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A BBS TRA CT The blood in sickle cell anemia has a
very low oxygen affinity and, although 2,3-diphospho-
glycerate (2,3-DPG) is increased, there is doubt as to
whether this is the only factor responsible. In this study
of 15 patients with sickle cell anemia (Hb SS) no
correlation was found between oxygen affinity (Pw at
pH 7.13) and 2,3-DPG in fresh venous blood. Whole
populations of Hb SS erythrocytes were therefore sepa-
rated, by an ultracentrifuge technique, into fractions of
varying density. The packed red cell column was divided
into three fractions; a bottom fraction rich in deformed
cells or irreversibly sickled cells (ISC), with a very
high mean corpuscular hemoglobin concentration
(MCHC); a middle fraction containing cells with the
highest content of fetal hemoglobin; and a top fraction
containing reticulocytes and discoid cells but free of
deformed cells. Oxygen affinity was shifted to the right
in all layers (mean P6o (pH 7.13)+1SD: top 46.3±2.9
mmHg: middle 49.8±4.9 mmHg; bottom 61.0±5.8
mmHg) compared with normal blood (top 32.1±0.7
mmHg; bottom 30.1±0.5 mmHg). 2,3-DPG was in-
creased in the top fraction, but was low or normal in
the bottom fraction (top 21.8±3.4 Amol/g Hb; middle
17.7±2.2 iimol/g Hb; bottom 13.8±3.1 Mmol/g Hb;
normal whole blood 14.3±+1.2 Amol/g Hb). The level
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of 2,3-DPG in top fractions could not account for the
degree of right shift of P50, and in the middle and bot-
tom fractions the even greater right shifts were associ-
ated with lower levels of 2,3-DPG. Top fraction cells
depleted of 2,3-DPG had a higher, but still abnormally
low, oxygen affinity. A strong relationship was found
between oxygen affinity and MCHC. The fractions with
the greatest right shift in Pw0 had the highest MCHC
(top 32.4-+-2.0; middle 36.2±3.1; bottom 44.6±3.2 g/
100 ml, respectively) and the plot of Pw vs. MCHC
showed a positive correlation (r = 0.90, P < 0.001).

The red cell population in sickle cell anemia is not
homogeneous but contains cells of widely varying Hb F
content, 2,3-DPG, and hemoglobin concentration. Para-
doxically, the cells with the lowest 02 affinity have the
lowest 2,3-DPG, but they also have the highest con-
centration of Hb S. The dense, deformed cell called the
ISC is but the end stage in a process of membrane loss
and consequent increase in hemoglobin concentration.
The P50 of Hb SS blood is, to a large extent, determined
by the presence of these cells (r = 0.85, P <0.001).
Increased concentration of Hb S in the cell favors de-
oxygenation and crystallization even at relatively high
Po,. Lowered affinity for oxygen appears to be closely
associated with Hb S concentration and not with 2,3-
DPGcontent.

INTRODUCTION
The affinity of adult red blood cells for oxygen is lower
than the affinity of solutions of the hemoglobin they
contain (14). It is now well established that this
effect is due primarily to intracellular organic phos-
phates (5-9) of which the most important is 2,3-diphos-
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phoglycerate (2,3-DPG),7 which acts as a fine regulator
of hemoglobin function within the red cell (10).

In a number of dissimilar conditions associated with
hypoxemia, an abnormal shift to the right of the red
cell oxygen-hemoglobin (02-Hb) equilibrium curve has
been observed (11-14). Many patients with anemia,
due to a variety of causes, have a blood oxygen affinity
that is lower than normal (15-17). Recent studies (18,
19) have shown that in both hypoxic hypoxia and
anemic hypoxia there is an increase in 2,3-DPG. In
hypoplastic anemias it seems clear that the 2.3-DPG-
induced shift in the 02-Hb equilibrium curve may com-
pensate for up to half the oxygen deficit implicit in the
anemia (19). Some hemoglobinopathies may be associ-
ated with altered oxygen affinity because of the nature
of the substitution in the hemoglobin molecule (20-22)
or because the substitution involves one of the binding
sites for 2,3-DPG (23). The higher oxygen affinity of
cord blood has recently been explained by the reduced
interaction between fetal hemoglobin (Hb F) and 2,3-
DPG(24, 25).

The very low oxygen affinity of blood in sickle cell
anemia (Hb SS) is well documented (26-28), but the
02-Hb equilibrium curve of sickle cell hemoglobin (Hb
S) in solution is not different from that for Hb A
(29, 8) and the interactions of both hemoglobins with
2,3-DPG appears to be of the same order (8). Increased
amounts of 2,3-DPG have been demonstrated in Hb
SS blood (30, 31). There is also a good correlation be-
tween the degree of anemia (hemoglobin level or hema-
tocrit) and P50 (28, 32). For these reasons Bunn and
jandl (10) and Bunn and Briehl (8) ascribed the very
low oxygen affinity of Hb SS cells to hypoxia-induced
increases in red cell 2,3-DPG, and the work of Brom-
berg and Andrade (31) tended to confirm this assump-
tion. Charache, Grisolia, Fiedler, and Hellegers (30),
however, could not find any correlation between the
degree of anemia in Hb SS subjects and the level of
their red cell 2,3-DPG, and they could not reproduce
the very low affinity of whole blood by adding 2,3-DPG
to lysates of Hb SS cells.

