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ABSTRACT  Spin-label saturation transfer EPR (ST-EPR) methods have been used to study the sickle hemoglobin
(HbS) aggregation behaviors induced by slow deoxygenation at a constant temperature of 30°C, and by a rapid
temperature increase from 1° to 30°C for fully deoxygenated HbS. For slow deoxygenation at 30°C, we find that the
effective HbS correlation time exhibits a continuous increase, without any abrupt transitions, suggesting that polymer
formation in concentrated HbS at high temperature occurs even at high oxygenation levels. Upon a rapid temperature
increase, fully deoxygenated HbS exhibits a short delay time, then an abrupt increase in effective correlation time.
These results also indicate that ST-EPR provides a useful method for probing the molecular dynamics of HbS

aggregation.

INTRODUCTION

The aggregation of deoxygenated sickle hemoglobin
(HbS)' is the major cause for the clinical symptoms of
sickle cell anemia. The kinetic and equilibrium character-
istics of HbS aggregation have been studied by a wide
variety of biophysical techniques, including viscometry
(1, 2), optical turbidity (3), laser light scattering(4), water
NMR relaxation time and line width measurements (5-8),
microcalorimetry and linear birefringence measurements
(9), and the combined use of optical and sedimentation
methods (10, 11). Most of these studies have been carried
out either on samples at constant levels of partial oxygena-
tion, or on completely deoxygenated samples, using tem-
perature change to induce aggregation. Thus, they give
information on the aggregation behavior of HbS at a
constant level of deoxygenation after temperature change,
but not on the behavior during the transition from an
oxygenated to a deoxygenated state at constant tempera-
ture. An understanding of this aspect of HbS aggregation
will be helpful in understanding the molecular events that
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occur in vivo when the HbS molecules become deoxy-
genated.

The problem of characterizing HbS aggregation during
deoxygenation has recently been approached through the
use of ">)C/'H double-resonance NMR spectroscopy to
measure the amount of HbS polymer within sickle and
sickle-trait erythrocytes as a function of oxygen saturation
(12, 13). This work has shown that polymer formation in
sickle erythrocytes can be detected even at deoxygenation
levels of <10%, and that the fractional HbS polymer
content increases monotonically with increasing deoxygen-
ation. However, there is still little information available at
the molecular level on HbS motional characteristics during
deoxygenation-induced aggregation. Such information
should be valuable in understanding HbS aggregation
under physiological conditions.

In this work we report the use of slow-motion spin-label
saturation transfer EPR (ST-EPR) (14-16) to compare
the motional characteristics of concentrated normal adult
hemoglobin (HbA) and HbS during slow deoxygenation at
constant temperature. We find that within minutes after
deoxygenation is initiated the average correlation time of
HbS increases significantly beyond that of HbA under
equivalent conditions. On a logarithmic scale, the increase
in average HbS correlationtime is continuous, and approxi-
mately hyperbolic in shape. No abrupt transition in ST-
EPR spectral behavior is observed during the time course
of deoxygenation. For fully deoxygenated HbS, we find
that upon rapidly increasing the temperature of a fully
deoxygenated HbS solution from 1° to 30°C, the ST-EPR
spectra indicate an abrupt decrease in HbS motional
freedom, consistent with the gelation observed by other
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physical methods (1-10). The rapid and continuous
increase in average HbS correlation time observed during
deoxygenation, even at very high levels of oxygenation,
suggests that polymer formation in concentrated HbS
solutions begins even at very high levels of oxygenation.
These results also indicate that ST-EPR methods provide a
sensitive technique for probing HbS aggregation mecha-
nisms at the molecular level.

MATERIALS AND METHODS

HbS was prepared from sickle blood samples obtained from homozygous
donors with less than ~5% HbA and HbF. Membrane-free carbonmon-
oxy HbA and HbS were prepared and spin labeled with Mal-6 following
published procedures (17, 18). Inositol hexaphosphate (IHP) was added
to give a constant IHP/Hb molar ratio of 4:1 in 0.05 M sodium phosphate
buffer at pH 6.7.

