of �2m to the
haptoglobin-hemoglobin complex was 1:0.225. a.u., arbitrary units.
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molecular mass corresponding to that of a monomer (Fig. 11, d
and g).
Analysis of the sedimentation profile of the sample incubated

with fatty acid mixture for 10 h (time point at which dot-blot
indicates recognition of �2m species by haptoglobin) using the
continuous distribution c(S) Lammequationmodel yielded two
peaks: one peak with a sedimentation coefficient value of �2
and a second relatively broad peak with a sedimentation coef-
ficient value around 7 (Fig. 11e). The first peak yielded amolec-
ular mass of �12 kDa, and the second peak gave an average
molecularmass of 78 kDa, corresponding to hexamer (Fig. 11e).
Similar results were obtainedwhen the datawere fittedwith the
size and shape distribution model of the type continuous c(S,
M); in addition to a major monomeric �2m component, higher
molecular mass species corresponding to oligomers (on average
hexamers) were also revealed (Fig. 11h). Thus, our study for the
first time shows that incubating�2mwith the fatty acidmixture at
37 °C for 10h results in amixture ofmonomers and soluble higher
oligomers on the pathway to�2m amyloid fibril formation. It is to
be noted that both models used for analysis of the sedimentation
data revealed the presence of hexameric species.

Because haptoglobin does not exhibit a detectable interac-
tion with monomeric �2m, the results (Fig. 11) taken together
show that haptoglobin or haptoglobin-hemoglobin complex
interacts with the soluble oligomeric species formed on the
pathway of the fatty acid-induced fibril formation of �2m.
The distribution plot (Fig. 11e) shows that a large proportion

of�2m ismonomeric (�80%), whereas only about 20% exists as
soluble oligomeric species. The fact that haptoglobin seems to
bind to the oligomeric species may explain why a substoichio-
metric concentration of haptoglobin is sufficient for the com-
plete prevention of �2m fibril formation.

DISCUSSION

Haptoglobin as a Potential Molecular Chaperone for �2m;
Role in PreventingAmyloid Fibril Formation, AcquiredCytotox-
icity, and Resistance to Intracellular Degradation—Amyloid
deposits of �2m occur in pathological conditions, such as dial-
ysis-related amyloidosis, primary localized cutaneous nodular
amyloidosis, and plasma cell-associated systemic amyloidosis
(49, 50). �2m is the major constituent protein of the amyloid
fibrils in dialysis-related amyloidosis, whose major clinical

FIGURE 11. Haptoglobin or haptoglobin-hemoglobin complex interacts with the fatty acid mixture-induced prefibrillar oligomers of �2m. a, ThT
fluorescence of fatty acid mixture-induced de novo �2m amyloid fibril formation; b, the corresponding dot-blot analysis of the species interacting with
haptoglobin (top) and haptoglobin-hemoglobin complex (bottom). Shown is the distribution of sedimentation coefficients of monomeric �2m (c), �2m sample
immediately after the addition of 250 �M fatty acid mixture (without incubation) (d), and fatty acid-induced species of �2m formed after 10-h agitation (e). The
concentrations of the �2m samples are 300 �g/ml. A color temperature plot indicates the relative distribution of monomeric �2m (f), �2m sample immediately after
the addition of fatty acid mixture (without incubation) (g), and fatty acid mixture-induced species of �2m formed after 10-h agitation (h). a.u., arbitrary units.
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manifestations are carpal tunnel syndrome and destructive
arthropathy associated with cystic bone lesions (4).
Understanding factors that modulate the amyloid fibril for-

mation of �2m is important to combat �2m-amyloid-related
diseases. Interestingly, haptoglobin, an abundant plasma pro-
tein (0.3–1.2 mg/ml; see Ref. 13), is emerging as a molecular
chaperone in the extracellular space (20, 21). However, the role
of haptoglobin in �2m amyloidosis is not completely under-
stood. A recent study by Ozawa et al. (12) provided indications
that haptoglobin can prevent �2m fibril formation. Our study
for the first time shows that substoichiometric concentrations
of haptoglobin could prevent the fatty acid (relevant physio-
logically)-induced amyloid fibril formation, the consequent
acquired cytotoxicity, and resistance to lysosomal degradation.
Thus, haptoglobin plays a role in �2m turnover by preventing
its amyloid fibril formation and populating the �2m species
that are non-cytotoxic and readily undergo intracellular degra-
dation. Haptoglobin is one of the few abundant proteins in the
plasma. Its ability to prevent the amyloid fibril formation of
�2m is important. Neither the most abundant plasma protein,
BSA, nor the acute phase plasma protein, ferritin, offers any
significant protection against the fibril formation of �2m.
As mentioned earlier, the level of haptoglobin increases sev-

eralfold during inflammation. Dialysis-related amyloidosis is

also associated with chronic inflammation (39, 40). Local aci-
dosis (pH as low as 5.5) is known to occur at the sites of inflam-
mation (25).�2mamyloidosis is found to be promoted by acidic
conditions (see Ref. 10; for review, see Ref. 26). Our study shows
that, compared with its activity at neutral pH, haptoglobin pre-
vents the fibril formation of �2m with decreased efficiency
under moderately acidic conditions (pH 5.5–6.5). However, it
is important to note that it can still significantly prevent amy-
loid fibril formation (at a level between 40 and 66% of that at
neutral pH). This result suggests that in the cases of physiolog-
ical acidosis, a characteristic feature of the inflammatory locus
where the pH is known to drop to 5.5 (25), haptoglobin is also
capable of chaperoning�2m, albeit with decreased efficiency. It
appears that, although there is partial loss in the chaperone
efficiency of haptoglobin under moderately acidic conditions,
the available total capacity is much higher, due to as high as
8-fold increase in its level (14), under inflammatory conditions
compared with normal conditions.
Haptoglobin-HemoglobinComplex Exhibits ChaperoneActivity

toward Amyloid Fibril Formation of �2m—The formation of a
high affinity complex of haptoglobin with hemoglobin (18) and
subsequent targeting to lysosomal degradation is a well estab-
lished mechanism of detoxification of circulating hemoglobin
(18, 45). This complex is known to prevent amyloid fibril for-

