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ABSTRACT A hitherto unreported phenomenon is the
immediate production of the spectrum of ferrchemo-
chromogens (in the presence of sodium dithionite) upon
the addition in vitro of hydroxyhemin (pH 7.6-7.8) to the
plasmas or sera, as well as to certain Cohn plasma protein
fractions, of all mammalian species thus far examined.
This distinctive reaction is characteristic of a coordination
complex with heme iron, and is ascribed to a remarkable
affinity for heme of certain plasma glycoglobulins, which
include hemopexin. Spectrophotometry has permitted
estimations of the specific heme-binding capacity (as
ferrohemochromogen) of the plasmas, the rate of removal
from plasma of injected heme, and the production of bile
pigments therefrom. The study leads to a new proposal of
the cooperative roles of the glycoglobulin hemochromo-
gens and hematin-albumin in heme transport and bile
pigment production.

The finding (1, 2) that heme complexes, identifiable spectro-
scopically as ferrohemochromogens* in their reduced state,
are formed when hydroxyhemin (hematin hydroxide at pH
7.6-7.8) is added to mammalian blood sera in vitro and n vive
is relevant to the interpretation of the results of two kinds of
earlier work in our laboratory: (a) in investigations of lethal
stress states (3—-6), the blood plasma yielded a hemochromo-
gen-like spectrum, whose origin remained unexplained (1, 6)
and (b) in studies of bile-pigment production (7) it was found
that the heme of intravenously injected hemoglobin was effi-
ciently converted to bile pigment in the biliary fistula rat, but
not in isolated rat liver perfusion, although in such perfusion
experiments hematin was actively degraded to bilirubin.
This report has a bearing on heme transport and the early
stages of hemoprotein degradation, both of which are cur-
rently in need of elucidation (8-10).

MATERIALS AND METHODS

Only freshly collected sera and freshly made heme solutions
were employed. The pH of sera was kept below 7.8 and that of
Cohn fraction IV-4 did not exceed pH 8.2.

Sera and plasma protein fractions

Sera (from fasted horse, cow, man, pig, dog, rabbit, and rat)
were tested. As a result of careful separation, the hemoglobin

* In the past, the term hemochromogen (synonym, hemochrome)
has been most frequently applied to artifactual products such as
denatured globin hemochromogen, and examples of naturally
occurring ferrohemochromogens have been confined to certain
ferrocytochromes, as ¢ and bs. Since this report discloses a new
class of apoproteins capable of hemochromogen formation, it was
obligatory to use conditions that should exclude or minimize
protein denaturation.
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content was only 0.004-0.007 mmol/liter (or 0.04-0.079, of
the hemoglobin content of whole blood). At this concentration
all of the hemoglobin present was probably in the form of
hemoglobin-haptoglobin (11). In most cases the serum was
used directly; in some it was found desirable to dilute the
serum 1:1 with 0.2 M phosphate buffer, pH 7.6, prior to the
addition of heme and reductant. Plasma protein fractions IV-1,
1V-4, IV-7, and VI of most of the above species [prepared by
the alcohol-low temperature technique (12-15) and obtained
mainly from the Nutritional Biochemical Corp.] were also ex-
amined. Fractions IV-4 (12) and IV-7 (13-15) include the low
molecular weight 8; glycoglobulins, which have a high carbo-
hydrate content, are soluble in 0.6 M perchloric acid (16, 17),
and contain a heme-binding apoprotein, hemopexin (16-26). A
purified sample of the latter (6.8 mg in 2 ml of 0.1 M phos-
phate buffer, pH 7.6), isolated from rabbit plasma by a mod-
ified perchloric acid method, served for comparative spectro-
photometric identification. It was a gift from Dr. Ursula
Miiller-Eberhard (Scripps Clinic and Research Foundation).
The sample was diluted to 5 ml; micro-biuret analysis (27),
with crystalline human serum albumin as standard (28),
was 1.27 mg/ml. For the interpretation of spectrophotometric
findings, under conditions in which heme in excess of that
bound as glycoglobulin hemochromogen has been added to
serum, data were secured on methemalbumin [hematin—
albumin (29)], prepared according to Rosenfeld and Surgenor
(30) from crystalline human serum albumin. Ancillary data on
protein content, with the exception of the hemopexin sample,
were obtained by a standard biuret technique (31), and carbo-
hydrate was estimated (as neutral hexose) by the method of
Dubois et al. (32) after hydrolysis for 20 hr in 1 N HC], with
fetuin (Nutritional Biochemical Corp.), a low molecular
weight glycoglobulin (33) that does not form a hemochromo-
gen, as a secondary standard.

