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Biochemical and physiologic role of haptoglobin
Student: I-Hsiang Lai Advisor: Chair Prof. Simon JT Mao
Institute of Biochemical Engineering
National Chiao Tung University

Abstract

Haptoglobin (Hp) is an acute phase protein responsive to inflammation and infection. One
of the major functions of Hp is to capture released hemoglobin during excessive hemolysis
and to scavenge the hemoglobin-induced free radicals during oxidative stress.

Hp and somatic cell counts.(SCC) are sharply €levated in bovine milk following
intramammary administration of endotoxin or bacteria. However, the sources of milk Hp
responsible for such increase are'not fully understood. In this study, our results reveal that
milk Hp concentrations were correlated with SCC. “Reverse transcriptase-polymerase chain
reaction, Western blot, immunocytochemistry, double immunofluorescence, and Hp releasing
experiment demonstrate that neutrophils were associated with the biosynthesis and release of
Hp in milk. We propose neutrophils may play an essential role in elevating milk Hp in
addition to previous suggestions that Hp may be derived from mammary tissues and
circulation. During bovine mastitis, activated neutrophils produce significant amount of
reactive oxygen species which may cause tissue damage. Hp is an extremely potent

antioxidant that can directly scavenge the free radicals, it may there effectively utilize Hp to



attenuate such intracellular damage.

With respect to the antioxidant activity of Hp, we demonstrated that the antioxidant
activity was found to be associated with both Hp a and [ chains when assessed by
Cu?"-induced oxidation of low density lipoprotein. Interestingly, the antioxidant activity of
B chain was extremely potent and markedly greater than that of native Hp (3.5 x), a chain (10
x) and probucol (15 x). The present study provides a potential utility for the future design of
“mini-Hp” in developing a novel potent antioxidant. It may also provide a new insight in
understanding the mechanism involved in the antioxidant nature of Hp.

Using ruminant Hp, we found that deer Hp mimics -human Hp 2 containing a tandem
repeat over the a-chain based on-our cloned cDNA sequence:” Interestingly, the isolated deer
Hp is homogeneous and tetrameric as a (o-f)s, although the location of —SH groups
(responsible for the formation of polymers) is exactly identical to that of human. Most
interestingly, an a-chain monoclonal antibody (W1) known to recognize both dissociated
human and deer a-chains, only binds to the intact human Hp polymers, but not to deer Hp
tetramers. It implicates that the epitope of deer a-chain is no longer exposed on the surface
when forming tetramers. We propose that steric hindrance plays a major role in determining
the polymeric formation in human and deer polymers. Phylogenetic and immunochemical
analyses revealed that the Hp 2 allele of deer might have arisen at least 25 million years ago.

A mechanism involved in forming Hp tetramers is proposed and discussed, and the possibility



is raised that the evolved tetrameric structure of deer Hp might confer a physiological

advantage.

Collectively, this thesis presents evidence that neutrophils were associated with the

biosynthesis and release of Hp in milk. The major antioxidant domain of Hp was located in

the B chain. Phylogenetic analysis revealed that the Hp 2 allele of deer might have arisen at

least 25 million years ago. The evolved tetrameric structure of deer Hp might be of a

physiologic advantage.
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Chapter 1

Overview

Haptoglobin (Hp) is an acute phase protein, responsive to infection and inflammation,
ubiquitously present in the plasma of all mammals [1-4]. A recent study has found that Hp
also exists in lower vertebrates, bony fish but not in frog and chicken [5]. The most
frequently reported biological functions of the protein are to capture released hemoglobin (Hb)
during excessive hemolysis and to transport Hb to the liver [6]. The captured hemoglobin is
internalized by a macrophage/monocyte receptor, CD163, via endocytosis. Interestingly, the
CD163 receptor only recognizes.Hp and -hemoglobin .in complex, which indicates the
exposure of a receptor-binding neoepitope [6]. Thus, CD163 is identified as a hemoglobin
scavenger receptor. Besides the'recycling of Hb-iron, the formation of the Hp-Hb complex
possesses two additional benefits. First; Hp has a bacteriostatic effect by hampering the iron
requiring process of bacterial replication as shown in rats inoculated with pathogenic
Escherichia coli (E. coli) [7]. Second, Hp was assigned an antioxidant role by inhibiting
Hb-driven free radical oxidative tissue damage [8-9]. Recently, we have shown that Hp is an
extremely potent antioxidant, which directly protects low-density-lipoprotein (LDL) from
Cu’"-induced oxidation. The potency is markedly superior to probucol: one of the most
potent antioxidants used in antioxidant therapy [10-12]. Transfection of Hp ¢cDNA into

Chinese hamster ovary cells protects them against oxidative stress [11].



Human Hp 1is originally synthesized as a single of polypeptide; following

posttranslational cleavage by a protease, o and B chains are formed and then linked by

disulfide bridges producing the mature Hp [13]. The gene is characterized by two common

alleles Hp 1 and Hp 2 corresponding to alf and a2 polypeptide chains, respectively,

resulting in three main phenotypes: Hp 1-1, 2-1 and 2-2. DNA encoding for these two

chains are linearly oriented in chromosome 16q22.1 [14] with 5 and 7 introns in Hp 1 and Hp

2, respectively. These introns, however, are exclusively located at the region corresponding

to the a chain [9]. The a2 contains a unique nonhomologous crossing-over in a part of the

al [15]. Hp 2-1 and 2-2 form polymers due.to an additional —SH group at the a2 chain,

which determines its phenotype specificity [16]. - “All the phenotypes share the same B chains,

each containing 245 amino-acid residues. The ol chain (each with 83 amino acids) is

“monovalent” forming one disulfide bridge with o and 3 subunit resulting in Hp dimer (au1f),.

In contrast, the a2 chain (each with 142 amino acids) is “divalent” containing one extra

free —SH that is able to interact with an additional a2. As such, a2 chains can bind to either

al or a2 chains to form large polymers [(a1B)2-(a2), in Hp2-1 and (a2f), in Hp2-2].

Because of its weaker binding affinity to hemoglobin and retarded mobility (or

penetration) between the cells, the polymeric structure of Hp 2-2 is dramatically more

prevalent in some groups of patients with certain diseases, such as diabetes and

inflammation-related diseases [17-19]. The human Hp 2 allele has been proposed to be



originated from Hp 1 about 2 million years ago and then gradually displaced Hp 1 as a

consequence of a nonhomologous crossing-over between the structural alleles (Hp 1) during

meiosis [20-22], and is the first example of partial gene duplication of human plasma proteins

[20,23-24]. Thus, only humans possess additional Hp 2-1 and 2-2 phenotypes.

All mammalian species studied to date have been shown to possess Hp.  Analysis of the

electrophoretic patterns of Hp-Hb complexes has suggested that most of mammals Hps are

similar to human Hp 1-1 [25]. Only the Hp found in the plasma of ruminants resemble

polymeric forms of human Hp 2-2 [26]. Structurally, bovine Hp is unique possessing only

Hp 2-2 phenotype [27-28] with molecular weight ranged from 660 to 730 kDa [28]. Their

size and hemoglobin binding complex are significantly larger than that of human Hp 2-2.

The amino-acid sequence deducted from the nucleotide sequence is similar to human Hp 2

containing a tandem repeat over the a chain. Thus, the Hp 2 allele is not unique in human.

Recently, we have found that there is one additional -SH group (Cys-97) in bovine a chain

with a total of 8 -SH groups, which may be responsible for the overall polymeric structure

that is markedly different from human Hp 2-2 [28].

1.1 Work objectives of present investigation

There are three objectives of this present dissertation:

1. Investigation of the relationship between milk Hp levels and somatic cell counts and



definition of the source of milk Hp from dairy cows with mastitis.

2. Production of the recombinant Hp subunits in Escherichia coli and determination of a

major antioxidant domain of human Hp.

3. Definition of the molecular evolution of mammals Hp and study of the polymeric

structure of deer Hp.

1.2 Neutrophils as one of the major haptoglobin sources in mastitis affected milk

(Paper 1)

Bovine Hp, while not abundantly expressed in.normal bovine plasma, is considered to be one

of the sensitive acute phase proteins during bactetrial infections [28-29]. Several studies

indicate that its concentration increases dramatically in both plasma and milk during clinical

mastitis of dairy cows [30-32]. In experimentally induced mastitis by intramammary

bacterial-challenge with Streptococcus uberis, the observed increase in milk Hp has been

suggested to originate from the circulation [33]. Hiss et al., 2004 also found elevated Hp in

bovine milk after intramammary endotoxin challenge. It was further observed that Hp could

be locally synthesized within the mammary gland [34]. However, the source of milk Hp

found in naturally occurring mastitis is poorly understood

The purpose of the present study was to define the source of milk Hp from dairy cows

with high somatic cell counts (SCC) (or mastitis). We investigated milk somatic cells for the



presence of Hp protein using Western blot, Hp mRNA expression using reverse

transcriptase-polymerase chain reaction (RT-PCR), partial cell typing using double confocal

immunofluorescence, and endogenously released Hp using ELISA. Finally, we localized Hp

in normal and mastitic mammary gland tissue and in cultured mammary epithelial cell line

(MAC-T). Our findings shows that the increased Hp was associated with neutrophils, in

which Hp was released into the medium in an ex Vvivo experiment. In mastitis affected

mammary glands, Hp was mainly localized within the epithelial cells. We also observed for

the first time that cultured epithelial MAC-T cells could synthesize Hp in vitro. In addition

to locally synthesized Hp within the mammary gland and Hp transferred from the circulation,

we propose that milk neutrophils' and mammary epithelium also contribute to milk Hp

concentrations.

1.3 Cloning and expression of human haptoglobin subunits in Escherichia coli:

delineation of a major antioxidant domain (Paper 2)

Since the purification for human native Hp and its corresponding o or B chain has been

difficult, the purpose of the present study was to effectively express each recombinant Hp

subunit and to localize its antioxidant domain(s). Using E. coli, we show that a1, a2, B, and

a2f chain was abundantly expressed and primarily present in the inclusion bodies consisting

of about 30% of the cell-lysate proteins. In human liver cells, however, the a2 is



postranscritionally cleaved into o and 3 chains between the residues Arg and Ile [35-36]. A
more recent study suggests that a complement Clr-like protease is responsible for the
cleavage [37]. Our data indicate that this protease is not present in the E. coli. Each cloned
subunit retained its immunoreactivity as confirmed using antibodies specific to a or 3 chain.
By circular dichroism, the structure of each expressed subunit was disordered as compared to
the native Hp. The antioxidant activity was found to be associated with both o and B chains
when assessed by Cu®"-induced oxidation of low density lipoprotein (LDL). Of remarkable
interest, the antioxidant activity of B chain was extremely potent and markedly greater than
that of native Hp (3.5 x), a chain (10 x).and probucol (15 x). The present study is a
clinically proved potent compound used for antioxidant' therapy. The ‘“unrestricted”
structure of B subunit may therefore render its availability for free-radical scavenge, which
provides a utility for the future design of a “mini-Hp” in antioxidant therapy. It may also
provide a new insight in understanding the mechanism or specific amino acids involved in the

antioxidant nature of Hp.

1.4 A unique tetrameric structure of deer plasma haptoglobin: an evolutionary
advantage in the Hp 2-2 phenotype with homogeneous structure (Paper 3)
Similar to blood types, human Hp is classified as three phenotypes: Hp 1-1, 2-1, and 2-2.

They are genetically inherited from two alleles Hp 1 and Hp 2, but there is only Hp 1-1



phenotype or Hp 1 in almost all the animal species [25]. The Hp 2-2 protein consists of

complicated large polymers cross-linked by a2- subunits or (a2-p3), (where n>3, up to 12 or

more) and is associated with the risk of the development of diabetic, cardiovascular, and

inflammatory diseases [17-19]. In the present study, we found that deer plasma Hp mimics

human Hp 2 containing a tandem repeat over the o-chain based on our cloned cDNA

sequence. Remarkably interesting, the isolated deer Hp is homogeneous and tetrameric as a

(a-B)s, although the location of —SH groups (responsible for the formation of polymers) is

exactly identical to that of human. Denaturation of deer Hp using 6M urea in reducing

condition (143 mM B-mercaptoethanol) followed by-renaturation still sustained the formation

of (a-f)s suggesting that the Hp tetramers are not randomly assembled. Interestingly, an

a-chain monoclonal antibody (W1) known to recognize both human and deer a-chains, only

binds to the intact human Hp polymers, but not to deer Hp tetramers. It implicates that the

epitope of deer a-chain is no longer exposed on the surface when Hp tetramers are formed.

We propose that steric hindrance plays a major role in determining the polymeric formation in

human and deer polymers. Phylogenetic and immunochemical analyses revealed that the Hp

2 allele of deer might have arisen at least 25 million years ago. A mechanism involved in

forming Hp tetramers is proposed and discussed, and the possibility is raised that the evolved

tetrameric structure of deer Hp might confer a physiological advantage.
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Chapter 2
Neutrophils as one of the major haptoglobin sources in mastitis affected

milk (Paper 1)

Abstract

The antioxidant haptoglobin (Hp) is an acute-phase protein responsive to infectious and
inflammatory diseases. Hp and somatic cell counts (SCC) are sharply elevated in bovine
milk following intramammary administration of endotoxin or bacteria. However, the
sources of milk Hp responsible for such increase are not fully understood. The purpose of
this study was to define the source of milk Hp from dairy cows with naturally occurring
mastitis. Quarter milk samples selected from 50 dairy cows were separated into four groups
according to SCC as group A: <100 (n=19); B: 100-200 (n=10); C: 201-500 (n=10); and D:
>500 x 10° (n=11) cells/mL. Our results reveal that milk Hp concentrations were correlated
with SCC (r=0.742; P<0.01), and concentrations in group D were ~10 fold higher than in
group A. Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis indicates that
the milk somatic cell cells from group D were not only capable of synthesizing Hp but could
also markedly increase Hp mRNA expression. Western blot, immunocytochemistry, double
confocal immunofluorescence, and Hp releasing experiment demonstrate that neutrophils

were associated with the biosynthesis and release of Hp in milk. It further shows that Hp
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was significantly elevated in the epithelium of mammary gland tissue with mastitis and was
also expressed in the cultured mammary epithelial cells. We propose neutrophils and
epithelial cells may play an essential role in elevating milk Hp in addition to previous
suggestions that Hp may be derived from mammary tissues and circulation.

Key words: haptoglobin / neutrophil / mastitis / MAC-T cells / immunocytochemistry

2.1 Introduction
Haptoglobin (Hp) is an acute phase protein responsive to inflammation and infection [1, 2, 3].
One of the major functions of Hp is to capture. released hemoglobin during excessive
hemolysis [4] and to scavenge the hemoglobin-induced free'radicals during oxidative stress
[5]. We have recently shown that Hp is an extremely potent antioxidant, which directly
prevents low-density-lipoproteins (LDL) from Cu? - and radical compound-induced oxidation
[6, 7]. Transfection of Hp cDNA into Chinese hamster ovary (CHO) cells protects them
against oxidative stress [7]. Structurally, bovine Hp is unique possessing only Hp 2-2
phenotype [8, 9] with molecular weight ranged from 660 to 730 kDa [9] which is different
from that of human expressed as Hp 1-1, 2-1, or 2-2.

Bovine Hp, while not abundantly expressed in normal bovine plasma, is considered to be
one of the sensitive acute phase proteins during bacterial infections [3, 9]. Several studies

indicate that its concentration increases dramatically in both plasma and milk during clinical
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mastitis of dairy cows [1, 10, 11]. In experimentally induced mastitis by intramammary

bacterial-challenge with Streptococcus uberis, the observed increase in milk Hp has been

suggested to originate from the circulation [12]. Hiss et al., 2004 also found elevated Hp in

bovine milk after intramammary endotoxin challenge [13]. It was further observed that Hp

could be locally synthesized within the mammary gland [13]. The source of milk Hp found

in naturally occurring mastitis is poorly understood.

The purpose of the present study was to define the source of milk Hp from dairy cows

with high somatic cell counts (SCC) (or mastitis). We investigated milk somatic cells for the

presence of Hp protein using . Western _blot, .Hp mRNA expression using reverse

transcriptase-polymerase chain reaction (RT-PCR), partial cell typing using double confocal

immunofluorescence, and endogenously released Hp using ELISA. Finally, we localized Hp

in normal and mastitic mammary gland ‘tissue and in cultured mammary epithelial cell line

(MAC-T). Our findings shows that the increased Hp was associated with neutrophils, in

which Hp was released into the medium in an ex Vvivo experiment. In mastitis affected

mammary glands, Hp was mainly localized within the epithelial cells. We also observed for

the first time that cultured epithelial MAC-T cells could synthesize Hp in vitro. In addition

to locally synthesized Hp within the mammary gland and Hp transferred from the circulation,

we propose that milk neutrophils and mammary epithelium also contribute to milk Hp

concentrations.
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2.2 Materials and methods

2.2.1 Sample collection and SCC

Quarter milk samples from individual cows (Bos taurus) were collected at the Yong Rong
Dairy Farm (Chyayi, Taiwan). SCC in each sample was measured using a Fossomatic 4000
cell counter (Foss Electric, Hillered, Denmark) at the Livestock Research Institute, Council of
Agriculture, Executive Yuan (Hsinchu, Taiwan). Quarter milk samples were then selected
and assigned to four groups according to SCC (A: < 100; B: 100-200; C: 201-500; and D: >

500 x 10° cells/mL with n = 19, 10,.10, and 11, respectively).

2.2.2 Purification of bovine Hp and preparation of anti-Hp antibodies

Native bovine Hp was isolated from the plasma using an anti-bovine Hp immunoaffinity
column, followed by gel-permeation chromatography (Superose-12) on a HPLC system as
previously described [9]. Mouse and rabbit polyclonal antibodies against bovine
recombinant Hp or mouse monoclonal antibody (mAb; 2H12) against bovine native Hp were

prepared in our laboratory according to previously established procedures [9, 14].

2.2.3 Determination of milk Hp levels using ELISA

Bovine milk Hp concentrations were determined using a commercial bovine Hp ELISA kit
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(Immunology Consultants Laboratory, Newberg, OR) according to the manufacture’s

instructions. One hundred pL of skimmed milk (1:10 dilution) were used for the

determination of Hp, while skimmed milk was prepared as previously described [15].

2.2.4 lIsolation of milk somatic cells and protein extraction

Milk somatic cells were isolated from 200 mL freshly collected milk. Briefly, milk samples

maintained at 4 °C were centrifuged at 1,000 g for 20 min at 4 °C. After removing the fat

layer and supernatant, the somatic cells were briefly washed twice with PBS at 4 °C and

maintained on ice. Total cell proteins were extracted using a lysis buffer containing 0.3%

Triton X-100 in PBS and sonicated at 4 °C for 5 min, followed by centrifugation at 10,000 g

for 10 min at 4 °C. The remaining supernatant was stored at -20 "C until analyses by

SDS-PAGE and Western blot.

2.2.5 Gel electrophoresis and Western blot

SDS-PAGE was carried out on 1.5-mm-thick slab gel, using a discontinuous system as

previously described [8]. Unless otherwise specified, the gel containing 15% (for reducing)

or 4% (for non-reducing samples) polyacrylamide was used with a top stacking gel of 5%

polyacrylamide. Approximately 20 pg of the protein was loaded onto the gels and each

tested sample was preheated at 100 °C for 10 min in a loading buffer (12 mM Tris-HCI, pH

-17-



6.8, 0.4% SDS, 5% glycerol, 0.02% bromphenol blue) with or without 140 mM

2-mercaptoethanol. The samples were then run for about 1.5 h at 100 V and stained by

Coomassie brilliant blue. Molecular-mass standard containing 12 prestained proteins

(3.5-260 kDa) was purchased from Invitrogen (Carlsbad, CA). Western blot analysis was

performed similar to that described previously [6].

2.2.6 Analysis of Hp mRNA expression of milk somatic cells

Total RNA was extracted from milk somatic cells using RNeasy mini kit (Qiagen, Hilden,

Germany) according to the manufacture’s instructions. The first strand cDNA was

synthesized using moloney murine leukemia virus (MMLYV) reverse transcriptase (Invitrogen).

Briefly, equal amount of total RNA (1 pg) was added to a reaction mixture containing 50 mM

Tris-HCI (pH 8.3), 10 mM dithiothreitol, 0.5 pg oligo (dT);s, 75 mM KCI, 3 mM MgCl,, 0.5

mM dNTP mix, 40 U of RNase inhibitor, and 200 U of MMLYV reverse transcriptase, and

proceeded at 37 °C for 50 min, followed by 70 °C for 15 min. Equal amount of total cDNA

(100 ng) was amplified by PCR using Hp specific primers, while using glyceraldehyde

3-phosphate dehydrogenase (GAPDH) as a house-keeping control. The primer design was

based on the published nucleotide sequence of bovine Hp [15] with

5’-TGCTGCAGGGATCATCGGTGGCTCATTGGA-3" and 5’-CGGAAAACCATCGCTAA

CAACTAAGCTTGGG-3’ as a forward and reverse primer, respectively. The GAPDH
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primers prepared were 5’-CCTGGAGAAACCTGCCAAGT-3" (forward) and 5°’-GCCAA
ATTCATTGTCGTACCA-3’ (reverse). The PCR cycling profile was 95 °C for 5 min
followed by 30 cycles at 94 °C for 30, 55 °C for 30 s, 72 °C for 50 s (or 30 s in GAPDH) with
a final extension at 72 °C for 10 min. The RT-PCR products (214 bp for GAPDH and 755
bp for Hp) were resolved on 1.5% agarose gel [14], followed by an ethidium bromide staining.
The band intensity corresponding to Hp was determined using a Quantity One software of Gel

Doc 2000 Gel Documentation System (Bio-Rad Laboratories, Hercules, CA).

2.2.7 Mammary epithelial cell culture (MAC-T).and Hp mRNA expression

MAC-T, an established and immortalized epithelial cell linevisolated from bovine mammary
tissue was cultured as previously-described [16, 17]. In general, the cells (1 x 10*cells per
well) were grown at 37 °C (5% CO,) in a 24-well culture plate in complete Dulbecco’s
modified Eagle medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum
(containing no immunoreactive bovine Hp), 50 pg/mL of streptomycin, and 50 IU/mL of
penicillin (Invitrogen). Hp mRNA expression were analyzed using RT-PCR similar to the

procedures described above.

2.2.8 Immunocytochemical staining of somatic and MAC-T cells and mammary tissues

The labeled streptavidin biotin kit (LSAB) (Dakocytomation, Glostrup, Denmark) was used
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for immunostaining according to the manufacturer’s instructions. In brief, cytospins

containing freshly isolated somatic or MAC-T cells were treated with ice-chilled methanol

(100%) for 15 min and then rehydrated by PBS. Cells were permeabilized in PBS

containing 0.3% Triton X-100 for 10 min, while the endogenous peroxidase was blocked by

incubating with 3% H,0,. After blocking with 2% gelatin, cells were incubated with

unlabeled mouse anti-CD5 mAb (lymphocyte marker), mouse anti-CD11b mAb (neutrophil

marker) (Serotec, Oxford, UK), or mouse anti-Hp polyclonal antibody for 1 h. The slides

were then incubated with biotinylated anti-mouse IgG for 30 min, followed by washes and

incubation with HRP-conjugated streptavidin. for 30 min. After washes, the slides were

developed with 3-amino-9-ethylearbazole (AEC) or 3,3’-diaminobenzidine (DAB) substrate

and counterstained with hematoxylin. = For normal and mastitic mammary tissues (n = 5

each), each section was deparaffinized in-a 50 °C oven for 10 min and then placed for two

5-min washes in xylene at 24 °C. The sections were rehydrated through sequential soakings

in 100, 95, 90, 80, and 50% alcohol for 2 min each, followed by final washes in deionized

water. The sections were then stained using procedures described above.

2.2.9 Double immunofluorescence using confocal laser scanning microscopy

Cytospin prepared cells used for localization of CDI11b and Hp were permeabilized as

described above. After blocking, cells were co-incubated with unlabeled mouse anti-CD11b



mADb and rabbit anti-Hp polyclonal antibody for 1 h. The slides were then incubated with a
mixture of fluorescent isothiocyanate (FITC) conjugated anti-mouse IgG and rhodamine
conjugated anti-rabbit IgG (Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h
in dark. Cells were washed with PBS before examination using a Fluoview FV500 confocal

laser scanning microscopy (Olympus, Tokyo, Japan).

2.2.10 Time course of Hp protein released from somatic cells in vitro

Two ml of isolated somatic cells (adjusted to 1 x 10*cells/mL at 4 °C) from Groups A and D
(n = 3 for each) were suspended in Roswell Park Memorial Institute medium (RPMI) 1640
medium (JRH Biosciences, Lenexa, KS) containing 100 pg/mL ampicillin with or without
protease inhibitor of 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma, St.Louis, MO) in
a test tube and were incubated at 37 °C for 0, 2, 4, 8 and 16 h, respectively, followed by
centrifugation at 1,000 g at 4 °C for 5 min. The supernatant was then subjected to ELISA for

the determination of Hp concentrations.

2.3 Results
2.3.1 Correlation between Hp levels and SCC in bovine milk
Selected bovine milk samples (n=50) were assigned into four groups according to their SCC

(A: <100; B: 100-200; C: 201-500; and D: > 500 x 10° cells/mL with n= 9, 10, 10, and 11,



respectively). The mean + SEM of milk Hp concentrations determined by an ELISA in

groups A, B, C, and D were 0.23 £ 0.08, 0.74 £ 0.23, 1.11 £ 0.28, and 2.22 + 0.53 pg/mL,

respectively. The mean Hp concentration of group D was ~10-fold higher than that of group

A (P < 0.001). The overall Hp concentrations were correlated with SCC (r = 0.742; P <

0.01).

2.3.2 Hp in milk somatic cells

Because Hp levels in the milk samples were positively correlated with SCC, we hypothesized

that somatic cells might contribute to the presence of Hp in milk. We extracted protein from

the somatic cells from the low (group A) and high' SCC (group D) to examine the presence of

Hp using a Western blot. Fig. 1+depicts the presence of Hp in group D, but not in group A.

It implicates the endogenous synthesis and expression of Hp between the analyzed cells of

groups A and D were different or/and altered. The electrophoretic pattern of bovine Hp

(non-reduced) is similar to that previously reported by our laboratory [9].

2.3.3 Endogenous expression of Hp mRNA in milk somatic cells

To determine whether somatic cells could endogenously synthesize Hp, RT-PCR for the

expression of Hp mRNA was conducted, while using GAPDH as a house-keeping control.

Fig. 2 shows that the Hp mRNA expression was progressively increased with the SCC (P <



0.001). The mean Hp mRNA expression in groups C and D were evidently higher than

those in groups A and B (P <0.001).

2.3.4 Somatic cell typing

To identify the cell types in group D, we used anti-CD5 (lymphocyte marker) and anti-CD11b

(neutrophil marker) mAb as a probe in immunostaining, while comparing group A as a

non-mastitis control. We found lymphocytes to be a major cell type in group A and

neutrophils the predominant cell type in group D (Fig. 3). The immunostaining was specific

because the background control using non-immuned sera or non-related mAb was negative.

2.3.5 Colocalization of Hp and CD11b in neutrophils using confocal microscopy

In addition to RT-PCR, we tested whether neutrophils could express Hp in situ. Somatic cells

isolated from group D enriched with neutrophils were examined for localization of Hp using a

double confocal laser scanning microscopy. Fig. 4 shows that all the neutrophils identified

by CD11b (in green FITC) exhibited expression of Hp (in red rhodamine), while no staining

was observed for cells treated with non-immuned sera or unrelated mAb.

