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Processing of the lipocaliy-microglobulin by hemoglobin induces
heme-binding and heme-degradation properties

Maria Allhorn, Tord Berggard, Jonas Nordberg, Martin L. Olsson, and Bo Akerstrom

a;-Microglobulin is a 26-kd protein, wide-
spread in plasma and tissues and well-
conserved among vertebrates.  a;-Micro-
globulin belongs to the lipocalins, a
protein superfamily with highly conserved
3-dimensional structures, forming an in-
ternal ligand binding pocket. The protein,
isolated from urine, has a heterogeneous
yellow-brown chromophore bound co-
valently to amino acid side groups around
the entrance of the lipocalin pocket. ;-
Microglobulin is found in blood both in
free form and complex-bound to immuno-
globulin A (IgA) via a half-cystine residue

at position 34. It is shown here that an
a;-microglobulin species, which we name
t—a-microglobulin (t = truncated), with a
free Cys34 thiol group, lacking its C-
terminal tetrapeptide, LIPR, and with a
more polar environment around the en-
trance of the lipocalin pocket, is released
from IgA— a;-microglobulin as well as from
free aj-microglobulin when exposed to
the cytosolic side of erythrocyte mem-
branes or to purified oxyhemoglobin.
The processed t— a;-microglobulin binds
heme and the «;-microglobulin~heme
complex shows a time-dependent spec-

tral rearrangement, suggestive of degra-
dation of heme concomitantly with forma-
tion of a heterogeneous chromophore
associated with the protein. The pro-
cessed t— «;-microglobulin is found in nor-
mal and pathologic human urine, indicat-
ing that the cleavage process occurs in
vivo. The results suggest that  a;-micro-
globulin is involved in extracellular heme
catabolism. (Blood. 2002;99:1894-1901)
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Introduction

Hemoglobin, the major oxygen carrier system in the blood, hasnarmal concentrations up to around 5 mg/L, mainly as a result of
number of toxic, potentially dangerous side efféetdlost of these hemolysis® Plasma contains haptoglobim, high-affinity binder of
have their origin in the auto-oxidation of oxyhemoglobin. Hemoglaaxyhemoglobin and inhibitor of auto-oxidation; iron- and heme-
bin is a tetramer consisting of 4 globin subunits,R,), each binding proteins such as transferrin, albumin, and hemopexin; and
carrying a heme group in its active centerleme consists of antioxidants such as vitamin E and ascorbic acid. However, it is
protoporphyrin IX and a ferrous (Fg) iron atom which has high generally agreed that these systems are not sufficient to protect
affinity for free oxygen (Q). Ferrous hemoglobin binding to,@s against hemoglobin-mediated oxidative cell and tissue damage
called oxyhemoglobin. Auto-oxidation of oxyhemoglobin is aluring increased extravascular hemolysis and general hemolytic
spontaneous intramolecular oxidation-reduction reaction evenpathologic disorders.
ally leading to production of ferric (F&) hemoglobin (methemo- as-Microglobulin (@;m) is a plasma and tissue protein with
globin), ferryl (F¢+) hemoglobin, free heme (“heme” and “hemin”unknown biologic functions. It is evolutionarily well-conserved
are sometimes used to designate free protoporphyrin IX withaamd has so far been found in mammals, birds, fish, and amphibians.
bound Fé* or F&* atom, respectively; in this article, “heme” isa;m is a glycoprotein with a relatively low molecular mass, 26
used regardless of the iron oxidation state), and various reactkd:!® Hence, it is filtered through the glomerular membranes of the
oxygen species, including free radicalBhese compounds presentkidney and was originally isolated from uridta;m, also called
considerable oxidative stress, leading to tissue damage and petitein HC'? has many intriguing propertié&!*It belongs to the
destruction. lipocalin superfamily, a group of proteins from animals, plants, and
The overwhelming part of hemoglobin is found strictly compartbacteria with a well-conserved 3-dimensional structure. The lipoca-
mentalized within erythrocytes. The auto-oxidation of oxyhemogldins consist of a 160 to 190 amino-acid polypeptide folded into an
bin and downstream free-radical formation is largely prevented Bystranded3-barrel surrounding a pocket that can bind hydropho-
the intracellular inhibitors superoxide dismutase, catalase, abid ligands!® The ligand ofa;m is unidentified.c;ym carries an
glutathione peroxidase In spite of this, slow auto-oxidation extremely heterogeneous yellow-brown chromophore, covalently
occurs intracellularly. Oxidized hemoglobin forms which aréound to lysyl residues (Lys 92, 118, and 130) surrounding the
unstable and easily denatured are found deposited together veéttirance of the lipocalin pock&.a;m has one unpaired cysteine
free heme and iron on the cytosolic face of the erythrocytesidue (Cys 34) which can interact with a second free Cys exposed
membran€.Hemoglobin is also found extracellularly in plasma aat the surface of other proteins. Thus, a circulating covalent
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complex betweeryym and immunoglobulin A (IgA), involving a finalaym concentration of 4QuM. For cleavage with purified oxyhemo
about 50% of plasma;m, was shown to be mediated by Cys 34 oflobin, 0.04p.mol freeze-dried plasma;m was incubated for 3 hours at
oM and the penultimate Cys residue of the lgA&haint’ 37°C with 0.2 umol oxyhemoglobin tetramer in 0.2 mL PBS. After

