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Metastable Mesoscopic Clusters in Solutions of Sickle-Cell Hemoglobin

Weichun Pan,* Oleg Galkin,* Luis Filobelo,* Ronald L. Nagel,’F and Peter G. Vekilov*!

*Department of Chemical Engineering and Department of Chemistry, University of Houston, Houston, Texas 77204-4004;
and *Division of Hematology, Department of Medicine, Albert Einstein College of Medicine, The Bronx, New York 10461

ABSTRACT Sickle cell hemoglobin (HbS) is a mutant, whose polymerization while in deoxy state in the venous circulation
underlies the debilitating sickle cell anemia. It has been suggested that the nucleation of the HbS polymers occurs within clusters
of dense liquid, existing in HbS solutions. We use dynamic light scattering with solutions of deoxy-HbS, and, for comparison, of
oxy-HbS and oxy-normal adult hemoglobin, HbA. We show that solutions of all three Hb variants contain clusters of dense
liquid, several hundred nanometers in size, which are metastable with respect to the Hb solutions. The clusters form within a few
seconds after solution preparation and their sizes and numbers remain relatively steady for up to 3 h. The lower bound of the
cluster lifetime is 15 ms. The clusters exist in broad temperature and Hb concentration ranges, and occupy 10~°-1072 of the
solution volume. The results on the cluster properties can serve as test data for a potential future microscopic theory of cluster
stability and kinetics. More importantly, if the clusters are a part of the nucleation mechanism of HbS polymers, the rate of HbS

polymerization can be controlled by varying the cluster properties.

INTRODUCTION

Sickle cell hemoglobin (HbS) differs from the normal adult
variant (HbA) by a mutation from glutamate to valine at the
sixth site of its two B-chains (1-3) (a model of a HbA mol-
ecule in shown in Fig. 1 a (4)). This mutation allows hydro-
phobic contacts between valine of one Hb molecule and
alanine, phenylalanine, and leucine from other HbS mole-
cules and the formation of a twisted 14-member polymer
fiber (5—-8). Multiple polymers interacting in solution behave
as a gel-like phase (9). HbS polymerization and gelation,
which occur when HbS is in deoxy-state in the venous circula-
tion, are considered the primary pathogenic event of sickle
cell anemia (10-15). Hence, the thermodynamics of HbS
solutions (16—25) and the formation of the polymers and of
other condensed phases (9,26-31) are studied as part of the
fundamental mechanisms of the disease. These investiga-
tions have revealed that over periods of several days, HbS
solutions form crystals (32—34). The polymers are metastable
with respect to the crystals and are experimentally observ-
able because of the slow kinetics of crystal formation. It was
also shown that dense liquid only forms in HbS solutions
if the attraction between the molecules is enhanced by addi-
tion of polyethylene glycol or high-concentration phosphate
(30,35-37).

Recently, there has been an extensive discussion of a nu-
cleation mechanism for ordered solids (of which HbS poly-
mers are an example), whereby dense liquid phases serve as
precursors and enhancers of nucleation (30,38-45). In view
of the lack of macroscopic dense liquid in near physiological
HbS solutions, particularly important is the finding that such
dense liquids participate in the nucleation mechanism even if
they are metastable with respect to the generating solution
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and only exist as mesoscopic clusters (41,44,45). In this ar-
ticle, we test if such metastable clusters of dense liquid exist
in solutions of deoxy-HbS and, for comparison, in solution
of oxy-HbS and oxy-normal adult hemoglobin, HbA. We
probe if the cluster lifetimes are limited and monitor the
variations of the sizes and the numbers of the clusters as
functions of temperature and hemoglobin concentration. As
a measure of cluster stability, we estimate the fraction of the
total solution volume occupied by the clusters.

METHODS

Solutions

Details of solution preparation procedures are described in Galkin and
Vekilov (31); here we only summarize the main stages. Hemoglobin S and A
were prepared by lysis of red blood cells from blood donated by sickle cell
patients or healthy donors, respectively, following National Institutes of
Health regulations and procedures approved by the University of Houston.
HbS and A were purified by fast protein liquid chromatography. After purifi-
cation, buffer exchange, and concentration, the stock solutions were exposed
to carbon monoxide and stored in liquid nitrogen. Before an experiment,
a 20 ul sample of the stock solution was placed in a glove box filled with
argon to remove the bound carbon monoxide. To prepare oxy-HbS and A
solutions, solution samples was exposed to air. To prepare deoxy-HbS solu-
tion, sodium dithionite was added to a final concentration of 0.055 M to
maintain a reductive environment around the HbS molecules. The quality of
the hemoglobin in the solution sample was checked by recording a spectrum
in the slide in the 450-750 nm wavelength range. Experiments were per-
formed with HbS solutions in 0.15 M potassium phosphate buffer with pH =
7.35. The final concentration of HbS was determined using Drabkin reagent.

Light scattering

Light scattering data were collected with an ALV goniometer equipped with
He-Ne laser (632.8 nm) and ALV-5000/EPP Multiple tau Digital Correlator
(ALV-GmbH, Langen, Germany). The typical cuvettes for light scattering
are cylindrical with a 10 mm diameter. These cuvettes require at least 400 ul
of solution. We fabricated small-volume cuvettes from a silica tube with an
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inside diameter of 1.5 mm, which require ~30 ul solution samples. The
results obtained with the small cuvettes were validated by comparison to
data acquired using a standard cuvette with the more readily available HbA.
Before loading in the cuvette, the solutions were filtered through 0.22 um
Millipore filters. For experiments with deoxy-HbS, the small cuvettes were
sealed with cement from Mount Quick (Daido Sangyo, Japan), which is
impermeable to oxygen. Intensity correlation functions were acquired at 90°
for 60 s. In some cases, for comparison, correlation functions were acquired
at 30° and 60°.

