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For insights into the mechanisms of heme action on the rate of sickle cell hemoglobin polymerization, we determine the
erythrocytic concentration of free heme using a novel method based on enzymatic catalysis and luminescence. We find
in sickle cell patients 44 = 10 WM, in sickle trait individuals, 33 =4 WM, and in healthy adults, 21 =2 pM. We test the
applicability of two mechanisms of heme action: a kinetic one, whereby heme aggregates serve as heterogeneous nucle-
ation centers, and a thermodynamic pathway, in which free heme enhances the attraction between sickle hemoglobin
(HbS) molecules in solution. We show that the latter mechanism exclusively operates. The enhanced attraction leads to
increase of the total volume of a population of dense liquid clusters by about two orders of magnitude. As the dense lig-
uid clusters serve as locations and precursors to the formation of the HbS polymer nuclei, their increased volume
directly leads to faster polymer nucleation. © 2015 American Institute of Chemical Engineers AIChE J, 61: 2861-2870,

2015
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Introduction

Sickle-cell anemia was the first disease whose molecular
basis was identified: in 1949 Pauling’s group used one of the
first capillary electrophoresis devices and showed that hemo-
globin from sickle cell patients had excess of positive charge
in comparison with hemoglobin from healthy adults.'* The
sequences of sickle (HbS) and normal adult (HbA) hemoglo-
bins showed that the charge difference detected by Pauling
and his coworkers was due to a mutation from glutamate to
valine at the sixth site of the two f-chains of hemoglobin.’®
Further studies showed that HbS forms 14-member fibers*®
when the protein is in its T-conformation’ in the deoxy-state.
The crucial role of the mutation to valine is that in the
fibers, hydrophobic contacts are formed between valine of
one HbS molecule and alanine, phenylalanine, and leucine
from an adjacent HbS molecule.”*®° The fibers were shown
to stretch and deform the red blood cells,'® and dramatically
alter their mechanical and rheological properties.'""'? The
modified red blood cells pass more slowly than normal cells
through the venous circulation.'® In combination with several
processes involving the endothelial walls and the other blood
components, leucocytes, platelets, and so forth, erythrocyte
sickling frequently leads to vasoocclusion. The associated
damage of the affected organs, pain, and often death are the
main clinical manifestations of sickle cell anemia.'*

Heme, Fe?* propoporphirin IX, is the main prosthetic
group of both sickle and normal hemoglobin. Each hemoglo-
bin molecule carries four hemes, one per each of its sub-
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chains. One or more (less likely) of the hemoglobin hemes
may be released to the solution,'>'® Figure 1a. The release
occurs predominantly after its autoxidation to methemoglo-
bin, in which the iron is in its Fe** form.'®!” Hence, the
heme released from hemoglobin is in the form of hematin,
that is, Fe>" protoporphyrin IX with an OH ™ ligand. The
stability of HbS to autoxidation is lower than that of normal
adult HbA.'” Heme is a substance with proven toxicity,
which triggers lyses of human erythrocytes18 and other cell
types.lg’20 It has been suggested that the release of heme
may cause higher severity and frequency of sickle cell crises
by binding to the red cell membrane leading to membrane
damage®' and stronger adhesion of sickle red cells to leuco-
cytes and the endothelium.?*>*

The sequence of events leading from the sickle cell muta-
tion and HbS expression through polymerization to vasooc-
clusion and pain crisis is well understood and has classified
the disease as a monogenically inherited disorder. In a strong
deviation from trends typical of such conditions, sickle cell
exhibits significant clinical heterogeneity” and extreme vari-
ability even among patients with identical genotypes.26 This
heterogeneity and variability have been attributed to
polymerization-independent mechanisms such as red cell
membrane damage and enhanced adhesivity, endothelial acti-
vation, lymphocyte and platelet aggregation, and others.”?®
Recently, we provided evidence of the action of a novel fac-
tor for the variability of sickle cell disease: we showed that
in the presence of free heme, the rate of HbS polymerization
accelerates by up to two orders of magnitude.”

Besides providing novel fundamental understanding into
the physiological pathways of sickle cell disease, the finding
of the role played by free intraerythrocytic heme could poten-
tially open novel avenues for the treatment of sickle cell.
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Figure 1. The release of heme.
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(a) Schematic of heme release from met-hemoglobin. a-
and p-chains of hemoglobin are drawn in brown and
blue, respectively; the C-atoms of heme, in green. Heme
is predominately released form the p-chains. (b) The
average concentrations of free heme in blood samples of
thee sickle cell patients, three sickle trait individuals,
and three healthy donors. Six donations of four 4 mL
tubes were obtained from healthy donor 1 and two from
healthy donor 2 and are averaged; all other data points
are averages over four tubes of one donation. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

These avenues could entail, for instance, suppressing heme
release from hemoglobin or enhancing the metabolic path-
ways of heme degradation.”” However, before free heme can
become a viable target for sickle cell therapies, several ques-
tions about its action need to be addressed. Among them are:

1. What is the concentration of free heme in sickle eryth-
rocytes? A single previous determination of the concen-
tration of free heme in sickle and healthy
erythrocytes® found concentrations of, respectively,
0.75 and 0.15 puM. These concentration are lower by
about two orders of magnitude than those tested for
their effects on HbS polymerization and would pre-
clude any effects of free heme on polymerization.”’

