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Electrostatic Interactions in Hemoglobin from Light Scattering Experiments
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Light scattering experiments on solutions of bovine CO-hemoglobin have revealed that a substantial
component of the interactions responsible for the protein stability versus tetramer-to-dimer dissociation
is due to electrostatic effects. Their magnitude has been estimated to reach =4 kcal/mole (=0.15 eV)
at pH =5 compared with the nonelectrostatic term which is of the order of 7 kcal/mole (=0.3 eV).

PACS numbers: 87. 1S.Kg, 82.60.Hc, 82.60.Lf

The stability of hemoglobin, a well-known globular
protein, has been discussed at length and tested with a
variety of experimental studies [1-4]. The data available
in the literature refer to different conditions of salt con-
centration, cosolvents, ligation (02 or CO), etc. , but do
not appear very conclusive about the nature of the in-
teractions that are responsible for hemoglobin stability.
Hemoglobin, a tetramer which is made up of four po-
lypeptide chains (two tx chains and two P chains), is sup-
posed to dissociate into a pair of aP dimers under a
variety of conditions including low protein concentration,
high ionic strength, and pH values far from the isoelectric
point [3,5-8]. Different kinds of interactions occur in

hemoglobin and it is generally accepted that hydrophobic
contacts and electrostatic forces are the relevant interac-
tions responsible for the protein stability. The main pur-
pose of this research has been to elucidate the role of the
electrostatic interactions in liganded hemoglobin (when
bound to carbon monoxide, CO) under conditions of
weak electrostatic screening at low ionic strength. These
conditions have been chosen since it is known that CO
binds very strongly to hemoglobin and that liganded
hemoglobin dissociates more easily than nonliganded
hemoglobin [8].

Since stability seems to depend upon the values of ionic
strength and pH, it is assumed that some dissociation
occurs when a net charge is located on the protein due to
electrostatic repulsion between the dimers. By changing
the pH of the solution it is possible then to vary the net
charge of the protein as shown by the results on human
hemoglobin [9-11], and, consequently, we expect that
this may alter the fraction of dissociated hemoglobin.
Attempts to correlate dissociation with electrostatic
effects by means of gel filtration have not yielded reliable
results [8]. At pH 5 to 8.5, from acid titration experi-
ments, an approximate linear relationship between charge
and pH is found with positive values below isoelectric
pH, pH;„, and negative values above pH;„. Accordingly,
if dissociation is dominated by electrostatic interactions it
should be described by an electrostatic contribution to the
free energy. This contribution must be quadratic in the
net protein charge and, therefore, a parabolic dependence
upon pH is expected.

Both static and dynamic (or quasielastic) light scatter-

x = 2 (IT —IT 0 )/IT, (2)

where IT refers to the signal from a solution of undissoci-
ated tetramers and IT D to the signal from the sample
containing both tetramers and dimers. The value of
MT/MD =2 has been adopted when deriving Eq. (2).

In this paper, however, more emphasis has been given
to dynamic light scattering which consists of measuring
the autocorrelation function

(3)

of the scattered light intensity 1(t) which, for particles
endowed with translational diffusion constant D, is given
by [13]

+(2)(t) 1+~ 2DKt—
In Eq. (4) 8 is a constant and K = (4trn/X) sin(0/2) is the
light scattering vector at the angle 0. For a spherical par-
ticle then, dynamic light scattering gives an estimate of
its radius R since D =knT/f, where f=6nrlR and tl is
the viscosity of the solution.

To a first approximation hemoglobin tetramers and di-

ing have been employed here since they are a useful
means for studying dissociation. This technique has two
advantages over other experimental approaches previous-
ly employed: (a) It does not appreciably perturb the sys-
tem and (b) estimates of the size of the scattering parti-
cles can be obtained.

