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Abstract: Hemopexin is a plasma protein that plays a well-established biological role in
sequestering heme that is released into the plasma from hemoglobin and myoglobin as the result
of intravascular or extravascular hemolysis as well as from skeletal muscle trauma or
neuromuscular disease. In recent years, a variety of additional biological activities have been
attributed to hemopexin, for example, hyaluronidase activity, serine protease activity, pro-
inflammatory and anti-inflammatory activity as well as suppression of lymphocyte necrosis,
inhibition of cellular adhesion, and binding of divalent metal ions. This review examines the
challenges involved in the purification of hemopexin from plasma and in the recombinant
expression of hemopexin and evaluates the questions that these challenges and the

characteristics of hemopexin raise concerning the validity of many of the new activities proposed
for this protein. As well, an homology model of the three-dimensional structure of human
hemopexin is used to reveal that the protein lacks the catalytic triad that is characteristic of many
serine proteases but that hemopexin possesses two highly exposed Arg-Gly-Glu sequences that
may promote interaction with cell surfaces.
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"The term hemopexin refers in this report to the hemopexin
glycoprotein without ferriprotoporphyrin IX bound, and the term

hemopexin-heme  complex refers to hemopexin  with
ferriprotoporphyrin  IX bound at a site equivalent to that
identified in the three-dimensional structure of rabbit

hemopexin.
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Introduction

Hemopexin®' is a plasma Bi-glycoprotein and a posi-
tive acute phase reactant protein®? that binds heme
that is released into the blood as the result of intra-
and extra-vascular hemolysis or rhabodomyolysis and
transports it principally to the liver. By sequestering
heme that is released into blood and transporting it
safely to the liver for catabolism, plasma hemopexin
plays the dual role of promoting the metabolic proc-
essing of heme and its iron as well as inhibiting the
toxicity resulting from the oxidative catalytic activity
of heme. These biological consequences of heme bind-
ing by circulating hemopexin are well documented
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and have been reviewed extensively.*” Physical—
chemical understanding of hemopexin and the com-
plex it forms with heme were advanced significantly
by crystallographic determination of the three-dimen-
sional structure of the rabbit hemopexin-heme com-
plex by Baker and coworkers.>® This structure estab-
lished that hemopexin is comprised of homologous N-
and C-terminal domains having similar 4-bladed pB-
propeller folding motifs that are joined by a flexible
hinge sequence. In this structure, heme is shown to
bind to the protein by coordination of the heme iron to
one His residue in the flexible linker region and
another in the C-terminal domain.

In addition to heme binding, hemopexin has also
been reported to (i) possess serine protease activity, (ii)
exhibit anti- and pro-inflammatory activities, (iii) sup-
press the necrosis of polymorphonuclear lymphocytes,
(iv) inhibit cellular adhesion, and (v) bind certain diva-
lent metal ions. In view of the significant biological
implications of these proposed diverse activities, the
evidence on which they are based merits serious con-
sideration. Before undertaking such an analysis, we
consider the various means by which hemopexin has
been obtained for experimental investigation, how it
responds to a variety of treatments, and the limita-
tions to the conditions that native hemopexin will tol-
erate in vitro. As discussed below, studies using hemo-
pexin prepared by methods that expose the protein to
conditions known to damage it have led to the pro-
posal of new activities for hemopexin that cannot be
unambiguously attributed to the native protein.

Purification of Hemopexin from Blood

A major factor in considering the data reported in
the published hemopexin literature is the quality of
the protein used in experimental work. Most studies
of hemopexin involve protein isolated from blood
plasma, and a variety of purification strategies have
been used. Published evidence establishes that his-
torically, hemopexin has challenging to
purify.®!® Transferrin, og-macroglobulin, histidine-
rich glycoprotein (also known as histidine-proline-
rich glycoprotein), and immunoglobulins are common
contaminants.!®*® Over 20 years ago, Miiller-Eber-
hard noted in a review on hemopexin that methods
for its purification relied on one of three characteris-
tics of the protein, for example, its high affinity for
heme, its extensive glycosylation, or its resistance to
acid denaturation.'® At present, the methods for pu-
rification of hemopexin in quantities sufficient for
physical studies can be grouped into those that rely
primarily on an initial precipitation step and those
that rely primarily on an affinity-based procedure.
Some purification schemes use both. Differential pre-
cipitation-based methods typically involve initial
treatment of fresh plasma, serum, or Cohn fraction
IV with perchloric acid, ammonium sulfate, or Riva-
nol (2-ethoxy-6,9-diamino acridine monolactate

been
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monohydrate) to precipitate many contaminating
proteins. The hemopexin-enriched fraction is then
resolved further by various types of ion exchange
and gel filtration chromatography to achieve purifi-
cation. The most commonly used strategy based on
affinity involves an initial fractionation of anti-coa-
gulated plasma with heme-agarose affinity chroma-
tography followed by a variety of ion exchange and
gel filtration fractionations. Heme affinity resins dif-
fer in the manner by which the heme is coupled to
the resin owing to different synthetic strategies,*2°
but Miiller-Eberhard identified one'® that exhibits
minimal binding of other plasma proteins. Recently,
commercial heme-affinity resins have been used
almost exclusively in such purifications of hemo-
pexin, but the nature of the heme coupling to these
resins is rarely if ever defined by the vendor. A vari-
ety of other chromatographic purification protocols
have been used for hemopexin on the basis of its af-
finity for lectins, Cibacron Blue, metal ions, or anti-
bodies.1®?! The quality and purity of the hemopexin
recovered in these affinity protocols differs and is
governed not only by elution conditions but also by
the length and configuration of the coupling spacer,
the coordination geometry and density as well as the
chemical and physical properties of the support ma-
trix. Procedures used subsequent to purification of
the protein (e.g., dialysis, lyophilization, storage, and
mode of freezing) all have the potential to alter vari-
ous properties of the purified hemopexin.