2. What is the mechanism of action of free heme on poly-
merization? Free heme may accelerate polymerization
by at least two distinct mechanisms. In aqueous solu-
tions hematin has a proven propensity to aggregate31’32
and the incipient aggregates may serve as heterogene-
ous nucleation centers; foreign substrates are known to
enhance the rates of nucleation of condensed phases by
orders of magnitude.”> An alternative mechanism of
heme action involves enhanced attraction between
hemoglobin molecules in solution. Much fewer details
about this potential pathway of heme action on the
kinetics of HbS polymerization are understood even in
principle.
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The goal of the investigations presented here is to eluci-
date these two questions. It gives us great pleasure to publish
these results in a tribute to Professor John Prausnitz. John
has proposed, implemented, and advocated the application of
thermodynamic methods and insights to problems of ever
increasing complexity, including those of biomedical ori-
gins.***> He might appreciate our main conclusion that the
mechanism selected by free heme to enhance HbS polymer-
ization is thermodynamic: free heme enhances the intermo-
lecular attraction in the solution and in this way stabilizes a
dense liquid cluster phase that serves as an essential precur-
sor for the nucleation of HbS fibers. The stabilized cluster
phase occupies a total volume higher by two orders of mag-
nitude and this allows for correspondingly faster nucleation.

Experimental Procedures
Determination of free heme

The overwhelming difficulty in the determination of free
heme in erythrocytes is its separation from hemoglobin with-
out additional heme release or loss of existing free heme;
even advanced spectroscopy methods fail to quantify free
heme in the presence of hemoglobin.*® Most of the recent
work on heme quantification has focused on the determina-
tion of the total heme content, including the one bound to
globins, often in the context of forensics.®” Earlier methods
were mostly based on the spectroscopic response of heme
and heme-containing proteins®®; recent studies rely on
HPLC,* capillary electrophoresis®® and other electrochemi-
cal methods,*' and, most recently, mass spectrometry.”’42

We developed a new, sensitive and selective, method of
heme quantification based on quantitative reconstitution of
apo-horse radish peroxidase (apo-HPR) in the presence of
heme,** followed by determination of the rate of the peroxi-
dase reaction using luminescence detection. We use blood
from sickle, sickle trait (i.e., heterozygous for sickle and nor-
mal hemoglobins), and healthy donors, drawn according to
institutional regulations, and isolate the erythrocytes. We then
lyse them in water and separate the released hematin from
hemoglobin and other high molecular weight erythrocyte com-
ponents by dialysis of the hemolysate at ~5°C. The resulting
hematin concentration in the dialysate is less than 1 nM. To
efficiently quantify such low concentrations, we combine the
enzymatic action of reconstituted horse radish peroxidase with
luminescence monitoring of the rate of the peroxidase reac-
tion. The sequence of reactions that underlie the method is

Apo-HRP+Heme — HRP (la)
HRP+H,;0, — HRP+2 HO- (1b)
HO- +luminol — Aminophthalate+hv (1c)

Reaction (Ic) is accompanied by Iluminescence at
428 nm.*** The luminescence intensity is proportional to
the rate of catalytic decomposition of peroxide. This rate, in
turn, is proportional to the concentration of reconstituted per-
oxidase. 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 concentra-
tion of free heme. The transformation of the analyte to a cat-
alyst 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 chemilumines-
cence.*** The strong amplification of the signal allows
detection and quantification of hematin levels as low as
50 pM.
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We showed that the method is robust and accurate with-
in*5%. We demonstrated that additional heme is not
released during storage of blood and hemolysate at ~5°C,
two steps in the experimental procedure. We showed that no
new heme is released in the hemolysate during dialyses.
Additional tests revealed that the found heme is not released
from the erythrocyte membranes. Thus, the hematin found in
the dialysate comes exclusively from the erythrocyte cytosol.
Furthermore, we do not expect any heme loss due to, for
example, crystallization or other aggregation: during all anal-
ysis steps after the red cell lysis, the concentration of free
heme is kept low, below 500 nM.