The present study of the oxygen affinity and 2,3-DPG
content of red cells from Hb SS patients was designed
to find out whether the extreme right shift in the 02-Hb
equilibration curve is solely due to anemia-associated
2,3-DPG increase, or whether the intrinsic molecular
defect associated with the sickling phenomenon may be
playing an important part. To this end, whole popula-
tions of Hb SS erythrocytes were separated by ultra-

1 Abbreviations used in this paper: 2,3-DPG, 2,3-diphos-
phoglycerate; Hb F, fetal hemoglobin; Hb SS, sickle cell
anemia; Hb S, sickle cell hemoglobin; ISC, irreversible
sickle cells; MCH, mean cell hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; MCV, mean cell
volume; 02-Hb, oxygen-hemoglobin.

centrifugation into fractions of varying density. These
were then analyzed for oxygen affinity, 2,3-DPG con-
tent, and concentration of Hb S and Hb F.

METHODS
Patients were selected from the sickle cell anemia clinic at
the University Hospital, Kingston, Jamaica; six males and
nine females with ages ranging from 15 to 47 yr. The diag-
nosis of Hb SS disease was well established in each, and
none had been transfused during the previous 6 mo.

Fresh venous blood, anticoagulated with heparin and with
most of the white cells and platelets removed, was adjusted
to a hematocrit of 60, oxygenated, and centrifuged in the
SW50L swinging-bucket rotor of a Spinco model L ultra-
centrifuge 2 at 170,000 g for 30 min as previously described
(33). After centrifugation, the supernatant plasma and any
buffy coat were removed and the upper third of the red
cell column was aspirated by puncturing the side of the
tube with a wide-bore needle attached to a syringe (top
layer). A tube slicer was used to divided the remaining cell
column into two (middle and bottom) layers. Each cell layer
was gently and completely resuspended in autologous
plasma. Smears prepared on cover slips from the whole
blood sample and from each layer were examined for
counts of irreversibly sickled cells (ISC). Reticulocytes
were enumerated by routine techniques. Hemoglobin was
measured as cyanmethemoglobin. Hematocrits were mea-
sured to a precision of 0.5% in microcapillary tubes ex-
amined on an expanded scale reader.3 Red cells were counted
by an electronic particle counter.' MCHC, mean cell volume
(MCV), and mean cell hemoglobin (MCH) were calcu-
lated. MC(Hb S)C was calculated as [Hb] - [Hb F] X
100/hematocrit (where the concentrations are in g/100
ml), ignoring Hb A2. All tests were performed in duplicate.

Oxygen dissociation determinations were performed im-
mediately on samples from each layer and from whole
blood by the method of Bellingham and Huehns (34).
Saline-washed red cells were suspended in 4 ml of isotonic
(310 mM) phosphate buffer, pH 7.135 (5.56 g NaH2PO4
-2H20 + 14.065 g Na2HPO42H20 in 1 liter) or pH 7.475
(2.84 g NaH2PO42H2O+ 16.308 g Na2HPO4-2H2O in 1
liter) in 70-ml Pyrex tonometers attached to 1-cm silica
spectrophotometer 'cells. The red-cell suspension was first
deoxygenated by a series of three evacuations of the tonom-
eter on a rotary pump and three 3-min rotations in a
water-bath at 37'C. The spectrum from 600 to 520 nm was
recorded in a Unicam SP 800 A recording spectropho-
tometer using the forward cell position. A measured volume
of air was added and the tonometer contents equilibrated
again at 370C for 3 min. The procedure was repeated 6-12
times and finally the tonometer was filled with 02 at at-
mospheric pressure to achieve 100% saturation. The partial
pressures of oxygen were determined by ideal gas-law
calculations, making allowance for the ambient humidity.
The values for percentage -saturation by 02 were deter-
mined by means of the optical-density values at character-
istic wavelengths of 560 and 578 nm. Isosbestic points were
sharp in acceptable experiments on all fractions. Each run
was performed in duplicate and at least 12 points obtained
for each dissociation curve. The behavior of red cells in
this system was tested by repeat runs on suspensions taken

2 Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.
'International Equipment Co., Needham Heights, Mass.
4Coulter Electronics, Inc., Hialeah, Fla.
5250C.
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TABLE I
Pertinent Hematologic Findings in 15 Hb SS Patients