Determinations of cluster sizes by dynamic
light scattering

The intensity correlation function g,(7) characterizes the rate of intensity
variations /() over a total acquisition time At. g5 is defined from the intensity
at two times, ¢ and 7 — 7 as (46)

82(7) = A(O(t — 7)) /Dy (1)

where ( ), signifies averaging over time At and ([), is the average intensity
for the entire period of data acquisition. Since light is scattered by the
fluctuations of concentration, the correlation function mostly characterizes
the rate of diffusion of the scatterers during the decay of the fluctuations
(47). This diffusion rate is, in turn, determined by scatterers’ sizes and the
viscosity of the medium, in which they are suspended (48).

The normalized correlation function g,(7), illustrated in Fig. 1 b, can be
represented as the square of the sum of exponential members, each cor-
responding to a population of scatterers with a diffusion rate I';. The noise in
the signal is represented as an extra additive ¢. Our dynamic light scattering
experiments are aimed at identifying one or two scatterers: single Hb
molecules and, in some cases, larger clusters. Hence (49)

10 10° 10" 10 10
Delay Time t [ms]
FIGURE 1 (a) Model of HbA (4). Turquoise and ochre mark two

B-chains, cobalt and green mark two a-chains. Red and blue mark two (out
of four) hemes visible in this view. Long molecular dimension is ~5.5 nm,
molecular mass M,, = 64,000 g mol . (b) Light scattering characterization
of solutions of sickle-cell hemoglobin in deoxy-state (deoxy-HbS). Exam-
ples of the correlation function g>(7) (solid circles) and the corresponding
delay time distribution function G(7) (open circles) of a deoxy-HbS solution
with Cy, = 67 mg ml~' at T = 25°C.
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where 71 = 1/I"; and 7, = 1/I", are the characteristic times of the diffusion of
scatterers (I'; and I'; are the respective diffusion rates), whose contribution
to the scattered light has amplitudes A; and A,. &(0,07(7)) is the noise func-
tion, which is expected to have a Gaussian distribution with width o, cen-
tered at 0.

The characteristic times 7; and 7, are more readily determined from the
distribution function of the decay rates G(7), illustrated in the same Fig. 1 b.
This G(7) can be expressed as

&m—1=</GWWMﬁhMOi @)

and is calculated by numerically inverting the Laplace transform with
(g2 — D', using a software package from ALV-Gmbh based on the
CONTIN algorithm (50,51).

To calculate the equivalent hydrodynamic radii for the values of
relaxation times 7, = 37 us for the HbS molecules and 7, = 5.04 ms for the
clusters in Fig. 1 b, we use the Stokes-Einstein relation, modified with
I = Tfl :D;qzz

2
LU @)
67,

where i = 1, 2 for single molecules or clusters, respectively, kg is the
Boltzmann constant, 7 is absolute temperature, 7; is the viscosity to which a
diffusing object i is exposed, and D; is its diffusion coefficient. In our
experiments A = 632.8 nm (He-Ne laser), the refractive index n = 1.33
(water), and 8 = 90°, so that the scattering vector ¢ = 4mn/A sin(6/2) =
18.7 X 10* cm™". For the HbS molecules, we take the viscosity to be that of
0.15 M potassium phosphate buffer, n; = it = 20oc = 1.057 cP (52), and
assuming temperature dependence similar to water, nlt — >sec = 0.937 cP.
Then R, = 3.01 nm, which is in acceptable agreement with the known
diameter of the Hb molecule of 5.5 nm. Because the sizes of clusters are
significantly greater than the size of the HbS molecules, in calculations for
the clusters we use the viscosity of the HbS solution (53) (we assume that the
cluster presence does not affect the viscosity, which is reasonable because of
their low volume fraction)

C
My = Ms = Mo€XP (%) &)

v

i

where 19 = 1, is the viscosity of the buffer, [n] = 0.036 dl/g is the viscosity
increment, C is the concentration of Hb in g dI™ ", k is a *“crowding factor,”” v
is a shape coefficient for nonspherical particles so that /v = 0.42 (53). For
C =67 mg ml~ !, M, = 1.226 cP, and R, = 313 nm.

Determination of cluster number density and
volume fractions

To estimate the concentration of clusters, we use that the ratio of the
amplitudes A; and A, in Eq. (2) is (54,55)

A, GiL(M,6)

= , 6
A CiL(M,,0) ©

where C; is the concentration of each scatterer in mg ml™!, [(M,.0) is the
intensity scattered at angle 6 by scatterer i per unit concentration of #; M; is
the molecular weight of scatterer i. The concentration C; is related to number
density n; as Cj = A;’,‘:‘, where N, is Avogadro’s number.