Before use in deoxygenation studies, the carbonmonoxy hemoglobin
solutions were fully oxygenated by flushing slowly with oxygen in a
round-bottom flask on a rotary evaporator under a flood lamp. After
checking the completeness of Hb oxygenation through the optical spectra,
samples were concentrated to the required levels by ultrafiltration;
concentrations are noted below in the discussion of experimental results.
We have used gas-permeable methylpentene polymer (TPX) capillaries
(19, 20) for deoxygenating the hemoglobin samples within the EPR
cavity. After filling the capillaries with Mal-6- (4-maleimido-2,2,6,6-
tetramethylpiperidin-1-yloxy) labeled oxy Hb, one end was sealed, and
the other end snugly fitted into a small Teflon holder. The samples were
then placed in the EPR cavity at 30°C for the ST-EPR measurements;
deoxygenation was achieved by flushing the EPR cavity with nitrogen,
and allowing it to equilibrate with the sample through the gas-permeable
capillary.

For temperature-increase experiments with fully deoxygenated
samples, the CO ligand was first exchanged for O, as described above and
solutions then deoxygenated under humidified nitrogen. After deoxygena-
tion, samples were loaded into 20-ul glass capillary pipettes, and sealed.
Samples were kept in an ice-water bath for at least 2 h before beginning
EPR measurements.

Second harmonic out-of-phase absorption (V;') ST-EPR spectra were
measured using an X-band Varian E-4 spectrometer (Varian Associates,
Inc., Palo Alto, CA) at a modulation frequency of 100 kHz; a PAR model
126A lock-in amplifier (EG & G Princeton Applied Research, Princeton,
NJ) was used for phase-sensitive detection at 200 kHz. During the phase
null-setting procedure (15, 16), oxygen was used (instead of nitrogen)
with the gas-permeable capillaries for EPR temperature control, to keep
the sample fully oxygenated until EPR measurements were begun. A
modulation amplitude of 5 G (gauss) was used for the measurement of all
spectra. Other procedures and spectrometer settings were equivalent to
those of Thomas et al. (15). Temperature was measured using a digital
thermometer and a copper-constantin thermocouple (Fluke, Inc., Mount-
lake Terrace, WA).

Measurement of ST-EPR spectra and nitrogen flow through the EPR
cavity were started simultaneously on the fully oxygenated Hb samples at
30°C. EPR spectra were accumulated on a time averager (Nicolet
Instrument Corp., Madison, WI, model 1174) and recorded on magnetic
tape every 2 min. About 90100 spectra were measured for each sample;
after that, the spectral behavior reached a plateau. Upon completion of
the deoxygenation experiments, the HbS samples in the TPX capillary
were found to be solidly gelled, while the HbA samples were fully fluid.
Dual samples were subjected to similar conditions and transferred to
small optical cells with a short path length for the measurement of optical
spectra at intervals of ~30 min after initiation of deoxygenation. The
results indicated that deoxygenation proceeded monotonically with time,
and was essentially complete after 1-1 1/2 h. Experiments using TPX
capillaries filled with buffered nitroxide solutions (no Hb) indicated that
oxygen diffusion out of the capillary was ~90% complete within ~6-8
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min. Thus, the time course of deoxygenation is probably controlled
primarily by the rates of O, “unloading” from HbO,, and rebinding in
partially deoxygenated solutions, rather than by a diffusion barrier in the
TPX capillary. At the end of the runs (~3-4 h), the samples generally
contained ~70-75% deoxy Hb, ~20% methemoglobin (metHb), and <5%
HbO,. (MetHb formation may be due to an oxidation-reduction reaction
involving the spin label, oxygen, and the hemes. Addition of EDTA to the
solution does not effect metHb formation in this system.)

For the temperature-increase experiments, the samples were placed in
the EPR cavity at 1°C, and the phase null adjusted as described above.
After recording several ST-EPR spectra at 1°C, the temperature was
increased to 30°C; temperature stabilization occurred within ~ 1 min. The
HbS samples gelled under this condition.