2.3.6 Release of Hp from the somatic cell ex vivo

To test the hypothesis that the neutrophil enriched population secreted Hp, we collected the



somatic cells from the groups A and D (n=3 quarters for each) and investigated their Hp

secretion into the RPMI 1640 medium over time. Fig. 5 shows that both groups were able to

secrete Hp into the medium with a markedly greater secretion in group D than in group A.

Essentially, the released Hp reached maximal levels within the first 2 h tested. Thus, the

milk neutrophils not only express Hp but also release it into the milk.

2.3.7 Localization of Hp in mammary tissue and MAC-T cell

We used mouse anti-bovine Hp polyclonal antibody to localize the bovine Hp near the area of

alveoli in mammary tissues (n = 5). Results indicate that only mastitic mammary tissue

expressed Hp relative to normal tissue. Figs." 6A and 6B illustrate a typical example

showing that Hp was primarily localized at alveoli of mastitic mammary tissue, but not in the

normal tissues (Figs 6C and 6D). To provide additional evidence that mammary alveolar

epithelial cells can express Hp, we showed that cultured- MAC-T cells were able to express

Hp mRNA (panel of Fig. 6E). We further demonstrated the presence of Hp protein in

MAC-T cells using immunocytochemical staining (Figs. 6E and 6F).

2.4 Discussion

2.4.1 Correlation between Hp levels and SCC in bovine milk

The SCC of milk has been utilized as an indicator of mastitis because of its simple handling



procedures. In general, SCC of a quarter greater than 500 x 10’ cells/mL is considered to be
associated with mastitis [18, 19]. A limit of < 100 x 10’ cells/mL has been suggested for a
healthy quarter [20]. If the SCC exceeds 200 x 10° cells/mL, the quarter is likely to be
infected [21]. Results from the present study showed a 10-fold increase in Hp
concentrations in milk containing SCC > 500 x 10° (Group D) relative to SCC < 100 x 10°
(Group A). It suggests that the somatic cells were responsible for the elevation of Hp in milk,

at least in part.

2.4.2 Bovine Hp in milk somatic cells

Previous studies have proposed-that milk Hp can be derived from mammary tissues and
circulating blood following intramammary infection {22, 13].  Although the factors
attributed to the elevated milk Hp in naturally occurring mastitis are not fully understood, the
present study suggests that neutrophils in milk are a major source of milk Hp of cow with
mastitis. There are several lines of evidence to support this notion. First, Hp levels
determined by ELISA were positively correlated with the SCC in our group analyses in which
the increase in SCC was mostly attributed to neutrophils. Second, using Western blot
analysis Hp was found abundantly in the cell lysate of group D, but not in that of the normal
group A (Fig. 1). A recent study using matrix assisted laser desorption ionization-time of

flight-mass (MALDI-TOF-MS) indicates that Hp is present and concentrated within the



granules of bovine granulocytes isolated from peripheral blood of healthy cattle, although the

cell types (such as neutrophil) have not been specified [23]. Third, the Hp mRNA levels in

cells of the high SCC groups B-D were significantly higher than in the cells of the normal

group A, The underlying mechanism involved in high Hp expression in the higher SCC

groups appears to be related to the different cell types. We also observed that neutrophils

were the predominate cell type in group D, but not in group A when examined by

immunocytochemistry (data not shown). This suggests that neutrophils in high SCC milk

account for the major synthesis of Hp. Furthermore, using laser confocal scanning

microscopy, we observed that all the neutrophils isolated from the somatic cells were capable

of expressing Hp as determined by double immunofluorescence (Fig. 4). Fourth, these cells

not only synthesized Hp but also released it into milk (Fig.' 5).

This is the first study demonstrating that Hp 1s synthesized by cattle neutrophils using

RT-PCR, inconsistent with an early report indicating that human neutrophils do not produce

Hp [24]. In that study, the authors hypothesized that Hp of neutrophils was derived from the

liver and stored in specific granules via endocytosis [24]. While conducting our

investigation, a recent study reported that Hp can be released from human neutrophils [25]

indicating that the presence of Hp mRNA in human neutrophils, although the level of

expression was minimal. Taken together, it is conceivable that neutrophils may contribute to

the increased level of Hp in milk of cow with mastitis.
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2.4.3 Milk Hp from the other sources

It has been shown that Hp is expressed in the mammary tissue using ELISA and RT-PCR,

although the cell types involved were not specified [13]. Using an epithelial cell line

(MAC-T) and mammary gland tissue sections we further demonstrated that epithelial cells are

able to endogenously synthesize and express Hp (Fig. 6), consistent with results by Thielen et

al. [26] using an in situ hybridization on the epithelium of mastitic mammary tissue.

Another study has also suspected the presence of Hp in epithelium of alveolus [6].

Nonetheless, the localization of Hp.in bovine alveolar epithelium of mastitic tissue or cultured

MAC-T cells is now demonstrated in the present study (Fig. 6).

2.4.4 Remarks on Hp secretion into the milk and its physiologic function

This study shows that neutrophils and mammary epithelial cells represent an additional

extra-hepatic source of Hp in milk. The possible mechanism by which neutrophils migrate

into the alveolus of mammary gland and how Hp is recruited in milk are explained and

summarized in Fig. 7. The physiologic benefits of local Hp expression in mammary tissue

during infection remain illusive. During mastitis, activated neutrophils produce significant

amount of reactive oxygen species (in order to kill the bacteria) which may cause tissue

damage [27, 28, 29]. Hp is an extremely potent antioxidant that can directly scavenge the



free radicals, it may there effectively utilize Hp to attenuate such intracellular damage [7].
Further understanding of the role played by neutrophils as a source of Hp may provide insight

in to understanding an additional function of neutrophils in milk.
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(A) 15% SDS-PAGE (B) Western blot
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Figure 1. Typical SDS-PAGE" pattern and-Western blot analyses of milk somatic cell
lysate from groups A and D. (A) Coomassie blue staining of somatic cell lysate run on a
15% SDS-PAGE under reducing condition. (B) Western blot analysis of the isolated Hp and
somatic cell lysate under reducing (left panel with 15% SDS-PAGE) and non-reducing
conditions (right panel with 4% SDS-PAGE) using a mouse polyclonal antibody prepared

against bovine recombinant Hp. Lane M, molecular markers in kDa.
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Figure 2. Expression levels of Hp mRNA in somatic cells. (A) Expression of Hp mRNA
in milk somatic cells according to SCC (A: < 100; B: 100-200; C: 201-500; and D: > 500 x
10° cells/mL with n = 5 in each group). Equal amount of total cDNA (100 ng) was amplified
by PCR, using GAPDH as a house-keeping control. (B) Each bar represents the mean +

SEM. ™" P<0.001 as compared to group A.
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Figure 3. A typical example ‘of immunocytochemical staining between somatic cells
isolated from groups A and D. «Cytospin prepared cells were incubated with mouse
anti-CD5 (lymphocyte marker) (A and C) and anti-CD11b mAb (neutrophil marker) (B and
D), followed by standard procedures using a LSAB method. AEC was used as the

chromogenic substrate for CD5 or CD11b staining (in red), while hematoxylin was employed

for nuclear staining
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Figure 4. Colocalization of CD11b and Hp in milk neutrophils using confocal laser
scanning microscopy. CDI11b as a marker for neutrophils was visualized with a
FITC-conjugated second antibody (A and B). Likewise, Hp was visualized with a

rhodamine-conjugated second antibody (C and D).
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Figure 5. Time course of Hp protein released into RPMI 1640 medium by_somatic cells
from group A and D ex vivo. Freshly isolated somatic cells from milk samples of group A
and D (n = 3 of each group) at 4 °C were immediately suspended in RPMI 1640 and kept at
37 °C over time. Supernatant containing Hp was-determined using an ELISA. Protease
inhibitor (PMSF) was also added in parallel to each group in an attempt to minimize the Hp

degradation. Each bar represents the mean + SEM.
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Figure 6. Immunocytochemical localization of Hp in mammary gland and MAC-T cell.
Mammary tissues with (A and B) and without mastitis (C and D) were incubated with a
mouse anti-Hp polyclonal antibodies (A and C), while using normal non-immuned mouse
serum as a negative control (B and D). MAC-T cells were incubated with mouse anti-Hp
polyclonal antibodies (E), while using normal non-immuned mouse serum as a negative
control (F). DAB was used as a chromogenic substrate for Hp staining (in brown) and
hematoxylin was employed as a nuclear stain (in blue). Panel in E represents the Hp mRNA
expression (Lane 2) and DNA molecular weight markers (Lane 1) using RT-PCR. AV =

alveolar.
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Figure 7. Schematic diagram of hypothetical pathways for the presence of
bovine Hp in milk. There are at least four combined possible pathways for the
presence of Hp in milk during mastitis. First, inflammatory cytokines (TNF-a,
IL-1B, IL-6, and IL-8) may activate neutrophils and promote them to migrate through
the endothelium, subepithelial matrix, and basement membrane of blood and lymph
vessels into the infected mammary gland. Neutrophils then pass through the tight
junction between the alveolar epithelial cells and enter into the alveolus to secrete
cellular Hp (please see review article for more detail [30]) (pathway 1). Second,
plasma Hp of hepatic origin mimicking albumin and immunoglobulin [31, 32] is able
to directly enter into the epithelial cells via a receptor-mediated process and secrete
into alveolus (including endocytosis and exocytosis) (pathway 2). Third, plasma Hp
is able to spill into the udder by passive diffusion through a compromised
udder/vascular system barrier (pathway 3). Fourth, the mammary epithelial cells are

able to endogenously synthesize and express Hp in the alveolus (pathway 4).
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Chapter 3
Cloning and expression of human haptoglobin subunits in Escherichia coli:

delineation of a major antioxidant domain (Paper 2)

Abstract

Human plasma haptoglobin (Hp) comprises o and 3 subunits. The o subunit is heterogeneous
in size, therefore isolation of Hp and its subunits is particularly difficult. Using Escherichia coli,
we show that al, a2, B, and a2f3 chain was abundantly expressed and primarily present in the
inclusion bodies consisting of about 30% of the cell-lysate, proteins. Each cloned subunit
retained its immunoreactivity as confirmed using antibodies specific to a or [ chain. By
circular dichroism, the structure of each expressed subunit was disordered as compared to the
native Hp. The antioxidant activity was found to be associated with both o and 3 chains when
assessed by Cu’"-induced oxidation of low density lipoprotein (LDL). Of remarkable interest,
the antioxidant activity of  chain was extremely potent and markedly greater than that of native
Hp (3.5 x), a chain (10 x) and probucol (15 x). The latter is a clinically proved potent
compound used for antioxidant therapy. The “unrestricted” structure of 3 subunit may therefore
render its availability for free-radical scavenge, which provides a utility for the future design of a
“mini-Hp” in antioxidant therapy. It may also provide a new insight in understanding the
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mechanism involved in the antioxidant nature of Hp.
Keywords: Human haptoglobin; a and [ chains; cloning; mini-Hp fragment; antioxidant domain;

monoclonal antibody; structure; circular dichroism

3.1 Introduction

Haptoglobin (Hp) is an acute-phase protein present in all mammals [1-3]. One of the major
functions of Hp is to bind hemoglobin [4] and thereby prevent the oxidative tissue damage
mediated by free hemoglobin [5]. We have recently demenstrated that chemically modified Hp
losing its binding ability to hemoglobin, but is able to directly inhibit Cu®" induced LDL
oxidation [6]. In humans, Hp is originally synthesized as a single polypeptide containing both o
and B chains (Fig. 1A) [7]. Posttranslational cleavage between the Arg of a chain and Ile of
chain (followed by removal of Arg) results in the formation of a single o and B chain that is
subsequently linked by disulfide bridges to form mature Hp [8].

The Hp gene is characterized by two common alleles Hp 1 and Hp 2 corresponding to o1
and a2 polypeptide chains, resulting in three main phenotypes: Hp 1-1, 2-1 and 2-2. DNA
encoding for these two chains are linearly oriented in chromosome 16q22.1 [9] with 5 and 7
introns in Hp 1 and Hp 2, respectively. These introns, however, are exclusively located at the

region corresponding to the o chain [5]. The a2 contains a unique nonhomologous
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crossing-over in a part of the ol [10]. Hp 2-1 and 2-2 form polymers due to an additional -SH

group at the a2 chain, which determines its phenotype specificity [11]. All the phenotypes

share the same [} chains (each with 245 amino acids). The al chain (each with 83 amino acids)

is “monovalent” forming one disulfide bridge with a and  subunit resulting in Hp dimer (a.1)s.

In contrast, the a2 chain (each with 142 amino acids) is “divalent” containing one extra free —SH

that is able to interact with an additional a2. As such, a2 chains can bind to either al or a2

chains to form large polymers [(a1B)2-(a2B), in Hp2-1 and (a2P), in Hp2-2]. The polymeric

phenotypes have been reported to besmore prevalent in some groups of patients with certain

diseases, such as diabetic and autoimmune diseases [5,12-14].

The purposes of this study were to produce recombinant Hp (rHp) al, a2, B and a2

subunits in Escherichia coli expression system and to test whether E. coli contains a protease that

may specifically cleave the linear aff chain as that in mammalian cells [6,15], and to determine

which subunit of Hp possesses antioxidant activity. We demonstrated that E. coli was devoid of

a specific protease responsible for the cleavage of a and B chains. Each expressed o or P

subunit not only retained the immunoreactivity, but also possessed the antioxidant activity.

However, a major antioxidant domain was located in the B chain with a superior potency to

probucol. Remarkably interesting, the unfolded structure of Hp, based on circular dichroic

spectra, dramatically increased in antioxidant activity. The present study provides a potential
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utility for the future design of “mini-Hp” in developing a novel potent antioxidant. It may also

provide a new insight in understanding the mechanism or specific amino-acids involved in the

antioxidant nature of Hp.

3.2 Materials and methods

3.2.1 Materials

Escherichia coli IM109, M15 [pREP4], and the pQE30 expression vector were obtained from

Qiagen (Hilden, Germany). Plasmid preparation and gel-extraction kits were purchased from

BD Biosciences (Palo Alto, CA). The proofreading DNA-polymerase and dNTP were

purchased from Invitrogen (Carlsbad, CA)..~All restriction enzymes were purchased from New

England Biolabs (Beverly, MA). T4-DNA-ligase and HiTrap chelating column were purchased

from Fermentas (Burlington, Canada) and Amersham Biosciences (Uppsala, Sweden),

respectively.

3.2.2 Preparation of mouse mAb and human Hp

Mouse monoclonal antibodies (mAb) 3H8 and G2D specific to human Hp o or B subunit were

produced in our laboratory according to the standard procedures previously established [16].

Native Hp was isolated from human plasma by an immunoaffinity column using procedures
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previously established by us [17].

3.2.3 Plasmid construction of pQE30-Hp (a1, a2, B, a.2p)

Gene fragments coding for human Hp al, a2, f and a2 subunits were amplified by PCR using

proofreading DNA-polymerase and oligonucleotide primers (Fig. 1A). The primer design was

based on the published cDNA sequence of human Hp [18]. The primers were prepared for Hp

al and a2 (forward 5'-GGGGTACCATGGTGGACTCAGGCAATGATGT-3"' and reverse

5'-AACTGCAGTTACTGCACTGGGTTTGCCGGA-3"), Hp B (forward 5-GGGGTACCATGA

TCCTGGGTGGACACCTGG-3' and reverse S-AACTGCAGTTAGTTCTCAGCTATGGTCTT

CT-3"), and Hp a2f (forward 5-GGGGTACCATGGTGGACTCAGGCAATGATGT-3' and

reverse 5-AACTGCAGTTAGTTCTCAGCTATGGTCTTCT-3'). Both of Kpn I and Pst I

restriction sites were incorporated into the 5' end of the forward sequence and reverse sequence

primers, respectively. The cDNA of Hp al, a2, B and a2f were ligated into the Kpn I/ Pst I

sites of an E. coli expression vector, pQE30. The plasmids were screened in JM109 and then

expressed in M15 [pREP4]. Finally, the sequence of pQE30-Hp (al, a2, B and a2f) was

confirmed by DNA sequencing.

3.2.4 Expression of recombinant Hp subunits
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E. coli [M15 (pREP4)] was transformed with the recombinant plasmid and cultured in 1 L of

Luria-Bertani (LB) medium containing ampicillin (100 pg/ml) at 37°C on a rotary shaker.

When the optical density reached 0.6 at 600 nm, the protein expression was induced by 1 mM

IPTG at 37°C for 2-4 h. The medium was centrifuged at 8,000 xg for 5 min, and washed three

times in a wash buffer containing 20 mM Tris-HCI, pH 8.0.

3.2.5 Disruption, wash, and isolation of inclusion bodies

The induced cells were then suspended in 40 ml of wash buffer and sonicated for 5 min at 4°C,

followed by centrifugation at 20,000 xg for 20 min at 4°C. | The pellet containing the inclusion

body was resuspended in 30 ml of 2 M urea containing 20 mM Tris-HCIL, 0.5 M NacCl, 2% Triton

X-100, pH 8.0 and sonicated as above, followed by centrifugation at 20,000 xg for 20 min at 4°C.

Finally, the pellet was washed twice in wash buffer and stored frozen for late processing.

3.2.6 Solubilization of rHp subunits from inclusion bodies

The inclusion bodies were dissolved in a binding buffer containing 20 mM Tris-HCI, 0.5 M NaCl,

5 mM imidazole, 6 M guanidine-HCI, and 1 mM 2-mercaptoethanol, pH 8.0. The mixture was

gently stirred at 4°C for 12 h and the insoluble material was removed by centrifugation at 20,000

xg for 20 min at 4°C. Finally, the remaining soluble supernatant was then passed through a
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syringe filter (0.45 um) and proceeded directly for purification and refolding.

3.2.7 Purification and refolding of rHp subunits

Initially, a 1 ml-HiTrap chelating column was washed with 5 ml distilled water using a 10

ml-syringe. After loading 1 ml of 0.1 M NiSOy, the column was extensively equilibrated with

the binding buffer. The recombinant fusion protein was subsequently loaded onto the column

and washed with the binding buffer. The bound protein was then treated with 6 M urea, starting

with the binding buffer mentioned above and finished at one without urea. Finally, the

recombinant proteins were eluted. using a 20 ml linear gradient starting with an elution buffer

containing 20 mM Tris-HCI, 0.5 M NacCl, and-20 mM imidazole without 2-mercaptoethanol, pH

8.0 and ending with the same buffer containing 500 mM imidazole. Protein fractions were

pooled and then desalted on a P-2 column using 0.05 M ammonium bicarbonate, followed by

lyophilization. Protein concentration was determined by the Lowry method [19], while using

bovine serum albumin as a standard.

3.2.8 SDS-PAGE and Western blot analyses

Recombinant Hp subunits were characterized using SDS-PAGE containing 15% polyacrylamide

as described previously [20]. In general, the tested sample was preheated at 100°C for 10 min in
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a buffer containing 12 mM Tris-HCl, 0.4% SDS, 5% glycerol, 2.9 mM 2-mercaptoethanol, and

0.02% bromphenol blue, pH 6.8 before loading to the gel. Western blot analysis was performed

similar to that described previously [20]. In brief, the electrotransferred and blocked

nitrocellulose was incubated with anti-Hp polyclonal or monoclonal antibodies (3H8 and G2D),

followed by washes and incubation of peroxidase-conjugated anti-IgG. The membrane was

developed using 3,3’-di-aminobenzidine (DAB) containing 0.01% H,O, [20].

3.2.9 Determination of Immunoreactivity of rHp subunits by ELISA

ELISA was conducted according.to the procedure previously.established [20,21]. Half pug of

each Hp subunit in 50 pl PBS (pH 7.4) was coated onto each well of an ELISA plate. After

blocking and washes, 50 pl of diluted mouse mAb prepared against Hp o (3H8) or B chain (G2D)

were added and incubated at room temperature for 2 h. Following washes and incubation of 50

ul of peroxidase-conjugated goat anti-IgG (1:3000 dilutions), the plate was developed using

0.04% 2,2-Azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) containing 0.01% H,O,.

The assay was conducted in triplicates. In general, the standard error of the mean (SEM) was

less than 2%.

3.2.10 Preparation of human low density lipoprotein
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Human low density lipoprotein (LDL; d. 1.012-1.063 g/ml) was prepared from human plasma by

sequential ultracentrifugations according to the method previously established [22,23].

3.2.11 Antioxidant activity using Cu**-induced LDL oxidation

Thiobarbituric acid-reactive substances (TBARS) were used as an index for the measurement of
LDL oxidation [23,24]. In a typical assay, 5 puM CuSO4 and 20 pg of LDL (protein) were
incubated with tested samples in a final volume of 100 pul. After 2h incubation at 37°C, 250 pl
of 20% tricholroacetic acid were added to precipitate proteins. Subsequently, 250 pul of 0.67%
2-thiobarbituric acid were added into the reaction mixtures and incubated at 80°C for 30 min.
The reaction mixtures were centrifuged at 3,000 Xg for5 min. . Supernatant (300 pl) in a 96-well
plate was read at 540 nm [23]. The assay was conducted in triplicates. In general, the standard

error of the mean was less than 2.5%.

3.2.12 Reduction and carboxymethylation of Hp

Tris-HCI buffer (0.01 M) containing 5.4 M urea and 1% (v/v) B-mercaptoethanol, pH 8.6. was
added to 1 mg of Hp to make a final volume of 3.3 ml. The reaction mixture was flushed with
nitrogen and incubated at room temperature. After 2 h, 20 mg of iodoacetic acid was slowly
added and maintained the pH at 8.6 by the addition of 1 M NaOH for 30 min. Finally,
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carboxymethylated (CM) Hp was desalted on a P2 column equilibrated with 0.1 M

ammoniumbicarbonate and lyophilized [22].

3.2.13 Circular dichroic analysis

Lyophilized rHp subunits and CM-Hp were dissolved in 10 mM phosphate buffer (pH 7.4) with a

final concentration of 0.2 mg/ml. About 300 ul aliquot was used for the analysis in a cuvette of

1 mm path length. Circular dichroic (CD) spectrum recorded between 190 and 300 nm (Jasco

J-715 spectropolarimetry) was accumulated 20 times at a scanning rate of 50 nm/min [17,20].

3.3 Results and discussion

3.3.1 Plasmid construction and expression of rHp subunits

DNA sequencing analysis demonstrated that the cDNA of each Hp al, a2, p or a2p (Fig. 1A)

was inserted into the E. coli expression vector pQE30 (data not shown). The expression of

(His)s-tagged fusion proteins was constructed based on the TS promoter transcription-translation

system [25]. One advantage of this system is its ability to maintain target genes silently

transcribed in the uninduced state, since the extremely high transcription rate initiated at the TS

promoter is efficiently regulated and repressed by the presence of high levels of the lac repressor.

In addition, the pQE30 vector also permits the fusion of a 6x His-tag at the N-terminus of a given
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recombinant protein, which is useful for rapid purification and permits the purification under

denaturing conditions.  Fig. 1B shows that clones containing cDNA of Hp or Hp subunit (al,

a2, B, or a2P) were abundantly and effectively induced by IPTG. Determined by densitometry

on the SDS-PAGE gel, the average expressed level of each subunit was account for about 30% of

the total lysate proteins (data not shown). Thus, this expression system is considerably effective

in yield. The recombinant proteins were almost exclusively expressed in the inclusion bodies.

Only trace amount (< 5%) of a subunits was found as a soluble form (data not shown). A full

and intact length of a2f chain of Hp:was expressed (Fig. 1B, lane 7). In human liver cells,

however, the a2 is postranscritionally cleaved into o.and 3 chains between the residues Arg and

Ile [26,27]. A more recent study suggests that a complement C1r-like protease is responsible for

the cleavage [15]. Our data indicate that this protease is not present in the E. coli. The

recombinant a2} expressed may, therefore, provide a unique substrate for the identification of

the specific protease involved in mammalian cells. This experiment is now in progress in our

laboratory.

3.3.2 Purification and refolding of rHp subunits

The present study shows the rHp subunits to be primarily present in the inclusion bodies of E.

coli. Since binding of a protein containing 6 x His-tag to nickel-immobilized column is not
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interfered by the chaotropic agent (such as urea or guanidine hydrochloride) at high concentration,

6 x His-tagged recombinant protein can be solubilized by the chaotropic extraction before

loading to the column. Removal of contaminating materials followed by refolding the

recombinant protein using non-denaturing buffer can then be performed before the elution from

the column by 20 mM imidazole [28]. Using this strategy, we show that the purification for rHp

subunits efficiently achieved with about 95% homogeneity as determined by a 15% SDS-PAGE

(Fig. 1B). The final average yield of each recombinant purified was about 20% as calculated

from the total E. coli proteins (Table 1).  The average recovery from each step as judged by the

SDS-PAGE, however, was greater.than 70%.

With respect to the solubility of rHp subunits,- we found that the solubility could be

maintained when lyophilized protein ‘was. reconstituted into a final concentration less than 2

mg/ml by a PBS. It is of interest to point out that the eluted subunits were soluble if they were

concentrated (up to 5 mg/ml) by Centricon tubes immediately following the desalting on a P-2

column, while using 0.05 M ammonium bicarbonate as a mobile phase.

3.3.3 Immunoreactivity of mAb for rHp subunits

To address whether the expressed proteins were immunoreactive, each subunit was examined by

a Western blot analysis using Hp mAb specific to human a (3H8) and B chain (G2D) and a Hp
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polyclonal antibody specific to o/f chains. Fig. 1C shows that each subunit was specifically
recognized by each regionally specific mAb. Using a quantitative ELISA, the immunoreactivity
of native Hp was higher in some extent than that of expressed subunit (Fig. 2). Although the
reason is not readily clear, it is possible that those mAb were originally prepared against the
native state of the Hp structure and the antibodies preferably recognized the native conformation
of Hp. Another potential explanation is that recombinant subunits might not be completely
refolded as same as that in its native state (discussed below in CD spectral data). Nevertheless,

the immunoreactivity of each expressed subunit was retained.

3.3.4 Antioxidant domain of rHp subunits

To determine the antioxidant activity of each Hp subunit, a TBARS method using Cu®"-induced
LDL oxidation was conducted [23]. Recombinant 3 subunit was extremely potent to protect
LDL from oxidation and was in a dose-dependent manner. A typical example of the inhibition
in TBARS is shown in Fig. 3. Ranking of the 50% of inhibitory concentration (ICsp) in
antioxidant activity was as follow: a2p> 3> al> a2> probucol (Table 2). Most importantly,
the antioxidant activity of a2f3 and B was markedly higher than that of al and o2 subunits.
Thus, the major antioxidant domain of Hp was located in the B subunit. It is of remarkable

interest that the activity of  subunit was greater than that of native Hp molecule (Table 2). One
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of the possible explanations is that the random structure of the subunit may expose a neo-epitope

that renders its availability for further scavenging the free radicals (discussed below). In the

next experiment, we chemically modified Hp by carboxymethylation (CM) (in the presence of

5.4 M urea) to dissociate the disulfide linkages between o and B chains. The antioxidant

activity of CM-Hp was substantially increased by about 3.75 folds when compared to native Hp

(Table 2). The activity of CM-Hp was almost identical to [ subunit. Because the

carboxymethylation was conducted in the presence of 5.4 M urea, it is worth mentioning that

native Hp exposed to the denaturing agent (5.4 M urea or guanidine hydrochloride) did not alter

the antioxidant potency after renaturation by desalting (data not shown). The data suggest that

the antioxidant domain of native Hp was exposed further, while reducing irreversibly. Another

essential feature was that the antioxidant activity of 3 'subunit was superior to probucol (15X):

one of the most established potent antioxidants. Since probucol has been used for the treatment

of patients with xanthoma and atherosclerosis for decades [29-33] and its analogs have been

designed for antioxidant therapy [34-35], the recombinant 3 subunit plus the success of large

expression in E. coli may pave the way for the future design of “mini-Hp”.

