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Haptoglobin and haptoglobin-related protein are homolo-
gous hemoglobin-binding proteins consisting of a complement
control repeat (a-chain) and a serine protease domain
(B-chain). Haptoglobin-hemoglobin complex formation pro-
motes high affinity binding of hemoglobin to the macrophage
scavenger receptor CD163 leading to endocytosis and degrada-
tion of the haptoglobin-hemoglobin complex. In contrast, com-
plex formation between haptoglobin-related protein and hemo-
globin does not promote high affinity interaction with CD163.
To define structural components of haptoglobin important for
CD163 recognition, we exploited this functional difference to
design and analyze recombinant haptoglobin/haptoglobin-re-
lated protein chimeras complexed to hemoglobin. These data
revealed that only the f-chain of haptoglobin is involved in
receptor recognition. Substitution of 4 closely spaced amino
acid residues of the haptoglobin f3-chain (valine 259, glutamate
261, lysine 262, and threonine 264) abrogated the high affinity
receptor binding. The 4 residues are encompassed by a part of
the primary structure not present in other serine protease
domain proteins. Structural modeling based on the well charac-
terized serine protease domain fold suggests that this sequence
represents a loop extension unique for haptoglobin and hapto-
globin-related protein. A synthetic peptide representing the
haptoglobin loop sequence exhibited a pronounced inhibitory
effect on receptor binding of haptoglobin-hemoglobin.

Haptoglobin (Hp)? is an acute phase protein that circulates in
high amounts (0.45-3 mg/ml) in plasma. The primary function
of Hp is to capture hemoglobin (Hb) leaking into plasma from
ruptured erythrocytes and precursors during intravascular hemol-
ysis. The resulting high affinity complex between Hp and Hb is
cleared from the circulation by receptor-mediated endocytosis via
the acute phase-regulated monocyte/macrophage-specific pro-
tein CD163 (1), which binds Hp-Hb by its scavenger receptor cys-
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teine-rich domain region (2). This Hb clearance mechanism pro-
tects against inexpedient toxic effects caused by the oxidative
iron-containing heme prosthetic group present in Hb (3).

Hp is synthesized as a single polypeptide precursor (proHp)
that is proteolytically processed to form separate a- and
B-chains representing a complement control repeat and a ser-
ine protease domain, respectively. The a- and B-chains are
linked by a single disulfide bond. The Hp protein of most mam-
mals is composed of two (af3)-monomers linked together via a
disulfide bond between the two a-chains generating an («f3),
structure (termed Hp1-1 in humans). However, three Hp phe-
notypes exist in humans due to the presence of two Hp gene
alleles, designated Hp1 and Hp2. The Hp2 allele, which arose
by an intragenic duplication of the Hpl allele, encodes a
slightly larger a-chain but is otherwise identical to the Hpl
allele. Because the cysteine residue connecting the a-chains
is duplicated in the encoded Hp2 protein, the Hp2-1 and
Hp2-2 phenotypes display a spectrum of various Hp (af3)-
multimers (4, 5).

Due to an Hp gene triplication in the late evolution, primates
also express the haptoglobin-related protein (Hpr), which shares
91% sequence identity with the Hp1 protein (6, 7). Hpr circulates
in plasma as a component of two complexes, a subclass of high
density lipoprotein particles (~500 kDa) known as trypanosome
lytic factor 1 and a high molecular mass (=1000 kDa), lipid-poor
protein complex termed trypanosome lytic factor 2 (8 —11). Both
trypanosome lytic factor 1 and trypanosome lytic factor 2 protect
against the African parasite Trypanosoma brucei brucei by induc-
ing lysis of the parasite, and Hpr is suggested to play a vital role in
this primate-specific defense mechanism (12, 13).

Recently we identified Hpr as a high affinity Hb-binding pro-
tein associating with Hb virtually as efficiently as Hp (14).
Unlike Hp complex formation with Hb, Hpr complex forma-
tion with Hb does not increase Hb binding to CD163, thus
indicating that some of the differences in the primary structure
of Hp and Hpr are indispensable for high affinity receptor bind-
ing. In the present study, we have therefore designed and ana-
lyzed recombinant Hp/Hpr chimeric proteins as an approach to
identify Hp regions/residues essential for the high affinity bind-
ing of Hp-Hb to CD163.

EXPERIMENTAL PROCEDURES
Construction of Plasmids for Expression of Recombinant Hp,

