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Abstract

Heme, the prosthetic group of hemoglobin, may be released from its host due to an intrinsic
instability of hemoglobin and accumulate in the erythrocytes. Free heme is in the form of hematin
(Fe3* protoporphyrin IX OH) and follows several pathways of biochemical toxicity to tissues,
cells, and organelles since it catalyzes the production of reactive oxygen species. To determine
concentration of soluble free heme in human erythrocytes, we develop a new method. We lyse the
red blood cells and isolate free heme from hemoglobin by dialysis. We use the heme to
reconstitute horseradish peroxidase (HRP) from an excess of the apoenzyme and determine the
HRP reaction rate from the evolution of the emitted luminescence. We find that in a population of
five healthy adults the average free heme concentration in the erythrocytes is 21 + 2 uM, ca. 100x
higher than previously determined. Tests suggest that the lower previous value was due to the use
of elevated concentrations of NaCl, which drive hematin precipitation and re-association with
apoglobin. We show that the found hematin concentration is significantly higher than estimates
based on equilibrium release and the known hematin dimerization. The factors that lead to
enhanced heme release remain an open question.
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1. Introduction

Heme, Fe2* protoporphyrin IX, is the prosthetic group of hemoglobin. Each hemoglobin
molecule carries four hemes, one for each of its sub-chains. One or more (less likely) of the
hemoglobin hemes may be released to the solution [1,2]. The release occurs predominantly
after its autoxidation to methemoglobin, in which the iron is in its Fe3* form [2,3]. Hence,
the heme released from hemoglobin is in the form of hematin, i.e., Fe3* protoporphyrin 1X
liganded to OH™. Hematin is a substance with proven toxicity, which triggers lyses of human
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erythrocytes [4—7] and other cell types [8,9]. It catalyzes the generation of toxic lipid
peroxidation products by several mechanisms [10]. It generates redox reactive substances
such as H,O», superoxide radicals, and the hydroxy! radical, which directly mediates lipid
peroxidation [11,12]. The heme released from hemoglobin binds to the red cell membrane
causing membrane damage [13] and higher adhesion of sickle red cells to leucocytes and the
endothelium [14-16]. Exposure of human B-cell lymphoma to free heme leads to high
binding affinity to multiple autoantigens due to the heme’s redox potential [17]. In some of
these cases, the deleterious effects of free heme are exhibited after its release during
hemoglobin catabolism in malaria infected cells [11,12], in others, due to the intrinsic
instability of hemoglobin [4-7].

Despite the abundant evidence of the damage inflicted by free heme, we are aware of a
single determination of the concentration of free heme in malaria-free erythrocytes [18].
Most of the recent work on heme quantification has focused on the determination of the total
heme content, including quantities bound to globins, often in the context of forensics [19].
The methods employed in these studies were mostly based on the spectroscopic response of
heme and heme-containing proteins [20]; HPLC [21], electrochemical methods such as
capillary electrophoresis [22,23], and mass-spectrometry [19,24] have been used in recent
work.

The objective of the investigations reported here is to determine the concentration of the free
heme in healthy human erythrocytes. For this, we developed a new sensitive and selective
analytical method. We carry out extensive tests to evaluate the bias in this determination that
may be introduced by continued hemoglobin dissociation and interactions between heme,
apoglobin and the erythrocyte membrane. We discuss the possible reasons why our results
exceed the concentrations found previously [18]. We compare the found values of free heme
to the predictions of several models that assume equilibrium between free heme and
methemoglobin present in the red blood cells.

2. Materials and methods

2.1. An enzymatic method with luminescent detection for heme quantification

To determine the concentration of free heme in human erythrocytes, we use donor blood
drawn according to institutional and NIH regulations. We lyse the red blood cells and
separate the heme from hemoglobin by dialysis. Details about these procedures and the
materials and solutions used are provided as Supplementary material.

The separation of free heme from hemoglobin by dialysis has the disadvantage that it lowers
the concentration of free heme to below 1 nM. At concentrations below 0.5 uM, hematin and
hemin solutions are colorless. The highest absorbance of such solutions, in the Soret band
near 400 nm, is below 0.1. Hence, spectroscopic determination of concentrations below this
limit is prone to high error [25].