For obtaining a quantitative picture of the molecular motions of HbA
and HbS under various conditions, we have converted the ST-EPR
parameter, L”/L (15), into apparent correlation times (for definition, see
Fig. 1). This was done by measuring the ST-EPR spectra and viscosities
for hemoglobin solutions in different glycerol-water mixtures, repre-

" senting motions with a wide range of correlation times. From the viscosity

data (18) the rotational correlation times were calculated using Stoke’s
relation. The best polynomial regression relation was obtained for each of
the spectral parameters in terms of the correlation time, and the relation
then utilized to calculate the average apparent correlation times for all of
the measured spectra. It should also be noted that the estimated apparent
correlation times are the mean of the contributions from aggregated and
nonaggregated forms of hemoglobin solution.

RESULTS

To compare results obtained by ST-EPR methods with
those obtained by other physical measurement techniques,
we have performed “conventional” temperature increase
experiments on deoxy HbS solutions at various concentra-
tions. The ST-EPR spectra for deoxy HbS at a concentra-
tion of 21 g/dl are shown in the left column of Fig. 1 for
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FIGURE 1| Representative V' spectra measured during temperature
jump experiments with HbA and HbS. The times corresponding to the
HbS spectra are marked beside each spectrum. The HbA spectra showed
no significant time dependence. The positions where the spectral heights
were measured to determine the L”/ L ratio are also shown.
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various times before and after the temperature increase. A
comparison of these spectra with those reported by Thomas
et al. (15) for various correlation times indicates that
increasing the temperature from 1° to 30°C produces a
rapid and substantial decrease in the apparent HbS
motional rate. In contrast, the spectra of deoxy HbA,
shown in the right side of Fig. 1, exhibit a slight trend
toward faster motion upon an increase in temperature from
1° to 30°C.

The apparent correlation time, 7,, has been used to
obtain a more detailed description of the HbS motional
behavior before and after the temperature increase.
Results for two deoxy HbS samples at concentrations of 18
and 21 g/dl are shown in Fig. 2. The behavior of the HbS
apparent correlation time, 7, is quite similar to that of
various gelation parameters observed in other studies
(9, 10): 7, exhibits a concentration-dependent delay time
during which it remains relatively constant; after that, it
rapidly increases by ~2 orders of magnitude, and again
goes to a relatively constant value. The high-temperature
limiting value is also concentration dependent, as would be
expected, since more concentrated HbS solutions exhibit a
higher fractional degree of polymerization (21, 22). In
contrast, the apparent correlation time for deoxy HbA
subjected to a similar increase in temperature shows only a
slight shift to faster motion. Thus ST-EPR methods are
clearly also quite sensitive to the solution-to-gel phase
transition observed by other techniques (9-11, 21).

Fig. 3 shows the spectra of HbS (37 g/dl) and HbA (38
g/dl) after increasing time periods of deoxygenation in
gas-permeable capillaries within the EPR cavity at 30°C.
It is apparent from this figure that the HbS line shapes
change very substantially during deoxygenation, going
toward a very slow-motion spectral shape. In contrast, the
spectral changes for HbA under similar conditions are
much smaller. This indicates that there is a continuous and

7 (o)

Time (min)

FIGURE 2 Apparent correlation time, 7, as a function of time for fully
deoxygenated HbS at concentrations of 21 g/dl (*) and 18 g/di (+). The
temperature was kept at 1°C during the phase-nulling procedure, and the
first 8 min of each run. At the vertical mark the temperature was rapidly
increased to 30°C. The dashed line corresponds to the correlation time of
HbA at ~20 g/dl. Note the slight decrease in 7 upon raising the
temperature. Compare this behavior with that of Figs. 3 and 4.
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FIGURE 3 Representative V,’ spectra measured during deoxygenation of
HbS and HbA. The deoxygenation times corresponding to the individual
spectra are shown.
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substantial decrease in average HbS motional freedom
occurring during deoxygenation. However, the change in
motional rate appears much more continuous than that
observed for the temperature-increase experiment. Be-
cause the deoxygenation of HbS and HbA is occurring
under equivalent conditions, the very large relative
motional restriction exhibited by HbS must result from a
continuous HbS aggregation process.