The Cys-Cys interchain cross-link of Igégm has so far been incubation,«a;m was purified from the incubation mixtures by affinity
. . S L . romatography on monoclonal antjm Affigel columns. After washing
impossible to reduce in vitro. Therefore, the original observation ﬁ?e columns with PBS, adsorbedm was eluted by the addition of 0.1 M

this work, the cleavage of IgA-l'rr? into free aym and. IgA k?y _glycine-HCI, pH 2.3. Eluted fractions were immediately neutralized with
ruptured erythrocyte.s, was surprising. It promptgd an Investigati@he.tenth volume of 1 M Tris-HCI, pH 8.5, and analyzed by sodium dodecy
of the role of ym in hemolysis. The results indicate that anytate—polyacrylamide gel electrophoresis (SDS-PAGE) under reducing and
activated form ofx;m, which participates in degradation of hemenonreducing conditions. The;m proteins were sometimes alkylated with

is released from freexym and its IgA complex by exposed iodoacetamide (IAA) before the cleavage, incubating 1 mg/mL protein and 0.17
erythrocyte membranes and hemoglobin. The results suggest! $A in 20 mM Tris-HCI, pH 8.5, for 30 minutes at room temperature and
possible biologic function ofi;m in protection against unseques dialysing against PBS. For cleavage'®-cum or IgA-«um, 10 uL plasma,
tered heme/hemoglobin that could explain its widespread distrib¥sed erythrocytes, membranes, cytosol, or gel chromatography fractions were
fion in tissues and species as well as some of its enigmaliE B ECC B IR ) b e of e inubetions was
biochemical properties. diluted 10 times with PBS and applied to SDS-PAGE.

Time-dependence of «;m cleavage

Materials and methods _
A quantity of 0.5u.g of plasmae;ym was added to 4.L lysed erythrocytes

Proteins and reagents or 15p.L erythrocyte membranes. In both cases the total sample volume was
adjusted to 2Q.L with PBS. The samples were incubated at 37°C for 1, 5,

Urine and blood from apparently healthy donors and urine from patieni§ o, and 240 minutes. Cleavage was determined by Western blotting
were collected. Information about the medical condition and serologic da{ging antibodies againatm and LIPR.

for the patient and control groups was obtained from the Hematology
Department and B!ood Center a_t th(_e U_niversity_ Hospital in Lund, Swed_e.qeme binding experiments
Approval was obtained from the institutional review board for these studies.
Informed consent was provided according to the Declaration of Helsinkihe binding of heme bya;m was studied by incubation with (1)
Blood was drawn with addition of heparin anticoagulant. The urine ardethemoglobin-Sepharose, (2) purified oxyhemoglobin, and{@){eme.
plasma, prepared from the blood, were frozen-&0°C within 1 hour. Oxyhemoglobin was immobilized to CNBr-activated Sepharose 4B at 10
Oxyhemoglobin was prepared by diethylaminoethyl (DEAE)-Sephadexg/mL (Amersham Pharmacia Biotech, Uppsala, Sweden) according to the
ion-exchange chromatography of erythrocyte hemolysates accordingdgscription from the manufacturer and with modifications made by Gattoni
Winterbourn? IgA-ac;m, plasmaesym, urine a;m, and pepsinem were et al?® The immobilized oxyhemoglobin was oxidized to the ferric form
purified in our laboratory as described earlfe¥®1°Rabbit antie;m was — (methemoglobin) by incubating with 1.2 equivalents of potassium ferricya-
prepared by immunization with urinem as describeé® Rabbit anti-LIPR  nide (KsFe[CNJs) at room temperature for 30 minutes and then washed
was prepared by AgriSera AB (Wazs, Sweden) by immunization with the extensively with 0.1 M phosphate buffer, pH 7.4. Methemoglobin-
synthetic peptide CKKLIPR conjugated to keyhole limpet hemocyanifepharose was incubated witim or control proteins in PBS. The reaction
(KLH). Mouse monoclonal antie;m, BN11.10, was prepared and purifiedproceeded for 60 minutes at room temperature with careful agitation and
as describedd and immobilized to Affigel Hz (Bio-Rad Labs, Hercules,was terminated by pelleting the hemoglobin-Sepharose and removing the
CA) at 20 mg/mL, following instructions from the manufacturer. Goasupernatants for absorbance spectrum analysis. OxyhemoglokiiviY7
antihuman heme oxygenase | (cat. no. sc-1796) was from Santa Cautdcam or control proteins (5.M) were incubated in PBS at 37°C for 1
Biotechnology (Santa Cruz, CA). Orosomucoid, ovalbumin, and humdmwur. cum was purified by affinity chromatography on a column of
serum albumin were purchased from Sigma Chemicals (St Louis, MO). monoclonal antx;m Affigel, concentrated and analyzed by spectrophetom
etry. aym or control proteins (0.1 nmol-0.2 nmol) in 0L PBS were

Erythrocytes and membranes incubated with 25 pmolfClheme diluted in PBS plus 1% Tween-20. The

) ) incubation was performed at room temperature in dim light. The reaction
Blood was centrifuged at 12@0for 10 minutes, plasma- and buffy a5 stopped at different time intervals by adding SDS-PAGE sample

coat—aspirated, and thg red blood cells washed 4 times with 10 volume%gffer’ separating by SDS-PAGE, staining, and phosphoimaging analysis
phosphate buffered saline (PBS): 10 mM phosphate buffer, pH 7.4, 120 ”(%e below).