The intensity /; of light scattered by HbS molecules can be obtained from
the expression for the Rayleigh ratio Ry ; of the scattered /, to incident I,

intensity for small interacting molecules (46):
HC, 1

Ry~ € )
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where H; = [(277n/NAA4)(6n/8Ci)T_M}2is an instrument parameter, and
(0n/0C;)y ,is the refractive index increment at constant temperature 7' and
constant chemical potential of the remaining species u. f(Ci) =
1+M;(2BC,+3CC3+4DC}+ . ..) is a virial expansion with coefficients
B,C,D,.... For hemoglobin we use the known values of the virial
coefficients (17) B = (8V/2M,), C = (15V}/3/2M,), D = (24.48V} /4/
3My), E=(353Vi/5/4M,), F = (41.4V}/6/5M;), G = (65.9V¢/7/
6M,), where V; = 0.79 em® g~' is the specific volume of hemoglobin
molecules (17,34,56).

For the clusters, we apply the analog of Eq. 7 for large noninteracting
particles, since we anticipate the concentration of clusters to be small

HC, 1
Ry» sz(qu)’
where P(gR,) is the shape factor of the clusters and R, is their radius.
Inserting Egs. 7 and 8 into Eq. 6 we get
A, G H, M,
2= 22 PR, ) (C ©)
= PR (C)

or, with the expressions for C; and Hj,

®)

n A 1 (0n/0Cs)y,
n AN'P(gR)f(Cy) (9n/OC))y,
where N = %—: is the mean number of HbS molecules in the clusters.

Taking into account ¢; = ni%’iTR?, for the volume fraction of clusters ¢,
we get

(10)

3

n2R2
=—=—=0,. 11
) an? ¢y (11)

Introducing the protein densities p; and p, in single Hb molecules and
clusters, respectively, and using M; = p;3 7R} we get N = (p,R3/p\R}).

Finally,
A1 (0n/0C,), (&)2(&>6n
’ A, P(gRy)f (C)) (8’7/8C1)T.M ) R, 1
A1 ( e (P2

0. =2 8n/3C2 TM(_) (&)3( (12)
P2 = 1 P(gR,)f (C1) (6”/86'1)1,,L 2] R, P

Assuming spherical shape of the clusters,

2
P(qR,) = %(sin(qu) —¢R, cos(qu))] .13
(qR>)

Since the evaluations of 1, and ¢, rely on the experimentally determined
R, and A,, they are affected by the errors in both determinations, and are less
accurate than the evaluation of R,. Thus, 10% uncertainties in R, and A,
would result in 70% uncertainty in 7, and 30% in ¢,.

To illustrate the evaluation of the cluster number density using Eq. 10, we
take the ratio of the peak areas from Fig. 1 b: A;/A; = 64%/36% = 1.78.
Most measurements of the refractive index increments On/0C for different
proteins fall in the range 0.1-0.2 (57), so it is safe to assume that the ratio of
the increments in Eqs. 10 and 12 is of order of unity. For C; = 67 mgml ™',
AC)) = 1.522. P(gR,) = P(5.85) = 7.37X107> and we get

ny - 50
ny - N 2

To evaluate N, we first assume that the density of clusters p, is the same
as that of Hb monomers py, i.e., p, = p; = 1/V; = 1266 mg ml~', which is
an overestimation. With this, N = Ro/R))®> ~ 10°, and we get ny/n; ~
0.5%107'% and ¢, = 0.5X10™*¢,. Estimates with more realistic values for
p2, between 100 and 500 mg m1 ™', in Table 1, yield results of the same order
of magnitude.

In Results below, we use p, = 400 mg ml~' to evaluate 7, and ¢,.

(14)
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TABLE 1 Estimates of the number density of clusters n,,
and volume fraction occupied by clusters ¢, stemming from
the data in Fig. 1 for HbS concentration Cy,s = 67 mg mi—?,

n = chs NAIIWW =6.3 x 1017 cmis, and ¢1 = V1 chS = 0.053

po [mg ml™!] 100 200 300 400 500  pi=p>
N, 10° 012 024 036 048 0.6 1
nafny, 10710 34.8 8.8 3.9 22 1.4 0.5
bolpy, 1074 34.8 8.8 3.9 22 1.4 0.5

In the calculation, Egs. 10 and 12 were used assuming that in the clusters,
the mass density of HbS p, and the respective number of HbS molecules N
are as shown in rows 1 and 2, and that R,/R; = 100.

Analyses of errors in determination of cluster
sizes and number densities

A general discussion of errors in dynamic light scattering can be found in
Schatzel (49) and Peters (58). Here we analyze the levels of noise in our
setup and the errors in the characterization of concentrated hemoglobin
solutions used in this work.

The ALV-5000 digital correlator that we use captures 7 values ranging
from 125 ns to several hours. An important feature of this device is the use of
a “‘multiple-tau’’ correlation technique, in which the correlation function is
simultaneously calculated with a set of several different lag times 7. In con-
trast to systems with constant sampling times, this technique produces noise
amplitude, which diminishes with increasing 7 values. This is important for
measurements at long lag times.

Fig. 2 a shows two typical examples of the correlation function at two
concentrations of HbA. Because of weaker scattering at the lower HbA con-
centration, the respective g»(7) — 1 apparently has higher levels of noise. To
quantify this noise, we calculate the respective G(7), determine 7, and 75,
and compose two ideal g,(7) using Eq. 2 with ¢ = 0. The difference between
the real g,(7) dependencies and the ideal ones is the noise function ¢, plotted
in the inset of Fig. 2 a. This noise plot shows that the mean value of the
noise amplitude decreases from the ~1% of g,(7) at 7 = 1 us to 0.01%
at 7 = 1 s at the higher Cypa = 108 mg ml~! and from ~10% to ~0.03%
at Cypa = 1 mg ml~".