To quantify such low concentrations of hematin, we modified a recent method that relies on
the reconstitution of apo-horseradish peroxidase (apo-HRP) in the presence of hemin (Fe3*
protoporphyrin IX CI) or hematin (tests, discussed in the Supplementary Material, revealed
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that the method yields identical results with these two compounds) [26]. The sequence of
reactions that underlie the method is:

Apo — HRP+Heme — HRP (1a)
HRP+H;05 — HRP+2HOe (1b)
HO e +luminol — Aminophthalate+hv. (1c)

Reaction (1c) is accompanied by luminescence at 428 nm [27,28]. The luminescence
intensity is proportional to the rate of catalytic decomposition of peroxide. This rate, in turn,
is proportional to the concentration of reconstituted peroxidase. In excess of apo-HRP, the
concentration of the reconstituted enzyme equals that of the initial heme. Hence, the
luminescence intensity is proportional to the concentration of free heme. The transformation
of the analyte to a catalyst of a reaction with a well-detectable product underlies the high
sensitivity of this method. Furthermore, the luminol reaction is an example of very strong
chemiluminescence [27,28]. The strong amplification of the signal allows detection and
quantification of hematin or hemin levels as low as 50 pM, see tests of sensitivity below.

For experimental statistics, we used 96 well plates and filled each column of eight wells with
identical solutions. Six of the columns were filled with solutions of known hemin
concentration in the same buffer as the one used in the dialysis of the hemolysate and the
other six—with samples of dialysate produced as discussed above. The six known
concentrations were distributed in a range that bracketed the unknown dialysate
concentration. The volume of standard solution added to each well varied from 0 to 40 L so
that the final heme concentrations was from 0 to 600 pM. For experimental statistics, a
tested solution was divided into two, four, or six samples and each sample subdivided into
the wells of one eight-well column. We added 40 uL of the tested solution to each well.

After we loaded the heme solutions, we added Tris buffer to each well in volume calculated
to bring the total to 50 pL. Then we added 50 pL of apo-HRP stock solution yielding a
concentration of 600 pM in each well. We incubated the microplate for 30 min at room
temperature, ca. 23 °C, to reconstitute HRP [26]. The rate constant for heme binding to 35
different apoglobins is approximately Ay = 1 x 108 M~1s71, regardless of the structure or
overall affinity of the apoprotein for iron-porphyrin [29]. We assume that this value applies
for apo-HRP. Then, the half-time for hematin and hemin binding to apo-HRP £, ~

(kH Capo_HRp)_l ~ 20 s. Thus, 30 min is sufficient time for quantitative binding of free heme
to apo-HRP.

After incubation, we added Immobilon (10 pL luminol and 10 pL peroxide) to the wells. The
final solution volume in each well was 120 pL. We incubated the microplate for 15 min at
room temperature, ca. 23 °C, and loaded it into the microplate reader. We monitored the
evolution of the intensity of the luminescence emitted from each well over 30 min. For each
moment of the reaction, the luminescence intensities were averaged over the eight wells with
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identical composition. An example of the intensity evolution over 30 min for six standard
hemin concentrations is displayed in Fig. 1A.

2.2. Definition of the calibration curve in terms of rate constants

The average luminescence intensity from a tested sample could be compared to that from
solutions with known concentration at the same reaction time and the unknown
concentration could be determined by interpolation between the two bracketing values [26].
We developed a new method of determination of the heme concentration based on
calibration curves in terms of the rate constant for luminesce intensity decay.

The breakdown of peroxide catalyzed by HRP and other peroxidases is well described by the
Michaelis—Menten rate law for the catalytic process [30]

K ,
E+S 2 ES 2 B4p,
k1

L dS kyES
it K,+5 ©

) . k_1+ko
where the Michaelis constant £, = [

In Egs. (2) and (3) Sdenotes the substrate, H,O,, and its concentration; £ time; £, the
enzyme, reconstituted HRP; 2, the product, OHe; ES, the enzyme-substrate complex; Ay, A_1
and k> are the respective rate constants, and the subscript 0 indicates initial values.