When considering static light scattering it is known
that the intensity of the light scattered at a distance r, per
unit volume, from a solution of small particles of mass M
and weight concentration c is given by [12]

I 4tr2(dn/dc)2
g4 2

where n is the solution index of refraction, Io the incident
light intensity, Nz Avogadro's number, and X the wave-
length. If dissociation of the particles occurs then the
scattered intensity is proportional to cTMT+cDM&, in-
stead of cM as found for undissociated solutions, where
the subscripts refer to tetramers and dimers, respectively.
The fraction x of dissociated tetramers can then be ex-
pressed by
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mers may be considered to possess spheroidal shape [14],
with gyration radius RT for the tetramer, and gyration
radius RD=RT/2' for the dimer. It should be pointed
out, however, that with light scattering one measures the
hydrated protein radius which is =4 A larger [14] than
the crystallographic radius (27.8 A). The presence of a
hydration layer lowers the RT/RD ratio from 2' =1.26,
when not hydrated, to 1.22 when both tetramers and di-
mers are hydrated. Another correction factor that should
be considered is due to the aspherical shape of tetramers
and dimers which requires fT =6rrrIRT && 1.002 and

fo =6zrIRDX 1.013 for tetramer and dimer, respectively,
since the tetramer can be described, approximately, as an
oblate ellipsoid with semiaxes of 29.2, 29.2, and 25.0 A,
and the dimer as a prolate ellipsoid with semiaxes 19.4,
19.4, and 28.3 A [14]. Accordingly, the expected ratio of
the diffusion coefficients becomes DD/DT =1.207.

Published data on tetramer~dimer kinetics show that
the reciprocal of the rate constant, at the conditions of
this work, & 10 s [15], is much longer than the corre-
lation time, 80 ps, and therefore our scattering data refer
to solutions containing two kinds of particles, tetramers
and dimers. Consequently the autocorrelation function is

given by

(r) = I +B(NTM e +NDM e )

with 8 a constant. The values of DT and DD are close to
each other, their expected ratio being 1.207, and there-
fore from the autocorrelation function we can extract
only some average value of the translational diff'usion

coefficient, the so-called Z average [16],

4NTDT+ NDDDDz=
4NT+ND

with NT and ND being number concentrations. Then

g"'(r)= I+(BW M' e"'')'
with NM =NTMT+NDMD. From scattering data we

obtain Dz and from this we can estimate the fraction x of
dissociated tetramers according to

x =2(Dz DT)/(Dz+DD —2DT) . (8)
Since Dz depends upon pH then x also depends upon pH.
Our data when converted to x, according to Eq. (8), are
plotted in Fig. 1.

Solutions of bovine carbon monoxide hemoglobin, or
CO-hemoglobin, were prepared, at 10 mM ionic concen-
tration, employing the buAers acetate, bis-tris, tris, and
borate in order to cover the pH range from 4.7 to 11.4.
Values of pH outside the 5 to 10 range will not be dis-
cussed here since protein denaturation or a further disso-
ciation into monomers may occur. (This problem will be
examined elsewhere. ) Concentration of hemoglobin was
kept constant at about 5 mg/ml for all measurements and
checked with a spectrophotometer for the presence of
methemoglobin (less than a few percent). All samples
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FIG. I. Estimated fraction x of dissociated bovine CO-
hemoglobin tetramers vs pH assuming that only dimers are pro-
duced. Values of x near or above unity correspond to the pres-
ence of monomers. The squares correspond to dynamic light
scattering whereas the circles belong to static scattering data.
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were prefiltered with 0.45 pm Millipore filters and subse-
quently with 0. 1 pm Nucleopore filters.

The scattering cell, 10 mm in diameter, was surround-
ed by a larger cell with an index-matching liquid (de-
cahydronaphthalene) and the temperature kept at 25.5
+'0.5'C. The scattered light at 6328 A (25 mW He-Ne
laser) was collected at an angle of 40 deg and processed
with a 4-bit unclipped Brookhaven correlator using a
sample time of 3.5 ps. Local heating eA'ects have been
corrected for by extrapolating Dz to zero laser power
[17].

Single-exponential fits of the autocorrelation of the
scattered signal were very successful for all solutions and
yielded negligible and random residuals as shown in Fig.
2 for a typical run.