Hpr, and Hp/Hpr Chimeras—The plasmid constructs com-
posed of human Hpl wild type (WT) or human Hpr WT
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inserted into the Kpnl and Xhol sites of the mammalian expres-
sion vector pcDNAS5/FRT (Invitrogen, Taastrup, Denmark)
were described recently (14). By means of site-directed
mutagenesis, a large panel of plasmid constructs encoding
Hp/Hpr chimeras was established. Site-directed mutagenesis
was performed with the QuikChange site-directed mutagenesis
kit (Stratagene) using the pcDNA5/FRT-Hpl WT construct as
the initial template. Plasmid DNA was isolated by the Qiagen
Maxiprep method (Qiagen, Albertslund, Denmark) and
sequenced before transfection. The following constructs desig-
nated according to their encoded Hp and Hpr amino acid com-
position were designed: chimera 1, Hpr(a-chain)/Hp(B-chain)
(the chimeric protein consisting of the Hpr a-chain and the Hp
B-chain); chimera 2, Hp C33F (the Hp protein with a single
mutation of Cys-33 to Phe); chimera 3, Hp(a-chain)/Hpr(B-
chain) (the chimeric protein consisting of the Hp a-chain and
the Hpr B-chain); chimera 4, Hpr(a-chain)/Hpr(B3-chain 104 —
234)/Hp(B-chain 234-347) (the chimeric protein consisting
of the Hpr a-chain, Hpr B-chain residues 104-234, and Hp
B-chain residues 234-347); chimera 5, Hpr(a-chain)/
Hpr(B-chain 104 -253)/Hp(B-chain 253-347) (the chimeric
protein consisting of the Hpr a-chain, Hpr B-chain residues
104-253, and Hp B-chain residues 253-347); chimera 6,
Hpr(a-chain)/Hpr(B-chain 104 -265)/Hp(B-chain  265-
347) (the chimeric protein consisting of the Hpr a-chain,
Hpr B-chain residues 104-265, and Hp B-chain residues
265-347); chimera 7, Hpr(a-chain)/Hpr(B-chain 104 -265,
C260V)/Hp(B-chain 265-347) (the chimeric protein con-
sisting of the Hpr a-chain, Hpr B-chain residues 104 -259
and 261-265, and Hp B-chain residues 259 and 265-347);
chimera 8, Hp C33F, V259C (the Hp protein with mutations
of Cys-33 to Phe and Val-259 to Cys); and chimera 9, Hp
E261K, K262W, T264A (the Hp protein with mutations of
Glu-261 to Lys, Lys-262 to Trp, and Thr-264 to Ala).
Establishment of Cell Lines Stably Transfected with Hp/Hpr
Chimeras—Flp-In 293 cells (Invitrogen) were grown in Dulbec-
co’s modified Eagle’s medium (Cambrex Bioscience Verviers,
Verviers, Belgium) supplemented with 10% fetal calf serum, 2
mM glutamine, and 100 pg/ml zeocin (Invitrogen) and trans-
fected using FUGENE 6 (Roche Diagnostics, Hvidovre, Den-
mark). Stable transfectants were selected with 150 ug/ml
hygromycin B (Invitrogen). For visualization of expression
products, culture medium harvested from cells grown in
serum-free 293 medium (Invitrogen) was subjected to SDS-
PAGE and subsequent immunoblotting using a rabbit poly-
clonal anti-human Hp antibody (DAKOCytomation, Glostrup,
Denmark). The generation of Flp-In 293 cells stably transfected
with Hp WT and Hpr WT was described previously (14).
Purification of Hp, Hpr, and Hp/Hpr Chimeras by Hb Affinity
Chromatography—Purification of Hp, Hpr, and Hp/Hpr chi-
meras was performed by subjecting the harvested serum-free
293 cell culture medium containing secreted expression prod-
ucts to Hb affinity chromatography, essentially as described
(14, 15). Affinity columns were prepared by coupling 10 mg of
Hb A, (Sigma, Brendby, Denmark) to 1 g of CNBr-activated
Sepharose 4B (Amersham Biosciences, Horsholm, Denmark)
essentially as described by the manufacturer. After allowing the
expression products to bind the column material, the columns
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were washed extensively with phosphate-buffered saline (10
mm NaH,PO,, 0.15 m NaCl, 0.6 mm CaCl,), pH 7.4, and bound
proteins subsequently eluted by 5 M urea containing 0.15 M
NaCl. The collected material was dialyzed overnight at 4 °C
against phosphate-buffered saline, pH 7.4, with one buffer
change and analyzed by SDS-PAGE followed by silver staining
to visualize the purified protein products.

Automated Edman Degradation—Samples were analyzed by
automated Edman degradation using an Applied Biosystems
Procise 491HT sequencer with on-line phenylthiohydantoin
HPLC analysis. The instruments were operated according to
instructions by the manufacturer.