Recombinant Hemopexin

In principle, recombinant hemopexin is an alterna-
tive to the protein purified from blood. Only a few
studies have reported the isolation of recombinant
hemopexin or the use of commercial recombinant
protein. The first report of recombinant hemopexin
involved expression of the rabbit protein in insect
cells to enable substitution of amino acid residues
that might serve as axial ligands to the heme iron.?2
The NMR spectra of the recombinant proteins
included in that report provide the most extensive
characterization of any recombinant hemopexin yet
reported. Subsequently, some authors have reported
the use of recombinant human hemopexin they
expressed in Pichia pastoris®>2* or they obtained
from vendors that expressed the protein in mamma-
lian cell culture.2’ Unfortunately, these recombinant
forms of hemopexin remain essentially uncharacter-
ized. No evidence is available that these recombi-
nant forms of hemopexin are properly folded, change
conformation upon heme binding, or exhibit the
spectroscopic or functional properties observed for
native hemopexin purified from blood.

A major concern in expressing native, recombi-
nant hemopexin is the proper formation of its six di-
sulfide bonds. Each of the two hemopexin B-propeller
domains has three disulfide bonds, one of which
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forms between a Cys residue toward the N-terminal
end of the domain and another toward the C-termi-
nal end of the domain. This latter disulfide bond uni-
tes the N- and C-terminal sequences of each domain
and has been proposed to be crucial to stabilizing the
characteristic p-propeller fold of each domain.26-28
For this reason, expression must be performed with
a recombinant system that can support proper fold-
ing of hemopexin, or a refolding protocol that
restores the native conformation must be identified
and used. Although it is possible that correct glycosy-
lation of the recombinant protein is essential for
proper folding, the crystal structures of the glycosyl-
ated and enzymatically deglycosylated rabbit protein
are essentially identical.! Nevertheless, glycosylation
of human hemopexin isolated from Cohn fraction IV
by heme-Sepharose affinity chromatography'® was
insufficient to ensure correct refolding of hemopexin
following disulfide bond reduction and reoxidation.??
Thus, the role of glycosylation in folding of recombi-
nantly expressed hemopexin remains unknown.
Verification that any purified hemopexin is
folded correctly is limited to spectroscopic criteria
because hemopexin lacks an intrinsic catalytic activ-
ity that can be used for this purpose. At present, the
most compelling criterion of native hemopexin for-
mation is afforded by the characteristic positive Cot-
ton effect at 231 nm in the far UV CD spectrum.3°"
32 This unusual CD band, which is observed in the
spectrum of a relatively small number of pro-
teins,?®2* is exhibited by native hemopexin and
intensifies upon binding of heme®® only if the hinge
sequence that links the N- and C-domains is
intact.3® Although the origin of this Cotton effect
remains speculative, it may result from one or more
Trp residues in an wunusual environment that
changes in response to heme binding to the native
protein, and thus may reflect a realignment of the
two domains with respect to each other.>®* The visi-
ble electronic absorption spectrum of the hemopexin-
heme complex is characteristic of a heme protein
with low-spin, bis-histidine axial coordination. Such
visible electronic spectra by themselves do not differ-
entiate between native and non-native hemopexin
because human hemopexin possesses 19 histidyl res-
idues, and the coordination of any two of these to
the heme iron could result in a visible spectrum that
is indistinguishable from that of the native hemo-
pexin-heme complex. For example, ferriporphyrins
can bind to the N-domain fragment of hemopexin®®
to produce a UV-vis absorption spectrum with char-
acteristics similar to that of the native protein, thus
providing evidence for bis-His coordination.®3536
However, CD and NMR spectroscopy of the com-
plexes formed with the N-terminal domain and the
native protein are distinctly different.3%37
Recombinant human hemopexin produced in
Escherichia coli has been reported to be either
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unstable and rapidly degraded?? or to be stable and
able to bind heme but lacking the positive Cotton
effect at 231 nm.2! Human hemopexin produced in
baculovirus-infected insect cells exhibited a 413.5
nm/280 nm absorbance ratio (for an equimolar mix-
ture of hemopexin and heme) less than that of hemo-
pexin isolated from plasma as well as a lowered af-
finity for heme.?? The far UV CD spectrum of this
protein was not reported. Although recombinant
human hemopexin expressed in P. pastoris has been
used in at least one report,2® no evidence has been
provided to establish that this protein is properly
folded. Commercially available recombinant human
hemopexin (e.g., R&D Systems, Minneapolis, MN;
Creative Biomart, Shirley, NY; Sino Biological, Bei-
jing, China) has the potential complication of a His-
tag, which in the absence of information to the con-
trary may bind heme or may promote oligomeriza-
tion of the protein.?®®° Little or no functional evi-
dence is provided by the vendors to validate the
structural authenticity of their recombinant protein.
R&D Systems cites the ability of its product to bind
protoporphyrin IX as detected by fluorescence emis-
sion spectroscopy. However, this criterion is nonspe-
cific and provides no assurance that the protein is
folded properly. As protoporphyrin IX lacks a central
iron atom, it can bind to the heme binding site with-
out requiring the axial ligands that normally stabi-
lize heme binding, but it does so far less discrimi-
nately and with far lower affinity than does
heme. %%

Modification of Hemopexin during Purification

Conformational changes that may not be
reversible
The low pH generally used to elute hemopexin from
heme or antibody affinity resins (typically pH 2.0—
2.51425:42744) g sufficient to unfold the protein.®°
Although the ability of human hemopexin to bind
heme following exposure to low pH largely recovers
within several hours after return to neutrality,®
more than 48 h can be required for the protein to
elute similarly to native hemopexin during hydro-
phobic chromatography.'® The positive Cotton effect
at 231 nm in the CD spectrum of human hemopexin
decreases in intensity as the pH is reduced below
3.1, it is abolished at pH 2.1, and only ~75% of the
original positive ellipticity is regained upon incuba-
tion at pH 7.4 for several hours (S.-I. Takayama,
unpublished data). Human hemopexin purified by
fractionation with ammonium sulfate or low pH is
also susceptible to aggregation'®*%*7 and to loss of
sialic acid residues.*®

The structure of hemopexin greatly affects its
susceptibility to proteolysis. The native rabbit and
human hemopexin-heme complexes are resistant to
proteolysis,®>*° although the human hemopexin-
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heme complex can be hydrolyzed by trypsin at
Lys101.2%%° The corresponding heme-free proteins
are also relatively resistant to proteolysis except for
the linker region that connects the N- and C-
domains, which is susceptible to cleavage upon lim-
ited hydrolysis with trypsin or plasmin.'%°° How-
ever, human hemopexin that is prepared by the
acidified acetone procedure® is rapidly cleaved into
many fragments by trypsin.*®

Use of correctly folded hemopexin is as impor-
tant to the assessment of its interaction(s) with cells
and other biological activities as it is in all other
functional studies of hemopexin. Conformational
modification of or loss of carbohydrate from hemo-
pexin could increase the hydrophobic character of
the protein surface that could in turn enable abnor-
mal or detrimental interactions with cell surfaces.
This possibility is suggested by a report that apo-he-
moglobin and its subunits, which are known to have
large hydrophobic surface areas, mediate damage to
the plasma membrane of endothelial cells.??