NaCl, 3 mM KCI. The packed erythrocytes were lysed by resuspension in 1

volume of cold, hypotonic buffer (1;(D:PBS,_ 20_:1) on ice. Membran_e Heme degradation

pellets were separated from cytosol by centrifuging the lysed suspension at

14 00@ for 20 minutes with subsequent washing. The pellets were théxyhemoglobin (3uM) was incubated alone or withaym or control
resuspended in PBS to one-tenth of the original blood volume. Hemoglobproteins (24.M) in 20 mM phosphate buffer, pH 7.4, at 37°C. The
free membranes were prepared by repeated washing as described by Dedigerbance at 410 nm was read at 5-minute intervals for up to 24 hours,
et al?2 Membrane proteins were quantitated by the BCA Protein Assay Kiilanking with the reaction solutions themselves at time zero.

(Pierce, Rockford, IL). For further fractionation of membrane constituents,

the lysed erythrocytes were centrifuged at 32@®r 30 minutes, the Preparation of [ *Clheme

membrane pellet solubilized in 50 mM Tris-HCI, pH 8t01% Nonidet

P-40, and centrifuged at 80§@or 10 minutes. The supernatant was therxadiolabeled; “C-substituted heme was produced using Eheoli strain -
applied to Sephacryl S-300 gel chromatography, eluting with 20 m N344 containing the plasmid pTYR13. This strain/plasmid combination

Tris-HCI, pH 8.0, 0.15 M NaCl, and 0.02% Nahand analyzing the eluted (kindly donated by Dr Lars Hederstedt, Department of Microbiology, Lund

fractions for ultraviolet (UV) absorbance andm cleavage activity as MVersity) requires the heme-precurssaminolevulinic acid (ALA) for
described below growth and was cultured with LB-medium (10 g/L Tryptone-Peptone,

Difco, Becton Dickinson, Sparks, MD, 5 g/L yeast extract, Merck,
Darmstadt, Germany, 5 g/L sodium chloride) containingd4@}ALA, 50
Ci/mol (New England Nuclear, Boston, MA) as described by Stleical 24
Freeze-driedv;m or IgA-a;m was incubated for indicated time periods afThe yield of f“Clheme was about 20 nmol per 60-mL culture with a
37°C with the lysed, nonfractionated erythrocytes, cytosol, or membranespecific activity of 2.5 Ci/mmol (90GBg/mmol).

Cleavage of a;-microglobulin
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Gel electrophoresis and immunoblotting

SDS-PAGE was performed using either 10% or 12% slab gels in the buff€SUlts
system described by Laemmifisometimes including 2% vol/vg-mer

captoethanol in the sample buffers. High-molecular-mass standards (r
bow markers; Amersham Pharmacia Biotech, Uppsala, Sweden) were ugBgmbranes and hemoglobin
The polyacrylamide gels were stained with Coomassie Brilliant Blue R—ZFTO

and in some cases dried. For immunoblotting, the gels were transferrggLIbatlon of free plasmaam with lysed erythrocytes, or the

to polyvinylidenefluoride (PVDF) membranes (Immobilon, Mi“ipore’_mer_nbrane or cyto_solic fractions separately, resulted in a reduction
Bedford, MA) as describe® The membranes were then incubated’ Size of the protein when analyzed by SDS-PAGE. The truncated
with antiserum as previously describ&dRadioactive samples4c or  form of a;m, which we henceforth call &;m, had an apparent
129)) in dried gels and membranes were analyzed by phosphoimagingrmolecular mass of 30 kd, approximately 3 kd less than uncleaved
a Fujix BAS 2000 Bioimaging analyzer (Fujifilm Sverige AB, Stock-aym (Figure ). The IgA«;m complex was also cleaved by the
holm, Sweden). erythrocyte fractions. In this complex;m is covalently cross-
linked by a nonreducible disulfide bond to one of the heavy
(a)-chains of IgA. The IgAa;m complex appears as 3 major bands
on SDS-PAGE: the 90-kd;m-a-chain, the 60-kad--chain, and the
Proteins were labeled witf? (Svensk Radiofarmaka AB, Stockholm, 25.kd light chain. In addition, various less-abundant high-molecular-
Sweden) using the chloramine-T metf8dThe labeled proteins were weight bands can be seen, representing polymeric forms of

separated from free iodide by desalting the reaction mixture on prepaclignA_a m containing the 90-kd IgAy;m—a-chain component. After
9-mL Sephadex G-25 columns (PD10, Amersham Pharmacia Biotech). T.fie ! ! |

specific activity of the labeled proteins was approximately 3i(0.5 Incuba'Flon with the erythrocyte fractions, the 9.O-kd gAchain
MBa)/jug protein. band disappeared, and was replaced by dr@e with a molecular

mass of 30 kd, that is, ¢zm (Figure 1). The same incubation
conditions did not affect the migration of control proteins orosomu-
Spectrophotometric methods coid (Figure 1), human serum albumin, IgG, IgA, and ovalbumin