Mass Spectrometry (MS)—Approximately 40 ug of recombi-
nant Hpr in 30 mm HEPES, pH 8.3, containing 5 M guanidinium
hydrochloride was S-carboxyamidomethylated by adding
iodoacetamide to a final concentration of 10 mm. The reaction
was allowed to proceed for 30 min before the material was acid-
ified and desalted on to a 2.1 X 220 mm Aquapore RP-300 C,
reverse-phase HPLC column (Brownlee Labs) connected to an
AKTA explorer (GE Healthcare). Bound proteins were eluted
by a linear gradient from 0.1% trifluoroacetic acid (solvent A) to
90% acetonitrile, 0.08% trifluoroacetic acid (solvent B) (1% B
min~"). The column was operated at 23 °C at a flow rate of 200
wl min~'. Protein was detected at 220 and 280 nm, and frac-
tions were collected manually. The fraction containing Hpr was
lyophilized, redissolved in 50 mm Tris-HCl, 137 mm NaCl, pH
7.4, and digested by the addition of trypsin (sequence grade,
Promega) at a 1:20 ratio for 16 h at 37 °C. The tryptic peptides
were subsequently separated by reverse-phase HPLC as
described above. Fractions were collected manually and ana-
lyzed by MALDI-MS before and after reduction using a Q-Tof
Ultima Global mass spectrometer (Micromass/Waters Corp.)
calibrated using a mixture of polyethylene glycol-200, -600,
-1000, -2000, and Nal. The acquired mass spectra were mass-
corrected using glu-fibrinopeptide B as an external calibrant. Ali-
quots of fractions selected for subdigestion using Staphylococcus
aureus V8 protease (Sigma) were lyophilized and redissolved in 50
mM NH,HCO,. The digestions were allowed to proceed for 30
min at 37 °C. The generated peptides were recovered by using
Stagetips (C,q, Proxeon) as recommended by the manufacturer
and spotted onto a MALDI sample target using 1 ul of matrix
solution (0.4% (w/v) recrystallized a-cyano-4-hydroxy-cinnamic
acid in 70% (v/v) acetonitrile, 0.03% (v/v) trifluoroacetic acid) and
analyzed by MALDI-MS as described above.

Surface Plasmon Resonance (SPR) Analysis—CD163 binding
of Hb A,, Hp, Hpr, Hp/Hpr chimeras (all 25 ug/ml) alone or
complexes of Hb A, with Hp, Hpr, or Hp/Hpr chimeras was
studied by SPR analysis on a Biacore 3000 instrument (Biacore,
Uppsala, Sweden), essentially as described (2). Biacore sensor
chips (type CM5) were activated with a 1:1 mixture of 0.2 M
N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide and 0.05 m
N-hydroxysuccimide in water according to instructions by the
manufacturer. CD163 purified from human spleen (1) was
immobilized in 10 mm sodium acetate, pH 4.0, and remaining
binding sites were blocked with 1 M ethanolamine, pH 8.5. A
control flow cell was made by performing the activation and
blocking procedure only. The SPR signal generated from
immobilized recombinant protein corresponded to 60 —70 fmol
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A

Modeling of the Hp Structure—

Hpl 1 MSALGAVIALLLWG-QLFAVDSGNDVTDIADDGCPKPPEIAHGYVEHSVR 49 The core of the model of human Hp

Hpr 1 MSDLGAVISLLLWGRQLFALYSGNDVTDISDDRFPKPPEIANGYVEHLFR 50 was constructed using the Swiss-

- - - Model server (16). SwissModel

Hpl 50 YQCKNYYKLRTEGDGVYTLNNEKQWINKAVGDKLPECEAVCGKPKNPANP 99 selected three structures of Clr
Hpr 51 YQCKNYYRLRTEGDGVYTLNDKKQWINKAVGDKLPECEAVCGKPKNPANP 100 .

oL J«B (Protein Data Bank code: 1MDS,

Hpl 100 VQRILGGHLDAKGSFPWQAKMVSHHNLTTGATLINEQWLLTTAKNLFLNH 149 1IMD7, 1GPZ) and one structure of

Hpr 101 VQRILGGHLDAKGSFPWQAKMVSHHNLTTGATLINEQWLLTTAKNLFLNH 150 C1s (Protein Data Bank code: 1IELV)

as templates for the modeling.

Hpl 150 SENATAKDIAPTLTLYVGKKQLVEIEKVVLHPNYSQVDIGLIKLKQKVSV 199 Alternative suggestions for the

Hpr 151 SENATAKDIAPTLTLYVGKKQLVEIEKVVLHPNYHQVDIGLIKLKQKVLV 200 structure of Hp loop 1 were identi-

- fied by locating the nearly conserved

Hpl 200 NERVMPICLPSKDYAEVGRVGYVSGWGRNANFKFTDHLKYVMLPVADQDQ 249 . PXXXXPXX.

Hpr 201 NERVMPICLPSKNYAEVGRVGYVSGWGQSDNFKLTDHLKYVMLPVADQYD 250 sequence - pattern - -

PXXXXP found in Hp in the set of

Hpl 250 CIRHYEGSTVPEKKTPKSPVGVQPILNEHTFCAGMSKYQEDTCYGDAGSA 299 non-redundant sequences of the

Hpr 251 CITHYEGSTCPKWKAPKSPVGVQPILNEHTFCVGMSKYQEDTCYGDAGSA 300 Protein Data Bank using PAT-

TERNSEARCHDB (Biology Work-

Hpl 300 FAVHDLEEDTWYATGILSFDKSCAVAEYGVYVKVTSIQDWVQKTIAEN 347 bench). Of 32 occurrences of the

