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Abstraet. The microviscosity and the protein rotational correlation time are analyzed in samples of 
hemoglobin A and hemoglobin S with the intracellular concentration at 36 •C and during spontane- 
ous deoxygenation. With this purpose, we use glutathione and carbonmonoxy hemoglobin labeled with 
4-maleimido-2,2,6,6-tetramethyl-piperidine-l-oxyl (TEMPO) as probes and 4-maleimido TEMPO bound 
to the hemoglobin (A and S) asa spin label. The saturation transfer electron paramagnetic resonance 
experiment showed a sigmoidal behavior, and an increase (about twice) of the hemoglobin rotational 
correlation time and microviscosity during the polymerization process of hemoglobin S. The delay 
time determined by this method coincides with that obtained in proton magnetic resonance experi- 
ments. These results help to explain the temporal behavior of the proton relaxation times obtained in 
samples of hemoglobin A and S under the same experimental eonditions. 

1 I n t r o d u c t i o n  

The polymerizat ion of hemoglobin S (HbS) is the basic molecular process of  
sickle ceU disease [1, 2]. This process causes the proton relaxation times T~ and 
T 2 to decrease in samples of HbS with the intracellular concentration under  spon- 
taneous deoxygenation conditions [3, 4]. By a qualitative analysis we [4] recently 
stated that the increase of the correlation time r c of  the water bound to the Hb 
is the principal feature determining the behavior of  T 1 and T 2. Because the pro- 
ton 1H magnetic relaxation in protein solutions is determined by the fraction of  
the water strongly bound to the macromolecule [5], the r c values will be related 
to the Hb rotational correlation time r R. Nevertheless, no quantitative analysis 
of these physical parameters under spontaneous deoxygenation conditions and all 
along the HbS polymerization process has been made until  now. 



122 M. Lores et al. 

Following the Debye model [6], r R can be determined a s a  function of the 
macroscopic viscosity of the Hb solution ti, 

Ÿ = (4~R3/3kT)r/, (1) 

where R is the Hb effective radius, k is the Boltzmann constant and T is the 
temperature in Kelvin. 

The ti value can be determined by using Mooney's generalized equation up 
to concentrations of  approximately 7 mM [6, 7]: 

r /=  ti0exp[[ti]C/(1 - Cr[rl]C) ]. (2) 

According to Eq. 2, tl depends only on the intrinsic viscosity of  Hb [r/], 
its concentration C, and the viscosity of the solvent 170- The Cf factor [7] de- 
scribes an effect of  the interaction among the protein molecules and the interac- 
tion of  the protein molecules with the solvent. 

Electron paramagnetic resonance (EPR) allows one to perform studies of  the 
molecular kinetic parameters of  the protein solutions. Particularly, the use of  
nitroxide radicals has enabled the study of the r R [8, 9] and the microviscosity 
ti~ [7] in Hb solutions. The present article reports studies of  ti~ and r R during 
the polymerization of HbS under spontaneous deoxygenation conditions performed 
by the spin-labeling method and probes whose size (or molecular mass) is smaller 
than or comparable to that of  the protein. In addition, the relations between 
parameters tic, rR, T~ and T 2 during the agglutination process are analyzed. 

2 Materials and Methods 

28 Hb A (HbA) and 21 HbS samples were obtained by classical procedures 
[4] from fresh venous whole blood donated by voluntary individuals and pa- 
tients. 

2.1 Spin Labeling Method. Measurement of  r R. 

The HbA and HbS samples to be used in the spin-labeling experiment were mixed 
with 4-maleimido-2,2,6,6-tetramethyl-piperidine-l-oxyl (4MT) (2:1) and incubated 
at 8 ~ during 24 h. The labeled Hb (LHb) was washed with buffer saline phos- 
phate and filtered through a Centricon membrane (exclusion size, 10000 Da) in 
order to eliminate the unbound radical (at least 5 times). Then, the LHb con- 
centration was adjusted to the intracellular concentration (about 30 g/dl) utiliz- 
ing the 10000 Da membrane and optical spectrophotometry a s a  verification 
method. 40 gtl of LHb were deposited in a capillary tube that was later sealed at 
both extremes and introduced in ah EPR quartz tube for the experiment. 