To understand the effects of such levels of noise on the accuracy of the
determination of the characteristic times 7, and 7,, we simulated a corre-
lation function with noise ¢. For each 7, ¢ was created by a random-number
generator. The width of the noise distribution o was set to decrease with
increasing lag time 7 as

o=10"7". (15)

This dependence corresponds to the linear fits in the inset of Fig. 2 a. The
noise function &(7) with parameters a and b as for Cypa = 108 mg ml~"in
Fig. 2 a is shown in Fig. 2 b. A simulated correlation function with a single
71 and this &(7) is shown in the same figure.

Exploring the effect on G(7) of increasing noise levels imposed on a
correlation function composed of a single exponent, we found that the width
of the decay rate distribution function increases with increasing levels of
noise. Although the input contains a single decay rate, addition of noise makes
it similar to a distribution with multiple decay rates. Still, the position of the
peak, and correspondingly, the determination of 7, is only weakly affected
by the noise.

Correlation functions for two processes with a sufficiently large differ-
ence in decay time, which may correspond to protein molecules in solutions
and their larger clusters, are of particular interest. The corresponding decay
rate distribution functions G(7) consist of two well-separated peaks. First,
we probe the effects of randomly varying noise on the position of the second
peak 7,. The simulated correlation functions mimic the experimental ones:
delay times 7; = 38 ns and 7, = 3.3 ms, ratio of amplitudes A;/A, ~ 96:4,
noise parameters ¢ = —3.2, b = —0.35. Comparison of the positions of the
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FIGURE 2 Characterization of the noise in correlation functions of
dynamic light scattering intensity recorded in solutions of normal adult
hemoglobin in oxy-state (oxy-HbA). (a) Intensity correlation functions of
two solutions. Solid line, Cyypa = 108 mg/ml, corresponding mean count rate
CR = 158 kHz; shaded line, Cyp, = 1 mg/ml, corresponding mean count rate
CR = 15 kHz. (Inset) Noise level at the above conditions: open symbols,
Cup = 108 mg/ml; solid symbols, Cy;, = 1 mg/ml; lines are respective linear
fits. Data acquisition time was 30 s. (b) Simulated correlation function with
single decay time 7 = 0.038 ms (solid circles). Open circles, simulated
noise, see text; dashed line, its linear fit.

two peaks, extracted from multiple repetition of data collection with HbS
and from simulation with randomly varying noise, shows that the variation
in the position of the second peak in the experiments is comparable to the
variations in the simulations. Comparison of simulated correlation functions
with the experimental ones displays that they are similar and produce similar
decay rate distributions G(7). We conclude that the variations in the ex-
perimental trace reflect the influence of the noise and not variation of sizes of
the clusters.

Next, we probe how the ratio of the amplitudes of the two peaks A,/A;
influences the accuracy of determination of the peaks’ positions and am-
plitudes. Simulations were performed with a set of 400 correlation functions,
in which the ratio A,/A; was varied linearly from O to 0.13. Fig. 3 shows the
output amplitude ratio A,/A; as a function of this ratio in the simulated
correlation function and the deviation of the output from the input ratio
AA2/Al = {[(AZ/Al)inpul - (AZ/Al)oulpur]/(AZ/Al)inpul} X 100%. Flg 3 shows
that without noise, the ratio A,/A, has significant error only for very small
values of A,. The error in the absence of noise is due to known inaccuracies
of the numerical inversion of the Laplace transform (59). The addition of
noise exacerbates the situation by increasing the error severalfold. Still, if
As/A > 0.05, the error in determination of this ratio is <20%.

The Laplace transform inversion and the noise also affect the determined
positions of the maxima of the distribution function G(7). Without noise, the
position of the first maximum is determined quite accurately, with an error of
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FIGURE 3 Dependence of the ratio of amplitudes of two peaks A,/A;,
determined from simulated correlation functions, consisting of two expo-
nential decays, on the input ratio of these amplitudes. Solid symbols (they
appear as thick solid line), simulation with no added noise; open symbols,
noise parameters ¢ = —3.2, b = —0.35. (a) Absolute values of the ratio.
Dashed line, ideal situation (A2/A1)ouput = (A2/ADinpui- (b) Relative devia-
tion from exact values. Dashed line, average error in the presence of noise.
Thin vertical and horizontal dashed lines show that if (A2/A1)inpuc =>0.05,
the error in (A2/A1)oulpul <20%; if (AZ/Al)inpul ~ 0.01, the (AZ/Al)oulpul
error ~ 80%.

<0.2%, and even with noise, the error level is 1-2%. The position of the
second peak, Fig. 4, a and b, is determined with significantly lower accuracy
if the amplitude A, is small. Fig. 4 b shows that at A,/A; = 0.05, the error in
the determination of the position of the second peak is between 10 percent
and several tens of percent, depending on the noise level.

Finally, we consider the increase of the width of the two peaks as a result
of the inaccuracy of the Laplace transform inversion and the effects of noise.
Fig. 5 shows that narrow input peaks corresponding to a population of
identical scatterers appear significantly wider. Again the effects are much
stronger for the second peak, where the input of 3.3 ms produces a range
from 2.4 to 5 ms at (A»/A1)inpuc = 0.05. This widening influences the
accuracy of the determination of the peak position as discussed above.