Hpr 301 FAVHDLEEDTWYAAGILSFDKSCAVAEYGVYVKVTSIQDWVQKTIAEN 348

B Hpl-1 Hpr

Cys

2605 208 91

NS S
322 292 281 250 S'S 250 281 292 322

S
8652 52

FIGURE 1. Sequence alignment of Hp and Hpr and determination of disulfide bridges of human Hpr.
accession number X00637) and human Hpr (GenBank accession
number NM_020995.2). Amino acid residue differences between Hp and Hpr are shown in black, and the presence
of cysteines is indicated by a horizontal line. The cleavage sites of the 18-residue Hp signal peptide and between the
a- and B-chains are indicated by arrows. B, schematic presentation of the Hp and Hpr molecules indicating the
disulfide patterns. Small and large spheres represent the a- and B-chains, respectively. The disulfide pattern of Hp is
based on the study by Kurosky et al. (18), whereas the Hpr disulfide arrangement is defined on recombinant Hpr in
the present study. Despite the missing inter-a-chain disulfide bridge in Hpr, a recent study (14) suggests a non-
covalent linkage between Hpr (a3)-monomers to form an (af3), structure (see “Discussion”).

A, sequence alignment of human Hp1 (GenBank™

of receptor/mm?. Samples were dissolved in 10 mm Hepes, 150
mM NaCl, 2.0 mm CaCl,, 1.0 mm EGTA, and 0.005% Tween 20,
pH 7.4. Sample and running buffers were identical. Regenera-
tion of the sensor chip after each analysis cycle was performed
with 10 mMm glycine, pH 4.0, containing 20 mMm EDTA and 500
mM NaCl. The Biacore response is expressed in relative response
units, i.e. the difference in response between protein and control
flow channel. Kinetic parameters were determined by BlAevalua-
tion 4.1 software using a Langmuir 1:1 binding model.

The effect of the synthetic peptides RHYEGSTVPEKKTPK-
SPVGVQPILNEHT and THYEGSTVPKWKAPKSPVGVQPI-
LNEHT (KJ ROSS-Petersen ApS, Klampenborg, Denmark) on
the binding of Hp-Hb to immobilized CD163 was studied using
an Hp (1-1)-Hb A, complex formed by mixing 8 ug/ml Hb A,
with 8 ug/ml plasma-derived Hpl-1 (Sigma). The synthetic
peptides were dissolved in sample buffer, and experiments were
performed in a concentration range from 0 to 750 um of pep-
tides. Sensorgrams were monitored, and the relative response
at 600 s was used in calculation of the percentage of binding of
the Hp-Hb complex.
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020

323 293 282 251 S'S

pattern, the loop from bovine mito-
chondrial aconitase (Protein Data
Bank code: 1ACO) (residues 320 —
Cys 333) was chosen based on the agree-
ment between endpoints of the loop
and the core generated by Swiss-
Model. The loop was incorporated
into the Hp model using O (17).

91 208 5260

RESULTS

Comparison of the Primary Struc-
ture of Hp and Hpr and Determina-
tion of the Disulfide Bridge Pattern
of Hpr—Fig. 1A shows an alignment
of Hp1 and Hpr with the 27-amino-
acid residue differences in the o-
and B-chains indicated in black. The
differences include 2 cysteine resi-
dues, the Cys-260 in the Hpr
B-chain, which is a replacement of a
Val in Hp, and Cys-33 in Hp, which is replaced by Phe in Hpr.
The latter difference abolishes the covalent stabilization of the
structure because Cys-33 mediates the disulfide bridging of the
a-chains of Hp (18). To investigate whether Hpr Cys-260 per-
turbs the disulfide bond pattern relatively to the disulfide
arrangement known from Hp (18), purified recombinant Hpr
was digested by trypsin, and the generated peptides were sub-
sequently separated by reverse-phase HPLC. All fractions were
analyzed by MALDI-MS, and selected fractions containing dis-
ulfide-linked peptides were subsequently subdigested using
S. aureus V8 protease. This analysis revealed that the disulfide
bridge pattern of Hpr was homologous to that of the Hp («f3)-
unit (Fig. 1B). Furthermore, the analysis showed that Cys-260
was cysteinylated. The latter conclusion was based on the finding
that under non-reducing conditions, the peptide encompassing
Cys-260 had a mass increase of 119 Da corresponding to the cys-
teinylation of the cysteine residue. The identification of Cys-260 as
the cysteinylated residue was determined by enzymatic subdiges-
tion of the disulfide-linked tryptic peptide. As Hpr contains an
uneven number of cysteine residues, the inability to detect any

S'S 251 282 293 323

VOLUME 282+-NUMBER 2-JANUARY 12, 2007

020z ‘/ Yyore |\ uo 1senb Aq /610 og[-mmmy/:dny wody papeojumoq


http://www.jbc.org/

Identification of a CD163-binding Site in Haptoglobin

A

Expression products

Hp wt

Hpr wt

Chimera 1: Hpr(o-chain)/Hp(B-chain)
C33F C33E

Chimera 2: Hp C33F

Chimera 3: Hp(ot-chain)/Hpr(f3-chain)

Chimera 4: Hpr(a-chain)/Hpr(B-chain 104-234)/Hp(f3-chain 234-347)

Chimera 5: Hpr(a-chain)/Hpr(B-chain 104-253)/Hp(B-chain 253-347)

