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The interaction of hemin with protein 4.1 isolated from red cell membrane cytoskeleton has been studied. Spectrophoto-
metric titration has shown one strong binding site and additional lower affinity sites for hemin, From fluorescence

ing data an binding of 1.3-107 M ™" has been calculated for the primary site. The
ion of keletal proteins after hemin binding was Followed by the use of far UV circular dichroism and
compared to that of the serum hemin trap, albumin. The secondary structure of albumin was unchanged in the presence
of high hemin concentrations. Both speetvin and actin lost their conformation upon hemin binding in a ligand-concentra-
tion and time-dependent manner. Unlike spectrin and actin, the secondary structurc of protein 4.1 was unaffected by
hemin binding to the primary site, but, at higher hemin concentrations, some reduction in the ellipticity of protein 4.1

appeared. The fmdmgs of this study suggest that protein 4.1 may serve m the cytoskeletal teinporary sink for small
of

of hemin il to the f
release of hemin under pathological conditions may cause hemin iati

result the cell b is  to be di d
Introduction
Hemin is a highly active molecule participating in

in the senmn. However, an increased
with the cytoskeletal proteins and as a

inhibit transfer of free hemin by binding it to agents
such as glutathione, free hemin, being a hydrophobic

many vital processes. However, being so acuve, free
hemin is also likely to be involved in undesired reac-
tions and therefore should not reside in a free form. Its
transportation to the right locations, for metabolic as
well as catabolic purposes, requires binding to media-
tors, Indeed the main protein in the serum, albumin,
has been known to serve as a temporary sink for free
hemin which is finally catabolized in the liver [1.2}.

OfF all cells, the erythrocytes has the highest density
of hemin where it is bound tightly to globin. Normal
red cells contain negligible amounts of globin ‘free’
hemin. However, under various pathological conditions,
an increased level of ‘free’ hemin has been found [3.4].
Despite the ability of the cell cytosol to temporarily

CD, circular di DTT, 1.4-dithioth; SDs,
sodium dodecyl sulfate; UV, ultraviolet.
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wiil Ily late in the red cell mem-
brane [5]. The slowly phospholipid-accumulated hemin
can normally be released by passive diffusion through
the membrane 10 be trapped by serum proteins, such as
albumin {6.7]. In order to prevent undesired interactions
of protein comporents with the transfering hemin. it
should be directed, analogously to the serum system, to
unaffected lemporary sinks. Such hemin traps are likely
0 be situated in the membrane/ cytosol interface, which
is the first to be encountered by globin-free hemin. The
natural candidates are the membrane cytoskeleton pro-
teins which partition the membrane lipid core and the
cytosol.

The red cell cytoskeleton plays a key role in regulat-
ing the stability and deformability of the membrane. It
is composed of three major proteins spectrin, actin and
protein 4.1, which form a two-dimensional network.
Spectrin and actin have atready been shown o bind
hemin [8,9] but the possible association of protein 4.1 is
less clear. Some clues to the ability of 4.1 to bind hemin
can be found in previous literature demonstrating an
increase in electrophoretic mobility of protein 4.1 in the
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presence of hemin [10]. The current wark has examined
the ability of protein 4.1 lo associate with hemin and
has screened the ability of the cytoskeletal proteins to
serve as temporary sinks for the hemin transporting
through the membrane.

Materials and Methods

The resins for column chromatography were diethyl-
aminoethyl cellulose from Whatman and Sepharose 4B
from Pharmacia. Reagents for SDS-polyacrylamide
electrophoresis were obtained from Bio-Rad and other
reagents were purchased from Sigma. All reagents were
of analytical grade.

Preparation of proteins

Spectrin. Red cell membranes (ghosts) were prepared
aceording to previously described procedures [11]. Spec-
trin teiramers were extracted [12] and isolated by gel
filiration chromatography on Sepharose 4B column in
10 mM Tris/100 mM NaCl/0.1 mM EDTA /0.5 mM
DTT a1 pH 7.6 [13}.

Protein 4.1. Protein 4.1 was purified from the mem-
branes of fresh erythrocytes using previous procedures
[14,15].