Characterization of aggregation of heme, HbS clusters,
and interactions between hemoglobin molecules

The formation of hematin aggregates and dense liquid
clusters in deoxy-HbS solutions, held in sealed cuvettes, was
characterized by dynamic light scattering?®; interactions
between deoxy-HbS molecules in solution and their modifi-
cations by free heme were characterized by static light scat-
tering.*”*** Both methods used a ALV-5000/EPP static and
dynamic light scattering device (ALV-Gmbh, Langen, Ger-
many) with a 35 mW He-Ne laser operating at wavelength
A= 632.8 nm (Uniphase), for further experimental details,
see Refs. 46,47.

The Intraerythrocytic Concentration of Free Heme

We determined the average concentrations of free heme in
the erythrocytes of three sickle cell patients and equal num-
bers of sickle trait and healthy donors. From the results in
Figure 1b, the average of sickle cell patients is 44 = 10 uM,
sickle trait donors, 33 £4 uM, and healthy donors, 21 =2
uM. The variation between individual donors is significantly
higher for sickle cell patients than for healthy and sickle trait
donors.

The results in Figure 1b for both sickle and normal hemo-
globin are about two orders of magnitude higher than the
previous determination of Liu et al.*® Liu et al. separated
free heme from hemoglobin by charge, using ion exchange
liquid chromatography,® in contrast to the separation by size
using dialyses, used by us. To isolate the hematin, Liu et al.
added 2 M NaCl to the hemolysates. At this electrolyte con-
centration, they assumed that hematin would be retained on
the chromatography column, to be eluted by a solution of
sodium dodecyl sulfate (SDS) for subsequent quantification.
To validate the method, Liu et al. added hematin to the
hemolysate and retrieved 75% of the added amount after the
SDS elution. Experiments, reveal that the addition of 2 M
NaCl has different consequences for free heme stoichiomet-
ric to apoglobin and that in excess of the stoichiometric
ratio. In the latter case, we showed that hematin is precipi-
tated. We conclude that the hematin added for calibration by
Liu et al. was precipitated, retained as a solid at the top of
the column and subsequently dissolved and eluted by SDS
for nearly complete recovery. Conversely, hematin in stoichi-
ometric ratio to apoglobin was driven back to the apoglobin
due to its high chemical potential in the presence of NaCl.
Hence, it is not separated from the hemoglobin on passage
through the chromatography column. This explain the low
free heme concentrations detected by Liu et al.*®

The concentrations of free heme in sickle erythrocytes in
Figure 1b are comparable to those that induce ca. 100X
acceleration of the nucleation of sickle cell polymers.”
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Figure 2. Characterization of the aggregation state of a
hematin solution of indicated concentration
by dynamic light scattering.

107

Both the correlation function g,(f) and the intensity dis-
tribution function G(#) are shown. [Color figure can be
viewed in the online issue, which is available at wileyon-
linelibrary.com.]

Thus, free intraerythrocytic heme may be a powerful factor
that enhances the rate of polarization. The mechanism of this
enhancement is discussed below.

Does Heme Provide Heterogeneous Centers for
HbS Polymer Nucleation?

Nucleation assisted by foreign substrates that interacts
favorably with the new phase was first discussed by
Gibbs.**! The accepted role of the foreign substrate is to
lower the free energy barrier that determines the nucleation
rate. The recent focus in the area has been on the structural
and chemical correspondences between the nucleating phase
and the substrate.”>° In aqueous solutions hematin may
polymerize into loosely bound large linear aggregates>” that
may serve as heterogeneous nucleation centers.

To judge the presence of hematin oligomers and larger
amorphous aggregates, we performed a dynamic light scat-
tering characterization of a 55 uM solution of hematin at
pH=7.4 in 0.15 M phosphate buffer. This buffer is consid-
ered an adequate model of the red cell cytosol; the hematin
concentration is representative of the value for sickle eryth-
rocytes in Figure 1b. To imitate the slow release of heme in
the erythrocytes, the solution was prepared by dissolving dry
powder in 0.1 M NaOH at pH= 13 to a concentration of
~2 mM, below its solubility at this pH.>” We then slowly
lowered the solution pH to 7.4 by addition of H;PO, and/or
KH,PO,. Characterization of the aggregation state of this
solution by dynamic light scattering in Figure 2 reveals the
presence of small scatterers diffusing with characteristic time
71 from 13 to 16 us and larger entities diffusing with 7, ~ 1
ms. The time 7, indicates that the small scatterers are a mix-
ture of monomers and 7m—7m dimers.>? The relatively high
dimerization constant’' indicates that in this mixture the
dimers are ca. 99%. The large entities with 7, have radius of
~80 nm and are likely hematin aggregates; in view of the
known slow crystallization of hematin in aqueous solu-
tions,”®? they are likely amorphous.