3.3.5 Circular dichroic analysis

To address the moderately decreased immunoreactivity and high antioxidant activity in
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recombinant subunit were probably due to the conformational difference from the ordered

structure of whole Hp molecule, the secondary structure of recombinant Hp subunits was studied

by CD spectra. Fig. 4 depicts that all the al, a2, B and a2 were typically disordered in

structure (a sharp drop of ellipticity between 190-210 nm) as compared to native Hp. The result

suggests that the conformational changes in each subunit may be responsible for the low binding

to each chain specific mAb, as each mAb was originally prepared against the native Hp.

Whereas, the random structure of B chain may facilitate its availability for scavenging free

radicals. Furthermore, the carboxymethylation Hp also exhibited a disordered structure.

In conclusion, we demonstrate that Hp B chain is an extremely potent antioxidant directly

preventing LDL against oxidation in the present study.- Using a recombinant Hp cDNA without

the signal sequence, the yield of each subunit was relatively high containing approximately 30%

of total cell lysate proteins. Each expressed subunit retained the immunoreactivity as confirmed

by a and B chain specific mAb (3H8 and G2D). It is conceivable that expressed § subunit may

provide as an initial utility for the future design of “mini-Hp” for potent antioxidant. It may also

provide a new insight in understanding the mechanism or specific amino-acids involved in free

radical scavenge when site-directed mutagenesis is carried out for further studies. The latter

experiment is now in progress in our laboratory.

-55-



Acknowledgments

This work was supported by the Grant NHRI-EX94-9229SI (S.J.T.M.) from the National Health
Research Institute, Taiwan, R.O.C. and the Grant NSC 95-2313-B-009-003-MY?2 from the
National Science Council, Taiwan, R.O.C. We also thank the Hsinchu Blood Center of Chinese

Blood Services Foundation for kindly providing human plasma.

References

[1] Gervois P., Kleemann R., Pilon A, Percevault F., Koenig W., Staels B., Kooistra T., Global
suppression of IL-6-induced. acute phase response gene.expression after chronic in vivo
treatment with the peroxisome proliferator-activated receptor-{alpha} activator fenofibrate, J.
Biol. Chem. (2004) 279:16154-16160.

[2] Raijmakers M.T., Roes E.M., te Morsche R.H., Steegers E.A., Peters W.H., Haptoglobin and
its association with the HELLP syndrome, J. Med. Genet. (2003) 40:214-216.

[3] Wang Y., Kinzie E., Berger F.G., Lim S.K., Baumann H., Haptoglobin, an inflammation-
inducible plasma protein, Redox Rep. (2001) 6:379-385.

[4] Kristiansen M., Graversen J.H., Jacobsen C., Sonne O., Hoffman H., Law S.K.A., Moestrup
S.K., Identification of the haemoglobin scavenger receptor, Nature (2001) 409:198-201.

[5] Langlois M.R., Delanghe J.R., Biological and clinical significance of haptoglobin

-56-



polymorphism in humans, Clin. Chem. (1996) 42:1589-1600.

[6] Tseng C.F., Lin C.C., Huang H.Y., Liu H.C., Mao S.J.T., Antioxidant role of human

haptoglobin, Proteomics (2004) 4:2221-2228.

[7] Haugen T.H., Hanley J.M., Heath E.C., Haptoglobin: a novel mode of biosynthesis of a liver

secretory glycoprotein, J. Biol. Chem. (1981) 256:1055-1057.

[8] Kurosky A., Barnett D.R., Lee T.H., Touchstone B., Hay R.E., Arnott M.S., Bowman B. H.,

Fitch W.M., Covalent structure of human haptoglobin: a serine protease homolog, Proc. Natl.

Acad. Sci. U. S. A. (1980) 77:3388-3392.

[9] McGill J.R., Yang F., Baldwin W.D., Brune J.L., Barnett D.R., Bowman B.H., Moore C.M.,

Localization of the haptoglobin alpha“and beta genes (HPA and HPB) to human

chromosome 1622 by in situ hybridization, Cytogenet Cell Genet. (1984) 38:155-157.

[10] Bowman B.H., Kurosky A., Haptoglobin: the evolutionary product of duplication, unequal

crossing over, and point mutation, Adv. Hum. Genet. (1982) 12:189-261.

[11] Wejman J.C., Hovsepian D., Wall J.S., Hainfeld J.F., Greer J., Structure and assembly of

haptoglobin polymers by electron microscopy, J. Mol. Biol. (1984) 174:343-368.

[12] Engstrom G., Lind P., Hedblad B., Wollmer P., Stavenow L., Janzon L., Lindgarde F., Lung

function and cardiovascular risk: relationship with inflammation-sensitive plasma proteins,

Circulation (2002) 106:2555-2560.

-57-



[13] Miyoshi H., Ohshiba S., Matsumoto A., Takada K., Umegaki E., Hirata I., Haptoglobin

prevents renal dysfunction associated with intravariceal infusion of ethanolamine oleate, Am.

J. Gastroenterol. (1991) 86:1638-1641.

[14] Hochberg I., Roguin A., Nikolsky E., Chanderashekhar P.V., Cohen S., Levy A.P.,

Haptoglobin phenotype and coronary artery collaterals in diabetic patients, Atherosclerosis

(2002) 161:441-446.

[15] Wicher K.B., Fries E., Prohaptoglobin is proteolytically cleaved in the endoplasmic

reticulum by the complement Clr-like protein, Proc. Natl. Acad. Sci. U. S. A. (2004)

101:14390-14395.

[16] Chen W.L., Huang M.T., Liu H.C., L1 C:-W., Mao S.J.T., Distinction between dry and raw

milk using monoclonal antibodies prepared against dry milk proteins, J. Dairy Sci. (2004)

87:2720-2729.

[17] Tseng C.F., Huang H.Y., Yang Y.T., Mao S.J.T., Purification of human haptoglobin 1-1, 2-1,

and 2-2 using monoclonal antibody affinity chromatography, Protein Expr. Purif. (2004)

33:265-273.

[18] Brune J.L., Yang F., Barnett D.R., Bowman B.H., Evolution of haptoglobin: comparison of

complementary DNA encoding Hp alpha 1S and Hp alpha 2FS, Nucleic Acids Res. (1984)

12:4531-4538.

-58-



[19] Lowry O.H., Rosenbrough N.J., Farr R., Randall R.J., Protein measurement with Folin

phenol reagent, J. Biol. Chem. (1951) 193:265-275.

[20] Song C.Y., Chen W.L., Yang M.C., Huang J.P., Mao S.J.T., Epitope mapping of a

monoclonal antibody specific to bovine dry milk: involvement of residues 66-76 of strand D

in thermal denatured beta-lactoglobulin, J. Biol. Chem. (2005) 280:3574-3582.

[21] Chen W.L., Liu W.T.,, Yang M.C., Hwang M.T., Tsao J.H., Mao S.J.T., A novel

conformation-dependent monoclonal antibody specific to the native structure of

beta-lactoglobulin and its application, J. Dairy Sci. (2006) 89:912-921.

[22] Mao S.J.T., Sparrow J.T., Gotto A.M., Jackson R.L., The phospholipid-binding and

immunochemical properties of amidinated, guanidinated and acetylated apolipoprotein A-II,

Biochim. Biophys. Acta. (1980) 617:245-253.

[23] Mao S.J.T., Yates M.T., Jackson R.L., Antioxidant activity and serum levels of probucol and

probucal metabolites, Methods Enzymol. (1994) 234:505-513.

[24] Barnhart R.L., Busch S.J., Jackson R.L., Concentration-dependent antioxidant activity of

probucol in low density lipoproteins in vitro: probucol degradation precedes lipoprotein

oxidation, Lipid Res. (1989) 30:1703-1710.

[25] Bujard H., Gentz R., Lanzer M., Stiiber D., Miiller M., Ibrahimi 1., Hauptle M.T.,

Dobberstein B., A TS5 promotor based transcription-translation system for the analysis of

-59-



proteins in vivo and in vitro, Methods Enzymol. (1987) 155:416-433.

[26] Goldstein L.A., Heath E.C., Nucleotide sequence of rat haptoglobin cDNA. Characterization

of the alpha beta-subunit junction region of prohaptoglobin, J. Biol. Chem. (1984)

259:9212-9217.

[27] Hanley J.M., Heath E.C., A novel proteolytic activity in serum processes rat prohaptoglobin,

Arch. Biochem. Biophys. (1985) 239:404-419.

[28] Colangeli R., Heijbel A., Williams A.M., Manca C., Chan J., Lyashchenko K., Gennaro

M.L., Three-step purification of lipopolysaccharide-free polyhistidine-tagged recombinant

antigens of Myobacterium tuberculosis, J. Chromatogr. B.(1998) 714:223-235.

[29] Sia Y.T., Lapointe N., Parker T.G., Tsoporis-J.N., Deschepper C.F., Calderone A.,

Pourdjabbar A., Jasmin J.F., Sarrazin J.F., Liu P, Adam A., Butany J., Rouleau J.L.,

Beneficial effects of long-term use of the antioxidant probucol in heart failure in the rat,

Circulation (2002) 105:2549-2555.

[30] Roy K., Saha A., De K., Sengupta C., Evaluation of probucol as suppressor of ceftizoxime

induced lipid peroxidation, Acta. Pol. Pharm. (2002) 59:231-234.

[31] Kim M.H., Cha K.S., Han J.Y., Kim H.J., Kim J.S., Effect of antioxidant probucol for

preventing stent restenosis, Catheter. Cardiovasc. Interv. (2002) 57:424-428.

[32] Inazu A., Koizumi J., Kajinami K., Kiyohar T., Chichibu K., Mabuchi H., Opposite effects

-60-



on serum cholesteryl ester transfer protein levels between long-term treatments with

pravastatin and probucol in patients with primary hypercholesterolemia and xanthoma,

Atherosclerosis (1999) 145:405-413.

[33] Stocker R., Dietary and pharmacological antioxidants in atherosclerosis, Curr. Opin. Lipidol.

(1999) 10:589-597.

[34] Mao S.J.T., Yates M.T., Parker R.A., Chi E.M., Jackson R.L., Attenuation of atherosclerosis

in a modified strain of hypercholesterolemic rabbits using a probucol analog (MDL 29,311)

that does not lower serum cholesterol, Arterioscler. Thromb. (1991) 11:1266-1275.

[35] Mao S.J.T., Yates M.T., Rechtin A.E., Jackson R.L., van Sickle W.A., Antioxidant activity

of probucol and its analogues in hypercholesterolemic Watanabe rabbits, J. Med. Chem.

(1991) 34:298-302.

-61-



Table 1. Purification of recombinant Hp subunits from E. coli

Purification step Yield (mg) Purity (%)*

al o2 B a2f al a2 B a2f
Wet cells in 100 ml culture 410 450 420 510 373  32.8 385 233
Washed inclusion bodies 146 118 135 166 42.6 424 446 304
Ni*"-column purified protein 14°* 11 5° 7° 95 95 95 95

* Determined by densitometry of 15% SDS-PAGE.
® Determined using a Lowry method.
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Table 2. Antioxidant potency in Cu’*-induced LDL oxidation.

Type Cu’"-induced ICso (uM)*
ol recombinant 7.50
o2 recombinant 8.72
B recombinant 0.87
a2f recombinant 0.65
Probucol compound 13.70
Hp 1-1 native 3.00
CM Hp 1-1° native 0.80

?1Cs,: the concentration that inhibited 50% of LDL oxidation.
bCcM Hp 1-1 was obtained by carboxymethylation to break up all the disulfide
linkages.
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Figure 1. Gene construction and Hp expression. (A) Schematic drawing of cloned human
Hp al, a2, B and a2f subunits in E. coli. Human matured mRNA corresponding to Hp 1-1 is
linear oriented (al1f). The linear amino-acid sequence (without signal peptide) containing
residues 1-329 is shown on the top. Following a protease cleavage and a loss of the C-terminal
residue Arg-84, it forms one o (residues 1-83) and one [ chain (residues 1-245). Similarly, a2f3
forms one a2 (residues 1-142) and one [ (1-245) chain. The amino acid sequence of a2 is
identical to that of al with an insertion of repeated sequence B (dotted area or residues 12-70).
It should be noted here, there are two amino acids in the inserted sequence B (dotted area) that
are replaced by Asp-52 and Lys-53 in both native and our cloned sequence. (B) Expression and
purification of recombinant Hp subunit in E. coli. Lane M, molecular markers; Lanes 1, 3, 5
and 7, whole cell lysate containing expressed a1, a2, f and a2, respectively; Lanes 2, 4, 6 and 8§,
purified recombinant a1, a2, B and a2, respectively. Notably, the 23 was not cleaved due to
the lack of specific protease in E. coli. « (C) Western blot of cell lysate containing al, a2, B or
a2p using Hp polyclonal antibody and o and B chain specifice mAb. Lane C, whole cell lysate
control. Other lanes represent the cell lysate containing expressed al, a2, B or a2 subunit,

respectively.
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Figure 3. Antioxidant activity of each recombinant subunit. The assay was evaluated
using the degree of inhibition of Cu**-induced formation of TBARS from LDL. LDL (20 pg)
was incubated with 5 uM Cu”" in the presence of recombinant al, a2, B, a2f or probucol at 37°C

for 2 h in a final 100 ul of PBS. Lysozyme served as a control did not reveal any antioxidant

activity.
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Figure 4. Circular dichroic spectra 'of recombinant al, a2, B and a2 subunits.
Recombinant Hp subunit or Hp (0.2 mg/ml) in 10 mM phosphate buffer, pH 7.4, was monitored
by a circular dichroic spectrophotometer.  Each spectrum represents a mean of 20
determinations. Essentially, recombinant a1, a2, B and a2 subunits and CM-Hp are typically

random or disordered in structure (a sharp drop of ellipticity between 190~210 nm.
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Chapter 4
A unique tetrameric structure of deer plasma haptoglobin: an evolutionary

advantage in the Hp 2-2 phenotype with homogeneous structure (Paper 3)

Abstract

Similar to blood types, human plasma haptoglobin (Hp) is classified as three phenotypes: Hp
1-1, 2-1, and 2-2. They are genetically inherited from two alleles Hp 1 and Hp 2, but there is
only Hp 1-1 phenotype or Hp 1 in almost all the animal species. The Hp 2-2 protein consists
of complicated large polymers cross-linked by a2-f3-subunits or (a2-f), (where n>3, up to 12
or more) and is associated with the risk of the development of diabetic, cardiovascular, and
inflammatory diseases. In the present study, we found that deer plasma Hp mimics human
Hp 2 containing a tandem repeat over the o-chain based on our cloned cDNA sequence.
Remarkably interesting, the isolated deer Hp is homogeneous and tetrameric as a (o-f3)s,
although the location of —SH groups (responsible for the formation of polymers) is exactly
identical to that of human. Denaturation of deer Hp using 6M urea in reducing condition
(143 mM B-mercaptoethanol) followed by renaturation still sustained the formation of (a-f3)4
suggesting that the Hp tetramers are not randomly assembled. Interestingly, an a-chain
monoclonal antibody (W1) known to recognize both human and deer a-chains, only binds to

the intact human Hp polymers, but not to deer Hp tetramers. It implicates that the epitope of



deer a-chain is no longer exposed on the surface when Hp tetramers are formed. We

propose that steric hindrance plays a major role in determining the polymeric formation in

human and deer polymers. Phylogenetic and immunochemical analyses revealed that the Hp

2 allele of deer might have arisen at least 25 million years ago. A mechanism involved in

forming Hp tetramers is proposed and discussed, and the possibility is raised that the evolved

tetrameric structure of deer Hp might confer a physiological advantage.

Keywords: deer and human haptoglobin, amino-acid sequence; purification; phenotype;

monoclonal antibody

4.1 Introduction

Haptoglobin (Hp) is an acute phase protein (responsive to infection and inflammation) that is

present in the plasma of all mammals [1-4]. A recent study has found that Hp also exists in

lower vertebrates, bony fish but not in frog and chicken [5]. The most frequently reported

biological functions of the protein are to capture released hemoglobin during excessive

hemolysis [6] and to scavenge the free radicals during oxidative stress [7]. The captured

hemoglobin is internalized by a macrophage/monocyte receptor, CD163, via endocytosis.

Interestingly, the CD163 receptor only recognizes Hp and hemoglobin in complex, which

indicates the exposure of a receptor-binding neoepitope [6]. Thus, CD163 is identified as a

hemoglobin scavenger receptor. Recently, we have shown that Hp is an extremely potent



antioxidant, which directly protects low-density-lipoprotein (LDL) from Cu®"-induced
oxidation. The potency is markedly superior to probucol: one of the most potent
antioxidants used in antioxidant therapy [8-10]. Transfection of Hp ¢cDNA into Chinese
hamster ovary (CHO) cells protects them against oxidative stress [9].

Human Hp is one of the largest proteins in the plasma originally synthesized as a single
af} polypeptide. Following posttranslational cleavage by a protease, a- and [-chains are
formed and then linked by disulfide bridges producing the mature Hp [11]. The gene is
characterized by two common alleles Hp 1 and Hp 2 corresponding to al-B and a2-B
polypeptide chains, respectively, resulting in three.main phenotypes: Hp 1-1, 2-1 and 2-2.
All the phenotypes share the same -chain containing 245 amino-acid residues. As shown in
Fig. 1A, the al-chain containing 83 amino-acid residues possesses two “free” —SH groups.
The one at the -COOH terminus always cross-links with a B-chain to form a basic o-3 unit,
and the other at the NH,-terminus links with another (a-); resulting in a Hp dimer (a.1-), or
a Hp 1-1 molecule. In contrast, the a2-chain containing a tandem repeat of residues 12-70
of al with 142 amino-acid residues is “trivalent” providing an additional free —SH (Cys-15)
that is able to interact with another a-f unit. As such, a2-chains can bind to either a1-f or
02-f units to form large polymers [(a1-f)2-(a2-B), in Hp2-1 and (a2-B), in Hp2-2] as shown
in Fig. 1B.

Because of its weaker binding affinity to hemoglobin and retarded mobility (or



penetration) between the cells, the polymeric structure of Hp 2-2 is dramatically more

prevalent in some groups of patients with certain diseases, such as diabetes and

inflammation-related diseases [7,12-14]. The human Hp 2 allele has been proposed to be

originated from Hp 1 about 2 million years ago and then gradually displaced Hp 1 as a

consequence of a nonhomologous crossing-over between the structural alleles (Hp 1) during

meiosis [15-17], and is the first example of partial gene duplication of human plasma proteins

[15,18,19]. Thus, only humans possess additional Hp 2-1 and 2-2 phenotypes.

In the present study, deer Hp protein was initially shown to be a homogeneous polymer

using an electrophoretic hemoglobin typing.gel.. Following isolation and identification of

the protein, the a-chain was found to be similar to human-o2-chain based on its apparent

molecular mass. We than cloned the cDNA of deer Hp showing that the putative amino-acid

sequence mimics that of human Hp 2-2 (81.7% and 67.9% sequence homology in - and

a-chain, respectively), and that the o-chain of deer also possess a unique tandem repeat.

Interestingly, deer Hp a-chain comprises seven —SH groups, that are oriented exactly the

same as human Hp 2-2, but the molecular arrangement of deer Hp is strictly tetrameric or

(a-B)s. It is thus totally different from human Hp 2-2 with (a-f), polymers, where n>3.

Using an a-chain monoclonal antibody (mAb) as a probe and denaturing/renaturing

experiments, we further demonstrated that steric hindrance of the Hp a-chain plays a major

role in determining the polymeric formation of human (a-f), and the deer (a-f)4 tetramer.



Amino-acid sequence alignment demonstrated that the evolved amino-acid sequences of

ruminant -chain are the most divergent among all mammals. By phylogenetic tree analysis,

we identified the a-chain of dolphin and whale (a branch before the deer) belonging to the al

type. This suggests that the deer tandem repeat sequence occurred between 25 and 45

million years ago, which is much earlier than the two million years proposed for humans.

The evolved tetrameric structure of deer Hp might be of a physiologic advantage. We

further proposed that a steric hindrance mechanism is involved in forming Hp tetramers.

4.2 Materials and methods

4.2.1 Animal plasma

Animal plasma of deer (Cervus unicolor swinhoer), goat (Capra hircus), cattle (Bos taurus),

pig (Sus scrofa domestica), dolphin (Steno bredanensis), and whale (Delphinapterus leucas)

were obtained from the Pingtung County Livestock Disease Control Center and the Veterinary

Medicine Teaching Hospital, National Pingtung University of Science and Technology.

4.2.2 Phenotyping

Hp phenotyping was performed by native PAGE using hemoglobin-supplemented serum or

plasma [20]. Briefly, 6 uL plasma were premixed with 3 pL of 40 mg/mL hemoglobin for

15 min at room temperature. The reaction mixture was then equilibrated with 3 pL of a



sample buffer containing 0.625 M Tris (pH 6.8), 25% glycerol, and 0.05% bromophenol blue,

followed by electrophoresis on a 7% native polyacrylamide gel (pH 8). Electrophoresis was

performed at 20 mA for 2 h, after which time the Hp-hemoglobin complexes were visualized

by shaking the gel in a freshly prepared peroxidase substrate (30 mL of phosphate-buffered

saline containing 25 mg of 3,3’-diaminobenzidine in 0.5 mL of dimethyl sulfoxide and 0.01%

H,0,). The results was confirmed by Western blot using an a-chain specific mAb prior to

phenotyping.

4.2.3 Preparation of mouse mAb and human Hp

Mouse mAb W1 specific to human Hp a-chain was produced in our laboratory according to

the standard procedures previously established [21]. - Native human Hp was isolated from the

plasma using an immunoaffinity column followed by a size-exclusion chromatography on an

HPLC system using previously described procedures [20].

4.2.4 Purification of deer haptoglobin

Plasma samples enriched with Hp were prepared from deer blood containing 0.1% EDTA

followed by centrifugation at 1,200 g for 15 min at 4°C to remove the cells. Isolation was

conducted performed according to the method previously established for porcine Hp [22].

Saturated ammonium sulfate solution was added to the plasma to a final saturated



concentration of 50%. After gentle stirring for 30 min at room temperature, the precipitate

was discarded by centrifugation at 4,000 g for 30 min at 4°C. The supernatant was then

dialyzed at 4°C for 16 h against PBS containing 10 mM phosphate (pH 7.4) and 0.12 M NaCl

with three changes. After dialysis, the sample was concentrated and filtered through a 0.45

um nylon fiber prior to size-exclusion chromatography. An HPLC system (Waters, Milford,

MA) consisting of two pumps, an automatic sample injector, and a photodiode array detector,

with a Superose-12 column (1x30 cm) (GE Healthcare, Uppsala, Sweden) pre-equilibrated

with PBS, was used for further purification. The column was run for 60-80 min at room

temperature with a flow-rate of 0.3 mL/min using PBS as a mobile phase. Fractions

containing Hp were pooled and concentrated to a final volume of 1 mL using an Amicon

centrifugal filter (Millipore, Billerica, MA) and stored at -20°C until use.

4.2.5 Gel electrophoresis

SDS-PAGE was performed according to the method described by Laemmli [23] with some

modifications using 5% polyacrylamide as a stacking gel [24]. In general, samples

containing 143 mM B-ME was preheated at 100°C for 10 min in a buffer containing 12 mM

Tris-HCI (pH 6.8), 0.4% SDS, 5% glycerol, and 0.02% bromophenol blue before loading to

the gel. The samples were run on a step gradient of polyacrylamide gel (10 and 15%) for

about 1.5 h at 100V and stained using Coomassie brilliant blue. For determination of



molecular mass of Hp, the tested samples were prepared under the non-reducing condition

using SDS-PAGE. Alternatively, the SDS gel was prepared in a 0.04 M phosphate buffer

(pH 7.0) containing 4% polyacrylamide, and the samples were run for about 6 h at 30V. The

molecular mass standards for SDS-PAGE, containing three prestained proteins (260, 160. and

110 kDa), was purchased from Invitrogen (Carlsbad, CA)

4.2.6 Immunoblot analysis

Western blot analysis was performed using a method similar to that described previously [24].

In brief, the electrotransferred and. blocked nitrocellulose. was incubated with anti-Hp mAb

W1, followed by washes and- incubation with horseradish peroxidase-conjugated goat

anti-mouse IgG (Chemicon, Temecula, CA). | ‘The nmembrane was developed using

3.,3’-diaminobenzidine containing 0.01% H>0O,. Dot blots were performed by applying the

samples (reduced or non-reduce) onto a nitrocellulose membrane using anti-Hp mAb W1 as a

primary antibody.

4.2.7 Cloning and sequencing analysis of deer Hp

The entire procedure was similar to that described previously [9,10]. Briefly, total RNA was

extracted from the deer whole blood using RNeasy mini kit (Qiagen, Hilden, Germany)

according to the manufacturer’s instruction. The gene for deer Hp from total RNA was



reverse transcribed and PCR amplified using proofreading DNA-polymerase (Invitrogen),

forward primer 5’-TTCCTGCAGTGGAAACCGGCAGTGAGGCCA-3’, and reverse primer

5’-CGGAAAACCATCGCTAACAACTAAGCTTGGG-3’. The PCR cycling profile was as

follows: denaturation at 94°C for 5 min, then 35 cycles of denaturation at 94°C for 30 s,

annealing at 55°C for 30 s, and extension at 72°C for 90 s; and final extension at 72°C for 10

min. The PCR product was analyzed by electrophoresis through a 1% agarose gel and

purified using a gel-extraction kit (BD Biosciences, Palo Alto, CA). The purified PCR

product was cloned into a pGEM-T Easy vector (Promega, Madison, WI) and then the ligated

plasmid was transformed into Escherichia coli JM109 (Qiagen). Finally, the sequence of

deer Hp was confirmed by DNA sequencing.

4.2.8 Sequence alignment and phylogenetic analysis

The cDNA and amino acid sequence alignment, sequence pair distances, and phylogenetic

tree construction were performed using DNASTAR software (Lasergene, Madison, WI).

4.2.9 Denaturation and renaturation of deer and human Hp 2-2

Purified deer Hp (0.1 mg/mL) or human Hp 2-2 (2 mg/mL) were mixed with PBS containing

6 M urea and 143 mM B-ME and incubated at room temperature for 30 min. The reaction

mixture was first dialyzed in 200 mL of PBS at 4 °C for 6 h, and this was repeated three times



(total 24 h) to allow renaturation. The mixture was finally dialyzed against 2 L PBS

overnight. The concentrated Hp samples with or without reduction were incubated with

hemoglobin for use on a typing gel as that for plasma phenotyping, and then stained by

Coomassie brilliant blue.

4.3 Results

4.3.1 Identification of Hp phenotype

It has been claimed that Hp of ruminants (cattle, sheep, and goat) cannot enter polyacrylamide

gels due to the large polymeric nature of the protein [25,26]. We tested whether this was

also the case for the Hp of deer (another ruminant). Using a hemoglobin typing gel, we

unexpectedly found deer plasma*Hp to be a simple homogeneous molecule which is small

enough to enter a 7% electrophoretic. gel. An example of its phenotype and the

electrophoretic property of deer Hp, compared to human Hp 1-1, 2-1, and 2-2, is shown in Fig.

2. This shows that deer Hp mimics one of the polymeric forms of human Hp 2-1 or 2-2:

either a linear or cyclic tetramer.