Chimera 6: Hpr(a-chain)/Hpr(B-chain 104-265)/Hp(-chain 265-347)

Chimera 7: Hpr(a-chain)/Hpr(B-chain 104-265, C260V)/Hp(fB-chain 265-347)
C260V €260V
C33F C33E

SITTEEEELE

Chimera 8: Hp C33F, V259C

V259C V259C

Chimera 9: Hp E261K, K262W, T264A

kDa
98 - |
64 - 5dd
50 -

36~
30 -

3 4 5 6 7 8 9
Hp/Hpr chimeras

E261K, E261K,
K262W,  K262W,
T264A T264A

B il

p

16 -
Hp Hpr 1

FIGURE 2. Expression of recombinant Hp, Hpr, and Hp/Hpr chimeras.
A, overview of the recombinant Hp, Hpr, and Hp/Hpr chimeric proteins pro-
duced in the human 293 cell expression system. The overall structure of the
expression products is shown schematically to the right. For clarity, all disul-
fide bridges, except the inter-a-chain disulfide bridge, have been omitted.
B, silver-stained 8 -16% SDS-polyacrylamide gel of the purified recombinant
Hp, Hpr, and Hp/Hpr chimeric expression products. Expression products were
purified by subjecting harvested culture medium to Hb affinity chromatog-
raphy. Positions of the molecular size standard markers are indicated.

S-carboxyamidomethylated Cys-containing peptides further sup-
ports the presence of a cysteinylation.

Expression of Recombinant Hp/Hpr Chimeric Proteins—A
site-directed mutagenesis strategy was based on the 27 amino
acid residues, which are different in Hpr as compared with Hp.
Fig. 2 shows the panel of Hp/Hpr chimeric proteins expressed
and analyzed to determine the elements important for receptor
recognition.

In agreement with Hp Cys-33 being responsible for the dis-
ulfide-mediated dimerization of (af)-monomers to form the
Hp (aB), molecule (18), all expression products containing the
C33F mutation primarily formed («f)-monomers of approxi-
mately half the size of the recombinant Hp WT («f3), molecule
as determined by non-reducing SDS-PAGE. The mobility in
SDS-PAGE was also influenced by the Hp S184H mutation dis-
rupting a glycosylation motif of the type Asn-X-Ser/Thr.
Expression products carrying this amino acid substitution
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migrated slightly faster than expression products without the
mutation.

In accordance with recent data showing that only a low
degree of cleavage of recombinant proHp to the a- and
B-chains takes place in 293 cells (19), amino-terminal sequenc-
ing showed that recombinant Hp remained largely uncleaved
(14). However, the recombinant Hp bound to Hb has similar
receptor binding activity as Hb in complex with native plasma-
derived Hp (14). Surprisingly, the recombinant Hpr expressed
in the 293 cells was fully cleaved into the - and B-chains (14),
thus suggesting that it is accessible for cleavage by an alterna-
tive protease. However, in contrast to the native Hpr found in
plasma (9, 10), recombinant Hpr was found to lack the hydro-
phobic signal peptide (14).

Identification of the Hp B-Chain Region Involved in High
Affinity Binding to CD163—As expected, the panel of different
Hp/Hpr chimeric expression products all bound Hb as evident
by Hb affinity chromatography (Fig. 2B). Using SPR analysis, we
subsequently examined the CD163 binding capacity of the
purified proteins in complex with Hb (Fig. 3, Table 1). Replace-
ment of the Hp a-chain with that of Hpr had no significant
effect on the CD163 binding as seen by comparison of Hp WT
and the Hpr(a-chain)/Hp(B-chain) chimera (Fig. 3, A and C).
Concordantly, the Hp C33F mutant selectively missing the
inter-a-chain disulfide bridge showed high affinity receptor
binding (Fig. 3D). Thus, the residues specific for the Hpr
a-chain, including the C33F substitution, which prevents the
disulfide-mediated (afB)-dimer formation, do not affect the
binding to CD163.

In striking contrast, substitution of the Hp B-chain with that
of Hpr completely abolished the ability to increase Hb binding
to CD163 as revealed by binding experiments using the Hp(a-
chain)/Hpr(B-chain) chimeric protein (Fig. 3E). In the next
step, we analyzed mutant proteins consisting of the Hpr
a-chain and chimeric B-chain Hp/Hpr. Substituting the Hp
residues 1-233 by the corresponding Hpr residues (1-234) had
no significant impact on receptor binding (Fig. 3F). However,
introducing the mutations corresponding to the Hpr residues
235-253 and 235-265 had a weak and completely abrogating
effect, respectively, on the Hp-inducible increase in Hb binding
to CD163 (Fig. 3, G and H). In essence, the triple substitution
D248Y, Q249D, and R252T caused partial inhibition of high
affinity receptor binding, and combining with the V259C,
E261K, K262W, and T264A substitutions entirely eliminated
high affinity receptor binding.