To evaluate the fraction of hematin occluded in the aggre-
gates, we compare the total intensity scattered by the aggre-
gates to that scattered by the monomers and dimers. We
evaluate the ratio of the intensities scattered by the 80 nm
aggregates and the monomers from the ratio of the areas of
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the respective peaks A,/A; in Figure 2, 600:1. The fraction
of hematin in the aggregates V,pgrepates 1S approximately
equal to the ratio of the volume fractions of the aggregates
and monomers, A,/A;.%° Assuming that aggregates exhibit
density and refractive index that are similar to those of the
monomer and that the monomers do not interact, from the
relation for ¢,/¢; in Ref. 46, we get

by _Ar (R1)’
Vaggregates ~ gl = 1?1 sz 2)

where, the ratio (R;/R,)’ stems from the Rayleigh’s law,
according to which the scattered intensity is proportional to
the sixth power of the particle radius. We obtain that
Vaggregates ~ 0.001. From the ratios ¢,/¢, and R,/R,, we
compute the number concentration of large aggregates n,ggre-
ates A 10'° cm ™3 Ref. 46. If the aggregation state of hema-
tin in the red cells is similar to the one in the solution
analyzed in Figure 2, with the volume of a red blood cell
~90 X 107'2 cm?®, there should be approximately one such
aggregate per erythrocyte. Conversely, multiple, up to 10
HbS polymer often form in a single red blood cell, suggest-
ing that the hematin aggregates seen in Figure 2 are unlikely
factors for HbS polymer nucleation.

Further evidence against the participation of the heme
aggregates in HbS polymerization comes from data on the
effect of added hematin solution on the nucleation rate.”” HbS
nucleation kinetics was characterized in 260-280 mg ml '
HDbS solutions, which were shown to contain about 120-180
uM free heme.”” The addition of 260 or 280 uM hematin,
which increases the concentration of this reagent by at most
3.5X%, led to 100X faster nucleation. The difference between
these two numbers cannot be explained within the assumption
of hematin aggregates serving as HbS polymer nucleation cen-
ters. Indeed, if the aggregate concentration in hematin solu-
tions scales with the total hematin concentration, one would
expect the increase in nucleation rate to be equal to the
increase of hematin concentration, that is, at most 3.5X.

With this result, we explore the alternative hypothesis,
that free heme accelerates the nucleation of HbS polymers
using a thermodynamic mode of action. Below, we test if
heme enhances the attraction between hemoglobin mole-
cules, which, in turn, may stabilize nucleation precursors and
accelerates HbS polymer nucleation.

Hematin Increases the Volume of the Nucleation
Precursors

The two-step nucleation mechanism and the dense liquid
clusters

Historically, it has been implicitly or explicitly assumed
that the nucleation of sickle cell hemoglobin polymers is a
one-step process: the disordered HbS molecules from the
solution assemble into an ordered nucleus which has the
same structure as long HbS fibers.®"**? results indicated that
this is not the case and HbS polymer nucleation follows a
two-step mechanism,*®%>%* that is, the formation of ordered
polymer nuclei is preceded and occurs inside metastable
dense liquid clusters, as illustrated in Figure 3.°°7°

Metastable dense liquid clusters in deoxy-HbS solutions,
within which the HbS polymer nucleation may occur, were
characterized by dynamic light scattering.46 Figure 4a shows
a typical intensity correlation function of such solution. The
correlation function reveals two processes: the one with
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Figure 3. Schematic illustration of the two-step mecha-
nism of nucleation of HbS polymer fibers.

Step 1 is the formation of dense liquid clusters. Step 2 is
the formation of fiber nuclei within these droplets.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

characteristic time of ~0.04 us is the Brownian motion of
single HbS molecules and it is present at all solution concen-
trations. A second process has a longer characteristic time
and its amplitude increases with higher hemoglobin concen-
trations. It was shown that this slower time corresponds to
HbS clusters suspended in the HbS solution, and not to sin-
gle HbS molecules embedded in a loose network structure
constraining their free diffusion.*