The Michaelis—Menten equation is integrated to

L5 Se=S_ kE
"s, T K. K. ®

M M

Independent determinations of the Michaelis constant K, for HRP have yielded values from
1.9to 2.6 mM [31,32]. The values in this range are significantly higher than the initial
concentration of H,O5 in the reaction mixture, Sy = 42 pM, determined from the dilution
ratio and the concentration in the commercial product, determined as discussed in the
Supplementary material We use the inequality Ky, > (S — S) to simplify the integrated
form of the Michaelis—Menten expression:

—kyEpt dS  koFyS —koEgt
SESoexp( 2 O>and x 20 Oemp< 2 0) (5)

M at K, Ky,

Thus, a pseudo-first order rate law obtains. Deviations from the exponential decay
represented by Eq. (5) are not expected even at long reaction times, when S— 0 and (& -

S) — & since Ky > S.
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Since the reaction of OHe with luminol, Eq. (1c), is faster than the preceding kinetic step,
Eq. (1b), its rate is determined by that of the step (Eq. (1b)). With this, the luminescence
intensity /is proportional to the rate of production of OHs, i.e., —dS/dt Thus, the rate
constant for the luminescence intensity evolution

k:k2E0/KM 5 (6)

is proportional to the initial concentration of the enzyme £g; in excess of apo-HRP, £y is
equal to the concentration of heme. Eq. (6) demonstrates that 4 only depends on £, the total
concentration of reconstituted HRP. On the other hand, Eq. (5) shows that the luminescence
intensity also depends on &, the initial H,O5 concentration. Thus, determinations of the rate
constant k are only influenced by inconsistent concentrations of HRP in the reaction
mixture, while an additional source of error of the measured intensity is the inconsistent
concentration of H,O,. Hence, we use standard curves in terms of & as a basis for the
determination of unknown concentrations of free heme.

We determine & from the intensity evolution /), similar to those plotted in Fig. 1A,
employing linear regression analyses of the dependence In/(#). Using data obtained with
known hemin or hematin concentrations, we plot A(C) and use this as a standard curve. For a
solution with unknown concentration, we determine kin an identical way and use this
standard curve to obtain the concentration of free heme, as illustrated in Fig. 1B.

To calculate the concentration of free heme in the red cells in the analyzed blood sample, we
multiply the dilution ratio of the tested dialysate in the plates (40 pL diluted to 120 uL) by
the dilution ratios of the dialysate (3 mL hemolysate held in a dialysis cassette in contact
with 1 L solution) and the hemolysate (computed from the concentration of hemoglobin in
the hemolysate Chp, assuming that the concentration of hemoglobin in the red cell cytosol is
350 mg mL™1): 3 x 334 x 350 mg mL~1/Cy,. For the sample represented Fig. 1B, Gyp = 2.9
mg mL~1 so that the total dilution ratio is 1.21 x 105 and Cpeme = 19 UM in the erythrocytes
of the analyzed blood sample.

Below, we discuss tests aimed at validation of the method and evaluation of its sensitivity
and accuracy.

released during storage of the blood and hemolysate?

Most of the blood samples used in this study were kept at room temperature, ca. 23 °C, for
about 30 min after collection. However, several samples remained at this temperature for up
to 4 h. Sometimes, blood samples were stored in a laboratory refrigerator for up to 4 h. We
carried out two tests to judge if significant amount of heme are released in the time between
blood collection and analysis, either during storage at room temperature for up to 4 h, or in
the refrigerator for 2 days. Furthermore, the dissociation of heme depends on the
concentration of hemoglobin [33]. The reason for this dependence is that at low
concentrations, the native hemoglobin tetramers decay to dimers, which release heme faster
[2]. Thus, it is possible that the heme we detect in the hemolysate was not present in the red
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cell cytosol, but was released after the dilution of the hemoglobin upon cell lysis. Hence, we
tested if heme is released during storage of the hemolysate in the refrigerator for up to 14
days.