Potential chemical and structural modification
of hemopexin

Mammalian hemopexins exhibit considerable simi-
larity in amino acid and carbohydrate composition.*°
Human hemopexin has a molecular weight of ~59
kDa, of which 80% (49,292 Da) is attributable to its
439 amino acid residues and the remaining 20% is
attributable to glycosylation in the form of bi- or tri-
antennary carbohydrate structures including a cur-
rently unique N-terminal glycan.?*53%% Human
hemopexin is nearly monomorphic insofar as it
exhibits polymorphisms only among black popula-
tions where very low levels of two other alleles have
been reported.>*>°® Confusion over the molecular
weight of native human hemopexin may arise from
apparent molecular weights reported on the basis of
SDS-PAGE analyses because hemopexin exhibits an
apparent molecular weight that is ~25% greater
under reducing conditions than that observed under
nonreducing conditions.®” Many reports fail to indi-
cate which of these conditions was used. The multi-
ple hemopexin bands observed by isoelectric focusing
of plasma samples are attributed to carbohydrate
variability, especially the extent of sialylation.?® This
variation in carbohydrate content results in a group
of bands for human hemopexin observable on SDS-
PAGE that can be attributed to at least 5 species
with pl values of 5.46-6.36 that span ~7 kDa range
in mass (typically 58-65 kDa and 73-80 kDa under
nonreducing and reducing conditions, respec-
tively).®” The two most abundant forms observed in
these reports differ by <2 kDa.?>%7%® Similar behav-
ior is exhibited by other mammalian hemopexins.
For example, reducing SDS-PAGE of rat hemopexin
indicate an apparent molecular weight of 71 = 3
kDa.?® The glycosylation of hemopexin as well as the
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extent of its sialylation varies from species to spe-
cies®® %2 and is highly complex and heterogeneous
for the human protein. The human hemopexin gly-
can profile is representative of the variable, liver-
specific glycoproteome.’? At present, however, the
dependence of the functional properties of hemo-
pexin on carbohydrate structure and its modification
remains largely uncharacterized.

Exposure of hemopexin to acidic pH has the
potential to result in a number of chemical modifica-
tions to the structure of human hemopexin, so the
acidic conditions involved in some precipitation
methods or in elution from affinity resins are a con-
cern. For example, human hemopexin is susceptible
to hydrolysis in dilute acid (pH 2)°° with the N-do-
main having most of the susceptible peptide bonds®?;
however, hydrolysis in dilute acid is relatively slow,
so long reaction times are generally required for the
reaction to proceed to a significant extent. On the
other hand, the acidic conditions involved in isola-
tion of hemopexin with some heme-agarose or anti-
body affinity matrices can lead to degradation of the
carbohydrate portion of the glycoprotein,'®®* deami-
dation,®>% or even dimerization/polymerization of
the protein.*®%7%7 Repeated exposure to pH 4 fol-
lowed by return to neutral pH has been reported to
result in progressive desialylation of hemopexin.*®
Other chemical modifications have been reported for
human hemopexin, for example, exposure of hemo-
pexin to Ni%" can result in hydrolysis of a suscepti-
ble peptide bond in the linker sequence.®® Carbony-
lation of hemopexin has been detected in patients
with sporadic Alzheimer’s disease®® and with idio-
pathic pulmonary fibrosis.”® Although the cause of
this oxidation remains unknown, it raises the possi-
bility that hemopexin could also be susceptible to ox-
idation under the conditions of some purification
protocols.

Alternative Activities Proposed for Hemopexin

Hemopexin as a hyaluronidase

Of the catalytic or binding activities attributed to
hemopexin that are unrelated to the ability of the
protein to bind heme, a particularly notable proposal
was that hemopexin is a hyaluronidase”™ that can
hydrolyze the high molecular weight glycosaminogly-
can hyaluronic acid that is one of the most abundant
constituents of the vertebrate extracellular matrix.”
The apparent identity of porcine hemopexin and por-
cine liver hyaluronidase led to the conclusion that
hemopexin is a hyaluronidase.”’ This finding was
based on cloned complementary DNA corresponding
to an abundant protein in a purified porcine liver
fraction that exhibited hyaluronidase activity. Hrkal
et al. determined later’® that human hemopexin
does not possess hyaluronidase activity but that hya-
luronidase, which is electrophoretically distinct from
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Figure 1. Homology model of the human hemopexin-heme
complex?' in identical orientations rendered as a (A) ribbon
diagram and (B) surface diagram. The C-domain (white), N-
domain (gray), linker sequence (green), and heme (red) are
colored as indicated: The hyaluronic acid binding motif
[348-358 (blue)], the Arg-Gly-Glu sequence [128-130
(yellow)] at the interface of the N- and C-domains, and
residues 123-143 (orange) of the JEN14 epitope’® are also
indicated. This figure was prepared with PyMol
(Schrédinger, San Diego).

hemopexin, contaminated nearly half of their hemo-
pexin preparations. Nevertheless, these authors
found that a portion (10-60%) of their purified
hemopexin could bind hyaluronic acid. In an agarose
matrix,”® the pattern of hemopexin-hyaluronic acid
interaction exhibited microheterogeneity that varied
from one serum sample to another as well as from
one hemopexin preparation to another. Subse-
quently, however, purified hemopexin was found to
be unable to bind hyaluronic acid in solution.*
Therefore, although the hemopexin C-domain
sequence contains a consensus motif (residues 348—
356 in human hemopexin) that has been proposed to
be sufficient for hyaluronic acid binding,”* solution
requirements for promoting interaction of hemo-
pexin with hyaluronic acid are unresolved. Examina-
tion of a homology model for human hemopexin with
heme bound indicates that the motif suggested for
hyaluronic acid binding is not highly exposed in the
C-domain and that only the argininyl residues of
that sequence are exposed on the surface of the pro-
tein (Fig. 1). As well, hemopexin appears to lack the
binding groove motif that has been reported to occur
in protein receptors for hyaluronic acid.”® Neverthe-
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less, it is clear that hemopexin does not hydrolyze
hyaluronic acid and so does not possess intrinsic hy-
aluronidase activity.

