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SUMMARY

The phenomenon of hemoglobin-facilitated O, diffusion was studied by a po-
larographic method.

Polarograms relative to the reduction process of O, have been obtainedat pH 7.2
(phosphate buffer, 30°) in the presence of various hemoglobin concentrations (Hbyot*)
and at various O, partial pressures (from 8 to 360 mm Hg).

Analogous experiments were performed at pH 6.4 and 8.1 (at constant ionic
strength). Graphs of the limiting current values (at E = — 1.5 V versus the saturated
calomel electrode), relative to the overall reduction process of oxygen, plotted versus
Po, (at Hbyot* = constant), show some characteristic trends. The influence of pH on
the features of the experimental curves is discussed.

Experimental results suggest that the diffusions of O,, oxyhemoglobin and hemo-
globin, as well as the kinetics of dissociation and association of O, with hemoglobin,
are effective in determining the “facilitated flux”.

The corresponding nonlinear differential system is solved under some sim-
plifying assumptions, and an expression for the flux, and consequently for the current,
is obtained which is consistent with the experimental findings.

Furthermore, it is shown that the dissociation curve of oxyhemoglobin can be
obtained from these polarographic experiments on the basis of this theory. Agreement
with tensiometric data was satisfactory.

INTRODUCTION

The phenomenon of the “facilitated flux” of O, in hemoglobin solutions has
been the subject of a large number of investigations with tensiometric methods'-3;
some experiments have been carried out in order to clarify the phenomenon*~® and
various theoretical interpretations have been proposed!!-16,

We have tried to make a contribution to the study of the phenomenon by using
a polarographic method. This method offers, among other things, two noticeable ad-
vantages: first, it is easy to perform the experiments over a wide range of O, pressures
(starting from P, of approx. 10 mm Hg); furthermore, the operative conditions of
the polarographic method are such that, at the solution-electrode interface, the O,
concentration is actually zero when the limiting current of the overall reduction
process is reached.
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02 FLUX THROUGH HEMOGLOBIN SOLUTIONS 403
EXPERIMENTAL

The experiments were performed with pig blood. Defibrinated blood was washed
3 times with physiological saline (0.9 % NaCl, pH 7), hemolyzed and centrifuged.
The percentage of hemoglobin was evaluated with an Erke hemometer using doubled
colored sheets.

As the percentage of hemoglobin is not always the same in different blood
samples, the solutions were suitably diluted with phosphate buffer (pH 7.2) so that
every sample contained 8 % hemoglobin. These samples, stored at —4°, were diluted
with buffer just before the measurements to give the following hemoglobin concen-
trations: 0.8, 1.6, 2.4, 3.2, 4.0 and 4.8 %.

Ferric hemoglobin solutions were prepared by the conventional technique from
ferrobemoglobin solution and K Fe(CN)4 in stoichiometric ratio and then dialyzed
again.

The capillary used had a drop time of 2.8 sec at the applied potential of —1.5 V
and # = 1 m (% = mercury reservoir height).

O, solutions were prepared by saturating the solvent system with the following
gaseous O,—N, mixtures: 1.05, 1.9, 2.6, 4, 5.03, 8, 12, I5, 30, 40, 50 and 100 %,.

The solutions, when necessary, were de-aerated by bubbling through very pure
N,. Particular care was taken to reach the solution equilibrium of O, at the various
partial pressures by recording the limiting current of O, as a function of the time
until a constant value was attained.

Minute quantities of octylic alcohol were added to the test solutions to avoid
foaming as a consequence of the gas bubbling; this had no effect on the height and
shape of the diffusion current of O,.

Throughout the experiments Merck or Carlo Erba highly pure pro analysis
reagents were used.

The diffusion currents were corrected for the base current; all potentials are
referred to the ‘saturated calomel electrode’. Polarographic measurements were
carried out using a Model XV Sargent polarograph. pH was measured using an Amel
331 pH meter.

RESULTS

We have recorded polarograms of the reduction process of O, at pH 7.2 (temp.
30°) in the presence of various hemoglobin concentrations (0.8, 1.6, 2.4, 3.2, 4 and
4.8 %) and at various O, partial pressures; the results are shown in Figs. 1a and 1b.
Here the limiting diffusion current of oxygen versus O, partial pressures from 8 to
115 mm Hg are indicated. The potentialis £ = —1.5V, which is relative to the overall
reduction process of O, (O, + 2H,0 + 4¢ = 40H-). In Fig. 2 the diffusion limiting
currents, obtained in the absence of hemoglobin (7.e. in phosphate buffer, pH 7.2) or
in the presence of ferric hemoglobin (which does not bind O,), are reported. In this
last instance, it can be noted that the presence of ferric hemoglobin does not modify
the linear behavior of the diffusion current as a function of Pg,, showing that the
diffusion coefficient of O, is practically unchanged, at least with the low concentrations
of hemoglobin used.