4.3.2 Isolation of deer Hp

The molecular size of the Hp a-chain has been conventionally used for identifying the

phenotype of a given Hp protein. To further characterize the molecular form of deer plasma



Hp, we attempted to isolate the protein using a Sepharose-based immunoaffinity column

[20,27]. A mouse mAD prepared against human a-chain (W1) was utilized for coupling to

the Sepharose because this mAb was able to react with both human and deer a-chain on a

Western blot (described below). First, plasma samples enriched with Hp were pooled and

applied onto the affinity column. This procedure, however, failed to isolated deer Hp from

the plasma due to the lack of the binding of deer proteins to the column. Next, we used

combined ammonium-sulfate fractionation and size-exclusion chromatography procedures [22]

for the isolation. A size-exclusion chromatographic profile for the fractions containing Hp is

shown in Fig. 3A (second peak). .The homogeneity of isolated Hp was approximately 90%

as identified by SDS-PAGE (Fig.' 3B). The presence of ‘o-chains were confirmed by a

Western blot using mAb W1 (Fig: 3B; right panel).

4.3.3 Hemoglobin binding of isolated Hp

In the next experiment, we tested the hemoglobin binding ability of isolated deer Hp. Fig.

3C shows that the isolated Hp was able to form an Hp-hemoglobin complex under 7%

native-PAGE. Furthermore, it demonstrates that the deer protein is consisted of one major

molecular form that is identical to its native form in the plasma based on electrophoretic

mobility. It appears that the Hp isolated under our experimental conditions was not

significantly altered with regard to its molecular and biochemical properties.



4.3.4 Molecular mass estimation of deer and human Hp 2-2 using SDS-PAGE and

Western blot

Western blot analysis using the o chain-specific mAb W1 indicates that the mAb recognizes

both human and deer a-chains (Fig. 4A). It also reveals that the deer a-chain belongs to the

a2 group, with a molecular mass of approximately 18 kDa on both SDS-PAGE and Western

blot. We therefore tentatively classified the deer Hp as phenotype 2-2. In isolated deer Hp,

there was a trace amount of hemoglobin (approximately 14 kDa), with a molecular mass

comparable to the human Hp al-chain. The estimated molecular mass of the deer B-chain

was about 36 kDa, slightly lower 'than that of human. The isolated deer Hp was further

characterized using 4% non-reduced SDS-PAGE under non-reducing conditions. Consistent

with our hemoglobin binding assay, Fig. 4B (Left) demonstrates that isolated deer Hp consists

of only one specific tetrameric form, i.e. (a-f)s, with a molecular mass about 216 kDa, which

is close to that of the human Hp 2-2 tetramer (230 kDa) based on the gel profile.

4.3.5 Unique immunoreactivity of deer Hp defined by mAb W1

We then attempted to ensure that the polymeric forms of human and deer protein were an Hp

by a Western blot analysis using W1 mAb. Figs. 3B and 4A clearly showed that this

antibody was capable of binding both human and deer a-chains in its reduced form.
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Interestingly, Fig. 4B (right panel) shows that this mAb recognized all the human Hp 2-2

polymers, but not intact deer Hp 2-2. However, after adding a reducing reagent

(B-mercaptoethanol; B-ME) directly to intact deer Hp, the immunoreactivity was recovered on

a dot-blot assay (Fig. 4C). It appears that the antigenic epitope of deer a-chain is masked in

the tetrameric form. This also explains why the W1 mAb coupled affinity-column failed to

bind deer plasma Hp in the purification procedure desceibed above.

4.3.6 Cloning of deer Hp cDNA

Evidently, the molecular form of deer “Hp 2-2” totally differs from that of human Hp 2-2,

with the latter found as typical polymers or the form (o-f);; where n = 3-12 (Fig. 4B). It

remains ambiguous as to whether deer. Hp should be designated as a typical Hp 2-2. The

most significant feature of the molecular structure of human Hp 2-2 is that it includes a

tandem repeat in the a2-chain. To determine whether this is also true in deer Hp, we cloned

the deer Hp cDNA. The complete linear nucleotide sequence corresponding to the o3 chain

determined by our laboratory has recently been submitted to GenBank (accession number

EF601928). Based on the cDNA sequence, the deer a- and B-chains comprise 136 and 245

amino-acid residues, respectively, which is similar to that of human with 142 (a2) and 245 ()

residues (Figs. SA,B). A tandem repeat of the deer a-chain was observed (discussed below).
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4.3.7 Amino-acid sequence alignment of deer and human Hp 2-2

The putative amino-acid sequence alignment reveals that deer Hp is somewhat homologous to

human Hp 2-2 (80% and 68% for - and a-chain, respectively). The divergence and identity

of the B-chain with the other mammals are shown in Fig. 5C. The sequence of deer is

relatively similar to that of cattle [28], another ruminant. We also created a brief

phylogenetic tree for possible molecular evolution of the Hp B-chain using the CLUSTAL

method in DNASTAR MEGALIGN software. The result shows that evolved amino-acid

sequences of ruminant Hp B-chains are the most divergent among all mammals (Fig 5D).

4.3.8 Analysis of -SH groups-of deer Hp a-chain and its implication for the formation

of tetramer

As shown in Fig. 6 in the form of simplified ABC domains, the human a2-chain contains

identical ABC domains to al with insertion of a tandem repeat region (B1). The latter

contains amino-acid residues between Aspl2 and Ala70 (a total of 59 residues). The

sequence homology between the repeat regions of human a2-chain is 96% with only two

amino acids mutated (replacement of Asn52 and Glu53 in the B region by Asp-52 and Lys-53

in the B1 region). This tandem repeat is responsible for the formation of Hp polymers due to

an extra —SH group (Fig. 1A). Such repeats also exist within the deer a-chain (Bl and B

repeat), where the B1 region is residues 9-65. Thus, at the molecular level, the deer a-chain
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belongs to the a2 group, and is identical to the human a2 chain in possessing a tandem repeat.

Interestingly, the sequence homology between the two repeat units (B1 and B) of deer is only

68% (Fig. 6).

As shown in a schematically in Fig. 1A, the human a2-chain consists of seven —SH

groups (Cysl5, 34, 68, 74, 93, 127 and 131) in 142 residues. Among these, there are two

disulfide linkages within the a-chain (Cys34 and 68 and Cys93 and 127), and the one at the C

terminal region (Cysl131) cross-links with the B-chain (Cys105) to form a basic o-f unit.

Under such an arrangement, Cys15 and Cys74 are available to link with other o-p units. As

a result, human a2 forms (o-f), polymers (where n>3) as shown in Fig. 4B. Interestingly,

the number and location of —SH groups in deer a.2-chain are identical to those in human (Fig.

6), but the deer Hp only yields a tetrameric (a-)s form. ~As the identity between the tandem

repeats of deer is only 68% (compared with 96% in human), we hypothesized that these

amino-acid difference eventually determines the conformation between Cysl5 and 74 and

drive the construction of the (a-p)4 structure of deer Hp (see Discussion).

To test whether the deer Hp can also form multiple polymers in vitro, we denatured the

protein by 6 M urea with addition of 143 mM B-ME. Under these conditions, the deer

protein was completely dissociated, similar to the profile shown in Fig. 4A for SDS-PAGE

analysis (data not shown). We then slowly renatured the deer Hp by stepwise dialysis in

order to determine possible formation of other large polymers (greater than tetramer).
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Figure 7 show that the renatured protein retained the tetramer form, and no other polymers

larger than tetramers were observed on SDS-PAGE, although some trimers were produced.

Under the same condition, human Hp 2-2 was renatured to (a-B),. The data suggest that the

formation of deer Hp tetramer is specific, not randomly assembled. This assembly seems to

be dependent on the unique orientation of the —SH groups within the Hp. In addition, each

renatured protein retained its hemoglobin-binding ability (Fig. 7). A hypothetical model

explaining the formation of Hp tetramers is detailed below.

4.4 Discussion

4.4.1 Isolation of deer native Hp

We have recently developed several lines of human Hp mAb and routinely utilized these

antibodies for the isolation of human Hp'1-1, 2-1, and 2-2 phenotypes [20,29]. As only W1

(specific to a-chain) is able to cross-react with the deer a-chain on a Western blot, we

attempted to utilize this mAb for the affinity isolation of deer Hp in this study. Interestingly,

the W1 mADb only recognize the human Hp but not deer Hp in their intact form (Figs. 4B and

4C). We therefore used a previously described HPLC-based size-exclusion chromatography

procedure [22] for the isolation of deer Hp. However, this procedure is only suitable for

isolating the Hp with a homogeneous structure and not possible for human Hp 2-2 or 2-1 [20].

One minor disadvantage of the method was the contamination of the isolated Hp by a trace
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amount of hemoglobin (Fig. 4A). This is observed mainly because Hp-hemoglobin

complexes are formed prior to the purification; as such, hemolysis should be kept to a

minimum in order to reduce the hemoglobin level while collecting the blood.

4.4.2 Presence of Hp in deer plasma

Not all the deer possess a high level of plasma Hp. About 30% of the plasma samples that

we screened (total n = 15) exhibited low Hp levels on hemoglobin binding assay (Fig. 2).

Based on chromogeneity, the concentrations of deer plasma were approximately 1 mg/mL of

those used for purification when compared with. human Hp. 1-1 standard. In reindeer (n = 6),

a mean plasma value of 0.6 mg/mL has been reported [30].

4.4.3 Primary structure of deer a-chain and its relationship to Hp polymers

There are several lines of evidence to support the conclusion that the genotype of deer Hp

belongs to Hp 2 with phenotype as 2-2. First, analysis of mercaptoethanol-reduced plasma

indicates a molecular mass of 18 kDa for the a-chain, which is similar to that of human a2

based on a Western blot (Fig. 4A). Second, the molecular mass of a-chain from a purified

sample is also similar to that of human o2 (Fig. 4A). Third, by putative amino-acid

sequence alignment, deer a-chain contains a unique tandem repeat that is consistent with that

found in human. Forth, the total number of —SH groups and their location resulting from the
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tandem repeat are completely identical to that of human, although the sequence homology

between the repeat was 68% in deer, compared to 96% in human (Fig. 6).

It remains unclear why the apparent molecular mass of the deer a-chain on PAGE is

somewhat higher than that of human. We then therefore attempted to determine whether it

was due to additional carbohydrates moieties on the deer a-chain. Using the Pro-Q Emerald

Glycoprotein Gel Stains (Molecular probes, Eugene, OR), we did not identify any

carbohydrates associated with the a-chain of either species (data not shown).

4.4.4 Hypothetical model for the formation, of the deer Hp tetramer

The ability of the deer Hp to refold and reassemble into its tetrameric forms in vitro indicates

that the assembly of o- and B-chains into predetermined polymers is dependent on their

biochemical nature (Fig. 7). As shown.in Fig. 8A, we proposed a model to explain the

formation of tetramers. This suggests that the two —SH groups of deer a-chain are located

on two flat surfaces at different angle to each other. Under this condition, a homodimer

cannot form due to the availability of another free —SH group of a a-f3 unit for cross-linking

with another o-f unit. Figure 8B illustrates that there is no steric hindrance for tetramer

formation, although there are two possible configurations for the tetramer. Some trimers

may form, but there is some hindrance preventing the subunits from coming close together in

the cyclic center (Fig. 8C). Therefore, the formation of trimers takes place at a much lower
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extent than tetramers. No higher order polymers are formed, because the distance between

the —SH groups is too great to allow cross-linking for (a-f)s pentamers or other larger

polymers (Fig. 8D).

For a higher order polymer (n>5) the angle (6) between the sides containing the —SH

groups of two polymers would be 90-360/n degrees. If the distance between the —SH sites is

approximately form a 90°, and the side of the Hp subunit contributes the base of the triangle,

the distance is proportional to sin 6. As 0 approaches 90° as n approaches infinity, the

distance between the —SH sites also comes close to maximum as n increases. In fact, few

trimers are seen in our renaturing experiment (Fig. 7) and.no polymers of an order of five or

higher are observed.

For human Hp 2-2 on the other hand, the formation of higher order polymers is possible

(Fig. 9). The assumed positions of the =SH groups differs from those in deer Hp. They are

located at the edges of the same plane, so formation of an identical “stacking” dimer or (a-f3)>

is not possible due to the steric hindrance between the two —SH groups (Fig. 9A). However,

formation of some trimers by linking together via the two —SH groups at the edge is possible,

but not to a great extent due to the limited space in the cyclic center (Fig. 9B). This explains

why there are only trace amount of trimers in all the human Hp 2-2 samples (Fig. 2). The

cyclic center provides sufficient room to facilitate the formation of polymers of an order

greater than four o-f units. Such configuration also renders the binding of the W1 mAb.
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In contrast, the cyclic center of deer Hp teramers is totally blocked and is not accessible for

mADb binding (Figs. 4B,C).

445 Evolution

In vertebrates, a recent study has suggested that the Hp gene appeared early in vertebrate

evolution, between the emergence of urochordates and bony fish [5]. All mammalian

species studied to date have been shown to possess Hp. Analysis of the electrophoretic

patterns of Hp-Hemoglobin complexes has suggested that most of these Hps are similar to

human Hp 1-1 [31]. Only the protein found in ruminants (cattle, sheep, and goat) resemble

polymeric forms of human Hp 2-2'[25], but whether they also possessed a tandem repeat

remained unexplored [28].

It is thought that humans originally had a single Hp 1-1 phenotype [32]. Maeda et al.

[15] proposed that the tandem repeat sequence of human a2 has evolved two million years

ago from a nonhomologous unequal crossover between two Hp 1 alleles [Hp 1S and Hp 1F]

during meiosis. The unique feature of the Hp 2 allele is that it is present only in humans and

not found in any primates, including New and Old world monkeys, chimpanzees, and gorillas

[17]. We have recently found that cattle also possess Hp 2 as the sole genotype [28]. It is

likely that ruminants including deer, cattle, goat, and sheep may all possess a sole Hp 2-type

allele. In the present study, we have shown that the inserted tandem repeat region in deer Hp
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appears to have extensively evolved, as 32% of the repeated region has undergone mutation,

compared to that of only 4% (two amino-acid residues) in human Hp (Fig. 6). Thus, we

propose that the occurrence of the tandem repeat in deer was much earlier than in humans.

Figure 10 depicts the phylogenetic tree constructed by assuming all eutherian orders

(mammals) radiated at about the same point in evolutionary time (approximately 75 million

years ago) [33]. The phylogenetic analysis indicates that the crossing-over of deer a-chains

occurred after divergence of the line leading to ruminants and pig, as pig possesses only Hp

1-1 phenotype [22]. As dolphins and whales are the closest divergence before the ruminants,

we further examined the size of a-chain in whales-and dolphins as well as other ruminants

(cattle and goat) to determine the possible time of the tandem repeat evolution in deer Hp.

Interestingly, the inserted panels of Fig. 10 shows that the a-chains of all the ruminants tested

are of a2 type, except for dolphins (n = 5) and whales (n = 5).

These data suggests that the crossing-over of tandem repeat in ruminants occurred

approximately at least 25 or between 25 and 45 million years ago (Fig. 10), which is much

earlier than that two million years proposed in humans [15]. The molecular evolution of the

ruminants, which are the latest mammals in the phylogenetic tree (divergence after dolphins),

is remarkably rapid based on the molecular evolution model for growth hormone and

prolactin, when compared with other mammals [34,35]. This model appears to be consistent

with the overall amino-acid alterations (32%) within the tandem repeat of deer Hp a-chain.
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A similar alteration in cattle has also been reported recently [28].

Whether this alteration is adaptive during evolution remains to be addressed. For

example, in cattle, there is an extensive family of at least eight prolactin-like genes that are

expressed in the placenta [36,37]. These genes appear to be arranged as a cluster on the

same chromosome. Phylogenetic analysis suggests that all of these genes are the

consequence of one or more duplications of the prolactin gene; detailed analysis suggests that

a rapid adaptive change has played a role in molecular evolution [38].

4.4.6 Evolutionary advantage of deer Hp protein being a tetramer

In addition to the superior binding affinity to hemoglobin, Hp is an anti-inflammatory

molecule and a potent antioxidant [9]. In humans, the large complicated polymers of Hp 2-2

are a risk in the association of diabetic' nephropathy [39,40]. One explanation is that the

large polymer dramatically retards penetration of the molecular into the extracellular space

[39]. We have shown in the present study that deer Hp 2-2 was not able to form the

complicated polymers, because the diversity in amino acid sequence between the tandem

repeat of a-chain has produced steric hindrance (Fig. 8) that may be advantageous of deer.

In conclusion, we have shown that deer possess an Hp 2 with a tandem repeat that could

have occurred at least 25 or between 25 and 45 million years ago based on the phylogenetic

analysis. The phenotypic and biochemical structure of their Hp is markedly homogeneous,



with a tetrameric arrangement due to the orientation of the two available —SH groups,
preventing the formation of the complicated Hp polymers found for human Hp 2-2. In terms
of molecular evolution, this steric hindrance may have conferred an advantage on deer Hp that

compensate for the undesired tandem repeat in the a-chain.
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Figure 1. Schematic drawing of the human Hp a-chain and molecular arrangement of
Hp phenotypes. (A) Human Hp al-chain includes two avaiable —SH groups. That at the
C-terminus always links to a -chain to form a basic al-f unit and the other at N-terminus
links either a1-P unit or (a2-B), units. The sequence of a2 is identical to that of ol except
for a partial repeat insertion of residues 12-70. However, the extra Cys74 means that Hp 2-1
and 2-2 form complicated polymers. (B) Hp 1-1 forms the simplest homodimer (al-B),,
whereas Hp 2-1 is polymeric in linear form, forming a homodimer (al1-B),, a trimer (o-p)s,
and other polymers. Here, a represents al- or a2-chains. Hp 2-2 forms cyclic structures:

a trimer (a2-P); and other cyclic polymers.
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Figure 2. Hemoglobin-binding “patterns of deer and human plasma Hp on 7%
native-PAGE. Lane 1: hemoglobin only. * Lanes 2, 3, and 4: human plasma of Hp 1-1, 2-1,

and 2-2 with hemoglobin, respectively. Lane 5: deer plasma with hemoglobin.
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Figure 3. Isolation of deer Hp using size-exclusion Superose-12 column on an HPLC
system. (A) A dialyzed supernatant of 50% saturated ammonium-sulfate fraction from
plasma was applied on Superose-12 column (1x30 cm) at a flow-rate of 0.3 mL/min, while
using PBS as the mobile phase. The bar represents the pooled fractions corresponding to Hp.
(B) SDS-PAGE and Western blot analyses of eluted Hp fractions. (C) Hemoglobin-binding
property of isolated Hp and plasma containing native Hp on 7% native-PAGE. Lane M,

molecular markers in kDa (Invitrogen).

-100-



A. Human Deer Human Dear
I 1 0 1 I 1 0 !
L]
Ly ] L
zsd F Iz &
wa m £ £ 2 £3 £ 28 22
[ | —a
160 | ==
10 | ==
B0 | -
60 |
ig ' L —
30 | == ii
20 | - - 1 . 2
15 |- - — at
10 | -
Coomassie blue stain Western blot
B. koam 1 z [l (KDa) 1 2 C. mab L T L
_._._fmm: [-ME e
8 [464) = |
_.--"'"_FF.-'_ -
— 708 | B4 123 A8
. 6 (248) ] 5 ® >
(- - 5(200) d
260
e —4(232) [*¥] —. I .
3(174) a2 hHp dHp BSA
160 | &
110 | &
Coomassie blue Wastern blot

Figure 4. SDS-PAGE, Western blot, and-molecular mass analyses of isolated deer and
human Hp. (A) The isolated proteins were run on 10-15% PAGE under reducing condition.
The Western blot was performed using a human a-chain specific mAb (W1) that cross-reacts
with the deer a-chain. Lane M, molecular markers in kDa (Invitrogen). (B) Left panel:
Western blot analysis of the polymeric structure of isolated human and deer Hp under 4%
non-reducing SDS-PAGE using a-chain specific mAb W1. Lane M: molecular markers in
kDa (Invitrogen). Lane 1, isolated human Hp 2-2. Lane 2, isolated deer Hp. Right panel:
On the Western blot, mAb W1 only recognizes human polymeric Hp, but not deer tetrameric
Hp. (C) Dot-blot analysis of isolated human Hp (hHp) and deer Hp (dHp) using a-chain
specific mAb W1 in the presence or absence of the reducing reagent f-ME (143 mM). BSA

was used as a negative control.
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A. Amino acid sequence alignment of Hp a-chain B. Amino acid sequence alignment of Hp f-chain

Human aipha? VESGIEGTEDN BEoEcPkEPE 1AZEOVERSY RvaC@IvyYKL ZHEGOGVYT[ S0 Human beta | LDAKG SFPWOAKMVS HHNLEGATL INEEWLLTTA KNL| LEH 50
Deer aphacVERGEESTON BEcScrrlre 1AJSEvEGSY RYQCEDvYKL ZOEGOGVYT 4 Deer beta | LDAKG SFPWOAKMVS HHNLIBGATL mzﬁwunn KNLELEHLES 50

Human alpha? NEKEOWINKD [GEZLPECE PEPFRI YVEHSTR JockIvKLR 100 Human beta DJAKDIAPTL QLYVGKEC@v EExVVLHPY HSEvDIGLIK LFakvEVNER 100
Deer apha NKEOWINKE [GEELPECE PEPRII YVEHS[IR FoCKYYEKLR 24 Deerbeta [JUAKD IAPTL GLYVGKIQEYV EJEKVVLHP) s-!vnlsu« LigaKv[gvNeQ 100
Human alpha2 EDGM N DEKCWI NKQV LPECEAV CGKP:EPE va 142 Humanbeta VMP ICLPSKD YQEVGRVGYV SGWGRNANF[ FTEHLKYJML PvaDQODECR 150
Deer alpha DGVYTEN oW NKTV JLPECEAV CGKPKZPOEE Va 13 Deerbeta VMPICLPSKD YQQVGRVGYV SGWGRNANF FTEHLKY[ML PvaDQDZCHE 150

Human beta HYEESTVPEQ KTEKSPveva PILNBETFCED GISKYQEDTC YGDAGSARQV 200
Deerbeta HYEQSTVPEY KTEKSPVGVQ PILNGITFC) GSKYQEDTC YGDAGSAMIV 200

C. Sequence pair distances of Hp f-chain Human beta HDEE OTWYA ggILSFDKSC AVAEYGVYVK VTS IEDWVEK TI&EN 45

Deerbeta HOEEEDTWYA ILSFDKSC AVAEYGVYVK VTSI DMWEK TIAQDN 245
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Figure 5. Putative amino-acid,sequence analysis and divergence of mammal Hps. (A,
B) Amino-acid sequence alignment, of the a- or B-chains of human and deer. Variable regions
are shaded in black. The cDNA nucleotide sequence corresponding to deer Hp in this study
has been deposited in GenBank under the accession number of EF601928. (C) Divergence
of the amino-acid sequence of Hp fB-chains among ten mammals. (D) Phylogenetic tree
constructed according to the amino-acid sequence of Hp B-chains for ten mammals. The tree
was plotted using the MEGALIGN program in the DNASTAR package. Branch lengths (%)
are proportional to the level of sequence divergence, while units at the bottom indicate the

number of substitution events.
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Humanoai | A | B | E=T

Humano2 | A | B1 | B [ ¢ ]
A =11 amino acid residues B = 59 amino acid residues C =13 amino acid residues
(1-11) (12-70) (71-83)
(ot=f)n units
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Deer B ? ADS[SPREPEIANSHYEYSYRYQEDR Y¥KLE-AGDGVYTFNE—KQWINKBEGQQLPEED **
DeerB1 % 4 oBrEPPRIENGYVEHS IREQERTYHKLRSAGDGVYTFNSKKQWINKNVGaaLPERER 2

Identities = 68%

Figure 6. Schematic drawing of tandem repeat region. (B and B1) of deer and human
a-chain. The most significant feature of human @2 is that it matches the ABC domains of
al but with an additional insertion of a redundant sequence (B1 region). The repeat unit
contains 59 amino acid residues between Aspl2 to-Ala70.  The sequence homology in the
repeat region of human is 96% (two amino acids mutated). Deer also have a redundant
sequence (B and BI1), but the sequence homology between the two repeat units is
approximately 68%. The full length of the a-chain contains 142 and 136 residues in human
and deer, respectively. The position and number of Cys (total of seven) residues are
completely identical between the two species (the one at C-terminal region is not shown).

Divergence of the amino acids within the species is marked in yellow.
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Figure 7. SDS-PAGE and native PAGE analyses of renaturation of deer and human
Hp polymers. Denaturation of deer Hp using 6M urea under reducing conditions (143 mM

B-ME) followed by renaturation resulted in the formation of (a-f)4 and some (o-3)s,
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Figure 8. A hypothetical model illustrating the steric hindrance involved in the
formation of a deer Hp tetramer. (A) A basic Hp subunit comprising one o- and one
B-subunit. The —SH groups that connect the Hp subunits into polymers are assumed to be
located with a steric hindrance between the SH binding sites A and B. (B) The two different
possible forms of tetramers. (C) The trimeric form of deer Hp is possible to assemble
according to this model, but steric hindrance is seen which prevents the —SH groups from
linking to some extent. (D) Formation of a pentamer or higher-order polymer is not

possible.
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f-subunit

a=-subunit

Binding site A
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Binding site B

Figure 9. Model of formation of human Hp 2-2 polymers. The positioning of the -SH
groups involved in polymer formation differs from those in deer Hp. (A) A basic human Hp
2-2 subunit comprised of one a- and one B-subunit. The —SH groups that connect the Hp
subunits into polymers are located at the edge of the surface. The hindrance between
the —SH binding sites A and B prevents formation of a dimer. (B) A trimer is able to form to
some extent with some steric hindrance. (C-E) Polymers of a higher order than tetramers

can form without any steric hindrance.
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Figure 10. Phylogenetic tree illustrating_the molecular evolution of mammals, and
phenotyping of human, whale, dolphin and ruminant a-chains. The tree is constructed
by assuming all eutherian orders radiated -at about the same point in evolutionary time,
approximately 75 million years ago. = Alternative branching orders give essentially identical
results. Within a eutherian order, branch points are assigned using evolutionary times based
on fossil records [30]. Western blot analysis of Hp of six mammals (with a branching point
before and after deer) was conducted using a 10-15% SDS-PAGE gradient gel under reducing

conditions with an a-chain specific mAb (W1) prepared against human Hp.
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Chapter 5
Discussion

This thesis presents evidence that neutrophils were associated with the biosynthesis and
release of Hp in milk. It further shows that Hp was significantly elevated in the epithelium
of mammary gland tissue with mastitis and was also expressed in the cultured mammary
epithelial cells. We propose neutrophils and epithelial cells may play an essential role in
elevating milk Hp in addition to previous suggestions that Hp may be derived from mammary
tissues and circulation. During bovine mastitis, activated neutrophils produce significant
amount of reactive oxygen species which may cause tissue damage. Hp is an extremely
potent antioxidant that can directly scavenge the free radicals, it may there effectively utilize
Hp to attenuate such intracellular-damage..~ Using recombinant Hp, we further find the major
antioxidant domain was located in the [ chain. The present study provides a potential utility
for the future design of “mini-Hp” in developing a novel potent antioxidant. On the other
hand, we cloned the cDNA of deer Hp showing that the putative amino-acid sequence mimics
that of human Hp 2-2, and that the a-chain of deer also possess a unique tandem repeat. By
phylogenetic analysis, we have shown that deer possess an Hp 2 with a tandem repeat that
could have occurred at least 25 million years ago. The evolved tetrameric structure of deer
Hp might be of a physiologic advantage. We further proposed that a steric hindrance

mechanism is involved in forming Hp tetramers.
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Abstract — The antioxidant haptoglobin (Hp) is an acute-phase protein responsive to infectious and
inflammatory diseases. Hp and “somatic cell counts (SCC) are sharply elevated in bovine milk
following intramammary administration of endotoxin or bacteria. However, the sources of milk Hp
responsible for such increases are mot fully understood..The purpose of this study was to define the
source of milk Hp from dairy cows with naturally occufring mastitis. Quarter milk samples selected
from 50 dairy cows were separated into four groups according to SCC as group A: < 100 (n = 19);
B: 100-200 (n = 10); C: 201-500 (n"= 10); and D: > 500 x 10> (n = 11) cells/mL. Our results
reveal that milk Hp concentrations were correlated with SCC (r = 0.742; P < 0.01), and
concentrations in group D were ~10-fold higher than in group A. Reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis indicates that the milk somatic cells from group D were not only
capable of synthesizing Hp but could also markedly increase Hp mRNA expression. Western blot,
immunocytochemistry, double confocal immunofluorescence, and Hp releasing experiments
demonstrate that neutrophils were associated with the biosynthesis and release of Hp in milk. It
further shows that Hp was significantly elevated in the epithelium of mammary gland tissue with
mastitis and was also expressed in the cultured mammary epithelial cells. We propose that
neutrophils and epithelial cells may play an essential role in elevating milk Hp in addition to previous
suggestions that Hp may be derived from mammary tissues and circulation.

haptoglobin / neutrophil / mastitis / MAC-T cells / immunocytochemistry

1. INTRODUCTION capture released hemoglobin during excessive
hemolysis [12] and to scavenge the hemoglobin-

Haptoglobin (Hp) is an acute phase protein  induced free radicals during oxidative stress
responsive to inflammation and infection [6, 7,  [16]. We have recently shown that Hp is an
24]. One of the major functions of Hp is to  extremely potent antioxidant that directly pre-
vents low-density-lipoproteins from Cu®'- and

* Corresponding author: mao1010@ms7.hinet.net radical compound-induced oxidation [13, 30].
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Transfection of Hp cDNA into Chinese ham-
ster ovary cells protects them against oxidative
stress [30]. Structurally, bovine Hp is unique
possessing only the Hp 2-2 phenotype [14,
15] with a molecular weight ranged from
660 to 730 kDa [15] which is different from
that of humans expressed as Hp 1-1, 2-1,
or 2-2.