Preparation of chlorohemin, [1*C]chlorohemin, and
hydroxyhemin

Crystalline chlorohemin was prepared by the method of Drab-
kin and Austin (34, 35). [**C]chlorohemin was similarly pre-
pared from dog [C]hemoglobin, labeled in vivo by means of
[2-14C]glycine. Fresh stock solutions of hydroxyhemin with a
concentration of about 2 mmol/liter (referable to a molecular
weight of 651.6 for chlorohemin) were made as follows. A
weighed quantity of chlorohemin (usually about 6.5 mg) was
dissolved in 1 ml of 0.1 N NaOH. The solution was partially
neutralized by the careful addition of 0.1 N HCI, and di-
luted to 5 ml with 0.1 M phosphate buffer, pH 7.6, or, in
some cases, with 0.2 M phosphate buffer. Before use the solu-



610 Biochemistry: D. L. Drabkin

3o
00301 T T T T T T T 1

2501251 + .

2001201~

ol ol 1 | 1 L |
350 400 450 500 550
Ainnm A o

|
600 650

Fig. 1. Typical spectral absorption patterns for ferri- and
ferrohydroxyhemin-glycoglobulin hemochromogens. Curves 1
and 2 were plotted from the means of satisfactorily concordant
data obtained from the in vitro titration of sera from four dogs
with ferrihydroxyhemin in 0.1 M phosphate buffer, pH 7.6. The
heme titers were between 0.01195 and 0.020 mmol/liter. Curve 1,
ferriglycoglobulin hemochromogen. Curve 2, ferroglycoglobulin
hemochromogen. Curve 3, a sample of ferroglycoglobulin hemo-
chromogen after storage at refrigerator temperature for 48 hr,
with more Na,S,0, added before measurement.

tion was centrifuged at 8000 rpm in a refrigerated centrifuge
to remove undissolved material, and its heme content was
determined spectrophotometrically as dicyano-hematin, Hm-
(CN);. To secure well-defined spectra of the serum ferro-
hemochromogen, particularly in the spectrophotometric
titration of the serum heme-binding capacity as hemochromo-
gen, we found it essential to employ low concentrations of
heme. Thus, 0.01-0.05 ml of the above stock was added per
5 ml of serum, yielding heme concentrations in the sera of
0.004-0.02 mmol/liter.

Spectrophotometry

For rapid and accurate recording of the visible and ultraviolet
spectral pattern a thoroughly calibrated Unicam model SP
800A spectrophotometer was used. At fixed wavelengths (as
in determining the concentration of heme) the Beckman DU
spectrophotometer was employed. To conserve serum, we used
semimicro cuvettes of 5 and 10 mm depth (Precision Cells,
Inc., Type 9). The spectral data were obtained promptly
after the preparation of the sample. Reduction was accom-
plished by the addition of solid sodium dithionite, Na,S:04
(low in iron, Fisher Scientific Co.), to both the sample and
balancing solution within the cuvettes. In the analysis of
mixed pigment species (for example, serum ferrohemochromo-
gen and ferrohematin-albumin) the method of Austin and
Drabkin (36, 37) was appliedt. The titration of the serum
heme-binding capacity as ferrohemochromogen was based on
the prominence of the a and g bands and .especially on the
ratio of the @« maximum to the minimum between « and g
(34, 38-42), since each would be appreciably depressed by the

t Spectrophotometric details will be published elsewhere.
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presence of a component with the spectral characteristics of
ferrohematin—albumin. In quantitation the following con-
stants (¢, 1 mM, 1 cm) were employed: heme concentration, as
Hm(CN),, 11.3 at 545 mm ; biliverdin - HCI, 28.7 at 683 nm and
61.9 at 377 nm; bilirubin, 57.0 at 454 nm; degree of hemolysis,
as oxyhemoglobin, 130.7 at 413 nm, or as cyanmethemo-
globin, 110.8 at 417.5 nm.