For the first test, we separated the tubes from one drawing into two samples. We analyzed
the first sample within 30 min of delivery to the laboratory and the second—after 4 h. Both
samples were kept at room temperature, ca. 23 °C, and were analyzed identically, following
the procedure discussed above. Measuring the hemoglobin concentration in the hemolysate
yielded ca. 2 mg mL™1 for both samples, indicating that the dilution ratios of the two
hemolysate samples were similar. We observed that the decay rate constant & of the
luminescence intensity was identical in both samples, i.e., storage of blood at room
temperature for up to 4 h does not lead to additional amounts of heme released.

We combined the tests of heme release during blood storage in the laboratory refrigerator
and upon dilution of the erythrocyte cytosol to hemolysate. As above, we separated the tubes
from one blood drawing into two samples. Blood from the first sample of tubes was
analyzed immediately upon delivery to the laboratory. The second sample of tubes was kept
in the laboratory refrigerator at ca. 5 °C for two days. After the red blood cells were lysed,
we stored in the refrigerator for 14 days both hemolysate samples. At one or two-day
intervals, we took solution samples, dialyzed them to separate the free heme from the
hemoglobin, and then determined the concentration of free heme in the dialysate in terms of
the decay rate constant & of the luminescence intensity, defined by Eq. (6) above. The
results, displayed in Fig. 2A, indicate that (i) the rate constant k'is similar for both samples
of tubes, i.e., heme is not released during storage of whole blood at ca. 5 °C for up to 2 days,
and (ii) the rate constant does not change over 14 days of storage of the hemolysate at ca.

5 °C, i.e., no significant additional heme is released during storage of the hemolysate.

The results of the three tests demonstrate that heme is not released in significant amounts
during storage of blood at ca. 23 °C for up to 4 h, during storage of blood at ca. 5 °C for up
to 2 days, and during storage of hemolysate at ca. 5 °C for up to 14 days.

3.2. Is heme released during dialysis of the hemolysate?

When we place the hemolysate in a dialysis cassette, the available free heme migrates to the
dialysate solution. This lowers the chemical potential of the free heme in the hemolysate and
creates a driving force for additional heme release. To test if additional heme is released as a
consequence of the migration to the dialysate, we carried out two tests. First, we held a
hemolysate sample in a dialysis cassette in contact with dialysate for 14 days. At one or two
day intervals, we took samples of the dialysate and determined the concentration of heme.
Fig. 2B demonstrates that the concentration of heme in the dialysate was steady over this
period, i.e., no new heme is released in the hemolysate during dialysis.

Second, we kept a freshly prepared hemolysate sample in a dialysis cassette in contact with
dialysis buffer for 14 h. After this time, the dialysate was removed and the heme
concentration in it was determined using a standard curve measured simultaneously with the
sample characterization. The cassette with the tested hemolysate was placed in contact with
new dialysis buffer for additional 14 h. At the end of this period, the concentration of the
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free heme in the second dialysate was determined using a newly measured standard curve
(for tests of the reproducibility of the standard curves, see below).

Fig. 2C reveals the lack of free heme in the second dialysate. This observation could either
indicate that no heme is released in the hemolysate, or that heme is released in the
hemolysate, but this release is arrested after the first dialysis. We analyze two processes that
may provoke arrest of heme release after the first dialysis: (i) dilution of the hemoglobin
concentration and (ii) chemical modification of hemoglobin leading to strong heme binding.
To exclude (i), we note that we fill the dialysis bag to its capacity with 3 mL of hemolysate.
Thus, the hemolysate is not diluted after the first day of dialysis. Option (ii) is also unlikely:
as Fig. 2A demonstrates, if the hemolysate is stored in a container that preserves the
concentration of the free heme present in it, this heme readily transfers to the dialysate even
after 14 days of storage. Thus, no changes in the hemoglobin that could lead to stronger
heme binding occur. Excluding options (i) and (ii) indicates that a scenario of limited
duration heme release is implausible. We conclude that the release of heme is arrested in the
hemolysate and all heme found after dialysis of the hemolysate comes from the erythrocyte
cytosol. The reason why heme release is arrested presents an intriguing question that will be
explored in future work.

bound to the erythrocyte membranes released in the hemolysate?