Hemopexin as a serine protease

In 1988, Bakker et al. observed that samples of
plasma from patients with minimal change nephritic
syndrome (MCNS) in relapse increase vascular per-
meability following intra-dermal administration to
rats.”” These patients were known to exhibit a loss
of polyanionic  glomerular sialoglyco-proteins
(GPA).™ As part of this study, these authors isolated
a fraction from normal human plasma denoted as
100KF (containing several proteins of apparent mo-
lecular weight 80-100 kDa) that increased vascular
permeability and also resulted in a loss of GPA
staining following perfusion into rat kidneys ex vivo,
thereby mimicking the findings from MCNS patients
in relapse. However, the plasma of MCNS patients
in relapse contained less of this 100KF fraction than
did plasma from healthy control subjects. In view of
the issues related to electrophoresis of hemopexin
discussed above, SDS-PAGE analysis of the 100KF
fraction (Ref. 77, Fig. 2) clearly shows that the ma-
jority of protein in this preparation cannot be native
human hemopexin. Similar fractionation of rat se-
rum had previously produced a protein fraction of
apparent molecular weight 120 kDa that also
increased vascular permeability following intra-der-
mal administration to rats and when incubated with
kidney sections in vitro also decreased GPA stain-
ing.” Subsequently, this group reported that 100KF/
hemopexin preparations from human serum also
reduced staining of ecto-ATPases in glomeruli of kid-
ney sections?* as well as induced proteinuria and
fusion of epithelial foot processes in glomerular cap-
illary segments following intra-renal infusion in vivo
in rats.®° This latter observation was expanded in a
recent study?® that used cultured epithelial cells
(podocytes) to provide evidence that led to the con-
clusion that their hemopexin preparations cause
reorganization of actin fibers in podocytes through a
nephrin-dependent signaling cascade.

Various types of hemopexin preparations have
been used in publications from the Bakker group,
including recombinant hemopexin, and each merits
consideration. Initial studies concerned the 100KF
material that contained hemopexin and impurities as
described above, and subsequent studies involved
purified hemopexin preparations that SDS-PAGE
analysis showed to contain various amounts of protein
contaminants when stained with Ponceau S,** a pro-
tein stain that is less sensitive than Coomassie
Blue.8! A protocol for further fractionation of the
100KF fraction®* used Blue-Sepharose chromatogra-
phy,'! a procedure shown to produce hemopexin con-
taminated with hyaluronidase,”® to obtain samples
containing hemopexin as well as multiple protein

PROTEIN SCIENCE ‘ VOL 20:791-805 798



bands of >85 kDa. An alternative approach was also
taken to fractionate a human 100KF preparation fur-
ther by chromatography on a rabbit anti-hemopexin
antibody affinity column, but the resulting product
exhibited substantial cleavage following this treat-
ment [Ref. 44, Fig. 3(B)]. In at least one report,2?
recombinant hemopexin was expressed in P. pastoris,
but the only evidence for purity of the isolated protein
was a Western blot with a band consistent with a mo-
lecular weight of 85 kDa, and no evidence for the pres-
ence of native hemopexin was provided. In various
publications from this group, the reported molecular
weight of “active hemopexin” varies over the range
45-127 kDa** but is usually in the range of 70-100
kDa.8® However, more recent experiments from this
group®? failed to report either the source or purifica-
tion method used to obtain their “active hemopexin.”

The mechanism by which the four biological
effects described [i.e., proteinuria, diminished stain-
ing of GPA, diminished activity of ecto-apyrase (i.e.,
ecto-ATPase) in kidney glomeruli (assays described in
Ref. 44), and fusion of epithelial cell foot processes]
occur has been attributed to a serine protease activity
that Bakker et al. propose for hemopexin.?® This ac-
tivity was first proposed following the observation
that soybean trypsin inhibitor, anti-thrombin III, and
g-aminocaproic acid all inhibited the ability of the 120
kDa fraction from rat serum (vide supra) to diminish
staining of GPA and resulted in a 30% inhibition of
the vascular response.”® Subsequently, Bakker et al.
proposed that hemopexin in normal human plasma
occurs in an inactive form?®2* that is activated during
isolation to a form of hemopexin with a serine prote-
ase activity similar to that detected in the plasma of
MCNS patients in relapse®® or with other on-going
pathology.®* Recently, this group also reported that
the plasma of pregnant (but not pre-eclamptic)
women produces reduced staining of glomerular ecto-
apyrase®?8® and that the plasma of some renal trans-
plant recipients has increased protease activity.5*
However, attributing these plasma activities to hemo-
pexin or, moreover, solely to a modification of hemo-
pexin without more direct evidence remains
presumptive.