Subject Age Sex Hb Hct Reticulocytes P&o* DPG ISC Hb F

g/lOO "a % % mmHg pmol/g Hb % %
P. D. 20 M 11.6 33.5 3.6 42.1 15.9 3.0 11.6
P. B. 14 F 7.9 25.0 5.6 44.8 15.2 3.2 5.0
V. G. 32 F 7.5 22.0 6.0 45.3 27.5 5.0 9.0
D. C. 44 F 5.4 17.5 9.2 46.0 14.2 6.5 9.8
V. P. 29 M 10.7 31.0 8.0 48.4 24.1 14.8 2.1
J. D. 17 F 7.2 20.5 8.0 49.2 18.6 14.0 2.1
J. F. 20 M 6.8 20.5 3.8 49.6 19.4 10.0 3.1
A. B. 24 F 8.9 28.0 5.1 50.3 22.7 16.0 5.8
E. B. 18 F 9.0 26.0 18.0 50.3 16.4 10.0 3.3
C. B. 20 M 8.0 22.0 8.8 51.5 17.0 21.0 2.9
W. H. 21 M 8.6 25.0 5.0 51.9 17.2 14.0 1.5
M. V. 20 F 6.1 17.5 6.0 52.2 20.7 15.0 3.6
C. F. 15 F 6.7 18.5 10.0 53.4 20.3 26.0 1.4
L. L. 47 F 5.7 15.5 20.0 54.2 12.9 25.0 1.5
J. B. 24 M 7.3 22.0 6.4 56.1 17.8 18.0 0.4

* pH 7.13, 370C.

through the deoxygenation-reoxygenation procedure three
times.

2,3-DPG was measured on samples from each layer pre-
pared by the method of Beutler, Meul, and Wood (35) using
the method of Krimsky (36). Results were expressed as
micromoles of 2,3-DPG per gram Hb in the sample ex-
amined. Hb F was measured on all samples by the alkali
resistance method of Betke, Marti, and Schlicht (37). ISC
counts were performed as previously described (33).

RESULTS
Oxygen affinity and 2,3-DPG in whole blood. The

hemoglobin level, reticulocyte count, ISC count, 02 af-
finity, 2,3-DPG concentration, and Hb F proportion for
the 15 Hb SS patients are given in Table I, where the
patients are arranged in order of decreasing oxygen

0 20 30 15 20 2'

I SC percent 2,3-DPG ymol /g Hb

FrouRE 1 Relationship between oxygen affinity (Pa) and
(A) ISC percentage, (B) 2,3-DPG, in unfractionated red
cells of patients with sickle cell anemia. In (A) the regres-
sion line Pav7.") = 0.456 ISC + 43.6 is shown (r = 0.86,
P <0.001).

affinity of their red cells. In our laboratory, normal
adult whole blood has a 2,3-DPG content of 14.3±+1.2
(SD) umol/g Hb and, at 370C in phosphate buffer pH
7.13, is half saturated with oxygen at a pressure (Poo)
of 31.4±1-0.9 mmHg. In a previous study of 84 Hb SS
patients6 Pw (pH 7.13) values ranged from 42.5 to
53 mmHg. In the present series they ranged from
42.1 to 56.1 mmHg. No significant correlation was
found between Pso and 2,3-DPG (r = 0.08, P > 0.5)
but there was a significant positive correlation between
PM and ISC count (r = 0.85, P <0.001) Fig. 1.

Ultracentrifugation. The purpose of centrifugation
was to separate the whole red cell population into sub-
populations of varying density. ISC were concentrated
in the bottom fractions and only few were found in
the middle and top layers, depending on the original
numbers of these deformed cells in the whole cell sam-
ple. The mean ISC counts were: bottom 59%, middle
7%, and top 1.5%. The top fractions contained most
of the reticulocytes but some were also found in middle
fractions. In only two patients (P. D. and D. C.) was
the level of Hb F in the bottom fractions greater than
5% of the hemoglobin in that fraction (6.2 and 6.5%
respectively). These two patients had the highest whole
blood Hb F (Table I). Mean Hb F was lowest in
the bottom fraction and highest in the middle fraction
(Table II) but the difference between top and middle
fractions was not significant. The highest level of Hb F
in any fraction was found in the middle fraction for
patient P. D. (14.5%). Four patients had slightly
higher Hb F in top than in middle fractions. Because

'Bellingham et al. Unpublished results.
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TABLE I I
Red Cell Indices, Pro, 2,3-DPG, and Hb F in Whole Blood and Ultracentrifuge

Fractions, from 15 Hb SS Patients

Fraction MCHCa1SD MCH+1SD MCV 41SD PaO* ISD DPG -1SD Hb F -LISD

g/100 ml P9 jmA mmHg jsmoi/g Hb %
Whole blood 33.9--1.8 31.6--2.0 93--6 49.7±-3.8 18.7-±3.9 4.2±-3.4
Top 32.4-±2.0 33.0-41.9 101-7 46.3--2.9 21.8-±3.4 4.7±-3.4
Middle 36.2±-3.1 33.0--2.1 87-±10 49.8±t4.9 17.7±i2.2 4.9--3.5
Bottom 44.6±-3.2 33.4--2.6 73±7 61.0±i5.8 13.8±43.1 2.6±-2.0

* pH 7.13, 37°C.

of the lower levels of Hb F in the bottom fractions,
where MCHCwas high, all the results were examined
for a correlation between Hb F and MCHC, but none
was found. Only three MCHCexceeded 45 g/100 ml
and in two of these Hb F was less than 1.0% and in
the third 2.6%.