Bovine Hp, while not abundantly expressed
in normal plasma, is considered to be one of the
sensitive acute phase proteins during bacterial
infections [15, 24]. Several studies indicate that
its concentration increases dramatically in both
plasma and milk during clinical mastitis of
dairy cows [6, 8, 21]. In experimentally induced
mastitis by intramammary bacterial-challenge
with  Streptococcus uberis, the observed
increase in milk Hp has been suggested to orig-
inate from the circulation [23]. Hiss et al. [9]
also found elevated Hp in milk after intramarm-
mary endotoxin challenge. It was further
observed that Hp could be locally synthesized
within the mammary gland [9]. The source of
milk Hp found in naturally occurring mastitis
is poorly understood.

The purpose of the present study was to
define the source of milk Hp from dairy cows
with high somatic cell counts (SCC) (or masti=
tis). We investigated milk somatic cells for the
presence of Hp protein using Western blot,
Hp mRNA expression using reverse transcrip-
tase-polymerase chain reaction (RT-PCR),
partial cell typing using double confocal immu-
nofluorescence, and endogenously released Hp
using ELISA. Finally, we localized Hp in nor-
mal and mastitic mammary gland tissue and
in a cultured mammary epithelial cell line
(MAC-T). Our findings show that the increased
Hp was associated with neutrophils, in which
Hp was released into the medium in an
ex vivo experiment. In mastitis mammary
glands, Hp was mainly localized within the
epithelial cells. We also observed for the first
time that cultured epithelial MAC-T cells could
synthesize Hp in vitro. In addition to locally
synthesized Hp within the mammary gland
and Hp transferred from the circulation, we
propose that milk neutrophils and mammary
epithelium also contribute to milk Hp
concentrations.

I-H. Lai et al.

2. MATERIALS AND METHODS
2.1. Sample collection and SCC

Quarter milk samples from individual cows (Bos
taurus) were collected at the Yong Rong Dairy Farm
(Chyayi, Taiwan). SCC in each sample was measured
using a Fossomatic 4000 cell counter (Foss Electric,
Hillerad, Denmark) at the Livestock Research Insti-
tute, Council of Agriculture, Executive Yuan
(Hsinchu, Taiwan). Quarter milk samples were then
selected and assigned to four groups according to
SCC (A: <100; B: 100-200; C: 201-500; and
D: > 500 x 10° cells/mL with n = 19, 10, 10, and
11, respectively).

2.2. Purification of bovine Hp and preparation
of anti-Hp antibodies

Native bovine Hp was isolated from the plasma
using an anti-bovine Hp immunoaffinity column, fol-
lowed by gel-permeation chromatography (Superose-
12) on a HPLC system as previously described [15].
Mouse. and “rabbit: polyclonal antibodies against
bovine recombinant ' Hp=or mouse monoclonal anti-
body (mAb; 2H12) against bovine native Hp were
prepared in our laboratory according to previously
established procedures [3, 15].

2.3. Determination.of milk Hp levels
using ELISA

Bovine milk Hp concentrations were determined
using a commercial bovine Hp ELISA kit (Immuno-
logy Consultants Laboratory, Newberg, OR, USA)
according to the manufacture’s instructions. One hun-
dred pL of skimmed milk (1:10 dilution) were used
for the determination of Hp, while skimmed milk
was prepared as previously described [2].

2.4. Isolation of milk somatic cells and protein
extraction

Milk somatic cells were isolated from 200 mL
freshly collected milk. Briefly, milk samples main-
tained at 4 °C were centrifuged at 1 000 g for
20 min at 4 °C. After removing the fat layer and
supernatant, the somatic cells were briefly washed
twice with PBS at 4 °C and maintained on ice. Total
cell proteins were extracted using a lysis buffer
containing 0.3% Triton X-100 in PBS and sonicated
at 4°C for 5 min, followed by -centrifugation
at 10 000 g for 10 min at 4 °C. The remaining
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supernatant was stored at —20 °C until analysis by
SDS-PAGE and Western blot.

2.5. Gel electrophoresis and Western blot

SDS-PAGE was carried out on 1.5-mm-thick slab
gel, using a discontinuous system as previously
described [14]. Unless otherwise specified, the gel
containing 15% (for reducing) or 4% (for non-
reducing samples) polyacrylamide was used with a
top stacking gel of 5% polyacrylamide. Approxi-
mately 20 pg of the protein was loaded onto the gels
and each tested sample was preheated at 100 °C for
10 min in a loading buffer (12 mM Tris-HCl, pH
6.8, 0.4% SDS, 5% glycerol, 0.02% bromphenol
blue) with or without 140 mM 2-mercaptoethanol.
The samples were then run for about 1.5h at
100 V. and stained by Coomassie brilliant
blue. Molecular-mass standard containing 12 pre-
stained proteins (3.5-260 kDa) was purchased from
Invitrogen (Carlsbad, CA, USA). Western  blot
analysis was performed similar to that ‘described
previously [13].

2.6. Analysis of Hp mRNA expression of milk
somatic cells

Total RNA was extracted from milk somatic cells
using an RNeasy mini kit (Qiagen, Hilden, Germany)
according to the manufacture’s instructions. The first
strand cDNA was synthesized using moloney murine
leukemia virus (MMLV) reverse transcriptase (Invit-
rogen). Briefly, equal amounts of total RNA (1" ug)
were added to a reaction mixture containing
50 mM Tris-HCI (pH 8.3), 10 mM dithiothreitol,
0.5 pg oligo (dT);3, 75 mM KCI, 3 mM MgCl,,
0.5 mM dNTP mix, 40 U RNase inhibitor, and 200
U MMLYV reverse transcriptase, and proceeded at
37 °C for 50 min, followed by 70 °C for 15 min.
Equal amounts of total cDNA (100 ng) were ampli-
fied by PCR using Hp specific primers, while using
glyceraldehyde 3-phosphate dehydrogenase (GAP-
DH) as a house-keeping control. The primer design
was based on the published nucleotide sequence of
bovine Hp [15] with 5'-TGCTGCAGGGATCATC
GGTGGCTCATTGGA-3' and 5'-CGGAAAACCAT
CGCTAACAACTAAGCTTGGG-3' as the forward
and reverse primer, respectively. The GAPDH prim-
ers prepared were 5'-CCTGGAGAAACCTGCCA
AGT-3 (forward) and 5'-GCCAAATTCATTGTC
GTACCA-3' (reverse). The PCR cycling profile
was 95 °C for 5 min followed by 30 cycles at
94 °C for 30, 55 °C for 30 s, 72 °C for 50 s (or
30 s in GAPDH) with a final extension at 72 °C

Vet. Res. (2009) 40:17

for 10 min. The RT-PCR products (214 bp for GAP-
DH and 755 bp for Hp) were resolved on 1.5% aga-
rose gel [14], followed by an ethidium bromide
staining. The band intensity corresponding to Hp
was determined using a Quantity One software of
Gel Doc 2000 Gel Documentation System (Bio-
Rad Laboratories, Hercules, CA, USA).

2.7. MAC-T and Hp mRNA expression

MAC-T, an established and immortalized epithelial
cell line isolated from bovine mammary tissue was
cultured as previously described [10, 18]. In general,
the cells (1 x 10* cells per well) were grown at
37 °C (5% CO,) in a 24-well culture plate in complete
Dulbecco modified Eagle medium (Invitrogen) sup-
plemented with 10% fetal bovine serum (containing
no immunoreactive bovine Hp), 50 pg/mL of strepto-
mycin, and 50 IU/mL of penicillin (Invitrogen). Hp
mRNA expression was analyzed using RT-PCR simi-
lar to the procedures described above.

2.8. Immunocytochemical staining of somatic
and MAC-T cells and mammary tissues

The labeled streptavidin biotin kit (LSAB)
(Dakocytomation, Glostrup, Denmark) was used for
immunostaining according to the manufacturer’s
instructions. In brief, cytospins containing freshly
isolated somatic or MAC-T cells were treated with
ice-chilled methanol (100%) for 15 min and then rehy-
drated by PBS. The cells were permeabilized in PBS
containing 0.3% Triton X-100 for 10 min, while the
endogenous peroxidase was blocked by incubation
with 3% H,0,. After blocking with 2% gelatin, the
cells were incubated with unlabeled mouse anti-CD5
mAD (lymphocyte marker), mouse anti-CD11b mAb
(neutrophil marker) (Serotec, Oxford, UK), or mouse
anti-Hp polyclonal antibody for 1 h. The slides were
then incubated with biotinylated anti-mouse IgG for
30 min, followed by washes and incubation with
HRP-conjugated streptavidin for 30 min. After
washes, the slides were developed with 3-amino-
9-ethylcarbazole or 3,3'-diaminobenzidine (DAB)
substrate and counterstained with hematoxylin. For
normal and mastitic mammary tissues (n = 5 each),
each section was deparaffinized in a 50 °C oven for
10 min and then placed for two 5-min washes in
xylene at 24 °C. The sections were rehydrated through
sequential soakings in 100, 95, 90, 80, and 50%
alcohol for 2 min each, followed by final washes in
deionized water. The sections were then stained using
procedures described above.
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2.9. Double immunofluorescence using confocal
laser scanning microscopy

Cytospin prepared cells used for localization of
CDI11b and Hp were permeabilized as described
above. After blocking, the cells were co-incubated
with unlabeled mouse anti-CD11b mAb and rabbit
anti-Hp polyclonal antibody for 1 h. The slides were
then incubated with a mixture of fluorescent isothio-
cyanate (FITC) conjugated anti-mouse IgG and
rhodamine conjugated anti-rabbit IgG (Jackson
Immunoresearch Laboratories, West Grove, PA,
USA) for 1 h in the dark. The cells were washed with
PBS before examination using a Fluoview FV500
confocal laser scanning microscopy (Olympus,
Tokyo, Japan).

2.10. Time course of Hp protein released
from somatic cells in vitro

Two mL of isolated somatic cells (adjusted:to
1 x 10* cells/mL at 4 °C) from groups A and D
(n =3 for each) were suspended in Roswell Park
Memorial Institute medium (RPMI) 1640"medium
(JRH Biosciences, Lenexa, KS, USA) containing
100 pg/mL ampicillin with or without protease inhib-
itor of 1 mM phenylmethylsulfonyl fluoride (PMSF)
(Sigma, St. Louis, MO, USA) in a test tube-and were
incubated at 37 °C for 0, 2, 4, 8 and 16 h,
respectively, followed by centrifugation at.1 000 g
at 4°C for 5 min. The supernatant was _ then
subjected to ELISA for the determination of Hp
concentrations.

3. RESULTS

3.1. Correlation between Hp levels and SCC
in bovine milk

Selected bovine milk samples (n = 50) were
assigned into four groups according to their
SCC (A: <100; B: 100-200; C: 201-500;
and D: > 500 x 10° cells/mL with n =9, 10,
10, and 11, respectively). The mean + SEM
of milk Hp concentrations determined by an
ELISA in groups A, B, C, and D were
023 +£0.08, 0.74+0.23, 1.11 +0.28, and
222 +0.53 pg/mL, respectively. The mean
Hp concentration of group D was ~10-fold
higher than that of group A (P < 0.001). The
overall Hp concentrations were correlated with
SCC (r = 0.742; P < 0.01).

I-H. Lai et al.

3.2. Hp in milk somatic cells

Because Hp levels in the milk samples were
positively correlated with SCC, we hypothe-
sized that somatic cells might contribute to the
presence of Hp in milk. We extracted protein
from the somatic cells from the low (group A)
and high SCC (group D) to examine the pres-
ence of Hp using a Western blot. Figure 1
depicts the presence of Hp in group D, but
not in group A. It implicates the endogenous
synthesis and expression of Hp between the
analyzed cells of groups A and D was different
or/and altered. The electrophoretic pattern of
bovine Hp (non-reduced) was similar to that
previously reported by our laboratory [15].

3.3. Endogenous expression of Hp mRNA
in milk somatic cells

To determine whether somatic cells could
endogenously synthesize Hp, RT-PCR for the
expression of Hp mRNA was conducted, while
using GAPDH .as a house-keeping control.
Figure 2 shows-that the Hp mRNA expression
was - progressively | increased with the SCC
(P.<.0.001).. The mean Hp mRNA expression
in groups € and D were evidently higher than
those in groups A and B (P < 0.001).

3.4. Somatic cell typing

To identify the cell types in group D, we
used anti-CDS5 (lymphocyte marker) and anti-
CDI11b (neutrophil marker) mAb as a probe
in immunostaining, while comparing group A
as a non-mastitis control. We found lympho-
cytes to be a major cell type in group A and
neutrophils the predominant cell type in group
D (data not shown). The immunostaining was
specific because the background control using
non-immuned sera or non-related mAb was
negative (data not shown).

3.5. Colocalization of Hp and CD11b
in neutrophils using confocal microscopy

In addition to RT-PCR, we tested whether
neutrophils could express Hp in situ. Somatic
cells isolated from group D enriched with
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(A) 15% SDS-PAGE
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(B) Western blot
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Figure 1. Typical SDS-PAGE pattern and Western blot analyses of milk somatic cell lysates from groups
A and D. (A) Coomassie blue staining of somatic cell lysates run on a 15% SDS-PAGE under reducing
conditions. (B) Western blot analysis of the isolated Hp and somatic cell lysates under reducing (left panel
with 15% SDS-PAGE) and non-reducing conditions (right panel with 4% SDS-PAGE) using a mouse
polyclonal antibody prepared against bovine recombinant Hp. Lane M, molecular markers in kDa.

neutrophils were examined for localization of
Hp using a double confocal laser scanning
microscopy. Figure 3 shows that all the neutro-
phils identified by CD1lb (in green FITC)
exhibited expression of Hp (in red rhodamine),
while no staining was observed for cells treated
with non-immuned sera nor unrelated mAb
(data not shown).

3.6. Release of Hp from the somatic cell ex vivo

To test the hypothesis that the neutrophil
enriched population secreted Hp, we collected
the somatic cells from the groups A and D
(n = 3 quarters for each) and investigated their
Hp secretion into the RPMI 1640 medium over
time. Figure 4 shows that both groups were able
to secrete Hp into the medium with a markedly
greater secretion in group D than in group A.
Essentially, the released Hp reached maximal
levels within the first 2 h tested. Thus, the milk

neutrophils not only express Hp but also release
it into the milk.

3.7. Localization of Hp in mammary tissue
and MAC-T cell

We used mouse anti-bovine Hp polyclonal
antibody to localize the bovine Hp near the area
of alveoli in mammary tissues (z = 5). The results
indicate that only mastitic mammary tissue
expressed Hp relative to normal tissue. Figures
SA and 5B illustrate a typical example showing
that Hp was primarily localized at alveoli of mas-
titic mammary tissue, but not in the normal tissues
(Figs. 5C and 5D). To provide additional evidence
that mammary alveolar epithelial cells can
express Hp, we showed that cultured- MAC-T
cells were able to express Hp mRNA (panel of
Fig. SE). We further demonstrated the presence
of Hp protein in MAC-T cells using immuno-
cytochemical staining (Figs. SE and 5F).
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Figure 2. Expression levels of Hp mRNA in somatic cells. (A) Expression of Hp mRNA in milk somatic
cells according to SCC (A: < 100; B: 100-200; C: 201-500; and D: > 500 x 10° cells/mL with n = 5 in
each group). An equal amount of total cDNA (100 ng) was amplified by PCR, using GAPDH as a house-

keeping control. (B) Each bar represents the mean = SEM.

4. DISCUSSION

4.1. Correlation between Hp levels and SCC
in bovine milk

The SCC of milk has been utilized as an indi-
cator of mastitis because of its simple handling
procedures. In §eneral, SCC of a quarter greater
than 500 X 10 cells/mL is considered to be
associated with mastitis [22, 26]. A limit of
< 100 x 10* cells/mL has been suggested for
a healthy quarter [19]. If the SCC exceeds

sk

P < 0.001 as compared to group A.

200 x 10® cells/mL, the quarter is likely to be
infected [25]. The results from the present study
showed a 10-fold increase in Hp concentrations
in milk containing SCC > 500 x 10° (group D)
relative to SCC < 100 x 10° (group A). This
suggests that the somatic cells were responsible
for the elevation of Hp in milk, at least in part.

4.2. Bovine Hp in milk somatic cells

Previous studies have proposed that milk
Hp can be derived from mammary tissues and
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Figure 3. Colocalization of CD11b and Hp in milk neutrophils using confocal laser scanning microscopy.
CD11b as a marker for neutrophils was visualized with a FITC-conjugated second antibody (A and B).
Likewise, Hp was visualized with a rhodamine-conjugated second antibody (C and D).

circulating blood following intramammary
infection [5, 9]. Although the factors attributed
to the elevated milk Hp in naturally occurring
mastitis are not fully understood, the present
study suggests that neutrophils in milk are a
major source of milk Hp in cows with mastitis.
There are several lines of evidence to support this
notion. First, Hp levels determined by ELISA
were positively correlated with the SCC in our
group analyses in which the increase in SCC
was mostly attributed to neutrophils. Second,
using Western blot analysis, Hp was found abun-
dantly in the cell lysate of group D, but not in that
of the normal group A (Fig. 1). A recent study
using matrix assisted laser desorption ioniza-
tion-time of flight-mass indicates that Hp is

present and concentrated within the granules of
bovine granulocytes isolated from peripheral
blood of healthy cattle, although the cell types
(such as neutrophils) have not been specified
[4]. Third, the Hp mRNA levels in cells of the
high SCC groups B-D were significantly higher
than in the cells of the normal group A. The
underlying mechanism involved in high Hp
expression in the higher SCC groups appears to
be related to the different cell types. We also
observed that neutrophils were the predominate
cell type in group D, but not in group A when
examined by immunocytochemistry (data not
shown). This suggests that neutrophils in high
SCC milk account for the major synthesis of
Hp. Furthermore, using laser confocal scanning
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Figure 4. Time course of Hp protein released into RPMI 1640 medium by somatic cells from groups A and
D ex vivo. Freshly isolated somatic cells from milk samples of groups A and D (n = 3 of each group) at
4 °C were immediately suspended in RPMI 1640 and kept at 37 °C over time. Supernatant containing Hp
was determined using an ELISA. Protease inhibitor (PMSF) was also added in parallel to each group in an
attempt to minimize the Hp degradation. Each bar represents the mean + SEM.

microscopy, we observed that all the neutrophils
isolated from the somatic cells were capable
of expressing Hp as determined by double
immunofluorescence (Fig. 3). Fourth, 'these
cells not only synthesized Hp but alsoreleased
it into milk (Fig. 4).

This is the first study demonstrating that Hp
is synthesized by cattle neutrophils using
RT-PCR, which is inconsistent with an early
report indicating that human neutrophils do
not produce Hp [32]. In that study, the authors
hypothesized that Hp of neutrophils was
derived from the liver and stored in specific
granules via endocytosis [32]. While conduct-
ing our investigation, a recent study appeared,
reporting that Hp can be released from human
neutrophils [28] indicating the presence of Hp
mRNA in human neutrophils, although the
level of expression was minimal. Taken
together, it is conceivable that neutrophils may
contribute to the increased level of Hp in milk
from cows with mastitis.

4.3. Milk Hp from the other sources

It has been shown that Hp is expressed in the
mammary tissue using ELISA and RT-PCR,

although ‘the cell types involved were not
specified "[9]. Using. an epithelial cell line
(MAC-T) and mammary gland tissue sections
we further demonstrate that epithelial cells were
able-to-endogenously synthesize and express
Hp (Fig. 5); which is consistent with the results
by Thielen et al. [29] using an in situ hybridiza-
tion on the epithelium of mastitic mammary tis-
sue. Another study has also suspected the
presence of Hp in the epithelium of alveolus
[6]. Nonetheless, the localization of Hp in
bovine alveolar epithelium of mastitic tissue
or cultured MAC-T cells is now demonstrated
in the present study (Fig. 5).

4.4. Remarks on Hp secretion in milk
and its physiologic function

This study shows that neutrophils and mam-
mary epithelial cells represent an additional
extra-hepatic source of Hp in milk. The possible
mechanism by which neutrophils migrate into
the alveolus of mammary gland and how Hp
is recruited in milk are explained and summa-
rized in Figure 6.

The physiologic benefits of local Hp
expression in mammary tissue during infection
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Figure 5. Immunocytochemical localization of Hp in mammary gland and MAC-T cells. Mammary tissues
with (A and B) and without mastitis (C and D) were incubated with mouse anti-Hp polyclonal antibodies (A
and C), while using normal non-immuned mouse serum as a negative control (B and D). MAC-T cells were
incubated with mouse anti-Hp polyclonal antibodies (E), while using normal non-immuned mouse serum as
a negative control (F). DAB was used as a chromogenic substrate for Hp staining (in brown) and
hematoxylin was employed as a nuclear stain (in blue). Panel in E represents the Hp mRNA expression
(Lane 2) and DNA molecular weight markers (Lane 1) using RT-PCR. AV = alveolar.

remain illusive. During mastitis, activated
neutrophils produce significant amounts of
reactive oxygen species (in order to kill
the bacteria) which may cause tissue damage
[1, 17, 31]. Hp is an extremely potent antiox-
idant that can directly scavenge free radicals,

it may effectively utilize Hp to attenuate such
intracellular damage [30]. A further under-
standing of the role played by neutrophils as
a source of Hp may provide insight into the
understanding of an additional function of
neutrophils in milk.
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Figure 6. Schematic diagram of hypothetical pathways for the presence of bovine Hp in milk. There are at
least four combined possible pathways for the presence of Hp in milk during mastitis. First, inflammatory
cytokines (TNF-a, IL-1, IL-6, and IL-8) may activate neutrophils and promote them to migrate through the
endothelium, subepithelial matrix, and basement membrane of blood and lymph vessels into the infected
mammary gland. Neutrophils then pass through the tight junction between the alveolar epithelial cells and
enter into the alveolus to secrete cellular Hp (please see review article for more detail [27]) (pathway 1).
Second, plasma Hp of hepatic origin mimicking albumin and immunoglobulin [11, 20] is able to directly
enter into the epithelial cells via a receptor-mediated process and secrete into alveolus (including
endocytosis and exocytosis) (pathway 2). Third, plasma Hp is able to spill into the udder by passive
diffusion through a compromised udder/vascular system barrier (pathway 3). Fourth, the mammary
epithelial cells are able to endogenously synthesize and express Hp in the alveolus (pathway 4). (A color
version of this figure is available at www.vetres.org.)

Acknowledgements. This work was supported by marker in processed milk as studied by electrophoresis

Grants NSC (94-95)-2313-B-009-001, 95-2313-B-
009-003-MY2 and 97-2313-B-009-001-MY2 (SITM)
and NSC 94-2313-B-020-023 (JWL) from the
National Science Council, Taiwan, R.O.C. We also
thank James Lee of the National Chiao Tung Univer-
sity for critical review of this manuscript.

REFERENCES

[1] Boulanger V., Zhao X., Lacasse P., Protective
effect of melatonin and catalase in bovine neutrophil-
induced model of mammary cell damage, J. Dairy Sci.
(2002) 85:562-569.

[2] Chen W.L., Hwang M.T., Liau C.Y., Ho J.C.,
Hong K.C., Mao S.J.T., B-Lactoglobulin is a thermal

and circular dichroic spectra, J. Dairy Sci. (2005)
88:1618-1630.

[3] Chen W.L., Liu W.T., Yang M.C., Hwang M.T.,
Tsao J.H., Mao S.J.T., A novel conformation-
dependent monoclonal antibody specific to the native
structure of P-lactoglobulin and its application,
J. Dairy Sci. (2006) 89:912-921.

[4] Cooray R., Waller K.P., Venge P., Haptoglobin
comprises about 10% of granule protein extracted
from bovine granulocytes isolated from healthy cattle,
Vet. Immunol. Immunopathol. (2007) 119:310-315.

[5] Eckersall P.D., Young F.J., McComb C., Hogarth
C.J., Safi S., Weber A., et al., Acute phase proteins in
serum and milk from dairy cows with clinical mastitis,
Vet. Rec. (2001) 148:35-41.

Page 10 of 12 (page number not for citation purp0s§126_



Haptoglobin and neutrophil in bovine mastitis

[6] Eckersall P.D., Young F.J., Nolan A.M., Knight
C.H., McComb C., Waterston M.M., et al., Acute
phase proteins in bovine milk in an experimental
model of Staphylococcus aureus subclinical mastitis,
J. Dairy Sci. (2006) 89:1488-1501.

[7] Gervois P., Kleemann R., Pilon A., Percevault F.,
Koenig W., Staels B., Kooistra T., Global suppression
of IL-6-induced acute phase response gene expression
after chronic in vivo treatment with the peroxisome
proliferator-activated receptor-o activator fenofibrate,
J. Biol. Chem. (2004) 279:16154-16160.

[8] Gronlund U., Hallén Sandgren C., Persson Waller
K., Haptoglobin and serum amyloid A in milk from
dairy cows with chronic sub-clinical mastitis, Vet. Res.
(2005) 36:191-198.

[9] Hiss S., Mielenz M., Bruckmaier R.M., Sauerwein
H., Haptoglobin concentrations in blood and milk after
endotoxin challenge and quantification of mammary
Hp mRNA expression, J. Dairy Sci. (2004) 87:3778—
3784.