Absorbance spectra were measured on a Beckman (Beckman Instrumefat Shown) upon SDS-PAGE. Cleavagengin and IgA«,m was
Fullerton, CA) DU 640i spectrophotometer using a scan rate of 24&chieved using up to 80 nmol protein/mL erythrocytes. The
nm/minute and protein concentrations betweenuld and 50 uM. Cleavage could be detected after purification by aat affinity
Fluorescence spectra were recorded with a Perkin Elmer (Sollentushromatography followed by SDS-PAGE (see below), by Western
Sweden) LB50 fluorescence spectrometer. The excitation was made at B8tting of the erythrocyte/;m mixture, or by using?3-labeled
nm with an excitation slit-width of 5 nm and an emission slit-width of 3 nmprotein (see “Materials and methods”).
The scan speed was 150 nm/minute. The proteins used in this eXpe”me”tErythrocytes were lysed and separated by centrifugation into
were diluted with PBS to a concentration ofd. membrane and cytosolic fractions that were suspended in the
original blood cell volume. As stated above, both fractions cleaved
Carbohydrate analysis of ~ a;-microglobulin plasmae;m into t-«w;m. Whole, nonruptured erythrocytes had no
cleaving activity at all. Gel filtration on Sephacryl S-300 of
Yolubilized membranes showed that the cleaving activity was
associated with medium-sized molecules (not shown). Hemoglobin

éi:rllgavage of a;-microglobulin by erythrocyte

Protein radiolabeling

Detection of O-linked and N-linked oligosaccharides was done by glyco
dase cleavage and lectin blotting as descritfed.

Amino acid sequence analysis 1 2 1 2 1 2
) . . . 220 - | B
Amino acid sequencing was done by Dr Bo Ek at Statens Lantbruksuniver- :
sitet, Uppsala, Sweden. Briefly, proteins were separated by SDS-PAGE, 97 - . - ~— o-chain-oym
specific bands cut from the gel and digested by trypsin incubation. Trypsin 66 - S ”
digests were characterized by electrospray tandem mass spectrometry. This -3 =
made it possible to make identifications based both on peptide mass data as 46 - : e .'
well as on sequence information (peptide fragmentation data). All measure- - - Oqm
ments were made on a Q-tof instrument (Micromass, Manchester, United 30 - “ o - t-0ym
Kingdom) essentially according to the manufacturer’s instructions. : “
21 -
Alkylation with iodo[ *C] acetamide
Proteins were incubated with ioddC] acetamide {'C]IAA) (Amersham 1 "
Life Science, specific activity 59.0 mCi(2.2 GBg)/mmol). The reaction 14 - ﬁ <
mixtures contained 4.M protein in 0.2 M Tris-HCI, pH 8.5, and 1 mM .
[*4C]IAA. The reaction proceeded for 75 minutes at 25°C in the dark. To e - 0.
determine the amounts of boun#C]IAA, the alkylated proteins were 7% % O'S'o
subjected to SDS-PAGE and phosphoimaging. 2 o’%b
(4
Gel chromatography Figure 1. Cleavage of a;m and control proteins by erythrocyte membranes.

Plasma-aim, IgA-a;m, and orosomucoid were incubated with purified erythrocyte
Proteins were separated by gel chromatography on a 50-mL Sephagpginbranes for 2 hours at 37°C. A quantity of 1 pg to 3 pg of each protein was
S-300 column (Pharmacia, Uppsala, Sweden), equilibrated with 20 mifeCC wlm e U o L B e e
. o 1Mm- .
Tris-HCI, 150 mM NaCl, 0.02% NadlpH 8.0, at 4 C The column was shows the proteins alone and lane 2 shows the proteins with added erythrocyte
eluted at a flow rate 12 mL/hour and the eluted fractions were analyzed ¥mbranes. The electrophoresis was performed in the presence of mercaptoetha-
absorbance at 280 nm and 410 nm. nol. Molecular masses of standards are given in kilodaltons.
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Figure 2. Release of the C-terminal tetrapeptide from a;m after cleavage with

erythrocyte membranes and oxyhemoglobin. Plasma-a;m (lanes 1 and 3) was
incubated with erythrocyte membranes (lane 2) or oxyhemoglobin (lane 4) as
described in “Materials and methods.” After incubation for 3 hours at 37°C, a;m was
purified from the reaction mixtures by affinity chromatography and gel chromatogra-
phy on Sephacryl S-300. Purified aym, 1 g to 3 pg, was separated by SDS-PAGE in
the presence of mercaptoethanol, staining, and Western blotting with antibodies
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Figure 3. Time studies on the cleavage of  a;m. A quantity of 0.5 g plasma-ai;m
was incubated with lysed erythrocytes, erythrocyte membranes, or PBS (control) at
37°C for indicated time points: 1, 5, 30, 60, and 240 minutes. The cleavage reaction
was stopped by adding SDS-PAGE sample buffer and was analyzed by SDS-PAGE
in the presence of mercaptoethanol and Western blotting with anti-a;m and
anti-LIPR.

membranes

against aym or LIPR.