A Varian E-109 Century (X-band) spectrometer was employed to determine 
the saturation transfer (ST-EPR) spectra of  the Hb-bound radical in the HbA and 
HbS samples: central field, 3267 G; sweep time, 4 ruin, and a Varian E-231 
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multipurpose system for temperature control. The second harmonic out-of-phase 
absorption (II,_') ST-EPR spectrum [9] was obtained with a sweep field of  160 G 
a n d a  time constant of  0.128 s; the modulation amplitude and frequency were 
of  5 G and 50 kHz, respectively. 

The Hb rotational correlation time was determined experimentally with a cali- 
bration curve of r a a s a  function of the ratio between the amplitudes of  the 
central lines of  the ST-EPR spectrum C'/C [9]. In order to construct this curve, 
C'/C was obtained by recording V; in samples of  LHb dissolved in glycerol-water 
mixtures of  known viscosity [8] and the r R value was calculated with Eq. (1). 
The interdependence between these parameters was fitted [8] with a fourth-or- 
der polynomial regression (r = 0.99, N = 12, P < 0.0001) to obtain 

r R = 9 . 6 -  10 -7 q- 2 . 5 -  10-6C'/C ff" 2 . 9 . 1 0 - 6 ( C ' / C )  2 
+ 1.6.10-6(C'/C) 3 + 3.2.10-7(C' /C)  4. (3) 

2.2 4MT plus Glutathione Spin Probe Method. Measurement of rl~ 

A stock solution of  4MT in ethanol (20 mM) was prepared. 25 gl of  this sotu- 
tion were deposited in the bottom of a tube (volume, 2 ml) and the solvent was 
evaporated under N 2. 20 gl of  a solution of glutathione (Glu) in buffer saline 
phosphate (25 mM) was added, and after 30 min the buffer was evaporated under 
N 2 to obtain the 4MT plus Glu probe. The samples for the EPR expe¡ were 
prepared by mixing 50 p.1 of  Hb with the probe in the 2ml tube and were de- 
posited in a capillary tube that was later sealed at both extremes and introduced 
into an EPR quartz tube. 

The EPR spectrum (X-band) of  the 4MT plus Glu probe dissolved in HbA 
and HbS samples was obtained on a Bruker ER 200 spectrometer: central field, 
3390 G; sweep field, 100 G; modulation amplitude, 0.32 G; attenuation, 18 dB; 
time constant, 100 ms. The correlation time rc4MT of  the 4MT plus Glu was cal- 
culated with the standard formula for isotropic high-mobility regime measure- 
ments at X band [7]. 

For the calculation of r/g around the 4MT plus Glu probe, we employed a 
calibration curve of  rc4M~ as a function of  viscosity that was established by re- 
cording the spectra of  the probe in sucrose solutions of  known concentrations 
[7]. A straight line was obtained in the measured range of  sucrose viscosities 
(1-9 mPa.  s), and the linear regression r = 0.994, N = 13, P = 9 .10  -~z yielded 
a slope of (8.10 _+ 0.13). 10 -8 s (Pa.s)  -1 ( T =  25 ~ The r/g values were cor- 
rected by applying Eq. (1), taking into account the temperature change. 

2.3 4MT plus Carbonmonoxy Hb Spin Probe Method. 
Measurement of rlu. 

The carbonmonoxy Hb (HbCO) was prepared by placing the Hb solution in a 
carbon monoxide CO atmosphere for 30 min. To obtain the HbCO plus 4MT 
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probe, the HbCO (HbACO or HbSCO) samples were labeled with 4MT by the 
same procedure explained above for HbA and HbS samples. 20 gl o f  HbACO 
plus 4MT or HbSCO plus 4MT were mixed with 80 gl of  HbA or HbS, respec- 
tively, and 40 p.1 of  the mixture were deposited in a capillary tube that was later 
sealed at both extremes and introduced into an EPR quartz tube for the EPR 
experiment. Optical spectrophotometry was used as a control method to verify 
the transition from oxygenated Hb (22 = 577 nm and 2 3 = 541 nm) to HbCO 
(22 = 569 nm and 23 = 540 nm) and to determine the Hb concentration (,�91 = 405 
nm, ~ =  393 mM-lcm- l ) .  