The relationship of MCHCto MCVand MCH is
shown in Fig. 2. MCHCincreased with increasing
density so that the bottom fraction contained cells with
the highest MCHC. MCV decreased with increasing
density, but MCH remained constant. These indices

confirmed the appearance of the red cells in stained
smears from the different fractions. In particular, the
concentration of small, darkly stained, and mainly de-
formed cells (ISC) in the bottom fraction is confirmed
by these indices (Table II). Corrections for trapped
plasma were not made in the present study. Previous
studies on Hb SS blood centrifugation (38) indicate,
however, that all our MCVvalues would be decreased
by 5% and all our MCHCvalues increased by 5% if
this correction was applied.

As MCHwas constant, 2,3-DPG was expressed as
micromoles per gram Hb rather than as micromoles per
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FIGURE 2 Mean corpuscular hemoglobin concentration
(MCHC), mean corpuscular hemoglobin (MCH), and mean
corpuscular volume (MCV) of top, middle, and bottom
fractions of Hb SS erythrocytes separated by ultracentri-
fugation.

FIGURE 3 The relationship between oxygen affinity (Pmo)
and 2,3-DPG (micromoles per gram Hb) in fractions from
Hb SS erythrocytes separated by ultracentrifugation. The
regression line is drawn from the equation P0(7.U) = 71.7 -

1.08 DPG. (r = -0.61, P < 0.001). Compare with Fig. 1.
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FIGURE 4 02-Hb equilibrium curves of red cells from top and bottom fractions of Hb SS
erythrocytes (patient V. P.) separated by ultracentrifugation and suspended in phosphate
buffer pH 7.13 at 370C. A curve for normal cells, under the same conditions, is also shown.
Points for cells taken through the deoxygenation procedure three times are indicated by
horizontal lines. The curves for the middle fraction and unfractionated Hb SS cells (P50
48.4 mmHg) have been omitted for clarity (see text).
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FIGURE 5 02-Hb equilibrium curves for top and bottom
fractions of Hb SS erythrocytes (patient J. B.) compared
with normal cells (subject M. S.). The data are plotted
according to Hill's equation, log (1/1 - y) = log (Po./
P60)5. The pH values are those of phosphate buffers mea-

sured at 370C. Normal, (pH 7.40) n=2.6, (pH 7.03) n=

2.7; Hb SS top, (pH 7.40) n=3.3, (pH 7.03) n=3.1; Hb

SS bottom, (pH 7.40) n=2.7, (pH 7.03) n=2.6.

liter of packed cells. Table II shows that 2,3-DPG
was low (13.8±3.1 Amol/g Hb) in the ISC-rich bottom
fraction (i.e., the fraction with the lowest oxygen af-
finity). 2,3-DPG was higher in the top fraction (21.8
+3.4 Amol/g Hb) and in the middle fraction (17.7±2.2
Amol/g Hb). The plot for all the fractions from the
Hb SS patients of Pw (pH 7.13) against 2,3-DPG level
showed a negative (inverse) relationship (Fig. 3).

One example of 02-Hb equilibrium curves obtained
from top and bottom fractions of ultracentrifuged Hb
SS blood (subject V. P., Table I) is shown in Fig. 4.
In all experiments the curve for the ISC-rich bottom
fraction was to the extreme right of those for the
other fractions. The curve for the middle fraction
always fell between those for the top and bottom and
was always close to that for the unfractionated erythro-
cytes. The curve for the top fraction was to the left of
these, but always well to the right of the curve for
cells from normal (Hb AA) blood. Fractions with the
highest concentration of ISC (up to 90% in some
bottom fractions) had the highest P6o values. No sig-
nificant difference was found between the MCHCof
cells measured before and after the manipulation of the
oxygen dissociation experiments, and the curves on

cells from top and bottom fractions did not alter after
the suspensions had been deoxygenated and reoxygen-
ated three times. 02-Hb equilibrium curves, performed
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TABLE II I
Red Cell Indices, P5o, DPG, and Hb F in Fractions from Ultracentrifuged Blood of Normal and

Sickle Cell Trait Subjects and a Heterozygote for both Hb S and the Gene for
Hereditary Persistence of Fetal Hemoglobin (Hb-S/HPFH)

Fraction MCHC±I1SD MCH+1SD MCV ISD P50* +LSD DPG±ISD Hb F ±ISD

g,/100 ml Pg A,713 mnm Hg lmol/g Hb %

Normal subjects (n = 6)
Whole blood 32.5i0.9 28.6±2.7 89±6 31.2±)0.7 14.0±)1.6 0.4±t(0.2
Top 32.3+2.2 29.3±3.2 93±7 32.1±0.7 15.7±0.9 0.5±40.4
Middle 32.8±1.6 29.2±2.9 91±5 31.3±)0.6 14.5±0.7 0.4±i0.2
Bottom 35.2±2.4 29.0±2.8 85±6 30.1±+0.3 12.0±+1.1 0.4±40.3