RESULTS

The unmistakable spectrum of ferrohemochromogen (34,
38-42) was obtained almost immediately upon the addition
of hydroxyhemin, followed by reduction with NasS;0y, in all
the sera examined. Of the serum protein fractions only frac-
tion IV-4 was consistent in yielding the ferrohemochromogen
spectrum after the addition of heme and reductant. Attention
may be directed to the following:

1. The titration of the serum-heme binding capacity as
ferrohemochromogen (Fig. 1) was in a similar range in the
different mammalian species, with an overall mean of 0.01244
mmol/liter. If we assume a molecular weight for the specific
heme-binding apoprotein of 64,000 (ref. 21, and U. Miiller-
Eberhard, personal communication), values in mg/100 ml
serum are 76-128 (dog), 55-95 (man), 48-71 (rabbit) and 63—
82 (rat). These are in reasonable agreement with those given
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Fic. 2. Removal of intravenously injected heme from plasma.
At zero time, 20 ml of 2 mmol/liter hydroxyhemin (pH 7.6) were
injected into a 10-kg dog, with an estimated plasma volume of 450
ml. In A, absorbance values; in B, corresponding millimolar
extinction coefficients (e values), referred to heme concentration.
Serum samples were balanced against serum obtained prior to
injection of heme. Curves 1 (4 and B), sample (with added
Na;S:0,) 10 min after injection. Heme concentration, 0.072
mmol/liter. Curves 2 (4 and B), sample (with added Na»S;0,) 40
min after injection. Heme concentration, 0.038 mmol/liter.
Curves 3 (A and B), sample (with added Na:S,;0,) 120 min after
first heme injection and 10 min after second injection of 6 ml of 2
mmol/liter hydroxyhemin. Heme concentration, 0.0244 mmol/
liter. Curves 4 (A and B), ferroglycoglobulin hemochromogen,
obtained by heme titration in vitro of the serum prior to the
intravenous injection of heme. Heme concentration, 0.02 mmol/
liter. Curve 5, ferrohematin-albumin in 0.1 M phosphate buffer,
pH 7.6; molar ratio of heme to alubmin, 1:1. Curve 6, ferro-
hydroxyhemin in 0.1 M phosphate buffer, pH 7.6.
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(for man) by such techniques as radial immunodiffusion (23),
and are consistent with a 1:1 molar ratio of heme to binding
serum protein (Fig. 2). It may be emphasized that under the
conditions of the titration with the above low final concentra-
tions of heme, only minute amounts of heme (not measurable
by the present technique) can be associated with albumin, de-
spite the fact that the molar ratio, in the sera, of albumin to
heme-binding protein is 47:1 (from 0.58:0.0124 mmol/liter).

2. The data in Fig. 2 support the deductions that the affin-
ity of the heme-binding protein for heme is very high in
comparison with that of albumin, and that the removal of
any heme that may enter the serum will be very rapid. After
the intravenous injection of hydroxyhemin in an amount
seven times as much as the heme-binding capacity (as hemo-
chromogen), the data obtained at 560, 543, and 530 nm were
compatible with a two-component mixture (see ref. 36) of
ferrohemochromogen and ferrohematin-albumin. After injec-
tion, the ratios of ferrohemochromogen to ferrohematin—
albumin were 0.429:0.571 at 10 min, 0.455:0.545 at 40 min,
and 0.905:0.095 at 130 min (and 10 min after a second in-
jection). In a 10-kg dog, with a plasma volume of 450 ml, 49
mg of bile pigment is produced per day, or 2.04 mg/hr (1).
This corresponds to 2.4 mg/hr of heme degraded to bile pig-
ment. At a titer of 0.02 mmol/liter heme bound as hemochro-
mogen, a total of 5.87 mg of heme would be so bound in 450 ml
of plasma. This is 2.45 times as much as the heme normally
converted to bile pigment per hour. The heme concentration
in the plasma was reduced by 0.034 mmol/liter per 30 min,
or 0.068 mmol/liter per hour (from values at 10 and 40 min
after injection). This is calculated to correspond to a clearance
rate of 19.93 mg of heme per hour (from 450 ml of plasma), a
rapid rate indeed. Moreover, the clearance in the dog is 8
times as great as the heme-binding capacity as hemochromo-
gen.

3. 10 min after the addition of ferrihematin-albumin to
serum, the analytical ratio of ferrohemochromogen to ferro-
hematin-albumin was found to be 0.68:0.32. This rapid trans-
fer of heme from albumin to the specific binding protein is
consistent with the relative affinities of the two proteins for
heme, preponderantly favorable for heme binding as hemo-
chromogen. It permits the deduction that, in contrast to the
tight bonding of heme to the specific carrier or binding pro-
tein, the association complex of heme and albumin is loose and
easily dissociated.