Introduction of the V259C mutation in Hp (corresponding
to Cys-260 of Hpr) appeared interesting because Hpr Cys-
260 is cysteinylated (Fig. 1B). However, reintroduction of the
original Hp Val at this position failed to rescue high affinity
binding (Fig. 3, H and I). On the other hand, introduction of
a Cys at Hp position 259, even in the absence of the D248Y,
Q249D, R252T, E261K, K262W, and T264A substitutions,
caused a substantial decrease in receptor binding as seen by
comparing the Hp C33F and Hp C33F, V259C mutant pro-
teins (Fig. 3, D versus J).

Finally, the effect of the E261K, K262W, and T264A substi-
tutions on receptor binding was tested in the absence of other
residue alterations. Strikingly, as presented in Fig. 3, introduc-
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tion of these 3 amino acid residue

Hp wt Hpr wt Chimera 1 Chimera 2 substitutions in Hp was sufficient to

& 600 obstruct high affinity receptor bind-

500 ing (compare A and K). Taken

E 400 together, the binding analyses dem-

g 300 Hp + Hb o C2+Hb F)nstrat(? that the region encompass-

2,00 ing residues 234-264 of the Hp

& 100 Hpr + Hb B-chain contains residues that are

of B St , == | critical for receptor binding, in par-

0 400 800 0 400 800 0 400 800 400 800 ticular the residues Val-259,

Time (s) Time (s) Time (s) Time (s) Glu-261, Lys-262, and Thr-264,

which in Hpr are replaced by Cys,

. . . . Lys, Trp, and Ala, respectively.

Chimera 3 Chimera 4 Chimera 5 Chimera 6 The determination of the struc-

2 600 tural fold of the complement con-

5 500 trol repeat and serine protease

g 40 C4+Hb domains of complement compo-

5300 nents Clr and Cls by x-ray crystal-

g 200 ~ . lography allows modeling of Hp as

R4 100 — C3+Hb i . co+Mv|  depicted in Fig. 4A. Due to the lack

0] - m—c ] s ' TS . Bl of similarity between the templates

0 400800 0 40800 0 400800 0 400800 and the amino-terminal part of Hp

Time (s) Time (s) Time (s) Time (s) the model only comprises residues

43-346. Interestingly, the region

I : J ; K . identified as important for receptor

Chimera 7 Chimera 8 Chimera 9 ent p p

600 binding represents a part of a loop,

£ which has been designated as loop 1

5 0 of serine proteases (20). This is a

2 0 unique part of Hp and Hpr as com-

g pared with serine proteases, which
4200 .

8 all have a considerably shorter loop

& 100 7+ Hb C8 + Hb Hb ;

\ ».C}_-Hh i @I—Cﬂg (Fig. 4B). Due to the length of the

‘ 7] X X loop and the lack of a known tem-

o A s oo e oo late structure, a reliable model for
Time (5) Time (5) Time (5) pia ’

FIGURE 3.SPRanalyses of binding of complexes of Hb and purified recombinant Hp, Hpr, or Hp/Hpr chimeras
to CD163. Purified Hb alone, purified recombinant Hp, Hpr, Hp/Hpr chimera 1-9 (C1-9) alone, or the complexes of
Hb with Hp, Hpr, and Hp/Hpr chimeras were analyzed for binding to CD163 immobilized on a Biacore sensor chip.
The recombinant protein analyzed is indicated above each panel (for designations of the chimeric proteins, refer to
Fig. 2). Hb alone displayed low binding to CD163, whereas no binding of Hp, Hpr, or the Hp/Hpr chimeras alone to

CD163 could be detected.

TABLE 1

Kinetic parameters derived from SPR analysis of binding of Hb alone
or complexes of Hb and purified recombinant Hp, Hpr, and Hp/Hpr
chimeras to immobilized CD163

The kinetic parameters were determined under the assumption that Hb alone binds CD163
as a dimer consisting of two globin subunits and that Hpr and Hp/Hpr chimeras harboring
the Hp C33F substitution non-covalently dimerize to form the (of3), structure (see discus-
sion). The kinetic parameters were not determined in the cases of CD163-binding curve
characteristics indistinguishable from those of Hb alone. K,, dissociation constant; k,, asso-
ciation rate constant; &, dissociation rate constant; ND, not determined.

Ligand K, k, k,

M 1/ms 1/s
Hb 3.7X1077 7.6 X 10° 28 X102
Hp wt-Hb 1.2x 1078 4.4 X 10* 53X 107*

Hpr wt-Hb ND ND ND
Chimera 1-Hb 1.6 X 10°% 4.8 X 10* 7.6 X 107*
Chimera 2-Hb 1.1x10°% 5.0 X 10* 55X 107*

Chimera 3-Hb ND ND ND

Chimera 4-Hb 1.3%X10°8 5.3 X 10* 71x10°*
Chimera 5-Hb 2.7 X108 3.8 X 10* 1.0 X 1073
Chimera 6-Hb ND ND ND
Chimera 7-Hb ND ND ND
Chimera 8-Hb 4.7 X 1078 2.4 X 10* 1.1 X103
Chimera 9-Hb ND ND ND
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the loop structure cannot be
obtained. The presence of 4 proline
residues in the loop suggests a lim-
ited flexibility.