The curves of Fig. 1 show the following peculiarities: (a) Starting from a value
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for the O, partial pressure of about 40 mm Hg (the same for all hemoglobin concen-
trations), the limiting diffusion current varies linearly with the Po, (hence with the
concentration of O, dissolved in the solution). For Po, values smaller than 40 mm Hg,
we note a progressive bending, the more remarkable the higher the concentration of

%
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Fig. 1. Limiting current values for O, reduction, as a function of Po,, in Hb solutions. Phosphate
bufter (pH 7.2); 30°. (a) Po, ranging from 8 up to approx. 115 mm Hg. (b) Po, ranging from 40
to approx. 380 mm Hg. Hb* concentrations: A, 0.89,; B, 1.6%; C, 2.4%:; D, 3.2%; E, 4.0%;
F, 4.89,. Polarographic conditions as indicated in the text.
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Fig. 2. Limiting current values for O, reduction, as a function of Pg,, in phosphate buffer (pH 7.2);
30°. O, without ferric hemoglobin; @, with 0.89 ferric hemoglobin. Polarographic conditions
as indicated in the text.

hemoglobin in the solution; this behavior is clearly connected with the dissociation
curve of oxyhemoglobin. (b) The slope of the linear portion of the curves, corre-
sponding to various hemoglobin concentrations, is lower than in the absence of hemo-
globin (7.e. in the buffer alone) (Figs. 1 and 2). From these curves, the phenomenon
of facilitated flux of O, in the presence of a hemoglobin solution is clearly shown.
For example, the limiting current values (at 40 mm Hg) increase from 2 to 13.3 uA
when hemoglobin concentrations are zero and 4.8 %, respectively.

Electrocapillary curves of 0.8 and 3.2 9% have shown that hemoglobin is strongly
adsorbed near the electrocapillary maximum, but at the potential of —1.5 V, where
diffusion currents were recorded, desorption is practically complete.

Experiments like that summarized in Fig. 1 (pH 7.2) have also been performed
at pH 6.4 and 8.1 (at constant ionic strength I = 0.82 in phosphate buffer) with anal-
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02 FLUX THROUGH HEMOGLOBIN SOLUTIONS 405

ogous results; the graphs are given in Figs. 3a and 3b for a hemoglobin concentration
of 0.89%.

The most interesting result of these measurements is that the linear trend of the
current as a function of Pg,, which indicates saturation of hemoglobin with O, in
the solution, begins at Po, = 45 mm Hg for pH 6.4, at Po, = 40 mm Hg for pH 7.2,
whereas for pH 8.1 it is already attained at the lowest Po, (8§ mm Hg) used.

Another featureis that the slope of the straight lines, corresponding to saturation,
is slightly higher at lower pH, i.e. in connection with higher Po,% (the O, partial
pressure value at 50 % saturation). Furthermore, the value of the current, extrapolated
at Po, = o (a value which, as we shall see, can be assumed as a measure of the facilit-
ated flux), increases as pH decreases.
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Fig. 3. Limiting current values for O, reduction, as a function of Pg,, in phosphate buffer; 30°.
(3) PHO6.4: A, cHp, tor* = 0; B, ¢y, tot* = 0.8%. (b) pH8.1: A, cumy, 10t* = 0; B, cap, tot* = 0.8%,.
Polarographic conditions as indicated in the text.

DISCUSSION

The processes with which the O, is concerned under our experimental conditions
are:

(i) Electrochemical reduction, which at the potential E = —1.5V of the limiting
diffusion current can be written:

Og + 4& 4+ 2H0 = 40H- (1)

(ii) The chemical reaction of O, with hemoglobin (Hb):

HbO; = Hb + O (2)
exhibiting a rate:

v = korpo, — A’cEnco, (3)

where cubo,, cab, co, Tepresent the actual concentrations of oxyhemoglobin, hemo-
globin and O,, respectively, at a distance x from the electrode and at time ¢, £ and
k' being the rate constants of dissociation and association, respectively.

(iii) Diffusion, described by Fick’s second law and modified by the chemical
reaction with a rate expressed by Eqn. 3.
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At the same time, diffusion also concerns oxyhemoglobin and hemoglobin which
are present in the solution, and Fick’s second law, with the proper boundary condi-
tions, applies to such substances which, like O,, are involved in Reaction 2 (cf.
APPENDIX).