spectrometry, and it was shown tlham was cleaved C-terminally;
is a major macromolecular constituent of both the cytosolic aritiat is, the C-terminal tetrapeptide LIPR (amino acid pos. 180-183)
membrane portions of the lysed erythrocytes. Therefore, we al@s missing in tx;m whether it was produced from free plasma—
tested cleaving ofi;m by purified hemoglobin. Mixing oxyhemo aim or IgA-cum, whereas the N-terminus was intact (Tabje 1
globin with plasmax;m resulted in the same decrease in size as tflyclonal rabbit antibodies were raised against the synthetic
erythrocyte fractions (Figure 2A). The specific cleaving activitpeptide LIPR and used to confirm the absence of the tetrapeptide in
was estimated by dilution of the membrane and cytosolic fractiofisum. Thus, after SDS-PAGE and blotting, anti-LIPR recognized
and purified hemoglobin (hemoglobin tetramer concentration 0.0%act full-length a;m but not te;m (Figure 2C), whereas a
mM, 4 mM, and 1 mM, respectively). The membrane fraction hagonventional antix;m antiserum recognized both intact, full-
much higher specific cleaving activity than the other 2; that i¢¢ngthaym and teym (Figure 2B).
t-asm was formed from plasmasm by the membranes at more The time course of the cleavage of plasma by lysed
than 10-fold higher dilution than the cytosol or purified hemogloerythrocytes and erythrocyte membranes was studied by SDS-
bin. Hemoglobin-free membranes had no cleaving activity (n®AGE followed by blotting with antix;m and anti-LIPR (Figure
shown). These results suggest that hemoglobin in synergy wah The results shows that the cleavage by erythrocyte membranes
unknown factors in erythrocyte membranes, alternatively a minsas completed after 5 minutes.
form of hemoglobin found enriched in erythrocyte membranes, The results thus suggest that the C-terminal tetrapeptidgnof
mediate the cleavage afm. is released from plasmaim and the IgAeym complex when
exposed to hemoglobin and other unknown factors of the cytosol
and cytosolic surface of erythrocyte membranes.

C-terminal proteolysis of  a;-microglobulin

The twoim forr_n_ed by cleava_ge of plas_ma, recombinant, or I9Asi,hemical properties of t—
aim was purified by applying the mixture af;m and lysed

erythrocytes or hemoglobin to a column of immobilized monoclocharacterization of purifiedd;m from plasmas;m and IgAe;m

nal antibodies againsi;m followed by gel chromatography on showed that the cleavage involved the C-terminus (see above), the
Sephacryl S-300 (Figure 2, lanes 2 and 4, respectively). Hemoglopaired Cys34 residue (in the case of Igfm), and the chro

bin was coeluted withhym from the antie;m column but was mophores ofy;m, whereas the N-terminus as well as the carbohy
removed by the gel chromatography step. The cleavage ofdgé\- drate moieties were intact (Table 1).

yielded an intact IgA molecule, besidesxim, as judged by The reactivity of the unpaired sulfhydryl group (-SH) of Cys34
SDS-PAGE (eg, Figure 1) or Sephacryl S-300, underscoring thas investigated by alkylation with ioddC]acetamide (Figure;4
specificity of the cleavage mechanism. The amino acid sequencélable 1). Plasmasm could be alkylated with iod&fClacetamide
purified t«w;m was analyzed by trypsin cleavage followed by mag§igure 4A, lane 1), indicating that the sulfhydryl group of Cys34 is

a;-microglobulin

Table 1. Molecular composition of  a;m before and after cleavage by erythrocyte membranes and purified oxyhemoglobin

N-terminus C-terminus —SH group* Carbohydrates Chromophore
Source of ajm Before After Before After Before After Before After Before After
Plasma G1PVP . .. G1PVP ... ... PEPILIPR g3 ... PEPIli79 + + 3 3 + +++71
IgA-aqm G1PVP . .. G1PVP ... ... PEPILIPR g3 ... PEPIlizg 0 + nd 3 - +++

nd indicates not determined.
*Free thiol groups were determined as absent (0) or present (+) before and after cleavage by erythrocyte membranes by alkylation with [*4Cliodoacetamide.
TThe amount of chromophore was estimated by absorbance spectrum analysis and is graded from — to +++.
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A C Figure 4. Appearance of free thiol groups on aim
after cleavage with erythrocyte membranes. (A) A

p|a$ma (1.1 m |gA'(X1 m |QA~£I1 m fl'agment quantity of 3 pg free plasma—a;m (lane 1) was incubated
. 4e e . 4 with erythrocyte membranes and purified by affinity
stain C-IAA stain C-1AA stain C-1AA chromatography on a column with anti-a;m (lane 2). The
290- PR S e i 3 R : b3, et samples were treated with [C]IAA, separated by SDS-
PAGE, stained, and analyzed by phosphoimaging. (B) A
quantity of 10 pg IgA-a;m was either left untreated (lane
1), alkylated with cold IAA (lane 2), or alkylated with cold
IAA and incubated with lysed erythrocytes (lane 3). The
proteins were then incubated with [*4C]IAA, separated by
SDS-PAGE and stained, or analyzed by phosphoimag-
ing. (C) The aum-fragment of IgA-a;m was prepared by
pepsin digestion. A quantity of 3 pg of the aym-fragment
was either left untreated (lane 1) or incubated with lysed
erythrocytes (lane 2). The proteins were incubated with
[Y4C]IAA, separated by SDS-PAGE and stained, or ana-
lyzed by autoradiography. All electrophoreses were per-
formed in the presence of mercaptoethanol.

66-
46-

30-

21-

free. The protein was still alkylable after cleavage (Figure 4A, lane 2JA-«;m had a higher absorbance in the upper UV and visible regions

IgA-aym was first alkylated with an excess of nonlabeled iodoacetamide compared with the uncleaved proteins. A shoulder iattiserbance

to block all remaining free sulfhydryl groups on the IgA part of thevas sometimes seen around 410 nirz was also brown-colored

molecule (Figure 4B, lane 2) and then subjected to cleavage ibythe test tube, whereas plasman is light yellow and IgAe;m

erythrocyte membranes. Free sulfhydryl groups then appeared on laotd pepsirnz;m are uncolored at the same concentrations.

the aym- and a-chain parts (Figure 4B, lane 3). Them part of «1m contains 4 tryptophan residues, 3 of which are located near

IgA-a;m, called pepsire;m, can be prepared by pepsin cleavEldels  the entrance of the lipocalin pock&tThe tryptophan fluorescence

composed of the C-terminal nonapeptide of the lg#hain linked to  spectra of free plasmamm, pepsineym, and teym displayed

the intacioym polypeptide by an unusual, nonreducable bond involvingmissionmaxima at 337, 338, and 345 nm, respectively &mwn).