Inhibition of CDI163 Binding of
Hp-Hb by a Peptide Encompassing
Hp Residues 252—-279—The role of the Hp loop 1 in receptor
binding was also examined directly by analysis of the binding
properties of a synthetic peptide corresponding to Hp residues
252-279. These data showed that the peptide, albeit with low
affinity, efficiently inhibited Hp-Hb binding to CD163 (Fig. 5).
In contrast, a peptide representing the corresponding loop of
Hpr (except for Cys-260) was severalfold less efficient in inhib-
iting Hp-Hb binding to CD163 (Fig. 5).

DISCUSSION

In the present study, we have taken advantage of the homol-
ogy between Hp and Hpr to design and analyze a panel of
Hp/Hpr chimeric proteins. On this basis, it was possible to
identify an Hp B-chain site essential for CD163 recognition of
the Hp-Hb complex. The differences in 4 closely spaced amino
acid residues (corresponding to Hp residues 259, 261, 262, and
264) explain that Hpr is unable to increase the low binding of
Hb alone to CD163. The identified CD163-binding site repre-
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a-chain

B-chain

Hp 222 VSGWGR------- NANFKFTDHLKYVMLPVADQDQCIRHYEGSTVPEKKTPKSPVGVQPILNERTFCAGMSKYQ-- 288
Hpr 223 VSGWGQ------- SDNFKLTDHLKYVMLPVADQYDCITHYEGSTCPKWKAPKSPVGVQPILNEHTFCVGMSKYQ-- 289
Cls 567 ISGWGR------- TEKRDRAVRLEKAARLPVAPLRKCKEVKVEKPTADAEAY-------- VFTPNMICAGG-EKG-- 624
Clr 593 VSGFGV------- MEEK - IAHDLRFVRLPVANPQACENWLRGKNRMD - - - - - - - - - - - - VFSQNMFCAGHPSLK-- 646
Trypsin 141 ISGWGN----- TASSGADYPDELQCLDAPVLSQAKCEASYPGR---------ccccunmn ITSNMFCVGFLE---G 191
Chymotrp 156 TTGWGK----- TKYNANKTPDKLQQAALPLLSNAECKKSWGRR--------cccuuunnn ITDVMICAGASG---- 205
Thrombin 501 VIGWGNLKETWTANVGKGQPSVLQVVNLPIVERPVCKDSTRIR--------c-cccoae-o- ITDNMFCAGYKPDEGK 559
Factor X 366 VSGFG------ RTHEKGRQSTRLKMLEVPYVDRNSCKLSSSFI-==r=reemccacanax ITQNMFCAGYDT---K 410
Hp 289 -EDTCYGDAGSAFAVHDLE-EDTWYATGILSFD-KSCAVA-EYGVYVKVTSIQDWVQKTIAEN----=-==-=====-= 347
Hpr 290 -EDTCYGDAGSAFAVHDLE-EDTWYAAGILSFD-KSCAVA-EYGVYVKVTSIQDWVQEKTIAEN----=--=--=-=-=-= 348
Cls 625 -MDSCKGDSGGAFAVQDPNDKTKFYAAGLVSWG-PQCG- - - TYGLYTRVKNYVDWIMKTMQENSTPRED-------- 688
Clr 647 -QDACQGDSGGVFAVRDPN-TDRWVATGIVSWG-IGCSR--GYGFYTKVLNYVDWIKKEMEE---- - ED-------- 705
Trypsin 192 GKDSCQGDSGGPVVCN------- GQLQGVVSWG-DGCAQKNKPGVYTKVYNYVEWIKNTIAANS - ------------ 247
Chymotrp 206 -VSSCMGDSGGPLVCQ--K-DGAWTLVGIVSWGSDTCSTSSPGVYARVIKLIPWVQKILAAN------=------=-- 263
Thrombin 560 RGDACEGDSGGPFVMKSPF-NNRWYQMGIVSWG-EGCDRDGKYGFYTHVFRLKRKWIQKVIDQFGE----~=-=-~==--- 622

Factor X 411 QEDACQGDSGGPHVTR--F-KDTYFVIGIVSWG-EGCARKGKYGIYTKVTAFLKWIDRSMKTRGLPKAKSHAPEVIT 483

FIGURE 4. Computer-modeled three-dimensional structure of Hp showing the relative orientation of the CD163-binding loop. A, prediction of the
three-dimensional structure of Hp based on the homology with complement components C1rand C1s, which are some of the closest homologues of Hp.
The VPEKKT motif is indicated in blue. The arrow points to an a-helical segment reported to be involved in Hb binding (23). B, multiple sequence
alignment of serine protease domain-containing proteins, including Hp (GenBank accession number X00637), Hpr (GenBank accession number
NM_020995.2), complement component C1s (C1s, GenBank accession number X06596), complement component C1r (C1r, GenBank accession number
X04701), trypsin (GenBank accession number M22612), chymotrypsin (chymotrp, GenBank accession number M24400), thrombin (GenBank accession
number M17262), and coagulation factor X (factor X, GenBank accession number K03194). Loop 1 is shown in black, and the VPEKKT motif of Hp is
highlighted in blue.