Hematin released from hemoglobin has been found bound to the membranes of both sickle

and healthy red cells [34]. Even though the detachment of hematin from the membranes for
these analyses required the application of saponin [34], it is possible that the heme that we

detect does not come from the erythrocyte cytosol, but detaches from the membranes upon

cell lysis in a large volume of water. We carried out two tests of this possibility:

i.  We lysed the red blood cells from one donation in two volumes of water: 5 and 50
mL. If hematin detaches from the membranes due to its low concentration in the
hemolysate, we would expect higher heme amounts in the diluted hemolysate. We
found that the amount of heme did not depend on the hemolysate dilution.

ii. We extended from 2 min (the typical length) to 30 min the time between cell lysis
and centrifugation applied to remove the red cell membranes. If heme were released
from the membranes, we would expect higher heme concentrations in the
hemolysate that is kept in contact with the membrane ghosts for an extended
period. We found that the concentration of the heme in the two ghostless
hemolysates was similar.

Additional tests on the validation of the method are discussed in the Supplementary material.
They include determination of the accuracy and sensitivity of the method (ca. 5% and 20 to
50 pM, respectively), justification of the choice of tubes for blood storage, and evaluation of
the possible variability of the apo-HRP preparation, of the use of hemin or hematin for the
standard curves, and of the effects of heme unbound to apo-HRP and hemoglobin in the
dialysate on the results.
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3.4. The concentration of free heme in healthy erythrocytes

Using the method discussed above, we determined the average concentration of free heme in
the erythrocytes of five healthy donors. From the results in Fig. 3, the average of the
population of five donors is 21 + 2 uM. In different donors, the average free heme
concentrations as high as 26 and as low as 19 pM were found. The reason for the greater
variability of the free heme concentration between the four tubes donated by Donor 4 is not
clear to us.

3.5. Comparison with a previous determination of the free heme concentration

We are aware of a single previous determination of the concentration of free heme in sickle
and healthy erythrocytes, [18] which found concentrations of, respectively, 0.75 and 0.15
UM. The concentration found in healthy adult erythrocytes is more than two orders of
magnitude lower than the one in Fig. 3. Liu et al. separated free heme from hemoglobin by
charge, using ion exchange liquid chromatography [18], in contrast to the separation by size
using dialyses, employed here. To isolate the hematin, Liu et al. added 2 M NaCl to the
hemolysates. At this electrolyte concentration, the hematin was retained on the column. The
captured hematin was then eluted by a solution of sodium dodecyl sulfate (SDS). To validate
the method, Liu et al. [18] added hematin to the hemolysate and retrieved 75% of the added
amount after the SDS elution.

In the Supplementary material we discuss experiments that suggest that the high
concentration of NaCl may have precipitated the hematin used in the calibration experiments
as a solid residue. The residue would have been retained in the column and re-solubilized by
the addition of SDS. This scenario casts doubt on the ability of the immobile phase used by
Liu et al. [18] to quantitatively retain hematin from a mixture with hemoglobin and in this
way on their final result. We also show that in the presence of NaCl the amount of heme
released from hemoglobin is reduced, likely owing to the increased chemical potential of
soluble hematin that leads to its re-association to apoglobin.

4. Discussion

4.1. The equilibrium amount of free heme

To understand the factors that may have resulted in the high concentration of free heme in
Fig. 3, we first evaluate the equilibrium concentration of free heme in a solution similar to
the erythrocyte cytosol. The mechanism and the relevant kinetic and thermodynamic
parameters of dissociation of heme from normal hemoglobin and the reverse reaction, the
association of heme to apoglobin, are well studied [1,2,29]. The main conclusions of these
works are: (i) The dissociation of heme from ferrous hemoglobin is extremely slow; heme
mostly dissociates from met-hemoglobin [1,3]. (ii) The dissociation of heme is ca. 10x faster
from the a4 dimers, prevalent at low concentrations, than from the native a,p, tetramers
[2]. (iii) Most of the dissociation is from B-subunits of the dimer and tetramer since it is 25
to 60x faster than dissociation from the respective a-subunits [2]. (iv) The dissociation is
reversible and the rate constant of association of hematin to apoglobin is independent of the
globin and the oligomer state, tetramer or dimer [29].
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With these observations, the found first order rate constant A_p(obs) of the reaction of
dissociation of hematin (H) from methemoglobin (Hb*) producing apoglobin (apo-Hb).