Fig. 4 is a plot of the apparent correlation time, 7., as a
function of deoxygenation time for HbS at concentrations
of 37 and 23 g/dl, and for HbA at 38 g/dl. From this plot,
it appears that HbS undergoes a smooth and continuous
decrease in apparent mobility, with the decrease in average
motional freedom starting upon the initiation of deoxygen-
ation. For HbA undergoing deoxygenation, the change in
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FIGURE4 Apparent correlation times, 7, as a function of deoxygenation
time for HbS at concentrations of 37 (*) and 23 (x) g/dl, and for HbA at
a concentration of 38 g/dl (+).
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FIGURE 5 The variation of log [r.(HbS)/7',(HbA)] as a function of
deoxygenation time for HbS at concentrations of 37 (*) and 23 g/dl (+).
We speculate that the break points in the curves may correspond to the
macroscopic phase change of gelation.

apparent 7, is substantially restricted from that exhibited
by the two HbS systems. HbS at concentrations below the
minimum gelation concentration also exhibits behavior
equivalent to that of HbA. Under the nitrogen purge
conditions of this experiment, carbonmonoxy Hb (COH-
bA) exhibits a nearly constant apparent correlation time
(data not shown).

Fig. 5 gives a semilog plot of 7, (HbS)/7',(HbA) as a
function of deoxygenation time. 7, (HbA) is a least-
squares fit of the data for HbA undergoing deoxygenation
(Fig. 4) to an exponential function of the deoxygenation
time. This plot allows us to “normalize” the ST-EPR
spectral behavior for the effects of spin exchange produced
by the paramagnetic oxygen, and enables us to estimate
the extent to which HbS aggregates during deoxygenation.
As expected, the ratio for both HbS samples increases
rapidly with increasing deoxygenation time; however, the
high concentration sample always assumes higher values
than the low concentration sample. Furthermore, the ratio
curves of both HbS samples exhibit biphasic behavior, with
the break point occuring at a later deoxygenation time for
the lower concentration HbS sample.

DISCUSSION

Fig. 2 shows that 7, for an HbS solution at a concentration
of 21 g/dl increases by ~2 1/2 orders of magnitude within
6-8 min after the temperature is increased from 1° to
30°C. For an HbS sample at a concentration of 18 g/dl the
apparent correlation times increase by ~2 orders of magni-
tude, when the temperature is increased to induce gelation.
The delay time between the temperature jump and the
steep increase in apparent correlation time is 2-3 min for
the lower concentration sample, and <2 min (the scan
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repeat time) for the higher concentration sample. Thus,
these results are qualitatively quite similar to those of other
studies in which the gelation transition is monitored by
other physical methods (9, 10). Hence, the spin-label
ST-EPR method provides a reliable probe of HbS motional
behavior during aggregation.

Many of the studies reported to date on HbS gelation
have been carried out either on samples at a constant level
of partial oxygenation, or on completely deoxygenated
samples using temperature or concentration change to
induce aggregation. Thus, they yield information on the
aggregation behavior of HbS at a constant level of deoxy-
genation. The work reported in Figs. 3-5 of this study
differs from most previous work in that the level of Hb
oxygenation is continuously varied at a constant tempera-
ture and concentration, and HbS aggregation is observed
by ST-EPR.