Cys34 ofa;m and the penultimate Cys of thechainl®17As expected, This shows that the local environment around the 4 tryptophan

pepsine;;m could not be alkylated with iod&C]acetamide (Figure 4C, residues is more polar inctzm as compared with free plasnaam

lane 1). However, incubation of pepsiam with erythrocyte mem and pepsire;m (ie, theaym part of IgA-a;m).

branes yielded a free, alkylable sulthydryl group (Figure 4C, lane 2). The carbohydrate portion efim, 2 N-linked and one O-linked

The results thus suggest that the cleavage ofdgA-involves both a oligosaccharidé€? was intact after the cleavage as determined by

reduction of the bond between IgA amgn and a C-terminal truncation investigation with specific endoglycosidases and lectins (Table 1).

of theaym part.

The extremely heterogeneous chromophorexgh gives the  cieaved a;-microglobulin in urine

protein a characteristic absorbance spectrum with a slowly declin-

ing absorbance throughout the upper UV and visible regions. It h@se to its small sizeqym is passed from the blood to the primary

beenshown previously that urinang;m carries more chromophoric urine via glomerular filtration. A small part escapes tubular

material than plasma;m, whereas IgAx;m has almost no reabsorption and is excreted in the urine. It was shown that normal

chromophoré®27Figure 5shows that tx;m from both plasma- and urine contains ty;m, lacking C-terminal LIPR, and full-lengtiym
(Figure 6, lanes 4-6). Furthermore, an increasegt-fraction was

20
164 anti-oym anti-LIPR

1.2

t-IgA a,m

0.8

0.4 pepsin a.m

oo By - w--.

0.0 T T T T
0.8

Absorbance

0.6
t-plasma a,m

12 3 4 56 12 3 4 5 6

Figure 6. SDS-PAGE of urinary aym. Urinary aym was purified by affinity
chromatography on a column with monoclonal antibodies against a;m. The eluate
, : - - was analyzed by SDS-PAGE in the presence of mercaptoethanol (T = 12%,
300 400 500 800 700 C = 3,3), staining, and Western blotting with anti-a;m and anti LIPR. Urine from
apparently healthy donors (lanes 4-6) as well as patients having different disorders
associated with the following changes in erythrocyte formation and destruction were
Figure 5. Absorbance spectrum of IgA-  «;m and free plasma— aym before and used: lane 1, suspected mechanical hemolytic anemia associated with mitral valve
after cleavage with lysed erythrocytes. Uncleaved IgA-aym is represented by reconstruction following endocarditis; lane 2, autoimmune hemolytic anemia (warm
pepsin-aim (eg, the aym part of IgA-«;m). Approximately 20 pM solutions in PBS ~ type, IgG-mediated); lane 3, paroxysmal nocturnal hemoglobinuria and
were used. myelodysplastic syndrome.
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0.0
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Figure 7. Time-dependence of [ 4C]heme-binding to A plasma om t-a1m HSA OrosomUCOid

a;m. Approximately 0.2 nmol plasma-a;m, t-a;m, human

serum albumin (HSA), and orosomucoid was incubated

with 25 pmol [**C]heme for 1, 3, 15, 60, and 180 minutes.

The binding of [*Clheme to the proteins was then

determined by SDS-PAGE, staining (A), and phosphoim- OM”
aging (B). ==

time: e ] ] e ]

B
67 - 5 i 5 e e .. 3

%- nmﬂ M .

plasma o.ym t-oum HSA orosomucoid

seen in urine from patients with hemolytic disorders (Figure @&t lower wavelengths increased (300 nm-400 nm), yielding a
lanes 1-3), suggesting a relationship to pathologic erythrocyteterogeneous spectrum that resembles the highly brown-colored
destruction. This indicates that the cleavagexgh is a normally urinarya;m and recombinani;m from baculovirus-infected insect
occurring biologic process and thaktm may be produced during cells?” On the other hand, the absorbance spectrum of free
hemolysis in vivo. plasmae;m was stable during this time period (Figure 8D). The

Binding and degradation of heme

The shoulder in the absorbance spectrum of freshly prepargd t- A 1 B
(Figure 5) even after gel chromatography suggests the presence of ;.