The solution of the differential problem, in its more general formulation (i.e.
in the case in which the diffusion coefficients of O,(Dg,) and of hemoglobin (Dy) are
considered to be different), presents noticeable difficulties, unless one resorts to nu-
merical methods, because of the kinetic term which is nonlinear with respect to the
concentrations. For investigating the facilitated flux and for obtaining a semiquan-
titative interpretation of its nature, we have found useful an approximation by which
a diffusion coefficient Do, of oxygen > Dnyp of hemoglobin can be assumed (in fact,
Do, ~ 300 Dgp (ref. 18)). Furthermore, since at the electrode (x = o) the O, con-
centration co, (0,t) = 0 when a diffusion limiting current is concerned, cmpo, (¥.f)
< cHp, tot® for x values near the electrode, (cap,tot™ = cano,* + cmp™ = cmpo, (.1
+cup(x,t), if Dano, = Dap).

With such an approximation, we obtain for the current (¢cf. APPENDIX):

i = atV/6 VDlco,* + crmog*f(V k)] (©)

where a is a constant depending on the characteristics of the capillary,

Doy
’

1+ Y CHD, tot™

D= (7)

and f(J kt) is a function of the dissociation rate constant & of oxyhemoglobin. Taking
into account that cmno, = ¥(Po,)cHp, tot*, Where y(Po,) represents the dissociation
curve of oxyhemoglobin, it can be noted that y— 1 for Po, values near saturation
and hence

i = all/ﬁ\/ﬁ[coz* + CHb,tot*f(\/];)] (8)

The total polarographic current therefore appears to be the sum of two con-
tributions. The former comes from the O, physically dissolved in the solution (first
addendum in Eqn. 6 or 8), and the second comes from the hemoglobin-bound O,
(the second addendum in Eqn. 6 or 8).

Eqn. 8 predicts that, for a fixed Hbyot* concentration, the current will vary
linearly with the concentration of O, dissolved in the solution (hence with Po,), when
saturation is nearly achieved.

The proportionality coefficient between the current and Po, depends in turn
on D, where D is the quantity defined by Eqn. 7.

From Eqn. 6 we obtain:

i — atli8V Dcog*

AtV Dy, ortH(V A)

¥(Poy) = (9)

i.e. the saturation curve of hemoglobin.

The graphs drawn from Fig. 1 according to Eqn. 9 are shown in Fig. 4. As
predicted by Eqn. 9, the curves of Fig. 4 are almost independent of the concentration
of hemoglobin.
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02 FLUX THROUGH HEMOGLOBIN SOLUTIONS 407

To test the reliability of our formulation and the limits of our hypotheses, we
have obtained from Fig. 4 the values of #» and Po, % of Hill's equation (see for
example ref. 19): # = 2.8 and log Py, % = 1.05 (phosphate buffer (pH 7.2)). Tensio-
metric measurements gave # = 2.8; log Po, % = 0.98 at 30°, (phosphate buffer
(pH 7.2)) for the same hemoglobin sample used in the polarographic experiments.
The good agreement between polarographic and tensiometric data support the likeli-
hood of the proposed mechanism.
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Fig. 4. Dissociation curve of HbO, according to Eqn. g of the text and data of Fig. 1a.

The value of the current extrapolated at co, = o in Eqn. 8 thus gives a measure
of the facilitated flux. For a given concentration of hemoglobin Hbyo*, this quantity

depends on the value of the function f (,./;;). This is equal to zero for & = o, ap-
proaches I for k— co, and is an increasing function of %¢; for a fixed value of ¢, it
is therefore an increasing function of &.

The data of Fig. 3 can also be interpreted in the same way.

It is known® % that the dissociation rate constant % diminishes as pH increases,
hence the second term of Eqn. 8 which is proportional to the facilitated flux also
decreases with increases in pH.

The change of Po,,% with the pH (log Po,,% diminishes as pH increases) also
conforms to the “Bohr effect” (ref. 19).

It is well known that the kinetics of the reaction of hemoglobin with ligands
can be accounted for by Eqn. 3 only as a first approximation. On the other hand, the
simplifying hypotheses we have introduced can be justified by the agreement between
the experimental results and the consequences foreseen on the basis of such hypo-
theses.