FIGURE 12. Schematic representation of the chaperone activity of haptoglobin toward the formation of cytotoxic amyloid fibrils of �2m. The model
shows that the serum fatty acid mixture (palmitate/stearate/oleate, 3:1:3 molar ratio) perturbs the �2m structure and promotes the formation of soluble
prefibrillar oligomers (on average hexamers), which nucleates the formation of cytotoxic amyloid fibrils of �2m that are resistant to lysosomal degradation.
Haptoglobin or the haptoglobin-hemoglobin complex interacts with the prefibrillar oligomers via hydrophobic interactions and prevents the fibril formation,
thus populating �2m species in non-cytotoxic, lysosomal degradation-prone states.
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mation of A� peptide and cc�w (22). Our results demonstrate
that the complex prevents the fibril formation of �2m, which is
comparable with that of the haptoglobin alone. Therefore, it
appears that hemoglobin complex formation with haptoglobin
does not affect the chaperone activity of haptoglobin signifi-
cantly either by masking of the chaperone sites or by an allos-
teric mechanism. Hemoglobin alone also offers some protec-
tion against fibril formation of �2m, which is much less
compared with that offered by haptoglobin. However, it is
important to note that the existence of free hemoglobin in cir-
culation is less likely and negligible. Therefore, the chaperone
activity of the complex, rather than that of free hemoglobin, is
of physiological relevance.
Prefibrillar Oligomer of �2m Is Recognized by Haptoglobin

and Haptoglobin-Hemoglobin Complex; Role of Native Hydro-
phobic Pockets—Our study, for the first time, shows that soluble
oligomers (on average hexamers) are detectably populated on
the pathway of fatty acid mixture-induced �2m amyloid fibril
formation; haptoglobin interacts with these species, preventing
amyloid fibril formation.Our study also shows that haptoglobin
does not exhibit a stable and detectable interaction with either
monomeric or fibrillar �2m. Because the oligomers that are
recognized by haptoglobin constitute a relatively small popula-
tion (�20% under our experimental conditions), substoichio-
metric concentrations of haptoglobin are sufficient to prevent
the fibril formation of �2m. Formation of soluble oligomers
consisting of about five molecules (pentamers) has been
reported on the SDS-induced amyloid fibril-forming pathway
(12, 35, 36) of�2m, and formation of soluble oligomers of about
fourmolecules (tetramers) has been reported on the acidic pH-
induced amyloid fibril-forming pathway (51). Also, haptoglo-
bin was earlier shown to recognize prefibrillar species of A� on
the pathway of its amyloid fibril formation (22). Therefore, it
appears that haptoglobin recognizes prefibrillar oligomers of
some amyloidogenic proteins or polypeptides. Our study fur-
ther shows that, whereas the�2m fibrils are cytotoxic (in agree-
mentwith the results of Xue et al. (38)), the soluble�2m species
populated in the presence of haptoglobin are not cytotoxic and
readily undergo lysosomal degradation.
Occupation of the native hydrophobic pocket(s) of haptoglo-

bin by the hydrophobic dye, bis-ANS (cross-linked) leads to a
drastic decrease in the protective ability toward the fibril for-
mation of �2m. Thus, the hydrophobic pocket(s) on haptoglo-
bin is important for its ability to prevent fibril formation and
hence probably important for recognition of the prefibrillar
oligomeric species.

CONCLUSIONS

The role of haptoglobin as an extracellular molecular chap-
erone is emerging. Its role, particularly with respect to �2m
amyloidosis, has not been givenmuch attention previously.Our
present study shows a potential chaperone role of haptoglobin
for �2m, as depicted schematically in Fig. 12. It recognizes pre-
fibrillar oligomeric species of�2m through its native hydropho-
bic pocket(s) and prevents the fibril formation and the cytotox-
icity acquired upon fibril formation. Although the �2m fibrils
are resistant to lysosomal degradation, the species of �2m pop-
ulated in the presence of haptoglobin are soluble and suscepti-

ble to lysosomal degradation. Because some amount of hapto-
globin could be complexed with hemoglobin under certain
physiological conditions, our study also addressed the effect of
this complex on the fibril formation of �2m. The complex, like
haptoglobin, is capable of interacting with prefibrillar oligo-
meric species of �2m, preventing its fibril formation and the
acquired cytotoxicity. Our study also shows that haptoglobin
prevents the fibril formation of �2m significantly under condi-
tions of physiological acidosis (pH 6.5–5.5) relevant to condi-
tions of inflammation.
All of these results indicate that haptoglobin is a potent

molecular chaperone for �2m and exhibits a protective role in
�2m amyloidosis. Exploring the levels of haptoglobin in the
patients of �2m amyloid-related diseases and its age-related
changes would be expected to provide valuable information in
managing the pathology. Our present findings show the signifi-
cance of haptoglobin as an extracellular molecular chaperone in
the context of �2m amyloidosis and also contribute to a general
understanding of the extracellular quality control system.
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