heme, which has a characteristic absorbance peak at 405 nm to 415 —0h

nm called the Soret band. This prompted an investigation of a 20

possible interaction among;m, tw;m, and heme. Equimolar
amounts of plasmaim, t-oym, human serum albumin, and §
orosomucoid were incubated witd*Clheme for various time £° =
periods, separated by SDS-PAGE, and analyzed by autoradiogra:
phy (Figure 7). Both plasma;m and te:;m displayed a binding of
radiolabeled heme. Interestingly, more heme was bounghig,
especially to ta;m, than to human serum albumin, a physiologic
heme-binding proteif Orosomucoid, a negative control from the on o
. . . . . . 034 h
Lipocalin superfamily, did not show any binding. 2n
The heme binding was also investigated using hemoglobin
insolubilized to Sepharose and oxidized to methemoglobin. Methe-  *— = o= ~ = - =
moglobin-Sepharose has been shown to bind heme less tightly than Wavelength (nm)
oxyhemoglobin and the metheme-group is transferred to albumiigure 8. Spectral analysis of t- «im after incubation with hemoglobin. (A)
and other heme-binding proteifsPlasmae;m and te;m were  Methemoglobin-Sepharose (75 wM) and t-a1m (3 M) were incubated in PBS at 37°C
incubated with methemoglobin-Sepharose and the absorbaf?éé hour. The sample was centrifuged and the absorbance spectrum of the
t fth tants sh d a bindi f th t bsu ernatant measured at the indicated time intervals. The spectrum of a control
Spec .rum 0. € supernatants s Owe abinding or metheme 10 951 le (methemoglobin-Sepharose only) was subtracted. (B) Oxyhemoglobin (7
proteins (Figure 8A,D). The binding of heme was seen as ) and t-axm (5 M) were incubated in PBS at 37°C for 1 hour. The t-a;m was
pronounced Soret band for both plasman and te;m. However, purified by affinity chromatography on a column of monoclonal anti-a;m Affigel,
: _ FRrH : f centrated, and the absorbance spectrum read after 0 and 5 hours. (C) Lysed
the time dependen?e of the blndmg was radlca_lly dlﬁerem betwegrwhrocytes (original cell volume diluted 1:1) and plasma-a;m (40 wM) were mixed
the 2a;m-forms using this method. The proteins were incubategly incubated at 37°C for 3 hours. The t-cum formed was purified by affinity
with methemoglobin-Sepharose for one hour, removed by centriftivomatography on a column of monoclonal anti-a:m Affigel and gel chromatography
gation and their absorbance spectra then analyzed at diﬁer@thﬁephacryl S-300, concentrated, and the absorbance spectrum read after the
L . indicated time intervals. (D) Methemoglobin-Sepharose (75 M) and plasma-a;m (10
times. After 40 hours the Soret band of heme had dlsappear were incubated for 1 hour at 37°C. The sample was centrifuged and the

almost completely from &;m (Figure 8A). Instead, the absorbancewsorbance spectrum of the supernatant measured at the indicated time intervals.




1900 ALLHORNetal BLOOD, 15 MARCH 2002 - VOLUME 99, NUMBER 6

0.00 are encouraging. Larger patient groups as well as a methodological
fine-tuning are needed to better evaluate the potential clinical applica-
-0.05 Hb tions of the teym/ayym ratio. Interestingly, the chromophore of urinary
;M has a much more pronounced yellow-brown color and absorbance
0.10 spectrum than plasmaim. The explanation for this could be that
urinary aym partly consists of &;m, since it was shown here that the
0.15 - absorbance spectrum and color of the latter is similar to uriagry
The C-terminal processing ofim is apparently performed by
0.20 factors found inside the erythrocytes. No sign of transport,of
across the erythrocyte membranes has been detected (not shown). It
t-o,m + Hb must therefore be concluded that in vivo processing only takes
place after rupture of the red blood cells and exposure of the
030 . . ' . . ; interior 'of the_ (_:eII to agm. Purified _hemoglobin displayed a
0 25 50 75 100 125 150 175 processing activity at high concentrations and may be responsible
Time (min) for the cleavage activity found in the cytosol, where it is found in
Figure 9. Rate of heme-degradation in a t- aym and oxyhemoglobin mixture. very high amounts. The membrane fraction showed a stronger
Oxyhemoglobin (3 .M) was incubated alone or mixed with t-asm (24 wM) at37°Cin  SPecific processing activity than the cytosolic fraction. Hemoglobin
0.5 mL 20 mM phosphate buffer, pH 7.4. The absorbance at 410 nm was read at s found deposited in various aggregated and oxidized forms on the
E;Tr]r:r;itreo'mtervals for 10 hours, blanking with the incubation solution itself at cytosolic face of the erythrocyte membrafeSherefore, it is
possible that a variant of hemoglobin and other unknown mem-

rearrangement of the spectrum was also observed wagn was Prane factors cause the C-terminal processingof.
incubated with soluble oxyhemoglobin (Figure 8B). Spectral The results suggest that the processeght-induces a degrada
analysis of te;m freshly isolated after incubation of plasman tion of heme which is accompanied by a chromophore formation in
with lysed erythrocytes also revealed a decrease of the Soret b# Protein. It has been shown that the chromophore consists of
concomitant with an increase at 300 nm to 400 nm (Figure 8c8ovalent modifications of Lys 92, 118, and 130. According to
These results suggest a simultaneous heme degradation Aigecular modeling of;m these residues are located semiburied
chromophore formation indsm. at the entrance of the lipocalin pocké€°lt is possible that heme
Figure 8B shows that heme is transferred from oxyhemoglobfinds to the lipocalin pocket and induces the chromophore
to t-asm and degraded. The time-dependence of the degradatf§fmation either as a direct precursor or by a reaction mechanismin
was investigated more closely by continuously reading the abs¥fich the chromophore is a by-product. Fluorescence analysis
bance at 410 nm in adym and oxyhemoglobin mixture using ansuggests that the tryptophan residues are more exposed to the
excess okym (molar ratio 8:1). Figure 8hows that most of the hydrophilic environment in te;m. Interestingly, 3 of the 4 trypto