APPENDIX

The concentrations of O,, HbO, and Hb, in the most general case, must conform
to the equations (in the planar linear approximation):

6002 (52002 ’
W = D02 W -+ kCHbOZ — & CHDBCO, (AI)

t = o, X > o0, €0y = Cop* (A2)
t> o, x =0, cop =0 (A3)
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lim co, = co,*
D C0g = €0y (Ag)

dcEbO d%cHpo
2 _p 2

= — ke k’cupe
ot Hb——> HbO, -+ R'CHBCO, (As)
t=o, x 2o, CHpo, = CHbO,* (A6)
ACHDOY)
t> o, x = o, Dy ( ) =0 (A7)
ox =0
lim CHbOZ = CHDOZ* (:\8)
X0
dcHY O2cHp
— = —— 4 ke — k’cupe A
Fy Hb o= T kemvoy HbCO, (A9)
t = o, X >>o0, cHb = cHbY (A10)
dc
t> o, ¥ = o, Dyp (—Iﬂ) =o0 (A11)
ox =20
lim ¢gp = cup* (A12)
Z =+ 0 !

where co,* and cupo, represent the concentration of O, and oxyhemoglobin in equi-
librium with each other in the bulk of the solution.

Eqn. A3 expresses the condition for the diffusion limiting current; Eqns. Ay
and A1I mean that neither HbO, nor Hb are reduced at the electrode. Any adsorption
or kinetic complications different from that described by Eqn. 2 of the text are ex-
cluded. (We have assumed Dapo, = Dap.)

From Eqns. A5-A1z it can easily be verified that

cEbO,(#,t) + cHb(#,f) = cHbOL* + cHP* = CHb, tot* (Ar3)

The solution of Eqns. A1-A12 offers noticeable difficulties because of the pre-
sence of the kinetic term which is nonlinear with respect to the concentrations.

From Eqns. A1 and A13 we obtain

dc 8%

7(;2 = Dog 57‘;2 ~+ kcrpog — B (cHb, tot” — CHBO,)CO, (A1g)
Assuming that cupo,(¥.f) < chp,tot* for x values near the electrode, Eqn. A14 re-
duces to

dco 82co , -

Wg = Do, 6722 + kcrbog — R'CHb, tot*C0, (A1s)
Actually, Dayn < Do, (Dub/Do, approximates 0.03), hence

dcHbOy
ot

= — kembo, -+ E'cHb, tot*c0y (A16)
Let L{choz(x,t)} = u(x,P)
and L{co,(#,t)} = v(%,P)
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02 FLUX THROUGH HEMOGLOBIN SOLUTIONS 409

be the Laplace transformations of cuyno,(*¢), co,(%,f) with respect to time ¢ By
transforming Eqns. A15 and A16 we obtain

Py —co,* = Doyv"zz + ku — kCirp, tot U (Ar7)
Pu— cuno,* = — ku + Kcrp, 1or"0 (A18)

It follows that

' ’ I k
R [ * — p” — * . *
Do, (r+3 T g et )” Yot p (602 TR o ) (A19)
Under the conditions stated, Eqn. A1g can be solved for v(x,p). Since we are mainly
interested in the flux D02(600 /0x)z=0 we obtain @(0,P) = L{Doz(écoz/éx z—O} =

Do, (0v/0x)z=o which is given by

— k
VD ( ¥4 ———c *)
02 {C0q P o p CHPO:

k’ 1 \/E
1+ —cap, tot* ———

k P+
— 41
k

@(0,P) = (Az0)

The inverse transformation of (A20) can easily be performed in the case P/&> 1
or P/k < 1. The last figure corresponds to ¢ 3> 1/k; since & is on the order of 10 sec™?,
and ¢ > I sec, as far as our polarographic measurements are concerned, it does not
seem inaccurate to represent Eqn. A20 as

\/D()2 002 \/Dozcﬁboz* k
¢(0,P) = —-——_—_1 — P ——— (A21)
vVp P R VPP 1+ k)
1 —|— — CHb, tot* I + — Cap, tot*
R k
The inverse transformation of Eqn. A21 is
dco cog* = CHbOR* -
Do ( 2) = VD22 | VD ER vy A2z
P\ox Jp=—o \/nt Vnt ( )
where
Do,
D= I (Az23)

1+ = cHo, tot*

and

f(\/;t) = Va Vhtent :/2—7; J.O\/kte’lzdl (A24)

It follows that the current ¢ = at2/3Do, (8c0,/8%)z—o is given by

i = a8V Dlco,* + crmoy*H(V AE)] (Az5)
i.e. Eqn. 6 of the text.
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The function
FVRt) = Va Vit e—it % Jﬂ/“eizdl {A26)

v o
ranges between o and 1.

For kt— o (i.e. for very high values of the dissociation constant), Eqn. Azs
reduces to

i = at6V D(co,* + crno,”) (Az7)

i.e. the current should be proportional to the overall O, bulk concentration, free and
hemoglobin bound.
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