The mean hydrodynamic radius of the cluster population R,
and the volume fraction ¢, occupied by the clusters are deter-
mined from the correlation functions; several time-
dependences of ¢, are shown in Figure 4b.*° From the data
in Figure 4, the HbS clusters occupy ¢, = 10"°—10"> of the
solution volume. Similar clusters of protein-rich liquid have
been detected in solutions of several proteins: lumazine syn-
thase,”’72 1ysozyme,73’74 glucose isomerase,75 and others, at
electrolyte concentrations ranging from 20 mM™*  to
1.3 M,”""7? by atomic force microscopy,”’ dynamic light scat-
tering,**’*”* and UV resonance Raman spectroscopy.’® With
all studied proteins, the clusters are mesoscopic in size, from
under one hundred to several hundred nanometers,zg’n’74 and
liquid in nature.”>”” The clusters occupy a low fraction of the
solution volume: from ~10~7 (below which they are not reli-
ably detectable) to ~10 >. The cluster volume fraction
remains at these low levels even as the protein concentration
in the bulk solution approaches that of the liquid within the
clusters.’>™ The mesoscopic clusters exist with similar char-
acteristics both in the homogeneous region of the phase dia-
gram of the protein solution (where no condensed phases,
liquid or solid, are stable or present as long-lived metastable
domains) and under conditions supersaturated with respect to
ordered solid phases, such as Crystals72 or, as here, sickle cell
hemoglobin polymers.‘m’64 According to the two-step nuclea-
tion mechanism, in supersaturated solutions the clusters are
crucial sites for the nucleation of ordered solid phases.®*”""
The protein clusters are similar to, but larger than clusters
found in solutions of biominerals,3*? organic molecules,’>8
polymers,®> and colloids,**™ where they also play a crucial
role in crystal nucleation.

The existence of mesoscopic clusters challenges our
understanding of phases and phase equilibria.”* Recent stud-
ies reveal that the small fraction of protein contained in the

September 2015 Vol. 61, No. 9 AIChE Journal


http://wileyonlinelibrary.com

10"k 1
J:’ - o
o E E
A 3
g0F E
> 3 3
o e 3
10% E
10° 10° 10° 10° 10*
Delay Time 1 [ms]
(0) . N
35 A
o0 MMW
= F a4 4 q 94
g I %% «é“%"ﬁ'i’ °°d;2%£
5 [y b
E LN Ot o ey ™ f-ivv—%.- S
g é— < q ke g o
= [C
§ 107 :
i 67mgml’ © 96 v 121
A 121,66uM <« 131 o 178
10'9 1 1 1
0 30 60 90 120
Time t [min]
S : . . : :
- — -3_ -
B 10 (c) =
=
o 10° 1
E
s BT o
g 10'5_ ‘ < o 0 d
()
& ol ©
= 107 ¢ . . ‘ . . 3
Z 60 80 100 120 140 160 180

Deoxy-HbS Concentration [mg ml”]

Figure 4. Light scattering characterization of dense lig-
uid clusters.
(a) A correlation function (solid circles) and the respec-
tive delay time distribution function (open circles) of a
deoxy-HbS solution with Cyj,s =67 mg ml™L. (b) Time
dependence of volume fraction ¢, occupied by clusters,
determined as in Ref. 46 at five HbS concentrations,
shown in legend, and in the presence of shown concen-
tration of heme at one of these HbS concentrations. (c¢)
The dependence of the average volume fraction from (b)
on HbS concentration. Solid symbol at 121 mg ml™": in
the presence of 66 UM of free heme; open symbols: in
the absence of heme. Line is just a guide for the eye.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

clusters reflect the significant free energy cost of increasing
the protein concentration.”* The mesoscopic size of the clus-
ters is significantly greater than the predictions of several
mechanisms of cluster formation in protein and colloid solu-
tions.”*® If these mechanisms are inactive, due to the free
energy excess of high concentration protein liquid, the clus-
ters should consist of just a few protein molecules, as indi-
cated by a straightforward thermodynamic evaluation.”* To
solve the puzzle of the cluster size, we argued in Ref. 74
that the clusters largely consisted of transient protein
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complexes that formed at high protein concentrations. Sev-
eral types of interactions: hydration, electrostatic, and the
formation of domain-swapped dimers after partial protein
misfolding, were considered and tested as possible bonds
between the protein molecules in the transient complexes.’*

Several of the predictions of the theory can be tested
against the experimental observations of clusters in HbS sol-
utions. The theory predicts that the cluster size is of order
several hundred nanometers, and the clusters are composed
of dense protein liquid: both of this predictions agree with
the observations with HbS.*®

Another prediction of the cluster theory in Ref. 74, which
can be verified using the data in Figure 4 are that cluster for-
mation is reversible and the clusters are in equilibrium with
the solution. Correspondingly, the fraction of the hemoglobin
in the clusters v, complies with the Boltzmann distribution
and can be evaluated as v, =~ exp(—-AG(Cy,Cy)/kgT), where
AG(Cy,Cy) is the free energy excess of the dense liquid with
concentration Cy over the HbS solution, with concentration
CL; v2 = Cupo/(CLpy + Cups) =2 Cupo/CLe; is of the same
order of magnitude, but somewhat higher as the ratio ¢,/¢;.