k_y
Hb™ 2 apo— Hb+H (7)

ky

is a weighted sum of the rate constants for dissociation from dimers A_p(dimer) and
tetramers A_ .(tetramer).

k_y(obs)=vk_, (dimer)+(1 — 7)k_j (tetramer), (8)

where vy is the fraction of hemoglobin dimer [2]. The values of A_y(dimer) and A_y(tetramer)
for hematin dissociation from the respective 3-subunits of normal adult hemoglobin were
determined at pH = 7.0 in 0.15 M potassium or sodium phosphate buffer in the presence of
0.45 M sucrose and at 37 °C: k_(dimer) = 4.2 x 1073 s71 and k_p(tetramer) = 4.2 x 1074
s7112,35].

The dimer fraction v is higher at low hemoglobin concentrations according to the relation.

_ Ky 1 <K4,2>2 Ko
2H, 2

L =29

Ho + Ho ©)

where K5 = 1.5 uM [33] is the equilibrium constant of dissociation of methemoglobin
tetramers into dimers and A is the total heme concentration, Ay = 4 Cqp+ [2]-

The second-order rate constant for the association of hematin to apoglobin, the reverse
reaction in Eqg. (7), was determined at pH = 8 in 50 mM Tris buffer and 50 mM NaCl at
room temperature as Ay = 1 x 108 M~1s71 for both dimers and tetramers [2,29]. The
equilibrium constant for Eq. (7) is K-y = A-y(obs)/ky. Following Hargrove et al. [2], we can
calculate formal values for K_ using the above values of A_py(dimer), A_(tetramer) and Ay.

Since we expect a low concentration of released heme, corresponding to a leftward shift of
the equilibrium in Eq. (7), it is safe to assume that the equilibrium concentration of
methemoglobin [Hb*] is equal to its total concentration Cyp+. With this assumption, from
the mass balance of Eq. (7), the concentration of free heme in equilibrium with apoglobin
and methemoglobin is:

Cheme= /K _ [HbT] = \/K_,Cypr 10)

In Table 1, we list the values of vy, k_py(obs), K_y, and the equilibrium free heme
concentration Cpepme for three values of Cyps computed using the above relations and values
of the relevant constants for normal hemoglobin.

The value of Gyps = 3.5 mg mL~1 in the top row of Table 1 corresponds to the average
fraction of methemoglobin in healthy erythrocytes of 1% [36]. Cp+ = 11.5 mg mL1
corresponds to 3% methemoglobin content, which is the upper limit of non-pathological
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methemoglobin concentration. Gp+ = 100 mg mL~1 corresponds to a case of severe
methemoglobinemia, in which 28% of the total hemoglobin is oxidized to methemoglobin
[37].

The values of Cpepe in the last column of Table 1 are lower by two to three orders of
magnitude than those measured in healthy individuals in Fig. 3. The pH, temperature, and
solution composition, at which the rate constants for hematin association to apoglobin were
determined, are different from those for dissociation of heme from methemoglobin.
Moreover, some of these settings are also different from those in the erythrocytes. Still, it is
unlikely that the discrepancy between the data in Fig. 3 and the predictions in Table 1 is
entirely due to the disparate conditions of determination. The differences in temperature, pH,
ionicity, and osmolality could lead to at most a 5% higher amount of released heme.

Both equilibrium and non-equilibrium processes can lead to the deviation of the measured
erythrocyte concentration of the free heme from the predictions in Table 1. An example of a
concurrent equilibrium process is the formation of dimers or higher aggregates of hematin
that may delay the association of hematin to apoglobin, the reverse reaction in Eq. (7). We
discuss this mechanism below.