The above estimates allow evaluation of dynamic light scattering data, in
which the second peak corresponds to clusters freely diffusing in the solu-
tion. The simulation results reveal that the second peak will be undetectable
if it is below the noise level. If the second peak has an amplitude higher than
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FIGURE 4 Accuracy of peak position as a function of size of second
peak. (a) Position of second peak 7, peak. (b) Deviation of second peak from
exact position in percent. Solid symbols, simulations without noise; open
symbols, with noise. Shaded dashed line, position of the peak in input
correlation function. Thin vertical and horizontal dashed lines in d show that
if (A2/A1)input >0.05, the error in 75/7; <30%.

this threshold, it is readily detected, but the error in the peak position is high.
As the amplitude of the second peak grows, the error in the determination of
its position decreases. For the characterization of solutions of HbA and HbS
with concentration from 50 to 150 mg ml~" for which the noise level is as
discussed above, the threshold of detection of the second peak is A,/A; ~
0.01. The position of the second peak can be determined with an error of
<40% if A»/A; ~ 0.05 and the error drops to ~10% if A,/A; ~ 0.1. The
noise level can be lowered by increasing the total time of acquisition of the
intensity variation trace, and by increasing the concentration of scattering
molecules.

Determination of solution viscosity at low
shear rates

Typical flow-through or dropping-ball viscometers require large amounts
of solution and are inapplicable to tests with poorly available HbS. These
viscometers operate at high shear rates, where potential weakly bound struc-
tures are likely destroyed. We developed an alternative method based on
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FIGURE 5 Widening of the peaks in the distribution function G(r). Dashed
line, position of peaks as input in simulations. Solid lines, range of position of
output peaks with no added noise; shaded line, with noise as in Fig. 2.

dynamic slight scattering from polystyrene beads suspended in the protein
solution (60).

Noninteracting spherical particles of 390 nm size are mixed with the
protein solution, and the correlation function g,(7) form this suspension is
recoded. From g,(7) and the respective G(7), we determine the decay rate I',
of the beads as discussed above. Using the Einstein-Stokes equation, the
viscosity 7 of the solution is obtained from I', as

kBT qZ
6mR, Ty’
where R, is the radius of the beads.

A diffusing particle of 0.39 um size covers its own diameter for ~0.1 s.
The thickness & of the viscous boundary layer around it, at the top of which
the solution velocity u vanishes, is of the order of 10 wm. The shear s = Au/8
induced by the Brownian motion of such a particle is <1 s~ .

To verify the reliability and reproducibility of the viscosity determination
procedure, we applied it to solvents with well-characterized properties using
both standard and custom made small-volume cuvettes, with temperature
controlled and stabilized to within 0.1°C. With deionized water and a 70%
glycerol-water mixture, for which the viscosity reaches 20 cP at 15°C, the

(16)
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deviation of our determinations from published data (61) was below 3% at
five tested temperatures in the range 15-50°C. Tests with the protein lyso-
zyme at 269 mg ml~', in which temperature was raised and then lowered,
revealed that there is no aggregation of protein or beads during the course of
the experiment, which would have been reflected in decreasing decay rates
T, and increasing viscosity values.

We verified that the results with the above lysozyme solution were
independent both of particle size and of the surface chemistry of the particles.
For these tests, we used two new types of polystyrene beads: 1), uncoated,
with a diameter of 1000 nm, or 2), with carboxylate-modified surface and
diameter of 390 nm. The viscosities obtained with both new types of beads
were identical to those determined using the 390 nm uncoated beads. All
viscosity determinations with hemoglobin were carried out with 390 nm
carboxylate-modified beads.

RESULTS

Dense liquid clusters in solutions of deoxy-HbS,
oxy-HbS, and oxy-HbA

Fig. 1 b shows typical correlation and distribution functions
g2(7) and G(7) of solutions of deoxy-HbS, in which at con-
centration above 170 mg ml™" at temperatures around 35°C
polymers form. For comparison, in Fig. 6 we show typical
g»(7) and G(7) functions for solutions of oxy-HbS and oxy-
HbA. Oxy-HbS differs from deoxy-HbS by a conformation
change from T- (in deoxy-HbS) to R- (in oxy-HbS) state,
which facilitates the binding of four O, molecules (62). Oxy-
HbA differs from oxy-HbS by having a glutamate instead of

T T T T T T T

10f4a =] 4
- @\ oxy-HbS
’ 0 C=170mgml
05F
0.0
1.0 n _
b Sﬂi [l oxy-HbA
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FIGURE 6 Light scattering characterization of solutions of sickle-cell
hemoglobin at 35°C in oxy-state (oxy-HbS) in ¢ and normal adult hemo-
globin in oxy-state (oxy-HbA) in b; concentrations are shown in the plots.
Examples of correlation function (solid symbols) and the corresponding
delay time distribution function (open symbols) are shown.
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valine at the two (36 sites. The only condensed phases known
for oxy-HbS and oxy-HDbA are crystals that form over many
days. The data in Figs. 1 b and 6 show that at the probed tem-
peratures and concentrations solutions of all three proteins
exhibit two processes. The first one, represented by the first
peak in G(7), has a characteristics time 7, ~ 40 ns. If this
process is diffusion of a scatterer, according to Eq. 4, its
radius would be 3.03 nm. This is very close to the radius of
the Hb molecule, Fig. 1 a, and we conclude that the first peak
for all three variants reflects the diffusion of Hb molecules.
The peak assigned to single oxy-HbA molecules in Fig. 6 b is
wider, likely due to the high protein concentration in the
probed sample, leading to protein interactions.