To evaluate AG, we use the dependence of theKC /R ratio
on hemoglobin mass concentration C (K is a device constant,
Ry is the Raleigh ratio of the scattered to incident lightgo),
determined by static light scattering®’*® and displayed in
Figure 5; for details about static light scattering in solutions
which absorb the wavelength used in the determinations, see
Ref. 74. This ratio is directly related to the inverse osmotic
compressibility of the solution: KC/Ry=(0I1/0C)/RT (I1 is
the contribution of the protein to the osmotic pressure, and R
is the universal gas constant). We integrate the compressibil-
ity OI1/0C it to compute the free energy AG =—J'CCL” Iav +
A(TTV) needed to increase the concentration of N protein
molecules from that in the dilute solution Cy to that in the
dense liquid Cy. This allows us to determine AG as the

free energy difference between states with concentrations Cp,
and Cy

212
30} ks
g’ 14
| |
< . o ~
=] 3 o
- <
E - 4
€ 10
18
0.0

0.00 0.05 0.10 0.15 0.20 025
Hemoglobin Concentration C[gcm™]

Figure 5. Right: The dependence of the ratio KC/R, on
hemoglobin concentration C.

K: instrument constant, R,=1Iy/I- Raleigh ratio of
intensities of scattered at angle 0 =90° I, and incident
light 1), shown in brown. Left: Integration of data in (a)
according to Eq. la to determine the solution free
energy AG, shown in purple. [Color figure can be viewed
in the online issue, which is available at wileyonlineli-
brary.com.]
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where, M,, is the molar mass of the protein.

The experimentally determined dependence KC/Ry(C) in
Figure 5 is fitted by a cubic polynomial and integrated using
Eq. 3. The resultingAG/kgT, shown in Figure 5, varies
between —3.7 kgT at C =67 mg ml~' and —1.5 kgT at
C =96 mg ml~'. Thus, the free energy of the solution would
increase by 2.2 kgT on this concentration increase. As the
individual clusters are not affected by the concentration of
the solution which generates them,’* this increase would
lead to a decrease of the excess free energy of the clusters
above that of the solution. According to the Boltzmann dis-
tribution, the corresponding increase in cluster volume frac-
tion would be about 9X, in agreement with the data in
Figures 4b,c. The absorbance of hemoglobin of the wave-
length used in the determinations of KC/Ry(C) does not
allow determinations at concentrations above 200 mg ml .
Hence, extrapolation to the suspected concentration in the
clusters, ~400 mg ml~ !, would be unjustified and compari-
sons of the cluster volume fraction in Figures 4b,c to the
predictions of the Boltzmann law are not feasible.

How does free heme affect HbS polymer nucleation?

Figures 4b,c show that the addition of free heme leads to
increase in the cluster volume fraction ¢, by about two
orders of magnitude. The cluster radius is the same as in
solutions without hematin, that is, the cluster number den-
sity also increases by two orders of magnitude. As the
nuclei of HbS fibers form inside the metastable dense liquid
clusters,64’91 the faster J and shorter 0 recorded in the pres-
ence of hematin directly correlate to the increase in ¢,.
The factor of increase in the volume of the dense liquid
clusters is equal to the factors of acceleration of HbS poly-
mer nucleation and extension of the nucleation delay time.
This correspondence renders powerful support for the
action of the two-step nucleation mechanism in HbS poly-
mer nucleation: as the clusters are the locations in which
the polymers nucleate, this mechanism predicts that increas-
ing their volume would lead to similar increase in the
nucleation rate.

Thus, we have elucidated the first step in the mechanism of
action of free heme. The next question is how does the free
heme induce such increase in the cluster volume? To address
this question, we use static light scattering to study interac-
tions between protein molecules in solutions. The Kirkwood
and Goldberg expression describing light scattering from mul-

ticomponent systems containing nonelectrolytes,gz’93 with
assumptions that apply to HbS solutions,*” becomes

KC 1 Mpps

_— = +20€A12Ch +2{A22+ |:(1+20( )A212

ARy Mups e heme

Mpups
- A}, +aM HbSAIZAZZ} Cheme }C
2M, heme
“

where ARy = Roq1+2) — Ror = (Ioca+2) — Lo1)/lo: Roq1+2) and
To1+2) are, respectively, the Rayleigh ratio and scattered
intensity at angle 0 for a solution containing both species
and Ry, and [,; are these variables in a the solution contain-
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ing only free heme. A pair of subscripts of the virial coeffi-
cients A denotes that this coefficient relates to interactions
between two molecules of the respective species. Thus, A,y
characterizes interactions between two hemoglobin mole-
cules; as the free heme concentration is low, its effects on
these interactions are negligible and we assume Ay, = A,.
As1» characterizes three-body interactions between two
hemoglobin and one heme molecules. If the dependence KC/
AR((C) is linear, according to Eq. 4, its intercept defines an
apparent molecular mass Mpps app, and the slope—an effec-
tive second virial coefficient A, .