[10] Huynh H.T., Robitaille G., Turner J.D.
Establishment of bovine mammary epithelial cells
(MAC-T): an in vitro model for bovine lactation, Exp.
Cell Res. (1991) 197:191-199.

[11] Kolb A.F., Engineering immunity in the mam-
mary gland, J. Mammary Gland Biol.  Neoplasia
(2002) 7:123-134.

[12] Kristiansen M., Graversen J.H., Jacobsen C.,
Sonne O., Hoffman H., Law S.K., Moestrup  S.K.,
Identification of the haemoglobin scavenger receptor,
Nature (2001) 409:198-201.

[13] Lai LH., Tsai T.I, Lin H.H., Lai W.Y., Mao
S.J.T., Cloning and expression of human haptoglobin
subunits in Escherichia coli: delineation of a major
antioxidant domain, Protein Expr. Purif. (2007)
52:356-362.

[14] Lai LH., Lin K.Y., Larsson M., Yang M.C.,
Shiau C.H., Liao M.H., Mao S.J.T., A unique tetra-
meric structure of deer plasma haptoglobin: an
evolutionary advantage in the Hp 2-2 phenotype
with homogeneous structure, FEBS J. (2008) 275:
981-993.

[15] Lai Y.A., Lai LH., Tseng C.F., Lee J., Mao S.J.T.,
Evidence of tandem repeat and extra thiol-groups in
the polymeric formation of bovine haptoglobin:
a unique structure of Hp 2-2 phenotype, J. Biochem.
Mol. Biol. (2007) 40:1028-1038.

[16] Langlois M.R., Delanghe J.R., Biological and
clinical significance of haptoglobin polymorphism in
humans, Clin. Chem. (1996) 42:1589—1600.

[17] Lauzon K., Zhao X., Bouetard A., Delbecchi L.,
Paquette B., Lacasse P., Antioxidants to prevent

Vet. Res. (2009) 40:17

bovine neutrophil-induced mammary epithelial cell
damage, J. Dairy Sci. (2005) 88:4295-4303.

[18] Lee J.W., Zhao X., Recombinant human inter-
leukin-8, but not human interleukin-1beta, induces
bovine neutrophil migration in an in vitro co-culture
system, Cell Biol. Int. (2000) 24:889—895.

[19] Merle R., Schréder A., Hamann J., Cell function
in the bovine mammary gland: a preliminary study
on interdependence of healthy and infected udder
quarters, J. Dairy Res. (2007) 74:174-179.

[20] Monks J., Neville M.C., Albumin transcytosis
across the epithelium of the lactating mouse mammary
gland, J. Physiol. (2004) 560:267-280.

[21] Nielsen B.H., Jacobsen S., Andersen P.H.,
Niewold T.A., Heegaard P.M., Acute phase protein
concentrations in serum and milk from healthy cows,
cows with clinical mastitis and cows with extramam-
mary inflammatory conditions, Vet. Rec. (2004)
154:361-365.

[22] Olde Riekerink R.G., Barkema H.W., Veenstra
W., Berg EE:, Stryhn H., Zadoks R.N., Somatic cell

count during and between milkings, J. Dairy Sci.
(2007) 90:3733-3741.

[23] Pedersen L.H., Aalback B., Rentved C.M.,
Ingvartsen K.L., Sorensen N.S., Heegaard P.M., Jensen
H.E., Early pathogenesis and inflammatory response
in experimental bovine mastitis due to Streptococcus
uberis, J. Comp. Pathol. (2003) 128:156-164.

[24]“Petersen’ H.H., Nielsen J.P., Heegaard P.M.,
Application of acute phase protein measurements in vet-
erinary clinical chemistry, Vet. Res. (2004) 35:163—-187.

[25] Poutrel B., Stegemann M.R., Roy O., Pothier F.,
Tilt N., Payne-Johnson M., Evaluation of the efficacy
of systemic danofloxacin in the treatment of induced
acute Escherichia coli bovine mastitis, J. Dairy Res.
(2008) 75:310-318.

[26] Pyorild S., Indicator of inflammation in the
diagnosis of mastitis, Vet. Res. (2003) 34:565-578.

[27] Rainard P., Riollet C., Innate immunity of the
bovine mammary gland, Vet. Res. (2006) 37:369—400.

[28] Theilgaard-Monch K., Jacobsen L.C., Nielsen
M.J., Rasmussen T., Udby L., Gharib M., et al.,
Haptoglobin is synthesized during granulocyte difter-
entiation, stored in specific granules, and released by
neutrophils in response to activation, Blood (2006)
108:353-361.

[29] Thielen M.A., Mielenz M., Hiss S., Zerbe H.,
Petzl W., Schuberth H.J., et al., Short communication:
Cellular localization of haptoglobin mRNA in the
experimentally infected bovine mammary gland,
J. Dairy Sci. (2007) 90:1215-1219.

_lz,fgage number not for citation purpose) Page 11 of 12



Vet. Res. (2009) 40:17

[30] Tseng C.F., Lin C.C., Huang H.Y., Liu H.C.,
Mao S.J.T., Antioxidant role of human haptoglobin,
Proteomics (2004) 4:2221-2228.

[31] Tseng C.F., Mao S.J.T., Analysis of antioxidant
as a therapeutic agent for atherosclerosis, Curr. Pharm.
Anal. (2006) 2:369-384.

I-H. Lai et al.

[32] Wagner L., Gessl A., Parzer S.B., Base W,
Waldhdusl W., Pasternack M.S., Haptoglobin pheno-
typing by newly developed monoclonal antibodies.
Demonstration of haptoglobin uptake into peripheral
blood neutrophils and monocytes, J. Immunol. (1996)
156:1989-1996.

Page 12 of 12 (page number not for citation purposgizg_



2FEBS

Journal

A unique tetrameric structure of deer plasma haptoglobin -
an evolutionary advantage in the Hp 2-2 phenotype with
homogeneous structure

l. H. Lai", Kung-Yu Lin", Mikael Larsson?, Ming Chi Yang', Chuen-Huei Shiau?,
Ming-Huei Liao* and Simon J. T. Mao'®

1 Institute of Biochemical Engineering, College of Biological Science and Technology, National Chiao Tung University, Hsinchu, Taiwan
2 Department of Chemical and Biological Engineering, Chalmers University of Technology, Gothenburg, Sweden

3 Pingtung County Livestock Disease Control Center, Pingtung, Taiwan

4 Department of Veterinary Medicine, National Pingtung University of Science and Technology, Pingtung, Taiwan

5 Department of Biotechnology and Bioinformatics, Asia University, Taichung, Taiwan

Keywords

amino acid sequence; deer and human
haptoglobin; monoclonal antibody;
phenotype; purification

Correspondence

S. J. T. Mao, Institute of Biochemical
Engineering, College of Biological Science
and Technology, National Chiao Tung

University, 75 Po-Ai Street, Hsinchu 30050,

Taiwan

Fax: +886 3 572 9288

Tel: +886 3 571 2121 ext. 56948
E-mail: mao1010@ms7.hinet.net

Database

The sequence corresponding to deer Hp is
available in the DDBJ/EMBL/GenBank
database under the accession number
EF601928

(Received 21 November 2007, revised 20
December 2007, accepted 28 December
2007)

doi:10.1111/j.1742-4658.2008.06267 .x

Haptoglobin (Hp) is an acute-phase protein (respon-
sive to infection and inflammation) that is present in
the plasma of all mammals [1-4]. A recent study has
found that Hp also exists in lower vertebrates (bony

Abbreviations
Hp, haptoglobin; B-ME, B-mercaptoethanol.

Similar to blood types, human plasma haptoglobin (Hp) is classified into
three phenotypes: Hp 1-1, 2-1 and 2-2. They are genetically inherited
from two alleles Hp 1 and Hp 2 (represented in bold), but only the
Hp 1-1 phenotype, is: found in almost all animal species. The Hp 2-2
protein consists: of complicated large polymers cross-linked by o2-8
subunits or-(a2-B), (where n >3, up to 12 or more), and is associated
with the‘risk of the development of ‘diabetic, cardiovascular and inflam-
matory-diseases.—In- the present study, we found that deer plasma Hp
mimics human Hp 2, containing a tandem repeat over the a-chain based
on our cloned cDNA sequence. Interestingly, the isolated deer Hp is
homogeneous and tetrameric, .i.e. (a-B)y, although the locations of —SH
groups (responsible for the formation: of polymers) are exactly identical
to that of- human. Denaturation of deer Hp using 6 M urea under reduc-
ing conditions (143 mMm B-mercaptoethanol), followed by renaturation,
sustained the formation of (a-B)s, suggesting that the Hp tetramers are
not randomly assembled. Interestingly, an o-chain monoclonal antibody
(W1), known to recognize both human and deer a-chains, only binds to
intact human Hp polymers, but not to deer Hp tetramers. This implies
that the epitope of the deer a-chain is no longer exposed on the surface
when Hp tetramers are formed. We propose that steric hindrance plays
a major role in determining the polymeric formation in human and deer
polymers. Phylogenetic and immunochemical analyses revealed that the
Hp 2 allele of deer might have arisen at least 25 million years ago. A
mechanism involved in forming Hp tetramers is proposed and discussed,
and the possibility is raised that the evolved tetrameric structure of deer
Hp might confer a physiological advantage.

fish) but not in frog and chicken [5]. The most fre-
quently reported biological functions of the protein are
to capture released hemoglobin during excessive hemo-
lysis [6] and to scavenge free radicals during oxidative
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stress [7]. The captured hemoglobin is internalized by a
macrophage/monocyte receptor, CD163, via endocyto-
sis. Interestingly, the CD163 receptor only recognizes
Hp and hemoglobin in complex, which indicates
exposure of a receptor-binding neo-epitope [6]. Thus,
CD163 is identified as a hemoglobin scavenger recep-
tor. Recently, we have shown that Hp is an extremely
potent antioxidant that directly protects low-density
lipoprotein (LDL) from Cu”*-induced oxidation. The
potency is markedly superior to that of probucol, one
of the most potent antioxidants used in antioxidant
therapy [8-10]. Transfection of Hp cDNA into Chinese
hamster ovary (CHO) cells protects them against oxi-
dative stress [9].

Human Hp is one of the largest proteins in the
plasma, and is originally synthesized as a single
af polypeptide. Following post-translational cleavage
by a protease, a- and B-chains are formed and then
linked by disulfide bridges producing mature Hp [11].
The gene is characterized by two common alleles, Hp 1
and Hp 2b, corresponding to al-f and o2-B polypep-
tide chains, respectively, resulting in three main pheno-
types: Hp 1-1, 2-1 and 2-2. All the phenotypes share
the same PB-chain containing 245 amino acid: residues.
As shown in Fig. 1A, the ol-chain containing 83
amino acid residues possesses two available '—=SH
groups; that at the C-terminus always cross-links with
a P-chain to form a basic o-f unit, and-that at the
N-terminus links with another (a-f);, resulting in an
Hp dimer (a1-B),, i.e. a Hp 1-1 molecule. Tn contrast,
the o2-chain, containing a tandem repeat of.residues
12-70 of al with 142 amino acid residues, is ‘trivalent’
providing an additional available —SH group (Cys15)
that is able to interact with another o-f unit. As such,
o2-chains can bind to either al-B or a2-f units to form
large polymers [(at1-B);-(02-B), in Hp2-1 and (a2-PB), in
Hp2-2] as shown in Fig. 1B.

Because of its weaker binding affinity to hemoglobin
and retarded mobility (or penetration) between the
cells, the polymeric structure of Hp 2-2 is dramatically
more prevalent in some groups of patients with certain
diseases, such as diabetes and inflammation-related
diseases [7,12-14]. The human Hp 2 allele has been
proposed to have originated from Hp I about two mil-
lion years ago and then gradually displaced Hp I as a
consequence of nonhomologous crossing-over between
the structural alleles (Hp I) during meiosis [15-17],
and is the first example of partial gene duplication of
human plasma proteins [15,18,19]. Thus, only humans
possess additional Hp 2-1 and 2-2 phenotypes.

In the present study, deer Hp protein was initially
shown to be a homogeneous polymer using an electro-
phoretic hemoglobin typing gel. Following isolation
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Fig. 1. Schematic drawing of the human Hp a-chain and the molec-
ular arrangement of Hp phenotypes. (A) The human Hp al-chain
includes two avaiable —SH groups. That at the C-terminus always
links to a B-chain to form a basic a1-B unit, and that at the N-termi-
nus links either an a1-p unit or (22-B), units. The sequence of a2 is
identical to that of a1 except for a partial repeat insertion of resi-
dues 12-70. However, the extra Cys74 means that Hp 2-1 and 2-2
form complicated polymers. (B) Hp 1-1 forms the simplest homodi-
mer (a1-B),, whereas Hp 2-1 is polymeric in linear form, forming a
homodimer (a1-B),, trimer (a-B)3 and other polymers. Here, o repre-
sents al- or a2-chains. Hp 2-2 forms cyclic structures: a trimer
(22-B)z and other cyclic polymers.

and identification of the protein, the a-chain was
found to be similar to the human o2-chain based on
its apparent molecular mass. We then cloned the
cDNA of deer Hp, showing that the putative amino
acid sequence mimics that of human Hp 2-2 (81.7%
and 67.9% sequence homology in the B- and a-chains,
respectively), and that the a-chain of deer Hp also pos-
sesses a unique tandem repeat. Interestingly, deer Hp
a-chain comprises seven —SH groups, that are oriented
exactly the same as in human Hp 2-2, but the molecu-
lar arrangement of deer Hp is strictly tetrameric, i.e.
(0-B)4. It is thus totally different from human Hp 2-2,
which has (a-fB), polymers, where n > 3. Using an
o-chain mAb as a probe and denaturing/renaturing
experiments, we further demonstrated that steric
hindrance of the Hp a-chain plays a major role in
determining the polymeric formation of human (a-B),
and the deer (a-B); tetramer. Amino acid sequence
alignment demonstrated that the evolved amino acid
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sequences of the ruminant B-chain are the most diver-
gent among all mammals. By phylogenetic tree analy-
sis, we identified the o-chain of dolphin and whale (a
branch before the deer) as belonging to the al type.
This suggests that the deer tandem repeat sequence
arose between 25 and 45 million years ago, which is
much earlier than the two million years proposed for
humans. It is possible that the evolved tetrameric
structure of deer Hp might confer a physiological
advantage. We further proposed that a steric hindrance
mechanism is involved in forming Hp tetramers.

Results

Identification of Hp phenotype

It has been claimed that the Hp of ruminants (cattle,
sheep and goat) cannot enter polyacrylamide gels due
to the large polymeric nature of the protein [20,21].
We tested whether this was also the case for the Hp of
deer (another ruminant). Using a hemoglobin typing
gel, we unexpectedly found deer plasma Hp to be a
simple homogeneous molecule that is small enough to
enter a 7% electrophoretic gel. An example of its. phe-
notype and the electrophoretic properties of deer Hp,
compared to human Hp 1-1, 2-1 and 2-2, is shown in
Fig. 2. This shows that deer Hp mimics one of the
polymeric forms of human Hp 2-1 or 2-2::either a
linear or cyclic tetramer.

Human
1 Deer
Hb 11 21 2-2 Hp

(a1B)2a2B)s —f - o
(AB)(02B)s |
(1B)a(a2B)s —f-ommemomnns

[T %) P E—

e (02B)s

(@1B)2 —f----- -

B % e s s Hemoglobin

1 2 3 4 5

Fig. 2. Hemoglobin-binding patterns of deer and human plasma Hp
on 7% native PAGE. Lane 1, hemoglobin only. Lanes 2, 3 and 4,
human plasma of Hp 1-1, 2-1 and 2-2 phenotypes with hemoglobin,
respectively. Lane 5, deer plasma with hemoglobin.

Structure of deer haptoglobin

Isolation of deer Hp

The molecular size of the Hp a-chain has been conven-
tionally used for identifying the phenotype of a given
Hp protein. To further characterize the molecular form
of deer plasma Hp, we attempted to isolate the protein
using a Sepharose-based immunoaffinity column
[22,23]. A mouse mAb prepared against the human
o-chain (W1) was utilized for coupling to the Sepha-
rose because this mAb was able to react with both
human and deer a-chains on a western blot (described
below). First, plasma samples enriched with Hp were
pooled and applied to the affinity column. This pro-
cedure, however, failed to isolated deer Hp from the
plasma due to the lack of binding of deer proteins to
the column. Next, we used combined ammonium-sulfate
fractionation and size-exclusion chromatography pro-
cedures [24] for the isolation. A size-exclusion chro-
matographic profile for the fractions containing Hp is
shown in Fig. 3A (second peak). The homogeneity of
isolated Hp was approximately 90%, as determined by
SDS-PAGE (Fig. 3B). The presence of o-chains was

Hemoglobin
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Absorbance at 280 nm
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25.0

18.4 =a-chain

N EITINE

14.4

Coomassie blue stain Western blot (mAb W1)

Fig. 3. Isolation of deer Hp using a size-exclusion Superose-12 col-
umn on an HPLC system. (A) A dialyzed supernatant of the 50%
saturated ammonium sulfate fraction from plasma was applied to
Superose-12 column (1 x 30 cm) at a flow rate of 0.3 mL-min~,
using NaCl/Pi as the mobile phase. The bar represents the pooled
fractions corresponding to Hp. (B) SDS-PAGE and western blot
analyses of eluted Hp fractions. (C) Hemoglobin-binding properties
of isolated Hp and plasma containing native Hp on 7% native

PAGE. Lane M, molecular markers in kDa (Invitrogen).
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confirmed by western blot using W1 mAb (Fig. 3B;
right panel).

Hemoglobin binding of isolated Hp

In the next experiment, we tested the hemoglobin-
binding ability of isolated deer Hp. Fig. 3C shows that
the isolated Hp was able to form an Hp-hemoglobin
complex under 7% native PAGE. Furthermore, it
demonstrates that the deer protein consists of one
major molecular form that is identical to its native
form in the plasma based on electrophoretic mobility.
It appears that the Hp isolated under our experimental
conditions was not significantly altered with regard to
its molecular and biochemical properties.

Molecular mass estimation of deer and human
Hp 2-2 using SDS-PAGE and western blot

Western blot analysis using the o chain-specific mAb
W1 indicated that the mAb recognizes both human
and deer o chains (Fig. 4A). It also reveals that the
deer a-chain belongs to the o2 group, with a mole-
cular mass of approximately 18 kDa on both SDS-
PAGE and western blot. We therefore tentatively| clas-
sified the deer Hp as phenotype 2-2. In isolated deer
Hp, there was a trace amount of hemoglobin (approx-
imately 14 kDa), with a molecular mass-comparable
to that of the human Hp al-chain. The estimated
molecular mass of the deer p-chain “was . about
36 kDa, slightly lower than that of human: The. iso-
lated deer Hp was further characterized using 4%
SDS-PAGE under non-reducing conditions. Consis-
tent with our hemoglobin binding assay, Fig. 4B (left
panel) demonstrates that isolated deer Hp consists of
only one specific tetrameric form, i.e. (o-B)4, With a
molecular mass about 216 kDa, which is close to that
of the human Hp 2-2 tetramer (230 kDa) based on
the gel profile.

Unique immunoreactivity of deer Hp defined
by mAb W1

We then attempted to ensure that the polymeric forms
of human and deer protein were an Hp by western
blot analysis using W1 mAb. Figs 3B and 4A clearly
showed that this antibody was capable of binding both
human and deer a-chains in its reduced form. Interest-
ingly, Fig. 4B (right panel) shows that this mAb recog-
nized all the human Hp 2-2 polymers, but not intact
deer Hp 2-2. However, after adding a reducing reagent
(B-mercaptoethanol; B-ME) directly to intact deer Hp,
the immunoreactivity was recovered on a dot-blot
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Fig. 4. SDS-PAGE, western blot and molecular mass analyses of
isolated deer and human Hp. (A) The isolated proteins were run on
10-15% PAGE under reducing conditions. The western blot was
performed using a human a-chain-specific mAb (W1) that cross-
reacts with the deer a-chain. Lane M, molecular markers in kDa
(Invitrogen). (B) Left panel: western blot analysis of the polymeric
structure of isolated human and deer Hp under 4% non-reducing
SDS-PAGE using o-chain-specific mAb W1. Lane M, molecular
markers in kDa (Invitrogen). Lane 1, isolated human Hp 2-2. Lane 2,
isolated deer Hp. Right panel: On the western blot, mAb W1 only
recognizes human polymeric Hp, but not deer tetrameric Hp. (C)
Dot-blot analysis of isolated human Hp (hHp) and deer Hp (dHp)
using o-chain-specific mAb W1 in the presence or absence of the
reducing reagent B-ME (143 mm). BSA was used as a negative
control.

assay (Fig. 4C). It appears that the antigenic epitope
of deer a-chain is masked in the tetrameric form.
This also explains why the W1 mAb-coupled affinity
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column failed to bind deer plasma Hp in the purifica-
tion procedure described above.

Cloning of deer Hp cDNA

Evidently, the molecular form of deer ‘Hp 2-2’ totally
differs from that of human Hp 2-2, with the latter
found as typical polymers or the form (a-f),, where
n = 3-12 (Fig. 4B). It remains ambiguous as to
whether deer Hp should be designated as a typical
Hp 2-2. The most significant feature of the molecular
structure of human Hp 2-2 is that it includes a tandem
repeat in the o2-chain. To determine whether this is
also true in deer Hp, we cloned the deer Hp cDNA.
The complete linear nucleotide sequence corresponding
to the o-f chain as determined by our laboratory
has been submitted to GenBank (accession number
EF601928). Based on the cDNA sequence, the deer
o- and B-chains comprise 136 and 245 amino acid
residues, respectively, which is similar to that of
human, with 142 (22) and 245 (B) residues (Fig. 5A,B).
A tandem repeat of the deer a-chain was observed
(discussed below).

A Amino acid sequence alignment of Hp a-chain

Human aipha2 VESGIEMTED QAEOECPKEPE | AFEHVERSV
Deer apha«VEHGEEATAE BEoScPxAPE 1AJERVENSY
Human alpha2 NEK@QWINKQ [JGEELPECER DEECPIPPR!
Deer alpha NJKEQWINK[ [IGEeLPECER DRSCPEPPE!

RYQCEEYYKL @EEGOGVYT[ 50
RYQCE@YYKL [JABGOGVYTR 46

AEGYVEHSR GACKIYEKLR 100
ENGYVEHS[R FaCKRYEKLR 94

Structure of deer haptoglobin

Amino acid sequence alignment of deer and
human Hp 2-2

The putative amino acid sequence alignment reveals
that deer Hp is somewhat homologous to human
Hp 2-2 (80% and 68% for B- and a-chains, respec-
tively). The divergence and identity of the p-chain
with that of other mammals are shown in Fig. 5C.
The sequence for deer is relatively similar to that of
cattle [25], another ruminant. We also created a brief
phylogenetic tree for possible molecular evolution
of the Hp P-chain using the CLUSTAL method in
DNASTAR MEGALIGN software. The result shows that
the evolved amino acid sequences of ruminant Hp
B-chains are the most divergent among all mammals
(Fig. 5D).

Analysis of —SH groups of the deer Hp a-chain
and their implication for formation of the
tetramer

As shown- in Fig. 6 in the form of simplified ABC
domains, the human o2-chain contains identical ABC

Amino acid sequence alignment of Hp B-chain

Humanbeta |[MGG[JLDAKG SFPWQAKMVS HHNLEJLGATL INEEWLLTTA
Deerbeta |[JGGELDAKG SFPWQAKMVS HHNLIJSGATL INEQWLLTTA

Human beta QAKD IAPTL QLYVGK[EQEV EJEKVVLHPY ISEVDIGLIK
Deerbeta [JJAKDIAPTL QLYVGKIQREY EYEKVVLHPE @SQVDIGLIK

KNLFLIHEER s0
KNLYLEHERE 50
LI@QKVEVNER 100
LEQKVVNE[ 100

Human alpha2 [EGOGVY TN [FEKQWINKQV GEELPECEAV CGKPKmPﬂmE va 142 Humanbeta VMP ICLPSKD YQEVGRVGYV SGWGRNANF[ FTEHLKYJML PVADQDEC[R 150
Deer alpha QGDGVY TN SRKQWINKQV GEZLPECEAV CGKPKPIEE va 136 Deerbeta VMPICLPSKD YJAVGRVGYV SGWGRNANF( FTEHLKY[IML PVADQDECHR 150
Humanbeta HYEESTVPEQ KTREKSPVGVQ PILNBETFCE GISKYQEDTC YGDAGSARQV 200
Sequence pair distances of Hp p-chain Deerbeta HYE[STVPE[] KTEKSPVGVQ PILNIYTFC] GESKYQEDTC YGDAGSA[JV 200
: Humanbeta HDMEEDTWYA [GILSFDKSC AVAEYGVYVK VTSIZDWVEK TIAGN 245
Percent Identity Deerbeta HDSEEDTWYA [3GILSFDKSC AVAEYGVYVK VTSI[DWVRK TIAJN 245
g , &
7]
§ 2 8§
S § £ <
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E E 3 ¢ 2 2 o 2 5 D
E S g 2 8 e 8 -ni'_’ ;] 8 Phylogenetic tree of Hp B-chain
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1 2 | 3| 4|5 |6 |7 |8 9|10

Fig. 5. Putative amino acid sequence analysis and divergence of mammal Hps. (A,B) Amino acid sequence alignment of the o- and B-chains
of human and deer. Variable regions are shaded in black. The cDNA nucleotide sequence corresponding to deer Hp in this study has been
deposited in GenBank under the accession number of EF601928. (C) Divergence of the amino acid sequences of Hp B-chains among ten
mammals. (D) Phylogenetic tree constructed according to the amino acid sequences of Hp B-chains for ten mammals. The tree was plotted
using the MEGALIGN program in the DNASTAR package. Branch lengths (%) are proportional to the level of sequence divergence, while units at

the bottom indicate the number of substitution events.
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Fig. 6. Schematic drawing of tandem repeat region (B and B1) of deer and human a-chain. The most significant feature of human a2 is that it
matches the ABC domains of a1 but with an additional insertion of a redundant sequence (B1 region). The repeat unit contains 59 amino acid
residues between Asp12 and Ala70. The sequence homology in the repeat region of human is 96% (two amino acids mutated). Deer also have
a redundant sequence (B and B1), but the sequence homology between the two repeat units is approximately 68%. The full length of the
a-chain contains 142 and 136 residues in human and deer, respectively. The positions and number of Cys residues (total of seven) are com-
pletely identical between the two species (the one at the C-terminal region is not shown). Divergence of the amino acids within the species is

marked in yellow.

domains to ol with insertion of a tandem repeat region
(B1). The latter contains amino acid residues between
Aspl2 and Ala70 (a total of 59 residues). The sequence
homology between the repeat regions of “the human
a2-chain is 96%, with only two amino acids mutated
(replacement of Asn52 and Glu53 in the B region by
Asp52 and Lys53 in the BI region). This tandem repeat
is responsible for the formation of Hp polymers due to
the extra —SH group (Fig. 1A). Such repeats also exist
within the deer a-chain (Bl and B repeat), where the
B1 region is residues 9-65. Thus, at the molecular level,
the deer a-chain belongs to the o2 group, and is identi-
cal to the human o2-chain in possessing a tandem
repeat. Interestingly, the sequence homology between
the two repeat units (Bl and B) of deer is only 68%
(Fig. 6).