Actin, This protein was prepared from rabbit skeletal
muscle according to established procedures [16].

Protein concenrrations. Concenirations were deter-
mined by using an absorption coefficient & of 0.8
(mg/ml)""-cm™! for protein 4.1 and 1.0 (mg/ml)~" -
em™! for spectrin [17). £y =063 (mg/m) " cm™*
was used for actin [18].

Hemin preparation

Hemin was freshly prepared as stock solution by
dissolving it in 5 mM NaOH and centrifuging for 10
min at 40000 X g. Hemin concentration was determined
spectrophotometrically using an absorption coefficient
2355 of 58.4-10° M~ '-cm~! in NaOH.

For ligand binding experiments all proteins were
dissolved in buffer A containing 20 mM phosphate /0.5
mM EGTA/20 mM NaCl at pH 7.3 and used with
several days of preparation.

SDS-polyacrylumide gel electrophoresis

The p.uty of the protein was tested using gel electro-
pioresis in the presence of SDS according to Fairbanks
[s].

Instruments

Spectropk ic were performed
on a Cary 219 spectrophotometer. Fluorescence mea-
surements were carried out using a Hitachi-Perkin-Elmer
MPF-44B spectrofluorometer. For circular-dichroism
{CD) ¢xperiments a Jasco spectropolarimeter madel J-
500C was used.

Results

Binding of hemin to protein 4.1
In Fig. 1 the Sorct band in the presence of protein
4.1 as well as other proteins is compared 10 that of free
hemin in aqueous solution. Spectra were recorded at
low hemin concentrations, at which it is mostly mono-
meric [20]. It has been illustrated that addition of pro-
tein 4.1 induced changes in the spectral characteristics
of hemin, namely, an increase in the absorption coeffi-
cient and a small shift of the maximal absorption io the
red. These observations are indicative of the ability of
protein 4.1 to interact with hemin. To avoid free-hemin
contribution in the protein solutions, the difference
~pectrum of hemia in the presence of protein 4.1 and
albumin is compared in the inset of Fig. 1. It is seen
that the difference spectrum of both proteins is similar
unlike the cases of the other cytoskeletal proteins, spec-
trin [8] and actin [9].
For binding analysis, protein 4.1 was titrated with
ing hemin ations. Aqueous hemin in the
concentration range used in this study exists as a mix-
ture of the monomeric and dimeric forms with different
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Fig. 1. Spectral of froe and protein-bound herain.
Hemin (1 uM) was dissolved in buffer A and the solutions kept at
room temperature. . hemin only; , in the presence of 4.5
#M protein 4.1, , in the presence of 5.0 pM human serum
albumin; . in the presence of 4 kM crude spectrin (EDTA
extract). Insel: difference spectrum of free and protein-bound hemin.
------ , in presence and absence of human serum albumin (5 gM);
. in the presence and absence of protein 4.1 (4.5 £M).
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Fig. 2. Spectrophatometric titration of protein 4.1 with hemin, Hemin
in buffer A was titrated by successive additions from a stock solution
and the absorbance al 411 nm, the isosbestic point of hemin monomer
and dimer [21) was measured al room lemperature (approx. 22° C).Q.
without prolein; 2, in the presence of 4.5 pM prolein, insel. Dif-
ference titration at 411 nm. The reference cuvette containd in-
creasing concentraions of hemin in a buffer solution, while in the
rteaction sample hemin was added to a buffered protein solution.
Protein 4.1 a1 a concentration of 4.5 uM was kept in buffer A and at
foom The arrow the point of

of the two straight lines.

extinction coefficients. Therefore, titration of protein
4.1 with hemin was carried out at 411 nm, which is the
isosbestic wavelength of the two forms [21]. In this
manner, the differences in absorption reflect protein-
bound hemin only and are free of those differences
resulting from unbalanced monomer and dimer con-

ions of the lexed hemin. The blank titra-
tion of the protein with hemin is demonstrated in Fig. 2.
It can be seen that the slope of absorption at 411 nm vs.
hemin concentration is higher in the protein-containing
solution throughout the entire titration concentration
range, indicating binding of hemin to the protein. The
difference in titration demonstrated in the inset to Fig.
2 indi that the titration is posed of two linear
portions which intersect at a hemin concentration
smaller than one equivalenl. We assumed from these
findings that only one high-affinity site exists for hemin
but lower-affinity sites exist as weil.

