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1. Introduction

The rate of deoxygenation of red blood cells has
interested many investigators [2—15] since Roughton
opened the field in 1932 [1]. It has been shown that
the same factors which affect the dissociation of
oxygen from hemoglobin in solutions, such as temper-
ature, pH and carbon dioxide, exert similar effects in
intact red blood cells [8, 9] . The recent elucidation
of the influence of organic phosphates on the equilib-
rium between oxygen and hemoglobin, both in solu-
tion [16, 17] and in red blood cells [18], as well as
their effects on the kinetics of oxygen association
and dissociation of hemoglobin solutions [19, 20],
led us to explore the effect of 2,3-diphosphoglycerate
(2,3-DPG) on the rate of deoxygenation of intact
human red blood cells. As a highly charged anion at
physiologic pH, 2,3-DPG affects the distribution of
protons across the cell membrane as predicted by
Gibbs-Donnan theory [21]. Therefore, alterations in
the content of 2,3-DPG will significantly modify
intracellular pH. In order to isolate the effects of

* Portions of this work were presented in abstract form else-
where [29].
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2,3-DPG per se on deoxygenation from those mediated
by protons, it was essential to redefine the effects of
pH change alone on the rate of cellular deoxygenation.
Our results suggest that 2,3-DPG does directly increase
the deoxygenation rate of whole red blood cells in a
manner which is independent of its effect on intracel-
lular pH. However, as 2,3-DPG is increased above an
equimolar concentration with hemoglobin, the ob-
served increase in deoxygenation rate is attributed
entirely to the lowering of intracellular pH by 2,3-DPG.
Furthermore, we show that intracellular 2,3-DPG in-
creases the ‘‘kinetic Bohr effect™ of red cells thus
further enhancing the effect of protons on cellular
deoxygenation.

2. Materials and methods

Human venous blood was drawn in heparin, cen-
trifuged, and the plasma removed and saved. The cells
were washed and resuspended to a hematocrit of 10%
in simple bicarbonate buffer, Incubations were per-
formed at pH 7.2, 37°, with 20 mM phosphate, 20
mM pyruvate, and varying concentrations of inosine
so as to achieve a wide range of intracellular 2,3-DPG
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concentrations. After 16 to 24 hr, the cells were
washed and the plasma was added back to the red cells
to give a normal hematocrit. Intracellular 2,3-DPG
concentrations were measured by the method of

Keitt [22]. The pH gradient between the red cell and
plasma, ApH, was measured by the method of Hilpert
et al. [23], over the entire range of different 2,3-DPG
concentrations. Because ApH is lower in Tris-HCI cell
suspensions than in bicarbonate buffers or plasma
[24], intracellular pH was measured directly on each
sample used for kinetic studies at the various extra-
cellular pH values. (For these latter measurements, the
method of Hilpert et al. [23] was modified in that
CO, equilibration was not performed, since extracel-
lular pH was maintained by the Tris-HCl.)

The samples of reconstituted blood with various
concentrations of 2,3-DPG were diluted in 10 volumes
of Tris-HCl buffer immediately before the mixing
experiments. The osmolarity of each buffer at various
pH values was adjusted to exactly 290 m Osm as
measured on an osmometer (Advanced Instruments).
In one series of experiments, deoxygenation rates of
samples with varying concentrations of intracellular
2,3-DPG were measured at a constant extracellular
pH of 7.5. A second series of experiments employed
three sets of cells, one at high intracellular 2,3-DPG
(61 umole/g Hb), one at normal 2,3-DPG (13 umole/g
Hb), and one at very low 2,3-DPG (2 umole/g Hb
which was produced by incubation for 16 hr without
substrate). Deoxygenation rates were measured on
each sample at various extracellular pH values range
from 6.6 to 8.5. The deoxygenation rate was measured
spectrophotometrically at 22° in a modified Durrum-
Gibson stopped flow apparatus using sodium dithionite
as a deoxygenating agent. The modifications of the
original Gibson apparatus [25] included the use of (1)
a head-on photomultiplier tube, (2) a 2 mm cuvette
with a straight path from the mixing jet to the stop
syringe, and (3) different valves to minimize hemolysis.