Additional support for the conclusion that hemo-
pexin is a serine protease was fostered by further
reports from the Bakker group that a variety of pro-
tease inhibitors can block the biological effects of
hemopexin observed in a selection of assays. These
results have not always been consistent and even
led to the proposal of multiple enzyme activities
occurring as a complex in the 100KF preparations.5®
For example, the diminished staining of ecto-apyrase
caused by hemopexin preparations was initially
reported to be unaffected by PMSF,%¢ a conclusion
that was later reversed by the group.2® The effects
of hemopexin preparations on GPA and ecto-apyrase
activities in vitro have been reported to be inhibited
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by og-macroglobulin® and antithrombin III,%" but
more recently, the protease activity of hemopexin
samples was reported to not be inhibited by os-mac-
roglobulin.®* Antithrombin III is a 432 residue glyco-
protein (pI ~5, Ref. 88) with four bi-antennary com-
plex carbohydrate chains®® and with a molecular
weight of 58 kDa, so it is conceivable that this pro-
tein might compete with hemopexin for binding sites
on glomerular cells and the glomerular basement
membrane. Whether hemopexin exposed to 80°C for
20-60 min®?%® is an appropriate denatured protein
control in these assays?>248%8 g questionable
because exposure to high temperature produces
polymeric hemopexin.®® This polymerization has
been attributed to disulfide interchange as well as to
crosslinks that once formed are not reversed by
DTT.®! These polymeric products are likely to pres-
ent surface characteristics that are considerably dif-
ferent from those of native hemopexin thus altering
binding interactions with cells.®® Attempts to demon-
strate that the actin reorganization initiated by
hemopexin preparations is the result of hemopexin
serine protease activity also led to ambiguous
results. Although the serine protease inhibitor 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride
(AEBSF) (0.5 mM) decreased actin reorganization in
podocytes treated with hemopexin (0.8 uM), this rea-
gent alone albeit at higher concentration (>1.0 mM)
exhibited significant independent effects on actin
reorganization.?* Furthermore, exposure of the podo-
cytes to just 10% plasma completely blocked the
effect of the protein isolate on actin fibers.

The most direct strategy designed to establish
the serine protease activity of hemopexin preparations
involved the use of synthetic substrates.?> However,
very high concentrations of recombinant hemopexin
(~8 uM), and very long reaction times (up to 25 h)
were required to produce significant absorbance
changes at 405 nm?® relative to the typical conditions
used for these substrates with known proteases (e.g.,
reaction times of several minutes, 37°C, sub-micromo-
lar enzyme concentration®>°%). No evidence was pro-
vided in these assays that the very weak activity
exhibited by recombinant hemopexin could be inhib-
ited by nonhydrolyzable synthetic analogue substrates.
The conditions used in these kinetic experiments raise
the possibility that the absorbance changes used to
validate existence of this activity might result from an
increase in light scattering caused by the aggregation
of recombinant hemopexin during exposure to 37°C for
a day. Without additional kinetic evidence, it seems
unlikely that this exceedingly low, putative hemopexin
protease activity is sufficient to produce the biological
effects attributed to it, for example, increased protei-
nuria observed within 5 min after renal perfusion of
rats with recombinant hemopexin®® or within less
than 18 min after perfusion with the 100KF mate-
rial** The proteinuria following perfusion with
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recombinant hemopexin decreased after 10 min.2® The
relatively prompt response and rapid reversibility for
these biological effects of hemopexin isolates could be
more consistent with a binding process rather than
modification of cellular proteins.

Two additional observations concerning the pro-
posed serine protease activity of hemopexin merit
comment in view of the well-documented physical
and chemical properties of hemopexin. First, the ser-
ine protease activity of hemopexin is reported to be
inhibited by an 80-fold molar excess of ADP.%” In
this work, however, it was not established whether
ADP interacts with the “enzyme” (hemopexin) or the
“substrate” (cellular components, including ecto-
ATPase). It would not be surprising that ADP could
interact with hemopexin because hemopexin binds
to Cibacron Blue affinity resins,'! which are used
routinely to purify proteins that bind NADH,%%¢
the structure of which is ADP coupled to ribosylated
nicotinamide. Although hemopexin does not possess
the classic ADP-binding pop-fold,?” the high salt con-
centrations required to elute hemopexin from Ciba-
cron blue resins indicates that electrostatic interac-
tions play a major role in the binding of hemopexin
to the immobilized dye.®® Notably, other groups have
found that the ecto-ATPase of rat glomerular mesan-
gial cells is remarkably resistant to trypsin, pronase,
and papain.”® Furthermore, the activity of the ecto-
ATPase is diminished when renal cells are incubated
in serum-free medium.®® At the high concentrations
of ADP (2 mM) used in these studies,®” ADP could
bind to hemopexin or to cellular components, a sit-
uation that would significantly alter their electro-
static surface properties so that any binding interac-
tion between them could be inhibited without
requiring “inhibition of protease activity” by ADP.

The second observation was that in serum-free
medium, both cultured podocytes and glomerular en-
dothelial cells exhibited diminished binding of the
lectin wheat germ agglutinin (presumably to extrac-
ellular glycoproteins) after treatment with hemo-
pexin.2* However, the reduced fluorescence from
wheat germ agglutinin antibodies is insufficient to
distinguish loss of extracellular glycoproteins (glyco-
calyx) as the result of proteolysis by hemopexin (as
might be shown by identification of peptides
released by this activity), from metabolic events, or
from competitive binding effects. This last possibility
deserves particular consideration because human
and rat hemopexins bind readily to wheat germ lec-
tin-affinity resin.'®®°! In view of these considera-
tions, it seems likely that the effects of hemopexin
on renal tissue are not the result of proteolytic activ-
ity but that under the experimental conditions
reported, hemopexin binds to cell surface compo-
nents and may induce a subsequent cascade of meta-
bolic effects. This interaction with cell surfaces could
be blocked by the presence of specific electrolytes or
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presence of other proteins or lectins. We conclude,
therefore, that there is no compelling evidence that
hemopexin possesses proteolytic activity.