As shown schematically in Fig. 1A, the human
o2-chain consists of seven —SH groups (Cys15, 34, 68,
74,93, 127 and 131) in 142 residues. Among these, there
are two disulfide linkages within the a-chain (Cys34 and
68 and Cys93 and 127), and the one at the C-terminal
region (Cys131) cross-links with the B-chain (Cys105) to
form a basic o-f unit. Under such an arrangement,
Cysl5 and Cys74 are available to link with other o-f
units. As a result, human o2 forms (a-f), polymers
(where n > 3) as shown in Fig. 4B. Interestingly, the
number and location of —SH groups in the deer
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o2-chain are identical to those in human (Fig. 6), but
the deer Hp only yields a tetrameric (o-f)4 form. As the
identity between the tandem repeats of deer is only 68%
(compared with 96% in human), we hypothesized that
these amino-acid differences determine the conforma-
tion between Cysl5 and 74 and drive the construction
of the (a-B)4 structure of deer Hp (see Discussion).

To test whether the deer Hp can also form multiple
polymers in vitro, we denatured the protein using
6 M urea with addition of 143 mMm B-ME. Under these
conditions, the deer protein was completely dissoci-
ated, similar to the profile shown in Fig. 4A for
SDS-PAGE analysis (data not shown). We then slowly
renatured the deer Hp by stepwise dialysis in order to
determine possible formation of other large polymers
(greater than tetramer). Figure 7 shows that the rena-
tured protein retained the tetramer form, and no other
polymers larger than tetramers were observed on SDS—
PAGE, although some trimers were produced. Under
the same conditions, human Hp 2-2 was renatured to
(o-B),.. The data suggest that formation of deer Hp tet-
ramer is specific, not randomly assembled. This assem-
bly seems to be dependent on the unique orientation
of the —SH groups within the Hp. In addition, each
renatured protein retained its hemoglobin-binding
ability (Fig. 7). A hypothetical model explaining the
formation of Hp tetramers is described below.
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urea under reducing conditions (143 mm B-ME) followed by renatur-
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Discussion

Isolation of deer native Hp

We have recently developed several lines of human Hp
mAb and routinely utilized these antibodies® for, the
isolation of human Hp 1-1, 2-1 and 2-2 phenotypes
[22,26]. As only W1 (specific to the a-chain) is able to
cross-react with the deer a-chain on a western blot, we
attempted to utilize this mAb for the affinity isolation
of deer Hp in this study. Interestingly, the W1 mAb
only recognizes the human Hp but not deer Hp in its
intact form (Fig. 4B,C). We therefore used a previ-
ously described HPLC-based size-exclusion chromato-
graphy procedure [24] for the isolation of deer Hp.
However, this procedure is only suitable for isolating
the Hps with a homogeneous structure, and is not
suitable for human Hp 2-2 or 2-1 [22]. One minor
disadvantage of the method was the contamination
of the isolated Hp by a trace amount of hemoglobin
(Fig. 4A). This is observed mainly because Hp-hemo-
globin complexes are formed prior to the purification;
as such, hemolysis should be kept to a minimum in
order to reduce the hemoglobin level while collecting
the blood.

Presence of Hp in deer plasma

Not all deer possess a high level of plasma Hp. About
30% of the plasma samples that we screened (total
n = 15) exhibited low Hp levels in the hemoglobin-
binding assay (Fig. 2). Based on chromogeneity, the

Structure of deer haptoglobin

concentrations of deer plasma were approximately
1 mgmL™" of those used for purification when com-
pared with human Hp 1-1 standard. In reindeer
(n = 6), a mean plasma value of 0.6 mgmL™' has
been reported [27].

Primary structure of the deer a-chain and its
relationship to Hp polymers

There are several lines of evidence support the conclu-
sion that the genotype of deer Hp is Hp 2, with an
Hp 2-2 phenotype. First, analysis of mercaptoethanol-
reduced plasma indicates a molecular mass of 18 kDa
for the o-chain, which is similar to that of human o2
based on a western blot (Fig. 4A). Second, the molecu-
lar mass of the a-chain from a purified sample was
also similar to that of human o2 (Fig. 4A). Third,
by putative amino acid sequence alignment, the deer
o-chain contains a tandem repeat that is consistent
with that found in human. Fourth, the total number
of —SH groups and their location resulting from the
tandem ‘repeat are completely identical to that of
human, although the sequence homology between the
repeats: was 68%¢in deer, compared to 96% in human
(Fig. 6).

It remains unclear why the apparent molecular mass
of the deer a-chain on PAGE is somewhat higher than
that-of human. We: therefore attempted to determine
whether it was dueto additional carbohydrate moieties
on the deer a-chain. However, using Pro-Q Emerald
glycoprotein -gel " stains (Molecular Probes, Eugene,
OR, USA), we did not identify any carbohydrates
associated with the a-chain of either species (data not
shown).

Hypothetical model for the formation of the deer
Hp tetramer

The ability of the deer Hp to refold and reassemble
into its tetrameric form in vitro indicates that the
assembly of a- and B-chains into predetermined poly-
mers is dependent on their biochemical nature (Fig. 7).
As shown in Fig. 8A, we proposed a model to explain
the formation of tetramers. This suggests that the two
—SH groups of the deer a-chain are located on two flat
surfaces at different angles to each other. Under these
conditions, a homodimer cannot form due to the avail-
ability of another free —SH group of the o-f unit for
cross-linking with another o-f unit. Figure 8B illus-
trates that there is no steric hindrance for tetramer for-
mation, although there are two possible configurations
for the tetramer. Some trimers may form, but there is
some hindrance preventing the subunits from coming
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Fig. 8. A hypothetical model illustrating the steric hindrance
involved in formation of a deer Hp tetramer. (A) A basic Hp subunit
comprising one a- and one B-subunit. The —SH groups that connect
the Hp subunits into polymers are assumed to be located with ste-
ric hindrance between the SH binding sites A and B. (B) The two
different possible forms of tetramers. (C) A trimeric form of deer
Hp is possible to assemble according to this model, but steric hin-
drance is seen which prevents the —SH groups from linking to
some extent. (D) Formation of a pentamer or higher-order polymer
is not possible.

close together in the cyclic center (Fig. 8C). Therefore,
the formation of trimers takes place to a much lower
extent than that of tetramers. No higher-order poly-
mers are formed, because the distance between the
—SH groups is too great to allow cross-linking for
(o-B)s pentamers or other larger polymers (Fig. 8D).
For a higher-order polymer (rn > 5), the angle (0)
between the sides containing the —SH groups of two
polymers would be 90-360/n degrees. If the distance
between the —SH sites is approximately 90°, and the
side of the Hp subunit contributes the base of the
triangle, the distance is proportional to sin 0. As 0
approaches 90° as n approaches infinity, the distance
between the —SH sites also comes close to a maximum

Fig. 9. Model of formation of human Hp 2-2 polymers. The posi-
tioning of the —SH groups involved in polymer formation differs
from those in deer Hp. (A) A basic human Hp 2-2 subunit compris-
ing one o- and one B-subunit. The —SH groups that connect the
subunits into polymers are located at the edge of the surface. The
hindrance between the —SH binding sites A and B prevents forma-
tion of a dimer. (B) A trimer is able to form to some extent with
some steric hindrance. (C-E) Polymers of a higher order than tetra-
mers can form without any steric hindrance.

as n increases. In fact, few trimers are seen in our rena-
turing experiment (Fig. 7) and no polymers of an order
of five or higher are observed.

For human Hp 2-2, on the other hand, the forma-
tion of higher-order polymers is possible (Fig. 9). The
assumed positions of the —SH groups differ from those
in deer Hp. They are located at the edges of the same
plane, so formation of an identical ‘stacking’ dimer or
(a-B)> is not possible due to steric hindrance between
the two —SH groups (Fig. 9A). However, formation of
some trimers by linking together via the two —SH
groups at the edge is possible, but not to a great extent
due to the limited space in the cyclic center (Fig. 9B).
This explains why there are only trace amount of
trimers in all the human Hp 2-2 samples (Fig. 2).
The cyclic center provides sufficient room to facilitate
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Fig. 10. Phylogenetic tree illustrating the molecular evolution of mammals, and phenotyping of human, whale, dolphin and ruminant
a-chains. The tree is constructed by assuming that all eutherian orders radiated at about the same point in evolutionary time, approximately
75 million years ago. Alternative branching orders give essentially identical results. Within a eutherian order, branch points are assigned using
evolutionary times based on fossil records [30]. Western blot analysis of Hp of six mammals (with a branching point before and after deer)
was conducted using a 10-15% SDS-PAGE gradient gel under reducing conditions with an o-chain-specific mAb (W1) prepared against

human Hp.

formation of polymers of an order greater than four
o-B units. Such configuration also allows binding of
the W1 mAb. In contrast, the cyclic center of deer Hp
tetramers is totally blocked and is not accessible  for
mAbD binding (Fig. 4B,C).

Evolution

In vertebrates, a recent study has suggested that the
Hp gene appeared early in vertebrate evolution,
between the emergence of urochordates and bony fish
[5]. All mammalian species studied to date have been
shown to possess Hp. Analysis of the electrophoretic
patterns of Hp—hemoglobin complexes has suggested
that most of these Hps are similar to human Hp 1-1
[28]. Only the protein found in ruminants (cattle, sheep
and goat) resembled polymeric forms of human
Hp 2-2 [20], but whether they also possess a tandem
repeat remains unexplored [25].

It is thought that humans originally had a single
Hp 1-1 phenotype [29]. Maeda et al. [15] proposed
that the tandem repeat sequence of human o2 evolved
two million years ago from a nonhomologous
unequal crossover between two Hp 1 alleles (Hp 1S
and Hp IF) during meiosis. A unique feature of the
Hp 2 allele is that it is present only in humans and is
not found in any primates, including New and Old

World monkeys, chimpanzees and gorillas [17]. We
have ' recently found: that cattle also possess Hp 2 as
the sole genotype- [25]. It is likely that ruminants
including “deer, cattle, goat and sheep may all possess
a sole Hp 2-type allele. In the present study, we have
shown that the inserted tandem repeat region in deer
Hp appears to have extensively evolved, as 32% of
the repeated region has undergone mutation, com-
pared to that of only 4% (two amino acid residues)
in human Hp (Fig. 6). Thus, we propose that the
occurrence of the tandem repeat in deer was much
earlier than in humans.

Figure 10 depicts a phylogenetic tree constructed by
assuming that all eutherian orders (mammals) radiated
at about the same point in evolutionary time (approxi-
mately 75 million years ago) [30]. The phylogenetic
analysis indicates that crossing-over of deer a-chains
occurred after divergence of the line leading to rumi-
nants and pig, as pig possesses only the Hp 1-1 pheno-
type [24]. As dolphins and whales are the closest
divergences before the ruminants, we further examined
the size of the a-chain in whales and dolphins as well
as other ruminants (cattle and goat) to determine the
possible time of the tandem repeat evolution in deer
Hp. Interestingly, the inserted panel of Fig. 10 shows
that the a-chains of all the ruminants tested are the o2
type, except for dolphins (» = 5) and whales (n = 5).
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These data suggests that the crossing-over resulting
in the tandem repeat in ruminants occurred at least 25
million years ago or between 25 and 45 million years
ago (Fig. 10), which is much earlier than the two
million years proposed in humans [15]. The molecular
evolution of the ruminants, which are the Ilatest
mammals in the phylogenetic tree (diverging after dol-
phins), is remarkably rapid, based on molecular evolu-
tion models for growth hormone and prolactin, when
compared with other mammals [31,32]. This model
appears to be consistent with the overall amino acid
alterations (32%) within the tandem repeat of deer Hp
o-chain. A similar alteration in cattle has also been
reported recently [25].

Whether this alteration is adaptive during evolution
remains to be addressed. For example, in cattle, there
is an extensive family of at least eight prolactin-like
genes that are expressed in the placenta [33,34]. These
genes appear to be arranged as a cluster on the same
chromosome. Phylogenetic analysis suggests that all
of these genes are the consequence of one or more
duplications of the prolactin gene; detailed analysis
suggests that a rapid adaptive change has played a
role in molecular evolution [35].

Evolutionary advantage of deer Hp protein being
a tetramer

In addition to the superior binding affinity of Hp 'to
hemoglobin, Hp is an anti-inflammatory molecule-and
a potent antioxidant [9]. In humans, the large compli-
cated polymers of Hp 2-2 are a risk in the association
of diabetic nephropathy [36,37]. One explanation' is
that the large polymer dramatically retards penetration
of the molecule into the extracellular space [36]. We
have shown in the present study that deer Hp 2-2 was
not able to form complicated polymers, because the
diversity in amino acid sequence between the tandem
repeat of oa-chain has produced steric hindrance
(Fig. 8) that may be advantageous to deer.

In conclusion, we have shown that deer possess
an Hp 2 allele with a tandem repeat that could have
occurred at least 25 or between 25 and 45 million
years ago based on the phylogenetic analysis. The
phenotypic and biochemical structure of their Hp is
markedly homogeneous, with a tetrameric arrange-
ment due to the orientation of the two available
—SH groups, preventing the formation of the compli-
cated Hp polymers found for human Hp 2-2. In
terms of molecular evolution, this steric hindrance
may have conferred an advantage on deer Hp that
compensates for the undesired tandem repeat in the
a-chain.

I. H. Lai et al.

Experimental procedures

Animal plasma

Animal plasma of deer (Cervus unicolor swinhoei), goat
(Capra hircus), cattle (Bos taurus), pig (Sus scrofa
domestica), dolphin  (Steno bredanensis) and  whale
(Delphinapterus leucas) were obtained from the Pingtung
County Livestock Disease Control Center and the Veteri-
nary Medicine Teaching Hospital, National Pingtung
University of Science and Technology, Taiwan.

Phenotyping

Hp phenotyping was performed by native PAGE using
hemoglobin-supplemented serum or plasma [22]. Briefly,
6 pL plasma were premixed with 3 pL of 40 mg'mL™" hemo-
globin for 15 min at room temperature. The reaction mixture
was then equilibrated with 3 pL of a sample buffer contain-
ing 0.625 M Tris (pH 6.8), 25% glycerol and 0.05% bromo-
phenol blue, followed by electrophoresis on a 7% native
polyacrylamide gel (pH 8). Electrophoresis was performed at
20 mA for 2 h, after which time the Hp—hemoglobin com-
plexes were. visualized by shaking the gel in a freshly
prepared peroxidase substrate (30 mL NaCl/P; containing
25 mg of 3,3"-diaminobenzidine in 0.5 mL dimethyl sulfoxide
and 0.01% H5305). The results were confirmed by western
blot using an a-chain-specific mAb prior to phenotyping.

Preparation of mouse mAb and human Hp

Mouse mAb W1 specific to the human Hp a-chain was pro-
duced in our laboratory according to standard procedures
[38]. Native human Hp was isolated from plasma using an
immunoaffinity column followed by size-exclusion chroma-
tography on an HPLC system using previously described
procedures [22].

Purification of deer haptoglobin

Plasma samples enriched with Hp were prepared from deer
blood containing 0.1% EDTA, followed by centrifugation
at 1200 g for 15 min at 4 °C to remove the cells. Isolation
was performed according to the method previously estab-
lished for porcine Hp [24]. Saturated ammonium sulfate
solution was added to the plasma to a final saturated con-
centration of 50%. After gentle stirring for 30 min at room
temperature, the precipitate was discarded by centrifugation
at 4000 g for 30 min at 4 °C. The supernatant was then
dialyzed at 4 °C for 16 h against NaCl/P; containing
10 mM phosphate (pH 7.4) and 0.12 M NaCl with three
changes. After dialysis, the sample was concentrated and fil-
tered through a 0.45 pm nylon fibre prior to size-exclusion
chromatography. An HPLC system (Waters, Milford, MA,
USA), consisting of two pumps, an automatic sample
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injector and a photodiode array detector, with a Superose-12
column (1 x 30 cm) (GE Healthcare, Uppsala, Sweden)
pre-equilibrated with NaCl/P;, was used for further purifi-
cation. The column was run for 60-80 min at room tem-
perature with a flow rate of 0.3 mL-min~! using NaCl/P;
as the mobile phase. Fractions containing Hp were pooled
and concentrated to a final volume of 1 mL using an
Amicon centrifugal filter (Millipore, Billerica, MA, USA),
and stored at —20 °C until use.

Gel electrophoresis

SDS-PAGE was performed according to the method
described by Laemmli [39] with some modifications, using
5% polyacrylamide as the stacking gel [40]. In general, sam-
ples containing 143 mM B-ME were preheated at 100 °C for
10 min in a buffer containing 12 mMm Tris—-HCI (pH 6.8),
0.4% SDS, 5% glycerol and 0.02% bromophenol blue before
loading to the gel. The samples were run on a step gradient
of polyacrylamide gel (10 and 15%) for about 1.5 h at 100 V
and stained using Coomassie brilliant blue. For determina-
tion of the molecular mass of Hp, the tested samples were
prepared under the non-reducing conditions using the SDS
gel. Alternatively, the SDS gel was prepared in a 0.04 M
phosphate buffer (pH 7.0) containing 4% polyacrylamide,
and the samples were run for about 6 h at 30V. The:molecu-
lar mass standard for SDS-PAGE, containing three pre-
stained proteins (260, 160 and 110 kDa), was purchased
from Invitrogen (Carlsbad, CA, USA).

Immunoblot analysis

Western blot analysis was performed using a method
similar to that described previously [40]. In brief, the
electrotransferred and blocked nitrocellulose was incu-
bated with anti-Hp mAb W1, followed by washes and
incubation with horseradish peroxidase-conjugated goat
anti-mouse IgG (Chemicon, Temecula, CA). The mem-
brane was developed using 3,3’-diaminobenzidine contain-
ing 0.01% H,0,. Dot blots were performed by applying
the samples (reduced or non-reduced) onto a nitrocellu-
lose membrane using anti-Hp mAb WI1 as the primary
antibody.

Cloning and sequencing analysis of deer Hp

The entire procedure was similar to that described previ-
ously [9,10]. Briefly, total RNA was extracted from deer
whole blood using an RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
The gene for deer Hp from total RNA was reverse-
transcribed and PCR-amplified using proofreading DNA
polymerase (Invitrogen), forward primer 5-TTCCTGC

AGTGGAAACCGGCAGTGAGGCCA-3" and reverse

Structure of deer haptoglobin

primer 5-CGGAAAACCATCGCTAACAACTAAGCTT
GGG-3'. The PCR cycling profile was as follows: denatur-
ation at 94 °C for 5 min, then 35 cycles of denaturation at
94 °C for 30 s, annealing at 55 °C for 30 s and extension at
72 °C for 90 s, then final extension at 72 °C for 10 min. The
PCR product was analyzed by electrophoresis through a
1% agarose gel, and purified using a gel extraction kit (BD
Biosciences, Palo Alto, CA). The purified PCR product was
cloned into a pGEM-T Easy vector (Promega, Madison,
WI, USA), and then the ligated plasmid was transformed
into Escherichia coli IM109 (Qiagen). Finally, the sequence
of deer Hp was confirmed by DNA sequencing.

Sequence alignment and phylogenetic analysis

The ¢cDNA and amino acid sequence alignment, sequence
pair distances and phylogenetic tree construction were
performed using DNASTAR software (Lasergene, Madison,
WI, USA).

Denaturation and renaturation of deer and
human Hp 2-2

Purified deer "Hp (0. mgmL™) or human Hp 22
@ mgmL™") weré .mixed with NaCl/P; containing 6 M
urea and 143.mMm, f-ME and incubated at room tempera-
ture for 30 min. The-reaction mixture was first dialyzed in
200 mL NaCl/P; at 4 °C for 6 h, and this was repeated
three' times (total 24 h) to allow renaturation. The mixture
was_finally dialyzed against 2 L NaCl/P; overnight. The
concentrated Hp'samples with or without reduction were
incubated with hemoglobin for use on a typing gel as that
for plasma phenotyping, and then stained by Coomassie
brilliant blue.

Acknowledgements

This work was supported by NSC grant 95-2313-B-009-
003-MY?2 from the National Science Council, Taiwan.
We especially thank Drs Suen-Chuain Lin (Veterinary
Medicine Teaching Hospital, National Pingtung
University of Science and Technology) and Yi-Ping Lu
(Pingtung Livestock Disease Control Center) for
kindly providing the animal plasma. We also
acknowledge James Lee of National Chiao University
for his scientific critiques and editorial comments.

References

1 Gonzalez-Ramoén N, Hoebe K, Alava MA,
Van Leengoed L, Pinieiro M, Carmona S, Iturralde M,
Lampreave F & Pifieiro A (2000) Pig MAP/ITIH4 and
haptoglobin are interleukin-6-dependent acute-phase

FEBS Journal 275 (2008) 981-993 © 2008 The Authors Journal compilation © 2008 FEBS 991

-139-



Structure of deer haptoglobin

992

plasma proteins in porcine primary cultured hepato-
cytes. Eur J Biochem 267, 1878—1885.

Wang Y, Kinzie E, Berger FG, Lim SK & Baumann H
(2001) Haptoglobin, an inflammation-inducible plasma
protein. Redox Rep 6, 379-385.

Raijmakers MT, Roes EM, te Morsche RH, Steegers
EA & Peters WH (2003) Haptoglobin and its
association with the HELLP syndrome. J Med Genet
40, 214-216.

Gervois P, Kleemann R, Pilon A, Percevault F,
Koenig W, Staels B & Kooistra T (2004) Global
suppression of IL-6-induced acute phase response gene
expression after chronic in vivo treatment with the
peroxisome proliferator-activated receptor-o activator
fenofibrate. J Biol Chem 279, 16154-16160.

Wicher KB & Fries E (2006) Haptoglobin, a hemoglo-
bin-binding plasma protein, is present in bony fish and
mammals but not in frog and chicken. Proc Natl Acad
Sci USA 103, 4168-4173.

Kristiansen M, Graversen JH, Jacobsen C, Sonne O,
Hoffman H, Law SKA & Moestrup SK (2001) Identifi-
cation of the haemoglobin scavenger receptor. Nature
409, 198-201.

Langlois MR & Delanghe JR (1996) Biological and
clinical significance of haptoglobin polymorphism in
humans. Clin Chem 42, 1589-1600.

Mao SJT, Yates MT & Jackson RL (1994) Antioxidant
activity and serum levels of probucol and probucal
metabolites. Methods Enzymol 234, 505-513.

Tseng CF, Lin CC, Huang HY, Liu HC & Mao SJT
(2004) Antioxidant role of human haptoglobin.
Proteomics 4, 2221-2228.

Lai IH, Tsai TI, Lin HH, Lai WY & Mao SJT (2007)
Cloning and expression of human haptoglobin subunits
in Escherichia coli: delineation of a major antioxidant
domain. Protein Express Purif 52, 356-362.

Kurosky A, Barnett DR, Lee TH, Touchstone B, Hay
RE, Arnott MS, Bowman BH & Fitch WM (1980)
Covalent structure of human haptoglobin: a serine
protease homolog. Proc Natl Acad Sci USA 77, 3388—
3392.

Miyoshi H, Ohshiba S, Matsumoto A, Takada K,
Umegaki E & Hirata I (1991) Haptoglobin prevents
renal dysfunction associated with intravariceal infusion
of ethanolamine oleate. Am J Gastroenterol 86, 1638—
1641.

Engstrom G, Lind P, Hedblad B, Wollmer P,
Stavenow L, Janzon L & Lindgarde F (2002) Lung
function and cardiovascular risk: relationship with
inflammation-sensitive plasma proteins. Circulation 106,
2555-2560.

Hochberg I, Roguin A, Nikolsky E, Chanderashekhar
PV, Cohen S & Levy AP (2002) Haptoglobin phenotype
and coronary artery collaterals in diabetic patients.
Atherosclerosis 161, 441-446.

16

17

18

19

20

21

22

23

24

25

26

27

28

29

I. H. Lai et al.

Maeda N, Yang F, Barnett DR, Bowman BH &
Smithies O (1984) Duplication within the haptoglobin
Hp2 gene. Nature 309, 131-135.

Maeda N (1985) Nucleotide sequence of the haptoglo-
bin and haptoglobin-related gene pair. The haptoglo-
bin-related gene contains a retrovirus-like element.

J Biol Chem 260, 6698-6709.

McEvoy SM & Maeda N (1988) Complex events in the
evolution of the haptoglobin gene cluster in primates.
J Biol Chem 263, 15740-15747.

Smithies O & Walker NF (1955) Genetic control of
some serum proteins in normal humans. Nature 176,
1265-1266.

Black JA & Dixon GH (1968) Amino-acid sequence of
alpha chains of human haptoglobins. Nature 218, 736—
741.

Busby WH Jr & Travis JC (1978) Structure and evolu-
tion of artiodactyla haptoglobins. Comp Biochem Phys-
iol B 60, 389-396.

Eckersall PD & Conner JG (1990) Plasma haptoglobin
in cattle (Bos taurus) exists as polymers in association
with albumin. Comp Biochem Physiol B 96, 309-314.
Tseng CF, Huang HY, Yang YT & Mao SJT (2004)
Purification of human haptoglobin 1-1, 2-1, and 2-2
using monoclonal antibody affinity chromatography.
Protein Express Purif 33, 265-273.

Yueh CH, Lai YA, Hsu HH, Chen WL & Mao SJT
(2007) An improved method for haptoglobin 1-1, 2-1,
2-2 purification using monoclonal antibody affinity
chromatography in the presence of sodium dodecyl sul-
fate. J Chromatogr B Biomed Sci Appl 845, 210-217.
Yang SJ & Mao SJT (1999) Simple high-performance
liquid chromatographic purification procedure for por-
cine plasma haptoglobin. J Chromatogr B Biomed Sci
Appl 731, 395-402.

Lai YA, Lai IH, Tseng CF, Lee J & Mao SJT (2007)
Evidance of tandem repeat and extra thiol-groups in the
polymeric formation of bovine haptoglobin: a unique
structure of Hp 2-2 phenotype. J Biochem Mol Biol 40,
1028-1038.

Cheng TM, Pan JP, Lai ST, Kao LP, Lin HH & Mao
SJT (2007) Immunochemical property of human hapto-
globin phenotypes: determination of plasma haptoglo-
bin using type-matched standards. Clin Biochem 40,
1045-1056.

Orro T, Sankari S, Pudas T, Oksanen A & Soveri T
(2004) Acute phase response in reindeer after challenge
with Escherichia coli endotoxin. Comp Immunol
Microbiol Infect Dis 27, 413-422.

Bowman BH (1993) Haptoglobin. In Hepatic Plasma Pro-
teins: Mechanisms of Function and Regulation (Bowman
BH ed.), pp. 159-167. Academic Press, San Diego, CA.
Smithies O, Connell GE & Dixon GH (1962) Chromo-
somal rearrangements and the evolution of haptoglobin
genes. Nature 196, 232-236.

FEBS Journal 275 (2008) 981-993 © 2008 The Authors Journal compilation © 2008 FEBS

-140-



I. H. Lai et al.

30

31

32

33

34

35

FEBS Journal 275 (2008) 981-993 © 2008 The Authors Journal compilation © 2008 FEBS

Forsyth TA & Wallis M (2002) Growth hormone and
prolactin-molecular and functional evolution. J Mam-
mary Gland Biol Neoplasia 7, 291-312.

Wallis M (1994) Variable evolutionary rates in the
molecular evolution of mammalian growth hormones.
J Mol Evol 38, 619-627.

Wallis M (2000) Episodic evolution of protein hor-
mones: molecular evolution of pituitary prolactin.

J Mol Evol 50, 465-473.

Schuler LA & Kessler MA (1992) Bovine placental
prolactin-related hormones. Trends Endocrinol Metab 3,
334-338.