The thermodynamics of hemoglobin dissociation can be
described by the free energy hGd;„which has been as-
sumed to derive from the sum of two contributions:

AGdiss =h, GeL+ AGn

where hG, ~ is due to the electrostatic contribution under
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FIG. 2. Autocorrelation function g2(t) of the scattered light
intensity and its residuals from a single-exponential fit. Data
refer to a CO-hemoglobin solution at x =0.49 dissociation.
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examination in the present paper and h, G„ is the remain-
ing free energy term which is assumed to be independent
of electrostatic interactions and pH since the polarity
of the solvent does not change when diA'erent buA'ers

are employed. When considering the interactions of a
charged spherical particle of radius R with the charges in

solution its electrostatic free energy is [12)

Z q
l

K'R

2eR I + tc(R+ a)
(io)

[D] '/[T] =4cx'/(I —x) . (12)

The dissociation free energy h, Gd;„can be expressed by
means of x according to

4cx'/(I —x) =e (i3)

where c is the total hemoglobin concentration (mg/ml).
In order to evaluate AG, ~ from Eqs. (9) and (13) we

where Z is the number of charges q located on the parti-
cle, x is the Debye length, e is the dielectric constant,
and a is the radius of the counterions in solution. The
electrostatic free energy changes upon T 2D dissocia-
tion according to

AG, ) =2W —8'

It is assumed that Z~=2ZD and R~=2' RD as dis-
cussed above with R~ =27.8 A (from crystal x-ray-
diffraction data). At 10 mM ionic concentration the
Debye length is t~

' =30 A to be compared with an aver-

age hemoglobin-to-hemoglobin distance of =300 A when

its total concentration c =5 mg/ml. These values should

correspond to very small interparticle electrostatic in-

teractions and therefore the particles are assumed to
diffuse independently of one another [18]. Hydrodynam-
ic interactions deriving from excluded-volume eAects can
be considered negligible [19].

The tetramer-to-dimer equilibrium can be written in

terms of the corresponding concentrations [T] and [D] or
with the tetramer dissociated fraction x as

assume that hG, ~
vanishes at the isoelectric point which

corresponds to zero net charge on hemoglobin. In Fig. 3
we plot —h, G, ~

vs pH as obtained with the above pro-
cedure. As expected, a parabola fits the data very well, in

agreement with the linear dependence of the protein
charge vs p H —p H, where p H =7.37, and with the quad-
ratic dependence of W, ~ upon charge given by Eq. (10).
From Fig. 3 we see that the value of —h, G, ~ can be as
high as =3.6 kcal/mole, at pH =5. This value is rather
relevant since AGd;„ is known to fall in the 6 to 8
kcal/mole range [8,20]. From the measured value of Dz
at p H =7 we can estimate also an average radius,
Rz =31.8 A, to be compared with the reported radius of
the undissociated tetramer, R7. =32.0-32. 1 A [14]. A
comparison of the two values by means of Eq. (8), recal-
ling that D =kaT/6rrt)R, leads to an estimate of the dis-
sociated tetramer fraction x=0.06~0.03 near pH =7,
i.e., where the electrostatic interactions vanish.

From our scattering experiments, the protein charge
also can be estimated since x is related to 8,~ by Eq.
(10). A linear fit describes the charge of hemoglobin
versus pH and a close parallel with the charge of human
CO-hemoglobin, evaluated by us from published titration
data [9,11], is displayed in Fig. 4.

In conclusion, by means of accurate light scattering
data we have shown here that when hemoglobin is not
near its isoelectric point its stability is controlled by sub-
stantial electrostatic interactions. Our approach, that has
led also to very good estimates of the total charge located
on CO-hemoglobin, should be appropriate for future ap-
plications also to other complex systems such as those en-
zymes that may dissociate, under changing environment,
into subunits.

These encouraging results will be followed soon by
more extended investigations both on human and bovine
hemoglobin under a wider range of conditions, including
those of partial binding of oxygen, in order to clarify also
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FIG. 3. Values of hG, ~ vs pH calculated according to Eqs.
(9) and (13) from the data of Fig. l. A parabolic fitting of the
data is shown by the solid line.

FIG. 4. Estimated number of charges Z per tetramer
(squares) derived from the data of Fig. 3 by means of Eqs. (IO)
and (l l). The straight line joining the points is a linear regres-
sion of the data. The dashed line has been constructed here
from titration data on human CO-hemoglobin [11] corrected
for low-ionic-strength effects derived from Ref. [9I.
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the role of nonelectrostatic interactions on the protein
stability.
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