To calculate the binding affinity of the primary site
without expression of the lower affinities, fluoreseence
techniques were used. The maximum of emission from
protein 4.1 excited at 280 nm was at 340 nm, emission
typical for iryptophan-containing proteins. Addition of
hemin to protein 4.1 resulted in quenching of the fluo-
rescence intensity due to radiationless energy transfer
from the excited tryptophan donors to the protein-bound
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Fig. 3. Binding of hemin 1o 4.1 as demonstrated by quenching of the
intrinsic protein fl was moni at 348 nm
and the protem solution was excited at 280 nm. Protein 4.1 was kept
ir buffer A at a concentration of 0.025 xM and \hermostated at
25° C. Experimental data representing an average of three different
i d. The fult line a i
curve based on one binding site per proten molecule and a hinding
affinity of K, -1.3-10" M

hemin acceptors [22]. The Nuorescence quenching curve
of protein 4.1 in the presence of increasing hemin
concentrations is shown in Fig. 3.

The fluorescence quenching data were translated into
a fraction of ligand saturation assuming AF/AF, =v,
where A F represents the fluorescence intensity quenched

Ellipticity, %
$

A.am
4. CD spectra of specirin (A) and actin {B) in the presence of
hemin. Proteins were kept in solulion A at pH 7.3 and at 23°C, The
cell path length was 0.2 em; pratein concentrations were 0.034 mg,/m!
for spectrin and 0.15 mg/ml for actin. The elliplicily of the proteins
in the absence of hemin was 1aken as 100%. Molar eilipticities (in the
absence of hemin): for spectrin 29.1.107 7 deg-cm®-dmol ™ ': for
actin: 6.6:i07* deg-cm’-dmol ~'. Note the difference in motar ¢l
lipticity of the proteil baseline of buffer solution only;
. protein only; 100 min incubation with 1 uM
hemin; & 40 min incubation with 100 pM hemin.
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at various hemin concentrations and AF,, is the amount
of fluorcscence quenched at infinite hemin concentra-
tion. AF, was calculated from the intercept of the
double-reciprocal plot [23] of fiuorescence quenched vs.
hemin concentration (data not shown). Considering one
sitc of high affinity. the fluorescence quenching data
were found to fit best an association affinity of K,=1.3
-10" M™". The total hemin concentration was related 10
free-hemin monomer conceniration considering the
monomer—dimer equilibrium constant of 10¢ M~ [24].
Tie q hing, AF, was calculated from
the protein total concentrauon and the fraction of bound
protein, ». where the simple equution of a single bind-
ing site relates to the frec hemin monomer, ¢, by:
K,c=w»/(1—v). The theorelical curve is shown in Fig.
3 and the measured data are shown on the same scale
for comparison.

The effect of bound hemin on the conformation of cyto-
skeletal proteins

As it appeared that all three cytoskeletal proteins can
associate with hemin, it was important to find out next
whether binding of hemin has any effect on the struc-
ture of the proteins discussed. CD spectra in the far UV
are convenient to follow changes in the protein struc-
ture [25]. Protein solutions were incubated at room
temperature in the absence or presence of hemin and
the far-UV CD spectra of the samples were followed. In
Fig. 4 a reduction in the typical far-UV CD bands of
spectrin and actin in the presence of hemin is demon-
strated.