4.2. The dimerization of hematin

In aqueous solutions, at any pH, hematin forms stable dimers. Two dimer chemical
structures have been put forth and are illustrated in Fig. 4: 7—r dimers, in which the Fe3*
ions are located on the outer sides of two parallel monomers bound by overlapping =
electron density (Fig. 4A), and p-oxo dimers, in which the Fe3* ions of the constituent
monomers face each other and are bound to a shared oxygen atom (Fig. 4B) [38]. Careful
recent work indicates that in aqueous solvents or in the presence of protic co-solvents, at
neutral and moderately basic pH’s the —mn dimer is the only hematin oligomer [39,40]. The
presence of aprotic co-solvents, such as pyridine and DMSO, or ionic compounds at high
concentration, induces the formation of p-oxo dimers [39].

The p-oxo dimers have a strong propensity to form larger oligomers bound by stacking m—mn
interactions [39]. In contrast, the m—m dimers, because of their structure, cannot form higher
oligomers and are the terminal point in this pathway of hematin oligomerization [39,40].

Hemoglobin contains numerous polar hydrogen-containing groups on its surface and is thus
a protic compound. Hence, mostly m—m hematin dimers are expected in the red cell cytosol.
Because of their small size, the n—m hematin dimers easily pass through the dialysis
membrane; since they are weakly bound [39]. they easily dissociate to enable hematin
binding to apo-HRP. Thus, the presence of the —m dimers should not interfere with the
quantification of the free heme.

The equilibrium constant of formation of hematin dimers at pH = 7.38 has been determined
as Kp=1.05 x 108 M~ [40,41]. Straightforward mass balance calculations using the
hematin dimerization constant reveal that the fraction of monomeric hematin in equilibrium
with the dimers is 0.030 in solutions with Cpgpme = 21 UM, as in Fig. 3.
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To more accurately account for the effect of hematin dimerization on its release from
hemoglobin, we solve a system of equations consisting of the expressions for the
equilibrium constants for heme release K_p, and hematin dimerization Kp. We use two
additional mass balance constraints: that the total free heme concentration is equal to that of
the apoglobin, and that the initial methemoglobin concentration is equal to the sum of its
equilibrium value and the apoglobin concentration. A system of four equations with four
unknown emerges:

K __[Hmonomer|[apoglobin]
—-H™  [methemoglobin].

— [Hdimer}
Kp= [Hmonomer]” (11)

Chemc: [ ap Og]Obin] =2 [Hdimcr} + [Hmonomcr]
Cy,.. =[apoglobin]+[methemoglobin].

Hb+

We apply two reasonable assumptions: that the apoglobin concentration is significantly
lower than that of methemoglobin, and that the equilibrium concentration of monomeric
hematin is much less than its total concentration. We obtain for the total free heme
concentration

1/3
Cheme= (QKD K2, CI?M) (12)

If the second assumption is relaxed, i.e., if both Hppn0merand Hyimerare present in
significant amounts, then Cpge is the solution of a cubic equation

Chome — K_yCuy. Cheme — 2K, K* C2 =0 (13)

H ~ Hb+ —H ~ Hb+

Eq. (13) has a single real root greater than zero: for Cpeme = 0, the cubic polynomial on the
left hand side is negative, while for sufficiently high values of Cpgpe it is positive. It can be
solved numerically. For the lowest methemoglobin concentration in Table 1, the difference
between the values of Cpgme returned by Egs. (12) and (13), 35 and 31 nm, respectively, is
about 13%. This difference decreases as Cp+ increases since greater Cuyp+ leads to greater
Cheme @nd higher fraction of dimers.

In Table 2 we list values of the total concentration of free heme Cpgme cOmputed with
account for hematin dimerization using Eq. (13) for the same methemoglobin concentrations
as in Table 1. While the values of Cpeme in Table 2 are greater than those in Table 1, they are
still significantly lower than the values in the erythrocytes of normal individuals. Accounting
for the disparity in temperature, pH, ionicity, and osmolality, at which the constants involved
in Eq. (11) were measured, may increase Chgme to about 0.1 UM, at best, in
methemoglobinemia-free individuals. Thus, a process resulting in heme release faster than
the one assumed in the calculation of K_y is needed to understand the found concentrations
of free heme in healthy erythrocytes.