Sickle cell trait (n = 6)
Whole blood 32.0± 1.3 28.9± 1.9 90±4 35.5± 1.5 14.9±2.8 0.5±40.2
Top 31.7±1.6 29.0±1.7 92±4 35.3±1.6 17.4+2.2 0.4±().2
Middle 32.5±1.4 28.5±2.0 88±6 36.2±0.8 15.7±1.6 0.5±40.5
Bottom 35.4±1.8 28.8±t2.3 80±46 36.3±-0.6 12.4±1. 5 0.50().3

Hb-S/HPFH (n = 1)
Whole blood 33.7 27.3 82.1 36.5 11.4 20.5
Top 34.0 28.5 83.8 35.7 12.2 16.3
Middle 35.0 27.3 77.9 36.4 11.5 19.0
Bottom 37.3 26.8 71.9 37.5 10.1 16.0

* PH 7.13, 370C.

at pH 7.47 as well as at pH 7.13, showed a normal
Bohr effect in both top and bottom fractions.

Hill plots for all fractions were curved upwards over
the whole range of oxygen pressure, a finding noted also
by Bromberg and Andrade (31). A typical Hill plot is
shown in Fig. 5, where curves from top and bottom
fractions for patients J. B. (Table I) are compared
with curves from unfractionated normal cells (subject
M. S.).

Results for normal erythrocytes (Hb AA) and eryth-
rocytes from sickle cell trait subjects (Hb AS), sepa-
rated into three equal fractions after ultracentrifugation,
are given in Table III, for comparison with the Hb SS
results. Normal blood had a higher level of 2,3-DPG
in young (top fraction) than old (bottom fraction) red
cells. This has been noted previously (10). The lower
2,3-DPG of the denser, older red cells in normal blood
is associated with a higher oxygen affinity (the reverse
of the situation found in red cells containing Hb S).
Hb AS blood had a consistently lower oxygen affinity
than normal blood, but there were only small differ-
ences in the affinities of top and bottom fractions (Table
III). Hb AS blood is abnormal, however, in that the
denser, older red cells have a lower affinity for oxygen
than the younger cells. A subject heterozygous both for
Hb S and for the gene for hereditary persistence of
fetal hemoglobin (39) was also studied (Table III).
The blood of this nonanemic subject (Hb 14.5 g/100
ml) contained 20% of Hb F (shown to be evenly dis-

tributed from cell to cell in Kleihauer preparations) and
80% Hb S. There were no deformed cells either in
whole blood or in the bottom fraction from the ultra-
centrifuge tube. Results for MCHCand P5o were in
the same range as those for Hb AS blood.

DISCUSSION

It has been shown before that hemoglobin concentration
(MCHC) varies considerably from cell to cell in any
one population of Hb SS erythrocytes (33, 38), as does
the content of Hb F (33, 40). Our results indicate that
the concentration of 2,3-DPG and the oxygen affinity
also vary widely (Table II, Figs. 3 and 4) and that,
in particular, a subpopulation of cells can be separated
which has a very low oxygen affinity associated, para-
doxically, with a normal, or slightly subnormal, con-
centration of 2,3-DPG. These low-oxygen-affinity cells
can be separated out of the whole cells population be-
cause of their density; they concentrate in the bottom
layer of the centrifuge tube and, in smears, they can be
identified as ISC. They have a low Hb F content com-
pared with other cells in the whole population (Table
II), and their most important characteristic is probably
their very low oxygen affinity. These cells, however, are
capable of usual reactions with oxygen (Figs. 4 and 5)
as had been previously suspended by the ultrastructural
demonstration (41) that the hemoglobin in these cells
is not necessarily "sickled." There may be a range of
cells, with an increasing MCHC, on the way to be-
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coming ISC (presumably by repeated sickling-unsick-
ling and loss of membrane (42, 43)), so their function
as well as their configuration is important. The vari-
ability of oxygen affinity among Hb SS blood samples
appears to be due, not to the 2,3-DPG level, but to the
varying numbers of low-affinity, high-MCHC red cells
which the blood contains (Table I and Fig. 1).

The relationships among Hb F content, MCHC, oxy-
gen affinity, and 2,3-DPG in the fractions which we
separated from whole populations of Hb SS erythro-
cytes are intricate. Wewill therefore discuss each vari-
able in turn in attempting to evaluate the main factor
responsible for the low oxygen affinity of Hb SS
blood.