absorbance at 410 nm disappeared within one hour, suggesting f#n residues are located around the entrance of the lipocalin
the degradation is a rapid process. pocket. It may be speculated that the C-terminal tetrapeptide is

located close to the entrance of the pocket and that its proteolytic
removal initiates heme degradation by exposing reactive side groups.
Discussion IgA-aym may be regarded as a depotogm from whichaym is
released and processed locally as soon as the erythrocyte ruptures. The
The results in this work show that plasman is proteolytically Size of IgA«;m prevents the molecule from glomerular filtration and
processed by ruptured erythrocytes and the C-terminal tetrapeptiers from the circulation. The release afm from IgA and the
LIPR is released. The cleavage is induced by hemoglobin afdterminal processing are probably 2 separate reactions requiring
factors in erythrocyte membranes. The released, procesged Separate cofactors. The former reaction involves a reduction of the
(t-cum) binds and degrades heme with a concomitant formation dulfide bond between Cys34 enm and the Cys residue on the
a yellow-brown chromophore strongly linked to the protein. The-chain. The bond is unusually reduction-resistant and it has previously
results thus suggest thatm has a role in heme catabolism aftemot been possible to break the bind in vitro. It was shown here that
exposure of hemoglobin and erythrocyte membranes. Cys34 on ta;m is reduced and presents a free thiol group. According to
The processedd;m was found in urine together with the unproc the structuraleym-model this residue is exposed and located on a
essed form. In bloody;m is rapidly lost from the circulation by flexible omega-loop near the entrance to the pocket. Cys34 has
glomerular filtratiors2 Therefore, the t;m found in urine most likely previously been shown to be attached to chromophore subst4acels,
has been filtered from plasma. This suggests that the cleavage desciftiedpossible that it is involved in the heme-binding and chromophore
in this paper actually occurs in vivo. The finding is supported by farmation. Other heme-binding proteins have been shown to bind the
previous report that urinarym is a mixture of full-lengti;m with 183 heme group via an unpaired Cys residue; for instance, proteins carrying
amino acids and a C-terminally truncated 179-amino acid #¥he a so-called heme regulatory motif (HRM), such as the bacterial iron
proportion of te;m in urine should reflect to what extenim is cleaved  response regulator protefh.
C-terminally in blood and/or tissues. It is therefore of interest to measure This work indicates that;m has a role in heme catabolism.
the ratio of full-lengthe;m/t-o;m in urine of patients with for example Heme oxygenase, first described by Tenhunen éf &, an
hemolytic disorders as compared with healthy individuals. An initiahtracellular enzyme that catalyzes the degradation of heme to
approach to such an investigation is shown in Figure 6. As expected, tfileverdin, CO, and free iroA” Heme oxygenase is membrane-
ratio varies individually but a relatively higher amount ak;tn is  bound and found in microsomes and it may be speculated that its diverse
indicated in 2 of the 3 patients. Indeedm from the patient with mainly functions—heme degradation, iron utilization, and production of the
extravascular hemolysis is almost completely cleaved. Although it mymiwerful antioxidant biliverdin—are to be executed within the cells.
be emphasized that this is not a clinical study, the preliminary findingsm, on the other hand, is found extracellularly in most orgfefiand is

nm

A-Absorbance 410

-0.25 -
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therefore expected to execute its tentative heme-degradation functifmmsh of oym with an apparent molecular mass around 30 kd was

outside the cells. The presence of contaminations of heme oxygenassiserved associated with a placenta membrane fraction. afhis

the taym preparations would have explained their heme-degradativariant may be identical todzm, the activation product of erythrocyte

properties. However, no trace of heme oxygenase was found usingmbranes, described in this paper. Indeed, it can be speculated that an

commercial antibodies to the protein in Western blotting, suggesting tlaativation of freex;m and IgA«;m takes place in ruptured tissue cells,

the effects indeed were caused layiita. for instance during inflammation and necrosis. Instead of hemoglobin,
Several heme-binding and antioxidative substances are presertidwever, which is confined to erythrocytesm may interact with other

plasma, for example, albumin, hemopexin, vitamin E, and ascorbic adiéme-binding proteins such as cytochrome c in tissue cells. &fme t-

It is therefore not likely that the heme-binding and degradaticiound in urine may very well originate from extravascular tissue rather

properties ofy;m are primarily intended for free hemoglobin in plasmathan blood, since the protein was shown to be rapidly transported

More likely targets for these properties afm are extravascular between the 2 compartmenisit remains to be shown, however,

ruptured erythrocyte membranes. The oxidized forms of precipitat@ghethern;m can be processed and activated by all cells.

hemoglobin, free heme, and iron found on the cytosolic face of

erythrocyte membranes are highly toxic to neighboring tissue. A role of

aym could therefore be to protect against the exposed heme on the

erythrocyte membranes, especially during extravascular hemolysis,ocn:knowledgments

massive intravascular hemolysis, where these plasma antiheme factors

are not available in sufficient amounts. Victoria Rydengard and Kerstin Nilsson are acknowledged for
Both free monomeriexym and high-molecular-weightym have excellent technical performance. The authors are indebted to Dr

been found widely distributed in extravascular compartniérits. Lars Hederstedt for generous help with the preparation of radiola-

IgA-czm has been isolated from the placefitaterestingly, a truncated beled heme.
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