A non-equilibrium process that could lead to faster release of heme from hemoglobin is
autocatalytic acceleration of the rate of heme dissociation. The action of such mechanism is
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suggested by the arrested release of heme in diluted solutions, demonstrated by the data in
Fig. 2. Testing a hypothetical autocatalytic heme release requires extended experimentation
and is the subject of another paper.

5. Conclusions

The release of heme from hemoglobin and the accumulation of hematin in the red blood
cells have numerous deleterious effects. To determine the concentration of free heme in
erythrocytes, we have developed a new method based on dialytic separation of heme from
hemoglobin, reconstitution of horseradish peroxidase, and determination of the peroxidase
reaction rate from the released luminescence intensity. To validate the method, we
demonstrate that heme is not released during the storage of red blood cells, after hemolysis,
and during the dialysis. In addition, we show the heme present in the hemolysate is not
released from the erythrocyte membranes. Collectively, these and several other tests suggest
that the heme amounts determined by the proposed method are representative of the free
heme present in the erythrocyte cytosol. We show that the error of the determination of the
concentrations of free heme is about 5% and the lowest concentration of heme in the
dialysate detected by this technique is between 20 and 50 pM.

Employing this method, we determine the average concentration of free heme in the red
blood cells of five healthy adults. The average over the five donors is 21 pM, and the
deviations from this number in individual donors are low, within 2 uM. The found
concentrations are ca. 100x higher than previously determined. We test the effects of high
concentrations of NaCl, used in that previous determination to separate heme from
hemoglobin by charge, and find that this salt prevents the separation of heme from
hemoglobin, likely be increasing the chemical potential of hematin and inducing its
rebinding to apoglobin.

We compare the found concentrations of free heme to predictions of equilibrium models of
heme release from met-hemoglobin. We account for the known propensity of hematin to
oligomerize in aqueous solutions. This comparison indicates that heme is released at amount
that significantly exceeds the model predictions. The processes leading to extraneous heme
in the red blood cell cytosol are unclear at this point.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HPLC high performance liquid chromatography
HRP horse radish peroxidase
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Fig. 1.

Ag enzymatic method for the determination of the concentration of free heme. A, The
evolution of luminescence intensity emitted by the reactions in Eq. (1a,b,c) at five
concentrations of heme and in its absence. B, Illustration of the determination of the
concentration of free heme in the dialysate. The standard curve, shown in solid symbols,
relates known concentration of heme to the rate constant & of decay of the luminescent
intensity determined from evolution curves similar to those shown in A. The constant ks
determined for six samples of dialysate. The unknown concentration of free heme in the
dialysate is determined from the average value of 4.
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Validation of the method. A and B, Independence of found free heme concentration on
duration of storage of blood and hemolysate and of dialysis. A, Hemolysate from one donor
was stored at ca. 5 °C. The solution was sampled at regular intervals and the free heme was
quantified. In another experiment, blood was kept for 2 days at ca. 50C before the
erythrocytes were isolated and lysed and the free heme in the hemolysate was determined. B,
Hemolysate from one donor was dialyzed for 14 days. The dialysate was sampled at regular
intervals and its heme concentration was evaluated. C, Arrest of heme release upon dilution
at red cell lysis. A hemolysate sample was dialyzed for 14 h. The dialysate was removed and
the heme concentration in it was determined. The hemolysate samples in the dialysis
cassettes were placed in new dialysis buffers and, dialyzed for 14 h, and the free heme
concentration in the new dialysate was determined using new standard curves.
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Fig. 3.

Tr?e average concentrations of free heme in blood samples of five healthy donors. Eight
donations of four 4 mL tubes were obtained from donor 1 and two from donor 2 and are
averaged; all other data points are averages over four tubes of a single donation. The
population average, 21 UM, is marked with a horizontal solid line; the standard deviation, 2
UM, with two dashed lines.
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Table 2

The total concentration of free heme Cpgme cOmputed using Eq. (13) and the values of the heme dissociation
constant from Table 1 for three values of the methemoglobin concentration Cpp.

Chip+ Koy Cheme
mgmL™t mM M nM
35 0.054 7.10x10712 35
115 018 593x10712 68
100 155  473x10712 232
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