4. The data in Fig. 3 are typical of those obtained with the
plasma protein fraction IV-4 of the different mammalian
species studied. To obtain adequate and rapid reduction of
dissolved fraction IV-4 with Na,S;04 it proved desirable to
adjust the pH to 8.2 (compare Curves 1 and 2). In this fraction
the concentration of the heme-binding protein, in terms of
total protein present, is calculated to be 12.89, (compare
1.149%, in whole serum). Relevant to the identification of the
heme-binding protein as a low molecular weight 8, glycoglobu-
lin are the rather high value of 4.0%, (referable to protein
content) obtained for neutral hexose of this crude fraction,
the solubility of the heme-binding protein in 0.6 M perchloric
acid (15-17) (Curve 3), with an increase of the neutral hexose
content to 7.2%, and the recovery of 99% of the heme-binding
protein in the albumin fraction after molecular sieve chroma-
tography on Bio-Gel P-200, 100-200 mesh (Bio-Rad Labora-
tories), equilibrated with 0.01 M phosphate (pH 7.4)-0.15
M NaCl.
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F16. 3. Heme-binding glycoglobulin in Cohn protein fraction
1V-4 of human serum. The samples were made up in phosphate
buffer to a protein concentration of 6.22 mg/ml, or to about 8.9%
of the total protein present in serum. pH was adjusted to 7.8 and
8.2, and hydroxyhemin was added to a final concentration, in
Curves 1 and 2, of 0.0148 mmol/liter. Reductant was added in all
cases. Curve 1, at pH 7.8. Curve 2, at pH adjusted to 8.2. Curve 3,
an aliquot of sample as in Curve 2, extracted with 0.6 M per-
chloric acid (refs. 15-17) prior to addition of heme; centrifuged for
recovery of supernatant fluid and neutralized, and hydroxyhemin
added. Final concentration of heme = 0.00295 mmol/liter.

5. Because of their common localization in the 8, glyco-
globulins in fraction IV-4 and their extractability with 0.6 M
perchloric acid, it appears very probable that hemopexin and
the heme-binding protein disclosed by spectrophotometry are
identical or closely related. This is verified by the typical
ferrohemochromogen spectrum yielded by ferrohydroxyhe-
min-hemopexin (Curve4, Fig.4). My analysisforneutral hexose
was 10.6%, referable to protein content. This is in reasonable
accord with the available literature (15, 17). On the other
hand, reservations remain as to the unaltered or native state
of the isolated purified hemopexin sample. The spectral pat-
tern of ferrihydroxyhemin-hemopexin is not that of a typical
ferrihemochromogen, particularly in the Soret region (com-
pare Curve 1, Fig. 1 of ferriglycoglobulin hemochromogen
with Curve 2, Fig. 4). The latter curve suggests that there
was little reactivity with heme prior to addition of reductant.

6. An interesting phenomenon is the spectral shift of 8-10
nm towards the shorter wavelengths (Curve 3, Fig. 1 and
Curve 5, Fig. 4). These pronounced spectral shifts occurred in
samples containing added NasS;04 and kept at refrigerator
temperature for 48 hr. At room temperature, in the presence
of reductant, a progressive wavelength shift was observed,
which could be detected as early as 2 hr after addition of
heme and NasS,;0s. No spectral shift was evident upon the
addition of NasS,0s to ferriglycoglobulin hemochromogens
kept at refrigerator temperature for 48 hr.

In the perfusion of isolated rat liver (7, 43), both [1C ]ferri-
hydroxyhemin and ["“C]ferrihydroxyhemin—glycoglobulin
hemochromogen (prepared by addition of 20,900 c¢pm/mg
[“Clferrihydroxyhemin to fraction IV-4 of rat plasma) were
found to be excellent substrates in the production of bile pig-
ments. At a concentration of [*C]heme in the perfusion
medium of 0.08 mg/ml, the mean output of bile pigment dur-
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Fia. 4. Spectra of ferri- and ferrohydroxyhemin complexes
with hemopexin. The ¢ values are based on a molecular weight of
64,000 for hemopexin. Curve 1, hemopexin in 0.1 M phosphate
buffer, pH 7.6. Original data at 0.0661 mmol/liter. Curve 2, fer-
rihydroxyhemin-hemopexin in 0.1 M phosphate buffer, pH 7.6.
Original data at 0.00665 and 0.0131 mmol/liter respectively for
the ultraviolet (4) and visible (B) regions. Heme to hemopexin
ratio, 1.086:1.0. Curve 3, ferrohydroxyhemin—-hemopexin in 0.1 M
phosphate buffer, pH 7.6. Original data at 0.0110 mmol/liter in
Soret region (A) and 0.0195 mmol/liter in visible region (B).
Heme to hemopexin ratio, 1.6:1.0; Na,S:0, added. Curve 4,
ferrohydroxyhemin-hemopexin in 0.1 M phosphate buffer, pH
7.6. Data in Curve 3 adjusted for excess heme above 1:1 molar
ratio. Curve 5, ferrohydroxyhemin—hemopexin in 0.1 M phosphate
buffer, pH 7.6, kept at refrigerator temperature for 48 hr. Solution