Previous studies of whole cell suspensions [4—-9]
have utilized split beam techniques to cancel out pos-
sible changes in turbidity resulting from turbulence
or a change in cell volume deoxygenation. The effec-
tiveness of the short path length and head-on photo-
multiplier tube in detecting both transmitted and
scattered light was determined in two ways. First, the
deoxygenation reaction was followed at an isosbestic
point for hemoglobin (585 nm) and no significant
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change in transmittance could be detected. Secondly,
the effect of gross shrinking and swelling of the cells
on transmittance was determined at the normal reac-
tion wavelength (577 nm). This was accomplished by
mixing isotonic cell suspensions with equal volumes
of 0.5, 1.0, and 2.0 times isotonic Tris-HCI in the
absence of dithionite. The change in transmittance
due to these gross changes in shape were equal to or
less than the total change in transmittance noted

with dithionite in isotonic buffer. It was concluded
that the minor changes in cell volume occurring on
deoxygenation, contributed a negligible amount to
the observed transmittance changes during deoxygen-
ation. The total change in transmittance due to de-
oxygenation was calibrated using the totally saturated
and desaturated cells (by adding crystals of dithionite)
at the same hematocrit to determine that the observed
reaction began at near 100% saturation and reached
total desaturation at the end of its course. This was
found to be the case. For the studies reported herein,
from three to five mixing experiments were performed
per.experimental point reported. The data was analyzed
by determining a rate constant, k in sec™', assuming
a first order deoxygenation process. This assumption
was found to be valid over the saturation range
analyzed (100 to 30%).

3. Results

Fig. 1 illustrates a plot of the measured ApH versus
the concentration of intracellular 2,3-DPG. The line
is a linear least squares fit of the data and the slope
and intercept at zero 2,3-DPG agree closely with that
of Duhm in similar studies [26]. It can be observed
that an increase in intracellular 2,3-DPG induces a
nearly linear increase in ApH over the entire range of
2,3-DPG concentrations studied. In addition, we have
observed that when the same measurements are made
in isotonic Tris-HC], in the absence of CO,, the values
for ApH at a given 2,3-DPG level are significantly
lower than in bicarbonate, in agreement with the
results of Battaglia et al. [24] . Fig. 2 is a plot of intra-
cellular 2,3-DPG concentration versus k.. It can be
seen that as the intracellular 2,3-DPG concentration
is elevated, the value of k_ increases in an apparent
hyperbolic fashion. However, as shown in fig. 3, when
the values are corrected for intracellular pH, no dif-
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Fig. 1. Plot of ApH versus intracellular concentration of
2,3-DPG as measured by the method of Hilpert et al, [23] in
bicarbonate buffer, Linear least squares fit of the data gave
the equation ApH = 0.007 (DPG umoles/g Hb) + 0,129,

ference in deoxygenation rate is observable between
cells with normal (13 pmole/g Hb) and 5 times normal
(61 umole/g Hb) levels of 2,3-DPG. In marked con-
trast, both normal and high 2,3-DPG cells are much
faster than low 2,3-DPG cells (2.0 umole/g Hb) below
about pH 7.7. These results suggest that a direct

effect of 2,3-DPG is present only up to about an
equimolar concentration with hemoglobin. It is further
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Fig. 2. Plot of the deoxygenation rate constant (k. in sec™})
versus the concentration of intracellular 2,3-DPG at constant
extracellular pH 7.5 and 22° in isotonic Tris-HCL
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Fig. 3. Plot of ¢ in sec™! versus measured intracellular pH in

isotonic Tris-HCI at various extracellular pH values and 22°.
Concentration of 2,3-DPG: & = 61 umole/g Hb; o =13
umole/g Hb; @ = 2,0 umole/g Hb,

noted, using the data of fig. 3, that the “kinetic Bohr
effect” (defined as A log k/ApH) is also increased
up to equimolar concentrations of 2,3-DPG over the
pH range 6.6 to 7.2 (—0.667 as compared to —0.404
respectively). The values of k_ reported herein are
nearly comparable to those reported by Lawson [9].
However, direct comparison cannot be made since his
values are reported versus extracellular pH, in the
presence of CO, and, of course, the levels of 2,3-DPG
were not measured.