Both hemoglobin and free heme strongly absorb the illu-
minating wavelength and this absorption attenuates the inten-
sity of the scattered light. It was shown that the errors in
static and dynamic light scattering results due to absorption
of light by the solution are minor.”*% The absorption modi-
fies the Debye equation in a solution containing both hemo-
globin and heme, but the absorption by these two molecules
can be directly accounted for using the published values of
their respective extinction coefficients at the wavelength of
used for light scattering: for O,-HbA & =0.561 mM '
cm™".%° The extinction coefficient of heme at 632 nm, deter-
mined in our laboratory, is & = 5.89 mM ™' em™!

To probe the effects of the heme on the intermolecular
interactions, we first remove by dialysis any free heme that
may have been released by the hemoglobin molecules. Heme
at molar concentration m; =50 uM (c; =0.032 mg ml ™)
was added to HbS solutions, whose concentration ¢, range
corresponds to 80 uM <m, <300 uM. The Debye plots for
deoxy-HbS are shown in the main plot of Figure 6, and
those in the presence of added heme are shown in its inset.
Form these Debye plots, we determine A, and M5, or, in the
case of heme-hemoglobin solutions, A; ¢ and Mo 4pp. Mo is
compared with the known molecular mass of hemoglobin for
a partial verification of the determinations, while M, ., is
used to determine A,, using Eq. 4 above. From A, ¢, using
Ay, App, we determine A,pp.Y’ These data show that
Mygps,apps and A, decrease on the addition of heme.
Straightforward thermodynamic analyses reveal that the
decrease in Aj.p indicates that free heme enhances the
attraction between the HbS molecules.

The enhanced attraction leads to slower increase of the
chemical potential p, of HbS as its concentration is
increased. Quantification of this effect in Ref. 47 using an
expression similar to Eq. 3 yields that the chemical potential
of HbS in the clusters u, is lowered by Ay, =4 kgT in the
presence of 50 uM free heme from its value in a solution
without free heme. A lower Ay, increases the cluster volume
fraction by a factor of exp (4) =50. This is consistent with
the 80-fold increase of cluster volume fraction induced by
67 mM of free heme in Figures 4b,c.

An appropriate question at this point is how free heme
concentrations as low as 50 uM significantly enhance the
attraction between HbS molecules? The known biophysical
mechanisms would require free heme concentrations signifi-
cantly higher, or at least comparable to those of HbS. For
instance, if heme were acting as a depletion or screening
agent, Mpeme would be orders of magnitude higher than
myps; if heme were forming bridges between HbS mole-
cules, Mpeme/Mips ~ 1.979% we proposed a phenomenologi-
cal model based on the osmotic virial coefficients in a three
component solutions, Aj, and Ay According to this
model, repulsion by free heme prevents the hemoglobin
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Figure 6. Characterization of the interactions between
HbS molecules in deoxy-HbS solutions in
terms of second virial coefficients By,
extracted from Debye plots KC/R, (C).

K: instrument constant, R, = I,/I,: ratio of scattered at
angle 0 to incident intensity, C: HbS concentration.
Open symbols: measured I, is lowered because of
absorption of light by HbS, line through points is a fit to
a product of Debye and Beer equations: KC/R,
exp(—2.3sCI) = 1/M,, + 2A,,C, where &=4930.8 em™!
mol ! 1 is the extinction coefficient of Hb at 628 nm, the
wavelength used, /= 0.8 cm is the optical pathway in the
cuvette, and M,, is the hemoglobin molecular weight.
Solid symbols: I, is corrected with exp(—2.3¢CI) and the
data are fit with KC/Ry=1/M,, + 2A,,C. The slope of
this dependence is the second virial coefficient
Ay =-78 x 1075 mol em™ g2, nearly equal to a
determination in Ref. 97. The dimensionless B,, shown
in plots, is determined from A, =B,,V,.M, %, where
V,, = 50560 cm® mol ™! is the HbS molar volume. Values
of B,;<4, the value for noninteracting hard spheres,
indicate intermolecular attraction. Main plot: Deoxy-
HbS solution without the addition of free heme. At
C=0 g cm™3, the data extrapolate to 1/My, from which
M, =68 000==7,000 g mol™!, close to the actual
64,000 g mol". Inset: 50 mM of heme added after dialy-
sis. The additional absorption of light by free heme is
accounted by calibrating against solution with same free
heme concentration. The concentration of HbS at which
the molar concentration of the HbS tetramer is equal to
that of the added heme is marked with an arrow.
Dashed lines indicate locations of data in the main plot.
According to Eq. 4, the intercept of this straight line
depends on the hemoglobin molecular mass M,, and on
the virial coefficient A;, accounting for the interaction
between free heme and hemoglobin. The dimensionless
slope Bj,.¢r is more negative than B, in solutions with-
out free heme in the main plot. This indicates stronger
effective attraction between the hemoglobin molecules in
the presence of free heme. [Color figure can be viewed
in the online issue, which is available at wileyonlineli-
brary.com.]