The r/g value around the HbCO plus 4MT was catculated by taking the cor- 
relation time of this probe dissolved in water (1.7.10 -8 s) and the viscosity of  
water (0.7052 mPa . s )  at 36 ~ 

r/, = (rc*/1.7.10-8)0.7052. (4) 

The rotational correlation time rc* of  the HbCO plus 4MT probe in the Hb 
solution was determined with Eq. (3), where r a is substituted by rc*. In this case, 
the C' /C  ratio was obtained starting from the ST-EPR spectrum of  the 4MT 
contained in the HbCO plus 4MT probe. 

At the beginning, all the samples studied were in the solution state and com- 
pletely oxygenated. All the EPR measurements were performed during 8 h at ap- 
proximately intracellular Hb concentrations under spontaneous deoxygenation 
conditions and at 36 ~ The errors in the determination of  rR, r]r  t around the 
4MT plus Glu and rl, around the HbCO plus 4MT were of 2.2%, 2.7% and 4.9%, 
respectively. 

3 Results 

The temporal behavior of  the r R obtained in HbA and HbS samples in the ST- 
EPR experiment are shown in Fig. 1. A constant behavior is observed in HbA 
( r  R = (5.1 _ 0.13)- 10 -8 s), in contrast to HbS, which shows a sigmoidal behav- 
ior with three stages: stages I and III, in which the rotational correlation time 
of Hb remains practically invariable, and stage II, in which r R increases twice 
on the average. 

Figure 2 shows the typical temporal behavior of  q~ around the 4MT plus 
Glu probe for samples of  HbA and HbS. The q~ values remain approximatety 
constant all through the course of  the experiment in HbA (2.14 +_ 0.06 mPa.  s), 
as well as in HbS (1.99 _+ 0.05 mPa-s) .  

Figure 3 shows the typical temporal behavior of  the r/, around the HbACO 
plus 4MT and HbSCO plus 4MT probes dissolved in HbA and HbS samples, 
respectively. A constant behavior is observed in HbA (r/~ = 2.06 + 0.1 mPa.  s), 
in contrast to HbS, in which the results show a sigmoidal behavior with three 
stages: stages I (r/~ = 2.06 _+ 0.1 roPa. s) and III (r/, = 3.79 _+ 0.19 mPa.  s), in 
which the microviscosity around the probe remains practically invariable, and 
stage II, in which r/, increases up to 1.8 times its initial value. 
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Fig. 1. Typical behavior of  z R in the samples studied. The solid lines represent the sigmoidal and 
linear fittings that characterize the results obtained in HbS and HbA, respectively (open circles, HbA, 
30.1 g/dl; closed squares, HbS, 29.9 g/dl), r~t increases 1.9 times in the HbS sample for t > td, while 

in that of  HbA, it remains constant. 
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Fig. 2. Typical temporal behavior of r/, around the 4MT plus Glu probe in samples of  HbA and 
HbS (closed circles, HbS, 30 g/dl; open squares, HbA, 29 g/dl). 
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Fig. 3. Typical temporal behaviour of  q, around the HbCO plus 4MT probes in samples of HbA 
and HbS (open squares, HbA, 30.2 g/dl; closed squares, HbS, 29.8 g/dl). 
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4 Discussion 

The rR values in HbA and in HbS during stage I ( r  R = (5 • 0.11). 10 -8 s) coin- 
cide with those reported in the literature (about 10 -8 s) [10]. The constant be- 
havior of  the Hb rotational correlation time in HbA samples and its increase in 
HbS samples confirm the decrease of  HbS mobility a s a  result of the polymer- 
ization. For HbS during stage II, r R increases twice on the average, while in 
stages I and III, the processes that take place do not alter the average dynamic 
parameters of  the system, r R included. This increase of  r R is smaller than that 
obtained by other authors under complete deoxygenation conditions [8], which 
can be explained considering that during 800 min of  experiment (under spo.nta- 
neous deoxygenation conditions) we only obtain a partially deoxygenated Hb 
solution. This fact results in obtaining a partially polyme¡ HbS sample in 
which r R is the average of  the contributions from polymerized and nonpoly- 
merized HbS molecules. 