Hemopexin as a pro-inflammatory or
anti-inflammatory mediator
The protein isolates of Bakker et al. demonstrate
toxic effects on renal tissue [i.e., diminished reactiv-
ity of the anti-inflammatory glomerular enzyme ecto-
apyrase and increased endothelial permeability
(summarized in Ref. 102)] that are considered to be
pro-inflammatory. This result seems to conflict with
the recent findings of Liang et al.2® that their hemo-
pexin preparations diminish the upregulation of the
pro-inflammatory cytokines TNF and IL-6 induced
by LPS-stimulation of macrophages. This mechanism
was affected by heme-free hemopexin and does not
appear to involve induction of heme oxygenase-1, a
protein which also has anti-inflammatory effects.
Notwithstanding the possibility that this appa-
rent disagreement concerning the function of hemo-
pexin as a pro- versus anti-inflammatory mediator
may be a matter of semantics (see commentary in
Refs. 103 and 104), comparison of the protocols used
by these two groups to isolate the protein samples
suggests a common mechanism for the results of both
(vide infra). The active agent isolated from mouse se-
rum described in the study of Liang et al.?® exhibited
unusual properties for mouse hemopexin (see Ref. 25,
Fig. 1). As determined by chromatofocusing, the appa-
rent pl of 4.3 for their active material is low com-
pared with the value of 7.59 (ProtParam: http:/www.
expasy.ch/tools/protparam.htm1'®®) predicted from
the amino acid sequence of mouse hemopexin (http:/
www.ncbi.nlm.nih.gov/protein/AAH19901.1 aligned
with the sequence of mature, human hemopexin).
Although this estimate does not account for any con-
tribution from the carbohydrate component of the
protein, the experimentally determined pl values of
human and rabbit hemopexin (both 5.8, Ref. 9) are
less than one pl unit lower than the values pre-
dicted on the basis of amino acid sequence alone
(6.4 and 6.7, respectively'®®). This result suggests
that the mouse hemopexin isolated by Liang et al.??
has been modified. In addition, during gel filtration
chromatography the active material eluted slowly
and in low yield, relative to the known high content
of hemopexin in serum. No data were provided con-
cerning the molecular weight of this sample. The
active material was identified as mouse hemopexin
by MS analysis of a tryptic digest. However, such
analyses typically assess just 25—-30% of the protein
sequence, so truncation of the protein cannot be
detected in this manner nor can chemical modifica-
tion of residues in tryptic peptides that are not ana-
lyzed. Following this mass spectroscopic identifica-
tion, these authors used commercial recombinant
human hemopexin or mouse hemopexin [isolated by
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Rivanol precipitation, acidic elution (pH 2) from a
heme-agarose affinity column, and two reverse
phase chromatography fractionations under unspeci-
fied elution conditions] in subsequent studies.
Although the mouse hemopexin purified by this
reverse-phase protocol migrated as a single band on
SDS-PAGE (apparent molecular weight not indi-
cated), no evidence was provided to establish that
the product retains the structure or properties of
native hemopexin. Considering as well that reverse
phase chromatography (i) has not been used in pre-
vious procedures reported for purification of native
hemopexin (e.g., Refs. 10 and 21), (ii) typically uses
solvents that are expected to denature proteins (e.g.,
acetonitrile'®®), and (iii) has been shown to cause
bovine hemopexin to lose ability to bind heme,'*”
several reasons can be identified to conclude that
native hemopexin is not responsible for the effects
observed by these authors.

A notable difference between the report of Liang
et al.? and those of Bakker and coworkerg?444:80.86.87
is that the initial observations pertinent to the study
of Liang et al. were made with high concentrations of
plasma,'%® whereas Bakker and coworkers observed
their responses only with protein isolates and not
with normal plasma. Although these may seem to be
contradictory characteristics of the two lines of inves-
tigation, the fact that the active agent isolated by
Liang et al. represented a small fraction of the hemo-
pexin expected to occur in plasma whereas activities
observed by Bakker and coworkers arose during frac-
tionation suggests that in neither case is native
hemopexin the active agent. In other words, the
results of both groups could be attributed to a frac-
tion of hemopexin that was modified, degraded or
denatured. Such altered species could be capable of
interaction with a variety of receptors or cellular
binding sites and thereby elicit the experimentally
observed effects either through competitive binding
interactions or triggering of alternate molecular sig-
naling pathways.

Hemoglobin-induced oxidative modification of
LDL, considered a causative factor in atherosclerosis
(e.g., Ref. 109), has been shown to be inhibited by
hemopexin.!'® Hemopexin can also suppress hemo-
globin-mediated oxidation of lipids of atheromatous
lesions,'!! thereby attenuating subsequent endothe-
lial cytotoxicity. An anti-inflammatory role for hemo-
pexin in protecting against atherosclerosis has been
proposed recently on the basis of experiments inter-
preted in terms of a hypothetical ternary complex of
hemoglobin (Hb), haptoglobin (Hp), and hemo-
pexin.!2 The proposal for occurrence of such a com-
plex was based on (i) the identification of a macro-
phage receptor (CD163) for the Hb-Hp complex, (ii)
identification of a receptor [low-density lipoprotein
receptor-related protein (LRP/CD91) that occurs on
several cell types] for the hemopexin-heme com-
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plex,*® (iii) the presence of Hb in pro-inflammatory
HDL of atherogenic/hyperlipidemic mice, and (iv)
the reported association of Hp with apoA-1,113114
the major protein component of HDL. This hypothet-
ical ternary complex was proposed to allow removal
of pro-inflammatory Hb-containing HDL mediated
by the hemopexin-heme (LRP/CD91) receptor. Subse-
quently, Watanabe and coworkers'® reported that
Hb is associated with apoA-1 containing HDL as a
component of the Hb-Hp complex and that hemo-
pexin is associated with HDL particles containing
apoA-1. However, these authors also found that
hemopexin attached to HDL does not appear to have
heme bound (Ref. 115, center panel, Hp~'~ Fig. 5),
and there is currently no direct evidence that the
Hb-Hp complex can release heme to hemopexin. As
a result, the pro-inflammatory Hb-containing HDL
particles should not be recognized by the receptor
for the hemopexin-heme complex. So the proposal by
Watanabe et al.'® that hemopexin could be anti-
inflammatory if it prevents the interaction of Hb
and Hp in HDL is not directly supported by experi-
mental evidence.

Using hemopexin-heme-affinity resin, Hvidberg
et al. showed that human hemopexin is capable of
interacting with proteins in cellular membranes one
of which was identified as a carboxylesterase.*® It is
unclear whether those interactions or the interac-
tions of hemopexin with apoA-1 containing HDL are
highly specific or if they represent low affinity bind-
ing interactions that have been amplified by the ex-
perimental conditions in vitro. For example, Hb
exhibits low affinity binding in vitro to the Hb-Hp
receptor CD163 on macrophages.!*® Although any
number of mechanisms could be proposed as to how
hemopexin associates with the apoA-1 containing
HDL (e.g., through recognition of the carbohydrate
portion of hemopexin or through specific or nonspe-
cific electrostatic interactions), establishment of an
anti-inflammatory role for hemopexin in this aspect
of atherosclerosis requires additional evidence.