Hb F. The proportion of Hb F is unlikely to alter
as the cell ages, so the very low Hb F found in the
densest cells must be an initial characteristic of those
cells (as previously suggested (33)), perhaps deter-
mining their tendency to become dense and to develop
a low oxygen affinity and a low 2,3-DPG. As a result,
low Hb F is associated with low oxygen affinity in the
bottom fractions (Table II). The converse, a high Hb
F with a high oxygen affinity, was not a constant find-
ing in the middle and top fractions. A closer examina-
tion of the data for Hb F in the fractions indicates that
its level cannot be the only determinant of oxygen af-
finity. For several narrow ranges of Hb F we found
P5w values varying by as much as 25 mmHg.

06.

04.

02.

0.

-0-4

-0-6

o , whole blood
A, top
*, bottom

10 I 14 I'6 [8 20
log Po2

FIGURE 6 02-Hb equilibrium curves for top, bottom, and
whole Hb SS blood determined by the mixing technique
and shown as a Hill plot. Top, PW(s7.4 = 33.5 mmHg, n =
3.3; bottom, P50 = 42.0 mmHg, n = 2.9; whole blood, P50
= 38.0 mmHg, n = 2.9.

In spite of the high level of Hb F in all the fractions
from the blood of the subject heterozygous both for Hb
S and for the gene for hereditary persistence of Hb F,
the bottom fraction P60 was still higher than that of
the top (Table III). Conversely, in patient J. B. (Table
I) Hb F was negligible in all fractions, yet Pao was
50.8, 56.6, and 66.2 mmHg in top, middle, and bottom
fractions, respectively.

Oxygen affinity and 2,3-DPG. Bellingham, Detter,
and Lenfant (44), using the mixing technique, calcu-
lated that an increase in 2,3-DPG of 1 Imol/g Hb, in
normal cells, increases the P5o by 0.69 mmHg at pH
7.4. The mean 2,3-DPG (Table II) of our top fraction
Hb SS erythrocytes was 6.1 Amol/g Hb more than that
for normal top fractions (Table III), reflecting, under
normal circumstances, a mean P50 (pH 7.4) increase of 4.21
mmHg. The mean increase for the top fraction cells in
our series, using the Bellingham and Huehns technique
(pH 7.13), was 14 mmHg. 02-Hb dissociation curves
were highly reproducible by the Bellingham and Huehns
technique (see Methods), and a large number of points
could be established for each curve even with the small
volumes of blood available from ultracentrifuge samples.
It is not, however, possible to extrapolate the results in
phosphate buffer at pH 7.13 to compare with the mixing
technique, where a standard correction is applied to each
Po. value to construct a curve for a plasma pH of 7.4.
In both techniques blood is deoxygenated, and with
sickle cell anemia red cells it is possible that future
equilibration at higher oxygen pressures does not result
in the same degree of oxygen saturation as would
result if no deoxygenation "stress" had been applied.
In vivo, sickle blood is probably never subjected to
complete deoxygenation (as produced by a vacuum
pump) for as long as 9 min. In this respect the results
of Lian, Roth, and Harkness (45) are interesting.
Using a polarographic method, they measured continu-
ous dissociation (1) and association (t) curves of red
cells in phosphate buffer pH 7.4 at 370C, and found
that the Pso of Hb SS and Hb AS cells was much
lower than PGot, whereas with Hb AA cells the differ-
ence was only 3 mmHg. The difference was greater
at higher levels of 2,3-DPG, and was virtually abolished
in Hb SS cells depleted of 2,3-DPG by incubation in
20 mMsodium bisulphite for 4 h at 37°C, pH 7.2. They
considered that, particularly with cells capable of sick-
ling, the descending curve represented more physiologic
conditions than the ascending curve.

To test the validity of our results we obtained suf-
ficient blood from an additional Hb SS patient to de-
termine the oxygen affinity by a mixing technique (30),
using a Corning7 oxygen electrode and a Corning aspi-

7Corning Glass Works, Corning, N. Y.
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ration pH electrode at 370C. Red cells from ultracen-
trifuged blood fractions were resuspended in their own
plasma to a hematocrit of 25%. Results for PM(7.4) on
whole blood, top and bottom fractions are shown in
Fig. 6. In this instance P5 (7.4) for the top fraction was
33.5 mmHg, 7.5 mmHg higher than controls on normal
whole blood (26±+1 mmHg). For the bottom fraction
P0 (7.4) was 41.8 mmHg, 15.8 mmHg to the right of
normal whole blood. It would seem that the increased
2,3-DPG in the top fraction erythrocytes in sickle cell
anemia could account for most of the increase in Pm, but
in the middle and bottom fractions, where Pm values
are higher and 2,3-DPG values up to 50% lower, it
cannot account for the very low oxygen affinity of
these cells. Conclusions based on the Bellingham and
Huehns technique would appear to be as valid as those
based on a mixing method. We therefore examined our
data for an alternative explanation.