The second process in Figs. 1 b and 6, represented by the
second peaks in G(7), is significantly slower. The amplitudes
A, of the second peak are comparable to the amplitudes A; of
the first peak. This allows accurate characterization of the na-
ture of the slow process. The slow process could be not free
Brownian motion of large scatterers, but diffusion of single
protein molecules within immobile structures. This diffusion
would be slow due to high effective viscosity. These structures
would occupy part of the volume, so that single molecules in
a solution of ‘‘normal’’ viscosity could still contribute to the
signal; i.e., they could be either large clusters, greater than
the several microns range detectable by lights scattering, or
lose networks.

To test for large dense clusters of protein molecules,
solution samples of the three Hb variants with Hb concen-
tration in the range 50-450 mg ml~' were loaded in 10-40 um
thick slides (30,31). (In deoxy-HbS solutions at Cyps >
170 mg ml ™', the observation time was limited by the
formation of polymers.) The slides were kept at temperatures
ranging from 40°C (determined by the protein stability to
denaturation) down to —5°C (below which the solution
freezes) and monitored with differential interference contrast
optics, sensitive to any heterogeneity larger than ~1 um. We
found no evidence of clusters or droplets larger than the
detection size. Clusters of diameter < 1 um would have
characteristic diffusion time of <7 ms, and their diffusion
would be reflected in Figs. 1 » and 6. We conclude that no
large clusters or droplets exist and the second peak does not
reflect diffusion within them.

Loose networks of molecules could have low refractive
index and be optically undetectable. However, such net-
works would increase the low-shear viscosity of the protein
solution, and they would be destroyed by high-shear flow.
The latter consideration allows tests for the presence of loose
networks by determination of the low-shear viscosity of
lumazine synthase solutions. The found low-shear viscosity
of the oxy-HbA and deoxy-HbS solutions was in the range
24 cP, equal to the high-shear values in Ross and Minton
(53). The equality of the low and high shear viscosity reveals
that no networks of molecules exist in these solutions and the
slow process in Figs. 1 b and 6 is in fact diffusion of clusters
of molecules of the respective Hb variant.
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In Fig. 7, we monitor the time evolution of the cluster radii
R,, determined from the characteristic lag time 7, of the slow
peak using Eq. 4 (see Methods). With all three Hb variants
and at all concentrations probed, the clusters are present
immediately after solution preparation. The apparent fluctu-
ations in the R»s at Cyeoxy-Hps = 67 mg ml~ !, Coxy-Hbs =
108 mg ml™', and Coxy-eba = 51 mg ml™! are likely due
to random noise in the dynamic light scattering signal, ana-
lyzed in Methods above. Since the noise level decreases
when the signal is stronger at higher Hb concentrations, the
fluctuations in the traces with Cyeoxy-tbs = 131 mg ml~!and
Coxy-eiba = 150 mg ml~! are weaker. Significantly, regard-
less of the fluctuations, the mean radii of the clusters of the
three Hb variants at all probed concentrations do not increase
over the 3 h of monitoring.

The cluster lifetimes

The data in Fig. 7 do not allow determination of the cluster
lifetimes. In fact, if the clusters have a limited lifetime, it is
possible that the slow process reflected by the correlation
functions in Figs. 1 b and 6 is not the diffusion of the clusters,
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FIGURE 7 Time dependence of the radii of dense liquid clusters in solu-
tions of the three hemoglobin variants as indicated in the plots, at the con-
centrations shown, at 25°C.
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but their decay. These two processes can be distinguished
if the dependence of the characteristic rate of the slow pro-
cess I'; on the scattering vector ¢ is available: according to
Uzgiris and Golibersuch (63),

Fz = FO + D2q27 (17)

where I is the rate of cluster decay, whose contribution to
I'; does not depend on the scattering vector ¢, and D is the
cluster diffusion coefficient.

The two limiting cases of Eq. 17 are 'y > D,g?, and I'y <
D,q*. In the first case, ', = Iy, ', does not depend on the
scattering vector, i.e., on the scattering angle, and the char-
acteristic time of the slow process in Figs. 1 b and 6 is in fact
the cluster lifetime. In the second case, I', = quz, the slow
process in Figs. 1 b and 6 is the cluster diffusion, and the
cluster lifetime is longer than the characteristic diffusion
time 7,. The strong absorbance of Hb solutions at all visi-
ble wavelengths prevents the analyses of the angular depen-
dence of I';. Approximate determinations at scattering angles
of 30°, 60°, and 90° revealed that I'; is a strong function of
the scattering vector. Thus, determinations of the cluster
sizes R, using Eq. 4 and assuming that T', = D»g¢” do not
carry a significant bias. From the inequality I'y < D>q* with
> =35x%x10"cm?and D, =2 X 107 ecm*s ™', Ty <
70 sfl, and the cluster lifetimes have a lower bound 1/ ~
15 ms.