Hemopexin as a necrosis-suppressing factor

Suzuki et al. found that serum prevents the rapid
death of polymorphonuclear leukocytes (PMNs) that
otherwise occurs following exposure to the protein
kinase C activator phorbol 12-myristate 13-acetate
(PMA).*? Three species of purified hemopexins (bo-
vine, porcine, and human) substantially suppressed
the necrosis of PMA-activated PMNs but only if
other macromolecules, presumably required for regu-
lation of osmotic pressure under the conditions
required for the culture, were present.*> The human
hemopexin used in these studies exhibited the
expected apparent molecular weight and banding
pattern (see discussion above) on analysis by SDS-
PAGE and contained only a trace of lower molecular

weight components that cross-reacted with
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polyclonal anti-hemopexin antibodies. Both hemopexin
and the hemopexin-heme complex were found to sup-
press necrosis, leading the authors to discount their
original premise,’? which was that hemopexin protects
cells by sequestering free heme released into the
extracellular milieu by oxidative breakdown, thereby
preventing self-damage of PMA-exposed PMNs caused
by heme-aggravated oxidative cytotoxicity. As a result,
the mechanism by which hemopexin suppresses necro-
sis in this system remained undefined.

However, a receptor for the hemopexin-heme
complex on the cell surface of PMNs had previously
been described by Okazaki et al.''” Their findings
suggest that following receptor mediated uptake of
hemopexin-heme by PMNs, hemopexin is recycled to
the medium. Thus, the original mechanism proposed
by Suzuki et al.*? would accommodate this result
because hemopexin may have become available from
the hemopexin-heme complex to which the cells
were initially exposed. As a result, the necrosis-sup-
pressing activity of hemopexin can be most simply
explained as another consequence of the heme-
sequestering antioxidant capacity of hemopexin.

Hemopexin as an inhibitor of cellular adhesion
Further studies by Suzuki et al. to define better the
role of hemopexin in regulating the cytotoxic func-
tions of PMA-activated PMNs (vide supra) led them
to examine the cellular adhesion properties of acti-
vated PMNs.*® In serum, Ca2?" is required for cell
adhesion while under serum-free conditions, Mg?* is
required. Hemopexin and the hemopexin-heme com-
plex were found to inhibit the adhesion of PMNs
activated by PMA or Mn?" to fibrinogen-coated
surfaces under serum-free conditions. However, acti-
vated PMNs suspended in serum showed marked
adhesion to such surfaces in the presence of hemo-
pexin. This adhesion was proposed to result from
competition between hemopexin and unidentified ad-
hesion promoting factors (i.e., Ca?* plus one or more
components of <30 kDa). The apparent requirement
for metal jons led Suzuki et al. to suggest?® that
hemopexin may inhibit cell adhesion by interaction
of the hemopexin B-propeller domains (a structural
fold common to many proteins that mediate protein—
protein interactions?®2%) with Bs-integrin or with Bo-
integrin regulatory proteins.

However, another more specific mode of interac-
tion whereby hemopexin may inhibit cellular adhe-
sion should be considered. Stanley has
pared!'®1® hemopexin with another member of a
pexin gene family, S-protein (also known as vitronec-
tin, serum spreading factor, or protein-X). He noted
that both have cell binding sites but that only S-pro-
tein has the Arg-Gly-Asp tripeptide sequence com-
mon to fibrinogen, fibronectin, and von Willebrand
factor that interacts specifically with a cell surface
receptor.'2%12! However, it should be noted that

com-
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human hemopexin has two related sequences, for
example, Arg-Gly-Glu sequences at residues 128-
130 and 190-192. One lies within an epitope (resi-
dues 123-143) of rabbit hemopexin recognized by
the monoclonal antibody JEN14. This region (Fig. 1)
was proposed to be a receptor recognition site because
the antibody blocks the binding of the hemopexin-
heme complex to cells.”>'?2 As well, a sequence simi-
lar to the longer Arg-Gly-Asp-Val of S-protein also
occurs in human hemopexin (Arg-Gly-Glu-Val, resi-
dues 190-193) that merits consideration as a poten-
tial site for interaction of human hemopexin with cel-
lular surfaces. Precedence for involvement of an Arg-
Gly-Glu motif in binding to cell surfaces is provided
by viral protein recognition by cell surfaces.'?®

The observation that hemopexin fails to inhibit
adhesion of activated PMNs to fibrinogen coated
surfaces in the presence of serum does not necessi-
tate the existence of as yet unidentified cellular ad-
hesion promoting factors. A much simpler explana-
tion is that the abundance of electrolytes and
proteins present in serum can compete for cellular
sites that also interact with hemopexin (see discus-
sions above).