MCHC. In all 15 Hb SS patients MCHCwas
higher in the middle fraction than in the top and con-
siderably higher in the bottom fraction than in the
middle (Fig. 2). The high mean level in the bottom
fractions (Table II) was striking compared with nor-
mal blood or blood from Hb AS subjects (Table III).
For all the fractions a plot of Pm vs. MCHCshowed
that all the high-MCHC bottom fractions had high Pm
values, whereas the normal-MCHC top fractions all had
much lower Pm values. The correlation between P6o
and MCHCfor top and bottom fractions is highly sig-
nificant (r=0.90, P <0.001). Values for the middle
fractions mostly fall slightly to the right of this line,
but some fall slightly to the left. After correcting the
MCHCto mean corpuscular Hb S concentrations by
subtracting the proportion of Hb F in each hemoglobin
result, a replot of the data (Fig. 7) showed an even
better correlation (r = 0.93).

The abnormally high MCHCof a subpopulation of
Hb SS erythrocytes has been noted previously (33, 38),
but its significance has not been fully appreciated. The
dense, deformed cell called the ISC is but the end stage
in a process of membrane loss (42, 43) and consequent
concentration of corpuscular hemoglobin. The recent
work of May and Huehns (46) supports the concept
that erythrocyte concentration of Hb S is important in
altering the oxygen affinity of these cells. They found
that depletion of 2,3-DPG shifted the Pmo of normal red
cells (at pH 7.13) from 30.5 to 20.0 mmHg, and the
P5. of Hb SS cells from 46.0 to 32.0 mmHg. They
also produced a series of red cells, of different MCHC
by a process of "osmotic lysis" and showed that the
oxygen affinity of Hb SS cells so treated was clearly
dependent on the concentration of hemoglobin in the
presence and absence of 2,3-DPG, whereas the oxygen
affinity of Hb AA cells was only concentration-de-
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FIGURE 7 Relationship between P5. and MCHCof Hb SS
erythrocytes separated by ultracentrifugation into fractions.
The MCHChas been corrected to mean corpuscular Hb S
concentration by subtraction of alkali resistant hemoglobin
(see methods). The regression line is drawn for top and
bottom fractions from the equation P0(7.u) = 1.207 MC(Hb
S)C+ 10.1. (r=0.93,P<0.001).

pendent in the presence of 2,3-DPG. On the other hand,
Bromberg and Andrade (31) found that the difference
in oxygen affinity between Hb SS blood and normal
blood was almost entirely abolished when red cells
were depleted of 2,3-DPG. In view of the striking differ-
ence in oxygen affinity of top (high 2,3-DPG) and
bottom (low 2,3-DPG) such a result would only be
expected in the mildest (low ISC) cases of sickle cell
anemia. Weused blood from patient J. B. (Table I) and

TABLE IV
Effect of Depletion of 2,3-DPG on P50 of Normal and

Sickle Cell Anemia Erythrocytes

Pao (7.13) DPG PaO before/Puo after

Hb AA
mmHg pmol/g Hb

before: 30.2 14.2 1.34
depleted: 22.5 2.1

Hb SS
before: 54.7 16.3 1.20
depleted: 45.7 1.1
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incubated it for 24 h under sterile conditions with added
glucose. The ratio PM fresh cells/Pwo-depleted cells was
comparable for both Hb AA and Hb SS blood, but
the Pw of the depleted Hb SS blood was still shifted
to the right of normal (Table IV). Recent work on
the effect of cyanate on hemoglobin (47, 48) has again
indicated the differences between normal red cells and
sickle cell red cells with regard to oxygen affinity when
cells are depleted of 2,3-DPG. Beutler, Paniker, and
West (49) looked for a special effect of 2,3-DPG on
Hb S and, at first, were unable to demonstrate one (49).
More recently (50) they have re-examined their data
and clarified these results. As well as the obvious effect
of lowering the oxygen saturation at any given Po2, it
now appears that, at any given saturation with oxygen,
Hb S becomes more viscous at increasing concentrations
of 2,3-DPG. Difference electron density maps of human
deoxyhemoglobin with 2,3-DPG attached have also indi-
cated the possibility of a twofold effect of 2,3-DPG on
Hb S. The distance between glutamic acid residues at
6,81 and 6p2 in deoxyhemoglobin A is about 2 A shorter
in the presence of DPG than in its absence (51). The
significance of this molecular alteration is unknown at
present, but it would suggest that the distance between
the valines at the 6p position in Hb S would also be
shorter and, if this were so, it might explain the effect
of increasing concentrations of 2,3-DPG on the vis-
cosity of Hb S (50). In this respect, the findings of
Lian and collaborators already referred to (45) are
pertinent. When they artificially increased red cell 2,3-
DPG by incubation with inosine and pyruvate, they
found that AP5o0/A2,3-DPG was greater in Hb SS, AS,
and SC cells than in Hb AA, AC, and CC red cells.
Our results indicate that the effects of 2,3-DPG and
increased Hb S concentration are in the same direction
and probably additive.