Dependence of clusters radii and humber density
of temperature and Hb concentration

The temperature dependencies of the radii R,, number
densities n,, and volume fractions occupied by the clusters
¢, for the three Hb variants are shown in Fig. 8. All data
points in this figure are the averages of the respective variables
determined every 60 s over 3 h, as in the traces in Fig. 7. For
deoxy-HbS, R, is nearly independent of temperature. The
number density of the clusters is relatively steady, and the
volume fraction ¢, increases from ~1077 at 10°C to sig-
nificant ~1% at 30°C. Only small clusters, producing weak
signal with a large error, were detected below 30°C at the
tested concentration of oxy-HbS. At higher temperatures, the
cluster size R, increases with temperature. The errors in the 7,
and ¢, data for oxy-HbS at T < 30°C in Fig. 8 c are too high
to plot, and even at T > 30°C, the data for ¢, do not reveal a
meaningful temperature trend. At T > 30°C, n, for oxy-HbS
decreases with temperature. For oxy-HbA, R, and n, are
nearly steady with temperature. Again, the accumulation of
errors in the determination of ¢, does not allow a conclusion
about variations of ¢, with temperature.

Fig. 9 shows the dependencies of the cluster radii R, and
volume fractions ¢, for the three Hb variants on the Hb
concentration of the solution in which clusters form. For
deoxy HbS and oxy-HbA, both R, and ¢, increase as Hb
concentration is increased. This seems to be the expected
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FIGURE 8 Dependencies of the radii of the dense liquid clusters R, in a,
their number densities 7, in b, and the fractions of the total solution volume
¢, occupied by them in ¢ on temperature T for the three hemoglobin variants
as indicated in the plots, for the concentrations shown in the plots. Each data
point is the average of a trace similar to those in Fig. 7. Error bars represent
95% confidence intervals of these averages and are smaller than symbol size
in a. Solid lines are just guides for the eye. For oxy-HbS below 30°C, the
A,/A ratios are 0.02-0.04, i.e., the determinations of R, have errors ~40%
(see Fig. 4 and Eq. 4) and are denoted with open symbols. The cor-
responding data for n, and ¢, (see Eq. 14) have significantly higher errors
and are not shown in b and c.

behavior—higher Hb concentration in the solution leads to
stronger driving force for cluster formation. Quite surpris-
ingly, the clusters for oxy-HbS decrease in size and volume
fraction, and at Coyxy-pps > 150 mg ml™!, no clusters are
observed.
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FIGURE 9 Dependencies of the radii of the dense liquid clusters R, and
the fractions of the total solution volume ¢, occupied by them on the
concentration of each respective Hb variant as indicated in the plots at 25°C.
Each data point in the average of a trace is similar to those in Fig. 7. Error
bars represent intervals of 95% confidence of these averages and are
comparable to symbol size in both a and b. Solid lines are just guides for the
eye. No clusters of oxy-HbS are detected at this temperature in solutions of
concentration higher than 100 mg ml™".

DISCUSSION
The nature of the clusters

As discussed in the Introduction, the only macroscopic
phases in oxy-HbS and oxy-HDbA are crystals. In addition to
these, in deoxy-HbS solutions polymers may form, which
over long times transform to crystals. The discussion below
focuses on deoxy-HbS solutions; however, all observations
and conclusions, which do not involve polymer formation,
including those on the dense liquid, are valid also for oxy-
HbS and oxy-HbA. The similarity suggests that the mutation
from glutamate to valine in HbS, which allows a directional
and relatively short-range hydrophobic contacts between HbS
molecules, does not affect the clustering behavior. Thus, the
formation of the dense liquid clusters is due to long-range
forces, which are similar for the three Hb variants (24).
The observations on the deoxy-HbS polymers and crystals
indicate that at concentrations higher than the respective
solubility, the free energies AG of the polymers and crystals
are lower than AG of the solution, and AG of the crystals
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is lower than that of the polymers. The free energy land-
scape (64) of these three phases is schematically depicted in
Fig. 10. The abscissa in the diagram in Fig. 10 is a one-
dimensional projection of the full set of order parameters
characterizing the phases in the hemoglobin + solvent sys-
tem. This coordinate can be approximately thought of as HbS
density + degree of ordering of the HbS molecules. We de-
pict on the same diagram all other phases plausible in a deoxy-
HbS solution: disordered aggregates, dense liquid, and loose
network of molecules. The density and degree of ordering of
these phases are between those for the HbS solution and the
polymers; however, the relative location of each of these
three phases along the configuration coordinate axis might be
different from the one shown in Fig. 10. Since neither of
these phases has been observed to occupy macroscopic spaces
in a near-physiological deoxy-HbS solution, either continuous
or discontinuous, their free energies must be higher than
those of the solution, as depicted in Fig. 10.

It was shown that increasing the concentration of the phos-
phate buffer of the deoxy-HbS solution, or adding polyeth-
ylene glycol, leads to the formation of macroscopic dense
liquid (30,35-37). In terms of the diagram in Fig. 10, these
two effectors lower the free energy of the dense liquid to a
level below the one of the deoxy-HbS solution.

The clusters could consist of any of the condensed phases
in Fig. 10. In Results above, we showed that these are indeed
clusters diffusing in the solution and not loose networks
encompassing large solution volumes. To exclude the crys-
tals as material for the clusters, we note that the clusters form
within several seconds after solution preparation, which is
faster by many orders of magnitude than the crystal nucle-
ation times. Furthermore, for deoxy-HbS, both tested con-
centrations are below the polymer solubility, hence, these are
not short HbS fibers. The fast appearance after solution
preparation and the significant intensity scattered from them
(compare A, and A; in Figs. 1 and 6) indicate that these
clusters are not pieces of a loose network of Hb molecules. In
contrast, clusters of dense liquid could exhibit any of the
observed behaviors: extremely fast formation of 1-2 um in
size dense liquid droplets has been observed with the protein
lysozyme (65), fast formation and decay of mesoscopic clus-
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ters has been recorded with the protein lumazine synthase
(66). Thus, we conclude that these are clusters of dense
liquid of the respective Hb variant.