Goffin V, Shiverick KT, Kelly PA & Martial JA (1996)
Sequence—function relationships within the expanding
family of prolactin, growth hormone, placental lacto-
gen, and related proteins in mammals. Endocr Rev 17,
385-410.

Wallis M (1993) Remarkably high rate of molecular
evolution of ruminant placental lactogens. J Mol Evol
37, 86-88.

36

37

38

39

40

-141-

Structure of deer haptoglobin

Nakhoul FM, Zoabi R, Kanter Y, Zoabi M, Skorecki
K, Hochberg I, Leibu R, Miller B & Levy AP (2001)
Haptoglobin phenotype and diabetic nephropathy.
Diabetologia 44, 602—604.

Asleh R, Guetta J, Kalet-Litman S, Miller-Lotan R &
Levy AP (2005) Haptoglobin genotype and diabetes-
dependent differences in iron-mediated oxidative stress
in vitro and in vivo. Circ Res 96, 435-441.

Chen WL, Huang MT, Liu HC, Li CW & Mao SIT
(2004) Distinction between dry and raw milk using
monoclonal antibodies prepared against dry milk pro-
teins. J Dairy Sci 87, 2720-2729.

Laemmli UK (1970) Cleavage of structural proteins
during assembly of the head of bacteriophage T4.
Nature 227, 680-685.

Song CY, Chen WL, Yang MC, Huang JP & Mao SJT
(2005) Epitope mapping of a monoclonal antibody spe-
cific to bovine dry milk: involvement of residues 66-76
of strand D in thermal denatured B-lactoglobulin. J Biol
Chem 280, 3574-3582.

993



Gocss

ELSEVIER

Available online at www.sciencedirect.com

Protein Expression and Purification 52 (2007) 356-362

Protein

ScienceDirect Expression

&Puriﬁcation

www.elsevier.com/locate/yprep

Cloning and expression of human haptoglobin subunits in Escherichia
coli: Delineation of a major antioxidant domain

I. Hsiang Lai® Tsung I. Tsai ®, Hong Huei Lin #, Wei Yen Lai %, Simon J.T. Mao %*
* Research Institute of Biochemical Engineering, College of Biological Science and Technology, National Chiao Tung University, Hsinchu, Taiwan, ROC
b Department of Biotechnology and Bioinformatics, Asia University, Taichung, Taiwan, ROC

Received 5 September 2006, and in revised form 25 September 2006
Available online 1 October 2006

Abstract

Human plasma haptoglobin (Hp) comprises o and § subunits. The o subunitiis heterogeneous in size, therefore isolation of Hp and its
subunits is particularly difficult. Using Escherichia coli, we show that al, o2, B, and ‘a2 chain was abundantly expressed and primarily
present in the inclusion bodies consisting of about 30% of’the cell-lysate proteins. Each.cloned subunit retained its immunoreactivity as
confirmed using antibodies specific to o or § chain. By ciréular dichroism, the structure of each expressed subunit was disordered as com-
pared to the native Hp. The antioxidant activity was found to be associated with both o and B chains when assessed by Cu?**-induced oxi-
dation of low density lipoprotein (LDL). Of remarkable interest, the antioxidant activity of,f chain was extremely potent and markedly
greater than that of native Hp (3.5x), o chain (10x) and probucol (15x). The latter is a clinically proved potent compound used for anti-
oxidant therapy. The “unrestricted” structure of § subunit may therefore render its availability for free-radical scavenge, which provides a
utility for the future design of a “mini-Hp” in antioxidant therapy. It-may-alse-provide a new insight in understanding the mechanism

involved in the antioxidant nature of Hp.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Human haptoglobin; o and B chains; Cloning; Mini-Hp fragment; Antioxidant domain; Monoclonal antibody; Structure; Circular dichroism

Haptoglobin (Hp)' is an acute-phase protein present in
all mammals [1-3]. One of the major functions of Hp is to
bind hemoglobin [4] and thereby prevent the oxidative tis-
sue damage mediated by free hemoglobin [5]. We have
recently demonstrated that chemically modified Hp losing
its binding ability to hemoglobin, but is able to directly
inhibit Cu®* induced LDL oxidation [6]. In humans, Hp is
originally synthesized as a single polypeptide containing
both o and B chains (Fig. 1A) [7]. Posttranslational cleavage
between the Arg of o chain and Ile of B chain (followed by

* Corresponding author. Fax: +886 3 572 9288.

E-mail address: maol010@ms7.hinet.net (S.J.T. Mao).

U Abbreviations used: Hp, Haptoglobin; rHp, recombinant Hp; LDL,
low density lipoprotein; DAB, 3,3'-di-aminobenzidine; ELISA, enzyme-
linked immunosorbent assay; ABTS, 2,2-azino-bis(3-ethylbenz-thiazoline-
6-sulfonic acid); SEM, standard error of the mean; TBARS, thiobarbituric
acid-reactive substances; CD, circular dichroic; CM, carboxymethylation.

1046-5928/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.pep.2006.09.012

removal of Arg) results in the formation of a single o and 8
chain that is subsequently linked by disulfide bridges to
form mature Hp [8].

The Hp gene is characterized by two common alleles Hp
1 and Hp 2 corresponding to alf and o2 polypeptide
chains, resulting in three main phenotypes: Hp 1-1, 2-1 and
2-2. DNA encoding for these two chains are linearly ori-
ented in chromosome 16g22.1 [9] with 5 and 7 introns in Hp
1 and Hp 2, respectively. These introns, however, are exclu-
sively located at the region corresponding to the o chain [5].
The o2 contains a unique nonhomologous crossing-over in
a part of the ol [10]. Hp 2-1 and 2-2 form polymers due to
an additional —-SH group at the o2 chain, which determines
its phenotype specificity [11]. All the phenotypes share the
same [ chains (each with 245 amino acids). The al chain
(each with 83 amino acids) is “monovalent” forming one
disulfide bridge with o and B subunit resulting in Hp dimer
(21PB),. In contrast, the a2 chain (each with 142 amino
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Fig. 1. Gene construction and Hp expression. (A) Schematic drawing of cloned human Hp a1, o2, f and o2 subunits in E. coli. Human matured mRNA
corresponding to Hp 1-1 is linear oriented (ol B). The linear amino acid sequence (without signal peptide) containing residues 1-329 is shown on the top.
Following a protease cleavage and a loss of the C-terminal residue Arg-84, it forms one o (residues 1-83) and one B chain (residues 1-245). Similarly, a2
forms one o2 (residues 1-142) and one B (1-245) chain. The amino acid sequence of o2 is identical to that of ol with an insertion of repeated sequence B
(dotted area or residues 12—70). It should be noted here, there are two amino acids in the inserted sequence B (dotted area) that are replaced by Asp-52 and
Lys-53 in both native and our cloned sequence. (B) Expression and purification of recombinant Hp subunit in E. coli. Lane M, molecular markers; lanes 1,
3, 5 and 7, whole cell lysate containing expressed al, o2, f and a2, respectively; lanes 2, 4, 6 and 8, purified recombinant a1, a2, f and a2, respectively.
Notably, the a23 was not cleaved due to the lack of specific protease in E. coli. (C) Western blot of cell lysate containing al, a2, B or a2f using Hp poly-
clonal antibody and o and B chain specific mAb. Lane C, whole cell lysate control. Other lanes represent the cell lysate containing expressed ol, 02, B or
02 subunit, respectively.

acids) is “divalent” containing one extra free —-SH that is  in some groups of patients with certain diseases, such as

able to interact with an additional a2. As such, o2 chains  diabetic and autoimmune diseases [5,12-14].

can bind to either ol or o2 chains to form large polymers The purposes of this study were to produce recombinant

[(a1B),—(a2B), in Hp2-1 and (a2P), in Hp2-2]. The poly-  Hp (rHp) al, o2, B and a2 subunits in Escherichia coli

meric phenotypes have been reported to be more prevalent  expression system and to test whether E. coli contains a
-143-
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protease that may specifically cleave the linear off chain as
that in mammalian cells [6,15], and to determine which sub-
unit of Hp possesses antioxidant activity. We demonstrated
that E. coli was devoid of a specific protease responsible for
the cleavage of o and B chains. Each expressed o or B sub-
unit not only retained the immunoreactivity, but also pos-
sessed the antioxidant activity. However, a major
antioxidant domain was located in the B chain with a supe-
rior potency to probucol. Remarkably interesting, the
unfolded structure of Hp, based on circular dichroic spec-
tra, dramatically increased in antioxidant activity. The
present study provides a potential utility for the future
design of “mini-Hp” in developing a novel potent antioxi-
dant. It may also provide a new insight in understanding
the mechanism or specific amino acids involved in the anti-
oxidant nature of Hp.

Materials and methods
Materials

Escherichia coli JM109, M15 [pREP4], and the pQE30
expression vector were obtained from Qiagen (Hilden, Ger-
many). Plasmid preparation and gel-extraction kits:were
purchased from BD Biosciences (Palo Alto, CA). The
proofreading DNA-polymerase and dNTP were purchased
from Invitrogen (Carlsbad, CA). All restriction enzymes
were purchased from New England Biolabs (Beverly, MA).
T4-DNA-ligase and HiTrap chelating column were pur-
chased from Fermentas (Burlington, Canada) and Amer-
sham Biosciences (Uppsala, Sweden), respectively.

Preparation of mouse mAb and human Hp

Mouse monoclonal antibodies (mAb) 3H8 and G2D
specific to human Hp o or  subunit were produced in our
laboratory according to the standard procedures previously
established [16]. Native Hp was isolated from human
plasma by an immunoaffinity column using procedures pre-
viously established by us [17].

Plasmid construction of pQE30-Hp (ol, o2, f, a2f)

Gene fragments coding for human Hp al, o2, § and o2
subunits were amplified by PCR using proofreading DNA-
polymerase and oligonucleotide primers (Fig. 1A). The
primer design was based on the published cDNA sequence
of human Hp [18]. The primers were prepared for Hp ol
and o2 (forward 5'-GGGGTACCATGGTGGACTCAGG
CAATGATGT-3" and reverse 5'-AACTGCAGTTACTG
CACTGGGTTTGCCGGA-3'), Hp B (forward 5'-GGGG
TACCATGATCCTGGGTGGACACCTGG-3' and reverse
5'-AACTGCAGTTAGTTCTCAGCTATGGTCTTCT-3'),
and Hp o2 (forward 5'-GGGGTACCATGGTGGACTC
AGGCAATGATGT-3" and reverse 5'-AACTGCAGTT
AGTTCTCAGCTATGGTCTTCT-3'). Both of Kpnl and
Pstl restriction sites were incorporated into the 5 end of

the forward sequence and reverse sequence primers, respec-
tively. The cDNA of Hp al, a2, f and o2 were ligated into
the Kpnl/Pstl sites of an E. coli expression vector, pQE30.
The plasmids were screened in JM109 and then expressed in
M15 [pREP4]. Finally, the sequence of pQE30-Hp (a1, a2,
B and a2p) was confirmed by DNA sequencing.

Expression of recombinant Hp subunits

Escherichia coli [M15 (pREP4)] was transformed with
the recombinant plasmid and cultured in I L of Luria—Ber-
tani (LB) medium containing ampicillin (100 pg/ml) at
37°C on a rotary shaker. When the optical density reached
0.6 at 600 nm, the protein expression was induced by 1 mM
IPTG at 37°C for 2-4h. The medium was centrifuged at
8000g for Smin, and washed three times in a wash buffer
containing 20 mM Tris—-HCI, pH 8.0.

Disruption, wash and isolation of inclusion bodies

The induced cells were then suspended in 40 ml of wash
buffer.and sonicated for S5min at 4 °C, followed by centrifu-
gation at 20,000g for 20min at 4°C. The pellet containing
the inclusion body was resuspended in 30ml of 2M urea
containing 20 mM Tris—HCI, 0.5 M NaCl, 2% Triton X-100,
pH 8.0 and sonicated as above, followed by centrifugation
at 20,000g for 20 min at 4 °C. Finally, the pellet was washed
twice in wash buffer and stored frozen for late processing.

Solubilization of rHp subunits from inclusion bodies

The inclusion bodies were dissolved in a binding buffer
containing 20 mM Tris-HCI, 0.5M NaCl, 5mM imidazole,
6 M guanidine-HCI, and 1 mM 2-mercaptoethanol, pH 8.0.
The mixture was gently stirred at 4°C for 12h and the
insoluble material was removed by centrifugation at
20,000g for 20min at 4 °C. Finally, the remaining soluble
supernatant was then passed through a syringe filter
(045um) and proceeded directly for purification and
refolding.

Purification and refolding of r Hp subunits

Initially, a 1 ml-HiTrap chelating column was washed
with Sml distilled water using a 10 ml-syringe. After load-
ing 1 ml of 0.1 M NiSO,, the column was extensively equili-
brated with the binding buffer. The recombinant fusion
protein was subsequently loaded onto the column and
washed with the binding buffer. The bound protein was
then treated with 6 M urea, starting with the binding buffer
mentioned above and finished at one without urea. Finally,
the recombinant proteins were eluted using a 20ml linear
gradient starting with an elution buffer containing 20 mM
Tris—HC], 0.5M NaCl, and 20mM imidazole without 2-
mercaptoethanol, pH 8.0 and ending with the same buffer
containing 500mM imidazole. Protein fractions were
pooled and then desalted on a P-2 column using 0.05M
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ammonium bicarbonate, followed by lyophilization. Pro-
tein concentration was determined by the Lowry method
[19], while using bovine serum albumin as a standard.

SDS-PAGE and Western blot analyses

Recombinant Hp subunits were characterized using
SDS-PAGE containing 15% polyacrylamide as described
previously [20]. In general, the tested sample was preheated
at 100°C for 10min in a buffer containing 12mM Tris—
HCI, 04% SDS, 5% glycerol, 29 mM 2-mercaptoethanol
and 0.02% bromphenol blue, pH 6.8, before loading to the
gel. Western blot analysis was performed similar to that
described previously [20]. In brief, the electrotransferred
and blocked nitrocellulose was incubated with anti-Hp
polyclonal or monoclonal antibodies (3H8 and G2D), fol-
lowed by washes and incubation of peroxidase-conjugated
anti-IgG. The membrane was developed using 3,3’-di-amin-
obenzidine (DAB) containing 0.01% H,0O, [20].

Determination of immunoreactivity of rHp subunits by
enzyme-linked immunosorbent assay (ELISA)

ELISA was conducted according to the procedure previ-
ously established [20,21]. Half micrograms of each Hp sub-
unit in 50 ul PBS (pH 7.4) was coated onto each.well of-an
ELISA plate. After blocking and washes, 50 ul of i diluted
mouse mADb prepared against Hp o (3HS8) or B chain (G2D)
were added and incubated at room temperature for 2h.
Following washes and incubation of 50 ul of peroxidase-
conjugated goat anti-IgG (1:3000 dilutions), the plate was
developed using 0.04% 2,2-azino-bis(3-ethylbenz-thiazo-
line-6-sulfonic acid) (ABTS) containing 0.01% H,O,. The
assay was conducted in triplicates. In general, the standard
error of the mean (SEM) was less than 2%.

Preparation of human low density lipoprotein

Human low density lipoprotein (LDL; d. 1.012-1.063 g/
ml) was prepared from human plasma by sequential ultra-
centrifugations according to the method previously estab-
lished [22,23].

Antioxidant activity using Ci’*-induced LDL oxidation

Thiobarbituric acid-reactive substances (TBARS) were
used as an index for the measurement of LDL oxidation
[23,24]. In a typical assay, SpM CuSO, and 20 pg of LDL
(protein) were incubated with tested samples in a final vol-
ume of 100 pul. After 2h incubation at 37°C, 250 ul of 20%
tricholroacetic acid were added to precipitate proteins. Sub-
sequently, 250 ul of 0.67% 2-thiobarbituric acid were added
into the reaction mixtures and incubated at 80°C for
30 min. The reaction mixtures were centrifuged at 3000g for
5min. Supernatant (300 ul) in a 96-well plate was read at
540 nm [23]. The assay was conducted in triplicates. In gen-
eral, the standard error of the mean was less than 2.5%.
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Reduction and carboxymethylation of Hp

Tris—HCI buffer (0.01 M) containing 5.4 M urea and 1%
(v/v) B-mercaptoethanol, pH 8.6, was added to 1 mg of Hp
to make a final volume of 3.3 ml. The reaction mixture was
flushed with nitrogen and incubated at room temperature.
After 2h, 20mg iodoacetic acid was slowly added and
maintained the pH at 8.6 by the addition of 1 M NaOH for
30 min. Finally, carboxymethylated (CM) Hp was desalted
on a P2 column equilibrated with 0.1 M ammoniumbicar-
bonate and lyophilized [22].

Circular dichroic analysis

Lyophilized rHp subunits and CM-Hp were dissolved in
10mM phosphate buffer (pH 7.4) with a final concentration
of 0.2mg/ml. About 300 ul aliquot was used for the analysis
in a cuvette of 1 mm path length. Circular dichroic (CD)
spectrum recorded between 190 and 300nm (Jasco J-715
spectropolarimetry) was accumulated 20 times at a scan-
ning rate of 50 nm/min [17,20].

Results and discussion
Plasmid construction and expression of rHp subunits

DNA sequencing analysis demonstrated that the cDNA
of each Hp al, a2, B or a2p (Fig. 1A) was inserted into the
E. coli expression vector pQE30 (data not shown). The
expression of (His),-tagged fusion proteins was constructed
based on the T5 promoter transcription—translation system
[25]. One advantage of this system is its ability to maintain
target genes silently transcribed in the uninduced state,
since the extremely high transcription rate initiated at the
TS5 promoter is efficiently regulated and repressed by the
presence of high levels of the lac repressor. In addition, the
pQE30 vector also permits the fusion of a 6 x His-tag at the
N-terminus of a given recombinant protein, which is useful
for rapid purification and permits the purification under
denaturing conditions. Fig. 1B shows that clones contain-
ing cDNA of Hp or Hp subunit (al, o2, B, or a2p) were
abundantly and effectively induced by IPTG. Determined
by densitometry on the SDS-PAGE gel, the average
expressed level of each subunit was account for about 30%
of the total-lysate proteins (data not shown). Thus, this
expression system is considerably effective in yield. The
recombinant proteins were almost exclusively expressed in
the inclusion bodies. Only trace amount (<5%) of o sub-
units was found as a soluble form (data not shown). A full
and intact length of o2f chain of Hp was expressed
(Fig. 1B, lane 7). In human liver cells, however, the o2 is
postranscriptionally cleaved into o and B chains between
the residues Arg and Ile [26,27]. A more recent study sug-
gests that a complement Clr-like protease is responsible for
the cleavage [15]. Our data indicate that this protease is not
present in the E. coli. The recombinant a2 expressed may,
therefore, provide a unique substrate for the identification
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of the specific protease involved in mammalian cells. This
experiment is now in progress in our laboratory.

Purification and refolding of r Hp subunits

The present study shows the rHp subunits to be primar-
ily present in the inclusion bodies of E. coli. Since binding
of a protein containing 6x His-tag to nickel-immobilized
column is not interfered by the chaotropic agent (such as
urea or guanidine hydrochloride) at high concentration,
6x His-tagged recombinant protein can be solubilized by
the chaotropic extraction before loading to the column.
Removal of contaminating materials followed by refolding
the recombinant protein using nondenaturing buffer can
then be performed before the elution from the column by
20 mM imidazole [28]. Using this strategy, we show that the
purification for rHp subunits efficiently achieved with
about 95% homogeneity as determined by a 15% SDS—
PAGE (Fig. 1B). The final average yield of each recombi-
nant purified was about 20% as calculated from the total E.
coli proteins (Table 1). The average recovery from each step
as judged by the SDS-PAGE, however, was greater than
70%.

With respect to the solubility of rHp subunits, we found
that the solubility could be maintained when lyophilized
protein was reconstituted into a final concentration less
than 2mg/ml by a PBS. It is of interest to point out that the
eluted subunits were soluble if they were concentrated (up
to 5Smg/ml) by Centricon tubes immediately following the
desalting on a P-2 column, while using 0.05M ammonium
bicarbonate as a mobile phase.

Immunoreactivity of mAb for rHp subunits

To address whether the expressed proteins were immu-
noreactive, each subunit was examined by a Western blot
analysis using Hp mAb specific to human o (3HS) and
chain (G2D) and a Hp polyclonal antibody specific to o/
chains. Fig. 1C shows that each subunit was specifically rec-
ognized by each regionally specific mAb. Using a quantita-
tive ELISA, the immunoreactivity of native Hp was higher
in some extent than that of expressed subunit (Fig.2).
Although the reason is not readily clear, it is possible that
those mAb were originally prepared against the native state
of the Hp structure and the antibodies preferably recog-
nized the native conformation of Hp. Another potential
explanation is that recombinant subunits might not be

Table 1
Purification of recombinant Hp subunits from E. coli

Yield (mg) Purity?(%)
al o2 B o2 al o2 B o2

Wet cells in 100 ml culture 410 450 420 510 37.3 32.8 385 233
Washed inclusion bodies 146 118 135 166 42.6 424 446 304
Ni**-column purified protein 14* 11* 5> 7° 95 95 95 95

# Determined by densitometry of 15% SDS-PAGE.
b Determined using a Lowry method.

Purification step

A 20
a chain specific mAb (3H8)
£ ® Hp1-1
€ 1.5 - o Hp2-
i) v Hp2-2
f. A& o1
o 1.0 4 a2
g o
© .
]
o
S 05
-]
<
0.0 1 n
S & & & &SSP
S O O S & © S S O W
& \\é" \\,;» & W N R
Dilution of mAb
B 20
B chain specific mAb (G2D)
£ e Hpi-
c 1.5 1 O Hp 21
2 v Hp2-2
f. A
o 1.0 4 a2
g o p
8 ¢ a2p
o
S 0.5
-]
<
0.0 1
S & & & &S S P
N S S & © S O O W
O N \X \
\\& \\e‘" \\,;» S ROSIR RO O

Dilution of mAb

Fig. 2. Immunoreactivity of native Hp 1-1, 2-1, and 2-2 and recombinant
Hp measured by ELISA using Hp o and B specific mAb. The expressed
023 possesses full length of Hp, but is not cleaved as o and B subunits. (A)
The immunoreactivity of native Hp is moderately higher than that of
expressed o2f subunit using o chain mAb. (B) The immunoreactivity of
native Hp is greater than B and o2f subunits using  chain mAb. This
could be due to the structural difference found in Fig. 4.

completely refolded as same as that in its native state (dis-
cussed below in CD spectral data). Nevertheless, the immu-
noreactivity of each expressed subunit was retained.

Antioxidant domain of r Hp subunits

To determine the antioxidant activity of each Hp sub-
unit, a TBARS method using Cu**-induced LDL oxidation
was conducted [23]. Recombinant 3 subunit was extremely
potent to protect LDL from oxidation and was in a dose-
dependent manner. A typical example of the inhibition in
TBARS is shown in Fig. 3. Ranking of the 50% of inhibi-
tory concentration (ICs) in antioxidant activity was as fol-
low: o2B>B>al >a2> probucol (Table 2). Most
importantly, the antioxidant activity of o2p and B was
markedly higher than that of ol and o2 subunits. Thus, the
major antioxidant domain of Hp was located in the B sub-
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Fig. 3. Antioxidant activity of each recombinant subunit. The assay was
evaluated using the degree of inhibition of Cu?*-induced formation of
TBARS from LDL. LDL (20 pg) was incubated with 5uM Cu?* in the
presence of recombinant al, a2, B, a2 or probucol at 37°C for 2h in a
final 100 pl of PBS. Lysozyme served as a control did not reveal any anti-
oxidant activity.

unit. It is of remarkable interest that the activity of B sub-
unit was greater than that of native Hp molecule (Table 2).
One of the possible explanations is that the random struc-
ture of the subunit may expose a neo-epitope that renders
its availability for further scavenging the free radicals (dis-
cussed below). In the next experiment, we chemically modi-
fied Hp by carboxymethylation (CM) (in the presence of
54M urea) to dissociate the disulfide linkages between. o
and P chains. The antioxidant activity of CM-Hp was sub-=
stantially increased by about 3.75 folds when compared.to
native Hp (Table 2). The activity of CM-Hp was almost
identical to B subunit. Because the carboxymethylation was
conducted in the presence of 54 M urea, it is worth men-
tioning that native Hp exposed to the denaturing agent
(54 M urea or guanidine hydrochloride) did not alter the
antioxidant potency after renaturation by desalting (data
not shown). The data suggest that the antioxidant domain
of native Hp was exposed further, while reducing irrevers-
ibly. Another essential feature was that the antioxidant
activity of § subunit was superior to probucol (15x): one of
the most established potent antioxidants. Since probucol
has been used for the treatment of patients with xanthoma

Table 2
Antioxidant potency in Cu?*-induced LDL oxidation
Type Cu?*-induced 1C5*(uM)

al Recombinant 7.50

o2 Recombinant 8.72

B Recombinant 0.87

2P Recombinant 0.65

Probucol Compound 13.70

Hp 1-1 Native 3.00

CM-Hp 1-1° Native 0.80

# 1Cs: the concentration that inhibited 50% of LDL oxidation.
® CM-Hp 1-1 was obtained by carboxymethylation to break up all the
disulfide linkages.
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and atherosclerosis for decades [29-33] and its analogs have
been designed for antioxidant therapy [34,35], the recombi-
nant B subunit plus the success of large expression in E. coli
may pave the way for the future design of “mini-Hp”.

Circular dichroic analysis

To address the moderately decreased immunoreactivity
and high antioxidant activity in recombinant subunit were
probably due to the conformational difference from the
ordered structure of whole Hp molecule, the secondary struc-
ture of recombinant Hp subunits was studied by CD spectra.
Fig. 4 depicts that all the al, o2, f and a2} were typically dis-
ordered in structure (a sharp drop of ellipticity between 190
and 210nm) as compared to native Hp. The result suggests
that the conformational changes in each subunit may be
responsible for the low binding to each chain specific mAb, as
each mAb was originally prepared against the native Hp.
Whereas, the random structure of  chain may facilitate its
availability for scavenging free radicals. Furthermore, the car-
boxymethylation Hp also exhibited a disordered structure.

In_conclusion, we demonstrate that Hp B chain is an
extremely. potent antioxidant directly preventing LDL
against-oxidation in the present study. Using a recombinant
Hp cDNA without the signal sequence, the yield of each sub-
unit was relatively high containing approximately 30% of
total cell-lysate proteins. Each expressed subunit retained the
immunoreactivity as confirmed by o and B chain specific
mAb (3H8 and G2D). It is conceivable that expressed f sub-
unitmay provide as an initial utility for the future design of
“mini-Hp” for potent antioxidant. It may also provide a new
insight in understanding the mechanism or specific amino
acids involved in free-radical scavenge when site-directed
mutagenesis is carried out for further studies. The latter
experiment is now in progress in our laboratory.

al
a2

B
a2B
Native Hp
CM Hp

[©]mrw % 1073
(mdeg x cm? / dmol / residue)
A

OmJ 4« OO0

190 200 210 220 230 240 250 260
Wavelength (nm)

Fig. 4. Circular dichroic spectra of recombinant al, o2, f and o2 sub-
units. Recombinant Hp subunit or Hp (final protein concentration 0.2 mg/
ml) in 10mM phosphate buffer, pH 7.4, was monitored by a circular
dichroic spectrophotometer. Each spectrum represents a mean of 20 deter-
minations. Essentially, recombinant al, o2, B and o2f subunits and CM-
Hp are typically random or disordered in structure (a sharp drop of ellip-
ticity between 190 and 210 nm).
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