It is difficult to account for the low 2,3-DPG content
of high MCHCcells and further work is needed to
measure the intracellular pH of top, middle, and bottom
cells. We found a normal Bohr effect (Alog Po2/ApH)
of - 0.464 in 'bottom' Hb SS cells equilibrated in phos-
phate buffers. Preliminary results suggest, at present,
that there is little difference in intracellular pH between
top and bottom cells. By the freeze-thaw method (52)
both had a pH of 7.15 (370C) at plasma pH 7.45. This
is understandable. The difference between plasma and
intracellular pH (ApH) in top cells could be due to

their high content of the highly charged anion 2,3-DPG,
since it has been shown (44) that there is a correlation
between ApH and 2,3-DPG. The ApH of bottom cells
could be accounted for by increased hemoglobin con-

centration and the Donnan equilibrium effect. The mech-
anisms that control the level of 2,3-DPG (both free and
Hb bound) are not clearly understood. It is also pos-

sible that, as the concentration of Hb S increases, the
N-terminal valines of the 8-chain (one of the sites for
2,3-DPG binding) are involved in the process of inter-
molecular aggregation and are therefore not available
to 2,3-DPG. The synthesis of 2,3-DPG in these cells
would lessen as the extent of intermolecular aggregation
increased.

Messer and Harris (53) showed that, within 0.12 s
of sudden deoxygenation, Hb SS cells had a decreased
filterability (increased rigidity), but this did not occur
until 0.5 s with Hb SC cells, and no change was ob-
served with Hb AS cells within 5 s. The extent to
which hemoglobin species (deoxy Hb S + A, deoxy
S + F, etc.) interact (54,55) determines whether aggre-
gates are formed at any given saturation but other
parameters, such as 2,3-DPG and hemoglobin concen-
tration, have an effect by lowering the saturation for
any given Po2. We cannot find precise data for the
physical state of hemoglobin in Hb SS cells at various
oxygen pressures, but it seems likely that, in cells with
a high concentration of Hb S, quite small decreases in
Po2 initiate molecular aggregation. Whatever the molec-
ular surface interactions responsible for this aggrega-
tion, the reason for the decrease in oxygen affinity with
increasing Hb S concentration could be a simple ther-
modynamic effect. To oxygenate the crystalline Hb S
aggregate, the lattice energy must be supplied as well
as the normal constraints of the deoxy structure (56)
overcome. Other workers (28) have suggested this
mechanism to explain the low oxygen affinity of sickle
cell blood.

The result of a decreased oxygen affinity is a greater
oxygen release capacity per gram of circulating hemo-
globin, whether this be mediated through increased
erythrocyte 2,3-DPG (13, 14, 18, 19), through an in-
trinsic defect in the hemoglobin molecule producing a

low affinity (22), or through increased molecular inter-
action on deoxygenation, as in Hb SS blood (28). In
the erythrocytes of our top fractions the first and third
mechanisms are probably operating, but in the high
density ISC the low oxygen affinity appears to be due to

high hemoglobin concentration alone. Rodman, Close,
and Purcell (17) examined the greater oxygen release
capacity in persons with anemia (Hb 6.5 g/100 ml) who
had Pr0 values 10-20 mmHg greater than normal. They
calculated a 90% improvement in oxygen release equiva-
lent to a circulating hemoglobin level of 9.5 g/100 ml
of blood with a normal 02-Hb equilibrium curve. In-
creased cardiac output could improve the situation
further. By this concept lowered oxygen affinity is a

compensation for anemia. The Hb Seattle patients who
have low oxygen affinity blood, however, have low-
normal urinary erythropoietin outputs in spite of hema-
tocrit levels of 24-33% (22). In these patients the low
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henmatocrits appear to be a normal response to the
greater oxygen release capacity of a blood with lowered
oxygen affinity. The hematocrit level is normally regu-
lated by the level of "erythropoietic-stimulating factor"
produced by the kidney (57), which is thought to be
controlled by intrarenal Po2. In discussing the mecha-
nismi of hematocrit control in patients having abnormal
hemoglobins with altered oxygen affinity, Parer (58)
pointed out that venous Po2 (and, by extrapolation,
renal Po.) would vary directly with oxygen capacity
for any particular hemoglobin variant. We suggest that
Hb SS erythrocytes behave, in this respect, like Hb
Seattle erythrocytes so that, to a considerable extent, the
hematocrit levels in sickle cell anemia in the steady
state is determined by the oxygen affinity of the blood
and not vice-versa, as in the usual 2,3-DPG-mediated
response to anemia.

Finally, the desaturation of arterial blood in some
patients may be explained on the basis of our findings.
Other workers (59, 60) have found this desaturation,
and some have noted that it occurred in the presence of
normal or adequate arterial P02 (61) and attributed it
to the altered oxygen affinity of the blood. It can be
seen from Fig. 4 that the high-density erythrocytes
may not achieve normal oxygen saturation levels at
normal alveolar Po2. Patients having the highest num-
bers of these cells on the venous side of the circulation
(and the lowest oxygen affinity as a result) might be
found to have the lowest arterial oxygen saturation.
This would also explain the reported finding of a few
"sickled cells" (presumably ISC) in arterial blood sam-
ples (57, 58).
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