molecules from accessing parts of the volume; this acts as
effective attraction. Indeed, the Debye length k' ~ 1 nm at
the ionic strength / ~ 150 mM of the phosphate buffer used
here. Assuming that electrostatic repulsion lowers the proba-
bility of finding a hemoglobin molecule within 10 such
lengths, the volume excluded by one heme molecule is ca.
1500 nm®. The fraction of the solution volume excluded by
50 uM of heme would be 0.05, a significant number. The
heme effects on HbS intermolecular attraction may be addi-
tionally enhanced by the high mobility of heme: its effective
hydrodynamic radius is ca. 0.2 that of hemoglobin.
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Conclusions

We have shown that the concentration of free heme in the
cytosol of sickle and healthy erythrocytes is significant: 44
and 21 uM, respectively. These concentrations are compara-
ble to the concentrations found to lead to a significant accel-
eration of sickle cell hemoglobin polymerization. Thus, free
heme may be an important factor for faster HbS polymeriza-
tion and the variability in free heme concentration may con-
tribute to the mysterious variability and unpredictability of
the disease.

Exploring the mechanism of action of free heme, we have
shown that a kinetic mechanism, whereby heme aggregates
serve as heterogeneous centers for faster HbS polymer nucle-
ation does not apply. We have demonstrated a purely ther-
modynamic mechanism: free heme in HbS solutions
enhances the attraction between hemoglobin molecules. The
stronger attraction leads to greater volume fraction of the
metastable dense liquid clusters, which, in turn, leads to
faster nucleation of the sickle cell hemoglobin polymers. We
have demonstrated a quantitative correlation between the
hemoglobin chemical potential change due to the enhanced
attraction, the increase in the volume occupied by the nucle-
ation precursors, and the acceleration of polymer nucleation
in the presence of free heme.

As the experiment conditions mimic those inside the red
cell cytosol it is likely that hematin released from hemoglo-
bin in the red cells would have similar effects on the nuclea-
tion of sickle cell polymers in vivo. The concentration of
free hematin in the red cells is lowered by three processes:
diffusion thorough the cell membrane,'® association to the
membrane or the cytoskeleton,101 or intracellular degrada-
tion.'®> Their combined action could lead to significant vari-
ability of the hematin concentration in the red cells. Because
of the high sensitivity of the rates of nucleation and growth
of sickle cell polymers to hematin concentration, this vari-
ability could lead to significant irreproducibility of polymer-
ization between the red cells of identical HbS activities of a
patient. The variability of hematin release and removal
between patients could be the factor underlying the variabili-
ty in the prognosis of patients with identical HbS expression.
A more significant conclusion from our results is that if the
free hematin concentration in the erythrocytes is lowered,
this could result in lower sickling and less severe sickle cell
symptoms.

Conversely, a correlation should be present between free
heme concentration and clinical outcomes. For instance if
the level of methemoglobin is strongly correlated with the
concentration of free heme in the red cells, then the level of
methemoglobinemia (high methemoglobin content) would
correlate with disease severity. The studies of the effects of
methemoglobinemia in literature focused on severe cases,
where the concentration of met-hemoglobin is up to 20% of
the total.'® They found that due to the significant decrease
in HbS activity, such high methemoglobin concentrations
ameliorate the disease. To test the implications of free heme
for patient outcomes, patients with methemoglobin concen-
trations of several percent should be recruited. If free heme
concentration corresponds to higher methemoglobinemia, the
methemoglobin amount should correlate with the disease
severity.

If the variation in heme concentration explains the myste-
rious clinical variability among patients with similar HbS
concentration, it may also explain the vast clinical difference
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between hemoglobin SC disease (patients are heterozygous
for hemoglobins C and S) and sickle trait, where the HbS
concentrations are similar, but the clinical courses are wildly
different. The same is true for sickle-beta-zero thalassemia,
where the HbS concentration is significantly lower than in
homozygous SS, but the clinical outcomes are often similar.
Measurements of free heme for these patients would be
informative.

Last, it is possible that the hematin released in infected
red blood cells by malaria plasmodia as a byproduct of their
metabolism of hemoglobin'® causes the known sickling of
sickle-trait erythrocytes (which would not sickle in the
absence of hematin because of lower HbS activity) and ena-
bles their selective removal from the circulation.'®® This
may be a novel explanation of the link between malaria and
sickle cell disease.
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