Hemopexin as a metal ion binding protein

The first indication that human hemopexin can bind
divalent metal cations was the report of Cu®>" con-
tamination in purified monomeric hemopexin prepa-
rations.*” The observations of Porath et al.l24126
and of Andersson'?” that hemopexin is one of a
small number of plasma proteins that binds to an
immobilized metal ion affinity resin provided more
direct evidence that hemopexin can interact with
certain metal ions. The ability of hemopexin to bind
a variety of metal ions has been used in develop-
ment of an efficient protocol for purification of
human hemopexin from blood plasma cryosupernate
by means of immobilized metal ion affinity chroma-
tography.®” The binding of Zn%*, Cu®*, NiZ*, Co?",
and Mn2" to both human hemopexin and the corre-
sponding hemopexin-heme complex has been charac-
terized.?”%8 All except Mn?" were found to lower the
thermal stability (7',) of both hemopexin and the
hemopexin-heme complex.?®%1128 QOther effects of
metal ions on the structure of hemopexin and the
hemopexin-heme complex have been investigated by
thermally induced difference absorption spectros-
copy®! and NMR spectroscopy,®” respectively. Acidic
patches at the narrow opening of the central tunnels
in the B-propellers have been proposed as potential
binding sites for metal ions, particularly Ca?*.}® An
homology model for the structure of the human
hemopexin-heme complex based on the structure of
the rabbit protein was used to identify several addi-
tional, putative binding sites for metal ions on
human hemopexin®! and has led to speculation that
hemopexin and the hemopexin-heme complex might
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play a role in transport of metal ions and limitation
of metal ion toxicity in disease states.”2%57129 More
recent experimental studies have suggested addi-
tional functional interactions of metal ions with
hemopexin. For example, following receptor medi-
ated uptake of hemopexin-heme by hepatoma cells,
there is a rapid decrease in the levels of the copper
chaperone CCS1 that is consistent with an increase
in the intracellular concentration of Cu®*.'3° Cu?*,
but not Ca?", also inhibits rebinding of deuteroheme
to rabbit or human hemopexin following exposure to
acidic pH (4.2) and chloride levels proposed to simu-
late endosomal conditions, leading to the proposition
that Cu?*t facilitates heme export from the endo-
some.'3® On the other hand, at neutral pH Ca?* pro-
motes the binding of heme®®
mal stability (T,) of the hemopexin-heme complex.
All of these observations, as well as specific ion
effects on the dissociation of heme from the hemo-
pexin-heme complex,?”%8131 suggest a means by
which the interaction of the protein with metal ions
may promote transfer and binding of heme to hemo-
pexin in blood plasma, release of heme from the
hemopexin-heme complex in the endosome, and, as a
result, promotion of the known anti-oxidant capacity
of hemopexin. Nevertheless, there is no experimen-
tal evidence at present that metal ion binding to
hemopexin comprises a new functional property of
the protein in the transport of metal ions in vivo.

and increases the ther-
21

Summary

Although hemopexin has been studied continuously
for over 40 years, it continues to present an experi-
mental challenge because purification of the native
protein from blood plasma requires considerable
care and because no well-defined, established
recombinant expression protocol that produces pro-
tein shown to be native has been reported. Never-
theless, viable purification strategies have been
reported for preparation of pure, native hemopexin
from plasma. Although the purity of a hemopexin
sample can be assessed in part by SDS-PAGE analy-
sis, additional information is required to demon-
strate that the sample retains the structure and
properties of the native protein. As hemopexin lacks
an established catalytic activity that can be used to
validate the quality of the purified protein, only
spectroscopic criteria are available for this purpose.
As discussed above, the most compelling spectro-
scopic evidence for retention of the native structure
of hemopexin is observation of the positive Cotton
effect in the far UV CD spectrum of the protein that
is enhanced upon heme binding. Attribution of new
biological activities to hemopexin can be accepted
only if it is demonstrated that the protein responsi-
ble for the activity has the native structure of hemo-
pexin. In the absence of such evidence, it remains
possible that any newly observed biological activity
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is a property of a chemically modified or improperly
folded form of hemopexin.

The information provided in the three-dimen-
sional structure of hemopexin' is a tremendous
resource that only a few subsequent studies of hemo-
pexin (e.g., Refs. 21, 58, 68, and 91) have attempted
to use to aid in the interpretation of experimental
results. Notably, examination of the homology model
of the human hemopexin-heme complex reveals that
hemopexin lacks the classic serine protease catalytic
triad (His, Ser, and Asp)'®2 though the presence of
other structural types of serine protease active sites'>?
are not so readily ruled out. This observation provides
a structural basis for the conclusion drawn above that
hemopexin is not a serine protease. In the hemopexin-
heme complex, the consensus motif suggested to be
sufficient for binding to hyaluronic acid is arranged
such that only the arginyl residues are accessible on
the surface of the C-domain (Figs. 1 and 2). This

(128- 1:10)

binding motif

é\_u/ \/ hyaluronic acid

Figure 2. Homology model of the human hemopexin-heme
complex®' (rotated ~ 180° about the Y-axis with respect to
Fig. 1) rendered as a (A) ribbon diagram and (B) surface
diagram. The C-domain (white), N-domain (gray), linker
sequence (green), and heme (red) are colored as indicated:
The Arg-Gly-Glu-Val sequence [190-193 (cyan)] is located
on the surface toward the center of the N-domain, whereas
the Arg-Gly-Glu sequence [128-130 (yellow)] is at the
interface of the N- and C-domains. The JEN14 epitope
[123-143 (orange)]”® and hyaluronic acid binding motif
[348-356 (blue)] are shown. This figure was prepared with
PyMol (Schrédinger, San Diego).
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three-dimensional structure reveals that the Arg-Gly-
Glu sequence (residues 190-192) proposed above to
act as a site for interaction with cell surfaces is highly
exposed on the surface of the protein and near the
JEN14 epitope [residues 123-143, which include the
Arg-Gly-Glu sequence (128-130)] that was predicted
to be one site recognized by the rabbit hemopexin-
heme receptor.

As summarized here, identification of new activ-
ities for hemopexin can be a difficult undertaking.
Some of the cytoprotective effects reported for this
protein may not represent new activities but more
likely reflect the well established biological role of
hemopexin in sequestering oxidatively active heme.
Early reports of a hyaluronidase activity for hemo-
pexin were subsequently corrected. The analysis pro-
vided here indicates that current evidence is insuffi-
cient to support the conclusion that hemopexin
possesses proteolytic activity or to unequivocally sub-
stantiate several of the pro- or anti-inflammatory
activities reported for the protein. Some of these
observations for alternative activities of hemopexin
may have arisen from the presence of hemopexin at a
high local concentration under experimental condi-
tions in vitro that do not reflect the ionic conditions
that normally occur in vivo so that weak binding
interactions dominate. Although some of the experi-
mental results discussed here demonstrate a response
to bio-active samples that may be derived from hemo-
pexin and that affect cellular surfaces and signaling
pathways, insufficient evidence is available to con-
clude that these activities are attributable to native
hemopexin or are related to physiological processes
involving native hemopexin or its heme complex.
Nevertheless, re-evaluation of some of these proposed
activities (e.g., anti-inflammatory activity) with alter-
native experimental strategies that avoid the difficul-
ties outlined here may ultimately vindicate some of
the conclusions that are challenged in this review.
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