(0.01093 mmol/liter) read after addition of more N2a,S;0,.

ing a period of 3 hr, in mg/hr, was 0.055 (no substrate addi-
tion), 0.200 (with ferrihydroxyhemin), and 0.263 (with ferri-
hydroxyhemin—glycoglobulin hemochromogen). The specific
activity of the recovered bile pigment, measured spectro-
photometrically as biliverdin (1, 7) was 18,900 cpm/mg. Hemo-
globin, added even at concentrations of 7 mg/ml, and undena-
tured ferrihematin—albumin (ref. 44) produced no significant
increase in bile-pigment output. The ferrihydroxyheme—gly-
coglobulin hemochromogen was also found to be a very effi-
cient substrate in bile-pigment formation by our cell-free
enzymic system prepared from the hemophagous organs of
dog placenta (1, 7, 45, 46). In a recent report, Tenhunen,
Marver, and Schmid (47) have stated that in one experiment
hemopexin-bound hemin served as a substrate in their hepatic
microsomal system for producing bile pigment in the presence
of heme oxygenase, but with only 49% of the activity of
protohemin IX as substrate.

DISCUSSION

The serum glycoglobulin hemochromogens represent a new
type of mammalian hemoproteins, postulated, on the basis of
present findings, to be functionally important in heme trans-
port and in the early events of bile-pigment production. The
disclosure and measurement of this heme—(serum protein)
complex by direct spectrophotometry in the presence of high
concentrations of albumin, with its potential for association
with heme as hematin—albumin, was possible because of the
extraordinarily high affinity of the specific heme-binding pro-
tein for heme and because of the character of the respective
spectra in the reduced state. The binding constant (yet to
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be determined) of heme and its specific carrier protein is pre-
sumably very high. In past studies of hemopexin, spectro-
photometry has been erroneously assessed as unfeasible or
ineffective (23).

The rapid rate of clearance of heme from the plasma n vivo,
and the unimpaired formation of the glycoglobulin ferro-
hemochromogen after a second injection of heme (Fig. 2)
suggest either a rapid turnover for the specific heme-binding
protein or its reutilization or recycling after it delivers its
bound hydroxyhemin to a tissue such as the liver. Decisive
evidence as to these alternatives has not yet been furnished.
At this stage, speculation (25) upon the role of hemopexin in
the enzymic regulation of heme synthesis appears to be pre-
mature.

The great instability (U. Miiller-Eberhard, personal com-
munication) of the purified hemopexin, isolated by means of
perchloric acid, in itself may point to a possible alteration in
the protein structure in the preparative procedure. Indeed,
Miiller-Eberhard and English (22) criticized the use of per-
chloric acid earlier on these very grounds. In its native or near-
native state in serum and in Cohn fraction IV-4, the heme-
binding glycoglobulin appears to be quite stable. The inferred
lack of reactivity of ferriheme with the isolated hemopexin
(Curve 2, Fig. 4) may be due to the oxidation of a sulfhydryl
group in the vicinity of the heme-binding groups in the apo-
protein. The spectral shift towards shorter wavelengths of
the ferroglycoglobulin hemochromogens (Curve 3, Fig. 1 and
Curve 5, Fig. 4) may be due to a secondary binding with the
apoprotein, involving the vinyl groups of the heme moiety
(compare 40, 42). The validity of these interpretations is
being tested.

In accordance with our experimental findings, a new pro-
posal is made. The specific heme-binding plasma 8, glyco-
globulin and plasma albumin have cooperative, physiologi-
cally functional roles in heme transport and bile-pigment pro-
duction. The albumin, present in relative abundance, forms an
easily dissociable complex with heme and serves as a reservoir
for excess heme that may enter the plasma. The heme-albumin
replenishes or transfers the heme to the specific heme-binding
protein, which carries it to the tissues (such as liver) and per-
mits its passage across the membrane barriers into tissue cells,
where heme may be degraded to bile pigment or serve other
metabolic purposes.

This work has been partially supported by grants, NONR-
551(45), NSF-G-19785, USPHS-HE-10147, and USPHS-AM-
00831.
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