At a concentration of 1 pM hemin, a reduction in
elliplicity could be observed after less than 2 h. At
hemin concentrations of 100 pm after 40 min, about
50% of ellipticity was already lost for actin and in the
case of spectrin elhpncuy was reduced to 70% of the
hy lacking sample ibated under the same condi-
tions. It thus appeared that both proteins lost their
ellipticity in a time- and hemin-concentration-depen-
dent manner. Moreover, spectrin is shown to be more
suseeptible to bound hemin than actin. Whether a loss
of ellipticity is a general feature of hemin-binding pro-
teins was not clear at this point. We thus measured the
far CD spectrum of albumin, a thoroughly studied
hemin-binding protein, in the presence of hemin as well.
The resuits, as demonstrated in Fig. 5, show that the
ellipticity of albumin in the far UV was completely
retained in the presence of hemin, even at concentra-
tions as high as 100 pM under the same conditions
studied for specirin and actin. Since the present study
has shown that protein 4.1 binds hemin but with differ-
ent characteristics than those of spectrin and actin, the
ellipticity of the above protein was followed as well.
Prolein 4.1 was incubated at room temperature under
the same conditions which showed reduction in elliptic-
ity for the other cytoskeletal proteins spectrin and actin.
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Fig. 5. CD spectra of protein 4.1 (A) and human serum albumin (B) in
the presence of hemin, Proteins were kept in solution A at pH 7.3 and
at 23°C. The cell path length was 0.2 cm and proiein concentrations
were 0.05 mg/ml for protein 4.1 and 0.02 mg/ml for albumin. The
ellipticity of the protcins in the absence of hemin was taken as 100%.
Molar ellipticities (in the absence of hemin): for protein 4.1.9.9-107%
deg-cm?-dmol™"; for albumin, 49.5-107% deg-cm?-dmol~". Note
that despite similarities in mol. wt. protein 4.1 has much lower
eilipticity compared 1o albumin. == -, bascline of buffer solution
only: . protein only; # @, 120 min incubation with 1
M hemin; a. A, 70 min incubation with 100 xM hemin.

At hemin concentrations up to at least 10 pM no
changes in the protein far-UY CD spectrum character-
istics could be observed. Only at 100 uM could a minor
reduction in the proteins’ ellipticity, which was un-
changed with time, be noticed.

Discussion

The current study suggests that protein 4.1, like the
cytoskeletal proteins spectrin and actin, can associate
with hemin. The spectral characteristics of protein-
bound hemin refiect the protein moiety composing the
hemin binding site. The typical absorption of spectrin-
bound hemin shown here as well as in previous liter-
ature and that of hemin-bound actin, resemble each
other (8, 9] In both cases the Sorel band is chamc\ensm.
of hemi with id
side groups [8 9,26). The Soret band of hemin bound to
protein 4.1 is different and is more typical of mono-
meric hemin in an hydrophobic environment [21,27].
From the spectra of protein 4.1 and albumin (Fig. 1,
inset), we infer that hemin binds to both proteins in
similar protein regions and the small red shift of hemin
bound to protein 4.1 resembles the hemin-protein com-
plex in the case of the protein ligandin [21). Thus, it
seems that protein 4.1 belongs to a group of proteins
such as ligandin, protein A and albumin, where binding
of hemin is governed by hydrophobic interactions of the




porphyrin ring {21,27]. However, involvement of iron
chelation te amino-acid side chains has net been ruled
out in the case of protein 4.1

Differences in the characteristics of hemin binding
sites of spectrin and actin and protein 4.1 are expressed
in the affinities of the above proteins for hemin as well.
In the case of actin, earlier studies have demonstrated a
high-affinity site of X,=353-10° M~ from fluo-
rescence quenching data and additional secondary
lower-affinity sites have been suggested as well [9].

For spectrin, an average binding constant of K, =5
10° M has been reported for all available (approx. 15
per dimer) hemin binding sites [8]. In the current study
we show that protein 4.1 exhibits a strong binding sile
for hemin with an association constant of K, =1.3-10"
M. Thus, hemin affinity to the primary site in protein
4.1 is higher than that of the other cytoskeletal proteins.
Once hing the cytoskeleton, it is r to sug-
gest that residual free hemin will first saturate the
highest-affinity sites. Thercfore, by affinity criteria, pro-
tein 4.1 is a natural candidate 10 serve as the temporary
sink for small quantitivs of free cytosolic hemin passing
through the membrane cytoskeleton.

It is expected that hemin binding to a protein sink
will not induce changes in its secondary structure for
the following reasons. (1) Conft ional chai which
require energy are unlikely to be invested in a passive
transport. Moreover, in the case of a membrane-associ-
ated protein, further conformational changes may be
induced in 3\ R bility of the
process is a necessary mndmon for any repetitive pro-
cess. This renders conformational changes, which tend
w0 be irreversible, unlikely.