The results from Fig. 4 clearly show that both HbA and
HbS at similar concentrations initially exhibit nearly the
same apparent correlation time, 7, = 2.5 x 107% s, and as
deoxygenation progresses, they show similar increases in
correlation time during the first few minutes. At the end of
the initial 6-8 min of deoxygenation they attain apparent
7, values ~4-5 times that of the initial value. The similarity
of the apparent motional behaviors of both HbA and HbS
during the initial phase suggests that the apparent increase
in the correlation time during the initial phase is probably
due to the decrease in the content of unbound oxygen
present in the hemoglobin solutions. This is supported by
the observation that the ST-EPR spectra of nitroxide spin
probes in lipid bilayers show faster motion (shorter correla-
tion times) in the presence of oxygen than in its absence
(20). Plachy and Windrem (19) have further observed that
a time of ~8—10 min is required to deoxygenate a buffer
solution in a gas-permeable capillary system having a
geometry similar to that utilized here. Thus, it appears that
the oxygen concentration in the buffer drops from satura-
tion level to a level controlled by its rate of release from Hb
and its rate of diffusion out of the capillary during the first
8-10 min of nitrogen purge. While the change in HbA
spectral behavior during deoxygenation is probably pri-
marily due to the reduction of Heisenberg exchange
between the nitroxide and the paramagnetic oxygen mole-
cules, Hb conformational change may also play a role. The
limiting L”/L ratios differ slightly between deoxy Hb and
COHb in nitrogen-saturated buffer (not shown).

Significant deoxygenation of the hemoglobins appears
to begin after the initial 5~10 min of nitrogen purge. The
correlation time profiles of HbA and HbS hemoglobins
start diverging after the first 5-10 min of nitrogen purge.
The apparent correlation time for HbS increases rapidly
compared with that for HbA. The increases in apparent
correlation time for both hemoglobins observed in this
phase may include contributions from a small amount of
dehydration occurring through the gas-permeable capil-
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lary, and some residual oxygen-spin label Heisenberg
exchange as the ligand oxygen diffuses out of the system.
However, the contribution due to dehydration seems to be
rather small, as we find that a sample of COHbA exhibits
only a small increase in apparent correlation time (not
shown).

As deoxygenation progresses past the initial few min-
utes, the apparent correlation time for HbS continues to
increase rapidly, while that for HbA levels off. This rapid
increase in r for HbS as compared with HbA must be due
to the formation of deoxy HbS aggregates.

Thus, the constant temperature HbS deoxygenation
results summarized in Fig. 5 indicate that HbS aggregate
formation begins even at very high levels of oxygen satura-
tion and moderate HbS concentrations. The curves of Fig.
5 show biphasic behavior; after an initially steep, but
continuous, rise in the apparent correlation time ratio, the
curves level off to more gradual increases with time. If
deoxygenation follows an approximately exponential time
course, as would be expected for these sample conditions
and geometry, then we might also expect the correlation
time to follow a similar time course (if motional restriction
and deoxygenation are linearly related). In a logarithmic
plot, this should produce a simple linear dependence,
clearly in disagreement with the results shown in Fig. 5.
Thus, we suggest that these breaks in slope may correspond
to the macroscopic phase change of gelation. This behavior
also leads to the speculation that HbS aggregate formation
at the molecular level, and the macroscopic phase change
commonly known as gelation, may be two distinct events
that can be separated in time. This appears to be consistent
with C/'H nuclear magnetic double-resonance studies
that have found that sickling and HbS polymer formation
within homozygous SS red cells exhibit differing depen-
dencies on HbS oxygenation (12).

In summary, the present study demonstrates the useful-
ness of ST-EPR in resolving the large differences in the
motional behaviors of HbA and HbS during deoxygenation
at constant temperature and concentration. This is of
particular relevance in examining the question of what
happens to HbS molecular motion during deoxygenation,
and has a direct bearing on understanding the phenomena
occurring in vivo where the hemoglobin is deoxygenated at
constant temperature and concentration. Our results indi-
cate that HbS exhibits aggregation even when the solution
is highly oxygenated, and that aggregation of HbS at high
concentration appears to proceed continuously with deoxy-
genation. These conclusions are in basic agreement with
*C/'H magnetic double-resonance studies on intact sickle
erythrocytes (12).
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