According to the discussion above, the dense liquid has a
higher free energy AG than the Hb solution under the tested
near-physiological conditions. In support of this conclusion,
we note that if the clusters were of a stable phase, their size
would increase in time, in contrast to the observation of a
steady size in Fig. 7. Indeed, tests with the proteins insulin
and lumazine synthase under condition in which crystals
are stable demonstrate that the formation of a stable phase
proceeds with an induction time. After this time, the char-
acteristic size of the new-phase formations increases mono-
tonically in time until it becomes bigger than the light
scattering detection limit of a few micrometers.

The cluster lifetimes with a lower bound of 15 ms allow us to
decide if the clusters are metastable or unstable with respect to
the Hb solutions. These lifetimes are macroscopic and orders
of magnitude longer than the characteristic molecular times of
10~"?-10"*s. This estimate suggests that the cluster decay is
delayed by a free energy barrier, i.e., the clusters are metastable
and not unstable (i.e., not mere fluctuations of Hb concentra-
tion) with respect to the Hb solutions, as depicted in Fig. 10.

Microscopic model of clusters

The only microscopic model of cluster formation explains
their finite size with the balance of intermolecular attraction,
due to van der Waals, hydrophobic, or other forces, and repul-
sion between like-charged species (67). The main result of this
theory is that large clusters could be expected only if the
electrostatic repulsive energy is high. Thus, clusters of more
than 100 molecules require repulsive energies of the order of
10* kgT (67). This theory has been found to adequately de-
scribe the existence of clusters of a few tens of particles or
molecules in colloid suspensions (68—70) and in solutions of
the protein lysozyme at low ionic strength (70). This theory is
certainly inapplicable to the clusters of the hemoglobin var-
iants discussed above: with sizes of several hundred nanome-
ters, they likely contain an order of 10° molecules. If these
clusters form according to the mechanism put forth in Sciortino
etal. (67), they would require a strong electrostatic repulsion,
which is hard to envision for the almost neutral Hb molecules
under near-physiological pH. Indeed, the isoionic pH for HbA
is 6.8 (62) and slightly higher for HbS, and the R-to-T
transition has a minor effect on this value. Thus at the working
pH = 7.35, the Hb molecules carry ~1 negative charge. If the
Hb molecules attain charge after they enter the clusters, the
high level of electrostatic energy required for clusters as large
as those observed would drive apart different parts of the Hb
molecule and denature the molecules (V. Lubchenko, Univer-
sity of Houston, private communication, 2006).

At this point, there exists no microscopic theory that could
explain at the molecular level the mechanism of cluster
stability, and the factors that determine their lifetimes and
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sizes. The properties of the clusters discussed here can serve
as the basis for the formulation of such a theory. Particularly
illuminating appears the observation in Fig. 9 that whereas
the sizes and volume fractions of the deoxy-HbS and oxy-
HbA clusters increase at higher hemoglobin concentrations,
those characteristics for oxy-HbS decrease. The counterin-
tuitive behavior of oxy-HbS suggests that the cluster mecha-
nism cannot be understood by focusing on the intermolecular
interactions in the solution: as discussed in Results, the
solution thermodynamics readily explain only the behavior
of the deoxy-HbS and oxy-HbA clusters. It is likely that the
disappearance of the oxy-HbS clusters at higher Hb concen-
trations is due to a change of the cluster properties, which
lowers the cluster stability.

Clusters and nucleation

In another study (O. Galkin, W. Pan, L. Filobelo, R. E. Hirsch,
R. L. Nagel, and P. G. Vekilov, unpublished), we show that
the nucleation of deoxy-HbS polymers proceeds via a two-
step mechanism, i.e., the nuclei of the polymer fibers form
inside the clusters discussed here. Even more importantly, the
results in Galkin et al. (O. Galkin, W. Pan, L. Filobelo, R. E.
Hirsch, R. L. Nagel, and P. G. Vekilov, unpublished) show
that the rate of nucleation of the HbS polymers is limited by
the rate of formation of the clusters. This is because in contrast
to nucleation of crystals, the nucleation of HbS polymers is
very fast and occurs over timescales of a few seconds. Thus,
by controlling the stability and the rate of formation of the
clusters, one can control the rate of HbS polymer nucleation.
The results with addition of polyethylene glycol and increase
of phosphate concentration (30,35—37) show that the stability
of the dense liquid is strongly affected by the solution com-
position. The nature of additives that affect the stability of the
dense liquid requires detailed further studies. Still, these con-
siderations lead to a very significant conclusion: the presence
of clusters and their role in the HbS polymer nucleation
provide a new handle for control of the nucleation process.
The previous outlook on HbS polymer nucleation via a direct
classical-type mechanism (34) allows for a single control
parameter at fixed temperature: the deoxy-HbS activity. The
realization that other solution components may have strong
effects on the nucleation rate, and that these effects would
occur through the volume fraction occupied by dense liquid
clusters, offers two novel insights: i), that much of the vari-
ability of the clinical manifestations of sickle cell anemia may
be due to the numerous nonprotein components of the red
blood cell cytosol, and ii), that a treatment could be sought
among these components or among other compounds which
would penetrate the red cells and delay the polymerization
kinetics by lowering the cluster concentration.
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