The r/, values obtained in HbA and HbS with 4MT plus Glu a s a  probe (Fig. 
2) coincide with the macroscopic viscosity values expected for Hb samples of 
the intracellular concentration at 36 ~ according to Mooney's law [6, 7]. Gen- 
naro et al. [7] demonstrated that in Hb solutions, the r/, value around 4MT plus 
Glu can be described by an equation similar to Eq. (2), regarding the factor that 
represents the interactions among Hb molecules as a null one (C r = 0). On the 
other hand, using Mooney's equation, a similar consideration can be made for r/ 
in our concentration range (<5 mM). Therefore, it is consistent for our experi- 
mental values to coincide with the theoretical values expected according to 
Mooney's equation. Considering that the r/~ values around the 4MT plus Glu are 
not sensitive to the interactions among the Hb molecules, their constant behav- 
ior in the HbS samples (Fig. 2) can also be explained in spite of the polymer- 
ization process that takes place in these samples under our experimental condi- 
tions. We state a s a  hypothesis that the insensitivity of  the r/~ value around 4MT 
plus Glu to the interactions among the macromolecules is related to the small vol- 
ume of  this probe (0.033.10 -19 c m  3) [11] with respect to Hb (1.02.10 -19 cm 3) 
[9]. Its volume is approximately 31 times smaller than that of Hb, which could 
cause it to remain in the solvent without being affected by the interactions among 
the Hb molecules, a fundamental element during HbS polymerization. 

The behavior of  the q~ value around the 4MT plus Glu probe in the HbS 
samples shows that the polymerization process does not modify either r/0 or, ob- 
viously, [q] or C. 

Taking into account what has been discussed above, a probe with dimensions 
similar to those of Hb (HbCO plus 4MT) was employed. In this case (Fig. 3), 
we can affirm that the values of  r/~ ~ 2 mPa. s in HbA and HbS (stage I) coin- 
cide with those obtained with 4MT plus Glu as a probe and with the r/ values 
for the concentrations and temperature used. In the HbS samples, r/~ approxi- 
mately doubles its initial value, which is related to the increase of r R during the 
polymerization of  HbS (Eq. (1)). 
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The sigmoidat behavior of the r/, value around HbSCO plus 4MT during the 
polymerization of HbS and the magnitude of its variation (about twice its initial 
value) coincide with the results reported here for r R and with those reported in 
previous papers for T l and T 2 [4]. This confirms the relation among the physi- 
cal magnitudes mentioned. 

The three stages that characterize the behavior of  r R and r/, values around 
HbSCO plus 4MT in HbS samples correspond to the three phases of  the poly- 
merization process identified by other methods [3, 4]: nucleation (I), irrevers- 
ible polymerization (II), and finally, the formation of inhomogeneous structural 
microdomains (III) [1]. The results shown during phase I match with the solu- 
tion state of  Hb. The start of  phase II is defined by the delay time t a [1], a 
temporal parameter identified with the beginning of  the irreversible HbS poly- 
merization. The t d values determined on the basis of  the ST-EPR experiment 
coincide with the results obtained in other magnetic resonance experiments un- 
der spontaneous deoxygenation conditions [4, 12], taking into account the vari- 
ability of  approximately 21% among individuals. During phase III, the poly- 
mer alignment and growth do not cause changes in the macromolecular mobil- 
ity and the viscosity of the solution which could be detected by our experi- 
mental procedure. 

The possibilities of  the HbSCO plus 4MT used as probe to be sensitive to 
the microviscosity changes in its environment during HbS polymerization are due 
to the fact that its dimensions are comparable to those of  the macromolecules 
of the solution studied. Therefore, intermolecular interactions, like those taking 
place during the molecular aggregation process, affect the mobility of this probe. 

5 Conclusions 

The ST-EPR method enables one to determine the increase of the Hb rotational 
correlation time and the microscopic viscosity (about twice their initial values) 
during the polymerization of HbS under spontaneous deoxygenation conditions, 
and to confirm the three characteristic phases of this process: nucleation, poly- 
merization, and the formation of microdomains. The t d value calculated by this 
method coincides with that obtained in proton relaxation experiments, taking into 
consideration a variability of approximately 21% among individuals. These re- 
sults support the qualitative analysis of  the behavior of T 1 and T 2 reported in 
reŸ 4 under the same experimental conditions. 

Both probes used (4MT plus Glu and HbCO plus 4MT) allowed us to deter- 
mine the macroscopic viscosity in HbA and HbS samples with intracellular con- 
centration at 36 ~  during the spontaneous deoxygenation process. It was 
demonstrated that during the polymerization the viscosity of  the solvent does not 
vary. Furthermore, the employment of  probes with dimensions similar to those 
of Hb showed to be a more effective tool in the study of  the microviscosity and 
the interactions among macromolecules in Hb solutions. 
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