Being concerned with the possible role of the cyto-
skeletal proteins as temporary hemin sinks, their sec-
ondary structure before and after hemin binding was
followed. Albumin was chosen for comparative reasons,
since it has already been shown 10 serve as the tem-
porary hemin sink in the serum prior 1o hemin transpor-
tation via hemopexin for catabolism in the liver (1.2
Qur study demonstrates (Fig. 5) that the secondary
structure of albumin is maintained for at least few
hours in the p of hemin as high
as 100 oM. [n this manner, albumin wnhslands the

ioned ions of a pk logical hemin

sink.
Previous studies have shown that the native oligo-
meric structure of spectrin and actin |s destroyed i the
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process but there is a large difference in the hemin
concentration range reported for the two cases. The
observations of the current study shed light on the
apparent discrepancy. We have shown thal hemin ad-
ded to spectrin, as well as actin, induced reduction of
the CD bands in the far-UV., namely in the peptide-bond
region (Fig, 4). This observation has been interpreted as
the failure of both proteins to maintain conformational
stability after hemin binding, The loss of protein struc-
ture is a time- and hemin-concentration-dependent phe-
nomenon. The slow reduction of the secondary struc-
ture demonstrated in this siudy at low hemin concentra-
tions of 1 pM is typical of irreversible conformational
changes. namely. denaturation. Thus. it seems that the
above described loss of protein conformation which has
already occurred at low hemin concentrations. is the
first process and thercefore the cructal event in the
cytoskeleton’s impairment. Froni the binding affinity of
spectrin and hemin [8). it is calculated that at 1 pM
ligand concentration oaly about 15%
should be hemin-bound. Sin~e- % - 4 ed a
reduction in ellipticity of e .. S t
seems that the hemin-bound molecules undergo wlal
loss of structure. namely denaturation. Unlike spectrin
and actin, the third cyioskeletal protein 4.1 is resistant
to conformation changes upon hemin binding as dem-
onstrated by cllipticity of the helical segments (Fig. 3).
It takes saturation of lower-affinity siles lo cause a
change in the secondary structure of the helical portion
of protein 4.1. It seems that the resisiance of protein 4.1
and aibumin to induced loss of Yy struc-
ture may be a more general phenomenon for proteins
exhibiting preexisting siles for hemin. In general. such
proteins will have higher affinity for hemin and will be
less vulnerable to hemin-induced unfolding.

The physiological significance of the cytoskeletal
protein lattice in determining the shape and mechanical
properties of the erythroryte is well-documented. Spec-
trin-actin interactions predominate in forming the
filamentous meshwork of the cytoskeleton. and protein
4.1 has a key role in regulating the interactions between
spectrin and aclin [33). The current study adds another
dimension to the possible functions of protein 4.1
namely, protection of the vulnerable proteins in the
cytoskeleton, These oligomeric proteins, especially the
eiongated spectrin, escape hemin-induced loss of their
native conformation by the binding of hemin to protein
4.1. Moreover. the use of prolem 41 as a hemin sink

ol' the spectrin
sty

presence of hemin, » it required an ion
time of several hours at hemin concentrations as high as
100-200 uM [9,28.26]. On the other hand, the stability
of red cell cytoskeletons, which requires the physio-
logical oligomeric state of the cytoskeletal proteins
[30,31], was shown in an earlier study to be reduced at
hemin concentrations as low as 1 pM [10]. These phe-
nomena are expected to be the outcome of the same

may be ded to other hydrop lecules pass-
ing through the membrane in the process of their
clearance. In general. it seems that the physiological
concenirations of free hemin in the membrane are low
enough to cnable protein 4.1 to function as a useful
nemin trap. However. under pathological conditions, an
increased level of free hemin may linger in the cylo-
skeleton area thereby losing its option to be drained.
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Protein 4.1 will no longer be sufficient as the trap for
hemin accumulating in the cytoskeleton. Finally, as
shown in this study, the hemin associated with the other
cytoskeletal proteins will cause loss of their function,
resulting in cell distortion.
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