4, Discussion

Sirs [7] has reported variations in the overall rate
of deoxygenation, k_, of red blood cells stored in
acid citrate-dextrose solution compared to normal
fresh blood. Among other findings, he noted that the
overall deoxygenation rate was significantly lower in the
stored cells as compared to fresh cells, and that incuba-
tion in adenosine restored normal function. It is well
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known that acid citrate-dextrose blood becomes rapid-
ly depleted in 2,3-DPG content and that its level can
be partially restored by adenosine incubations. Thus
the observations of Sirs {7] may be explained by dif-
ferences:in 2,3-DPG within the stored and fresh red
blood cell. In the same paper, Sirs [7] noted that the
initial rate constant for deoxygenation, k,, in the
reaction Hb,Og =4 Hb,O4 + O,, as measured by
carbon monoxide replacement techniques, did not
vary with storage of the cells. Because k,, obtained

in this way, is a direct measurement of the chemical
dissociation.of the first oxygen molecule from oxy-
hemoglobin, while k_ is composed of many additional
variables {3, 8, 9], Sirs [7] concluded that factors
other than a change in the chemical reactions of
hemoglobin and oxygen were responsible for the
change in k, with storage.

More recent evidence {27, 11] has shown that &,
is unaffected by alterations in 2,3-DPG or protons.
Since alterations in 2,3-DPG and attendant changes
in intracellular pH are probably responsible for the
differing functional properties of stored and fresh
cells, Sirs’ observation of an invariant k, does not rule
out altered chemical reactivity of hemoglobin as an
explanation for a decreased . Indeed, all data col-
lected to date, including the present studies, remain
compatible with a direct effect of 2,3-DPG and protons
on chemical reactivity of hemoglobin in intact cells,
but only after dissociation of the first oxygen mole-
cule, This discrepancy between k, and k_ seems to
suggest that oxygenation and deoxygenation within
the red cell cannot be treated as a one-step equilibrium
(i.e.HbO, = Hb + 0,).

As noted in fig. 3, at a constant intracellular pH,
2,3-DPG increases k only up to approximately a one
to one molar ratio of 2,3-DPG to hemoglobin. This is
in striking contrast to previous studies of deoxygena-
tion of hemoglobin solutions [19, 20], where 2,3-DPG
continues to increase the rate:at concentrations far
above equimolar. However, as implied by Nicolson
and Roughton [2], the intact cell and hemoglobin
solutions are not strictly comparable systems with
respect to deoxygenation rates measured with
dithionite. For hemoglobin solutions, the rate of fall
of oxygen tension with dithionite, is much faster than
the rate of deoxygenation such that oxygen binding
constants do not contribute to the overall rate, In red
cell suspensions, on the other hand, intracellular oxygen
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tension falls more slowly, allowing rebinding of this
oxygen to intracellular hemoglobin during the cellular
deoxygenation process, Therefore, both intracellular
hemoglobin association and dissociation constants
contribute to the overall rate of deoxygenation as
demonstrated by Lawson [9].

The observation that 2,3-DPG alters the “kinetic
Bohr effect” is in agreement with the equilibrium
studies of Tomita and Riggs [28] who also showed
that 2,3-DPG increases the true Bohr effect of hemo-
globin up to, but not above, equimolar concentrations.
Thus it appears that the increase in k., with occurs
above equimolar concentrations of 2,3-DPG (fig. 2) is
not a result of any direct interaction between 2,3-DPG
and hemoglobin but reflects only the increase in
quantity of intracellular protons consequent to the
Donnan equilibrium, Other workers have pointed out
this dual role of 2,3-DPG on whole blood-oxygen
equilibrium curves [21, 26] . However, the relative
roles of 2,3-DPG and protons have yet to be as clearly
delineated as in the present studies.
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