sents an extension of loop 1 of the serine protease domain. Other amino acid differences in Hpr and Hp, including that
This loop and the missing catalytic triad are the most strik- affecting disulfide-bridging of the a-chains in Hp, had little
ing differences between Hp/Hpr and archetype serine pro- or no effect on CD163 binding.

teases. Interestingly, loop 1 of serine proteases is known to Electron microscopic studies suggest that the Hb dimer
determine the so-called S1 specificity, which is the crucial binds the Hp B-chain 127° off the Hp af3 axis (22). Moreover,
element of substrate selectivity in these enzymes (20, 21). by using a series of truncated Hp proteins, residues 182-222
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A Hp peptide: 252-RHYEGSTVPEKKTPKSPVGVQPILNEHT-279

*
Hpr peptide: 253-THYEGSTVPKWKAPKSPVGVQPILNEHT-280

RN

B

Binding (%) |
S ()] (0] o
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10! 102 103
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FIGURE 5. Inhibition of Hp-Hb binding to CD163 by a peptide encom-
passing Hp residues 252-279. A, peptides with the sequence of the Hp
and Hpr loop 1. The sequences represent residues 252-279 of Hp and
residues 253-280 of Hpr (except for Cys-260, which is substituted by the
corresponding Val of Hp, denoted with an asterisk, to avoid inexpedient
disulfide formation). B, inhibitory effects of the Hp and Hpr-like peptides
on Hp-Hb binding to CD163 as assayed by SPR analysis. Plasma-derived
human Hp (1-1) in complex with Hb was tested for binding to immobilized
CD163 in the presence of increasing concentrations of the Hp peptide
(circles) and Hpr-like peptide (triangles) indicated in A. The effect of the
peptides on binding of Hp-Hb to CD163 is indicated relative to Hp-Hb
binding to CD163 in the absence of peptide.

and 243-263 of Hp1 have been reported to confer Hb binding
(23). The latter segment includes an a-helix positioned ami-
no-terminally to loop 1 (Fig. 44) as well as the amino-termi-
nal part of loop 1 itself and is thus positioned closely to, and
partly overlapping with, the herein identified CD163-bind-
ing site around Hp residues 259 -264. As CD163 only binds
Hp when complexed to Hb, the Hb- and CD163-binding sites
in Hp cannot overlap. Accordingly, our data indicate that Hp
residues 259 -264 are not part of a site for direct binding
of Hb.

It remains yet unknown how the loop 1 structure and posi-
tion are affected by the binding of Hb to Hp. The binding of
Hb to Hp is one of the strongest plasma protein interactions
reported, indicating a large contact area that may cause sub-
stantial conformational change of the Hb and Hp structures
upon complex formation. The present model shows that the
Hp loop 1 is surface-exposed, but it is possible that its posi-
tioning is more favorable for CD163 recognition after Hb is
bound to Hp. Furthermore, the loop may only be a part of a
non-linear structure that binds CD163, and this may, at least
partly, explain the finding that the loop-derived Hp peptide
only inhibits receptor binding with low affinity. A non-linear
CD163-binding structure in the Hp-Hb complex may also
include a part of Hb in accordance with the juxtaposition of
the Hb- and CD163-binding sites in Hp (Fig. 44). This pos-
sibility does have some support in a recent report on low
affinity binding of Hb to CD163 (24). We can confirm a low
affinity binding of Hb to CD163 (apparent K, = 0.4 um for
Hb versus apparent K, = 12 nm for Hp-Hb) as shown here in
the SPR data (Fig. 3, Table 1). An exact comparison of the
affinity of the two ligands is difficult because of the oligo-
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meric nature of the Hp-Hb complex. However, in agreement
with a large difference in affinity, we find in CD163-trans-
fected cells that Hb is an at least 100-fold weaker inhibitor of
1251_Hp-Hb uptake than Hp-Hb.?

Our data do not indicate any direct engagement of the Hp
a-chain in receptor binding. Instead, the main role of the
a-chain seems to be to assemble Hp molecules, leading to gain
in functional receptor affinity. One or two disulfide bridges
(dependent on Hp phenotype) stabilize this a-chain-a-chain
interaction in Hp. The inter-a-chain disulfide bridge is missing
in Hpr. Nevertheless, Hpr seems to have a size corresponding to
that of the Hp1-1 molecule (14), probably because of non-co-
valent forces between the a-chains (22). Such a non-covalent
dimerization may explain the present finding that exchange of
the Hp a-chain with that of Hpr has no measurable effect on
CD163 binding.

In conclusion, the present study has allocated a CD163-bind-
ing site on Hp within Hp-Hb complexes to a presumed external
loop, positioned in a peripheral and, apparently, rather accessi-
ble region of the Hp B-chain. Hopefully, the future may define
the crystallographic structure of the complex of Hp-Hb-CD163
to determine this intriguing interplay between the Hb units, a
serine protease domain, and the CD163 scavenger receptor cys-
teine-rich repeats.
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