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Abstract. Haemoglobin Haptoglobin complexes formed when [Hp*]l/[Hb] = 1/1
and [Hpl/[Hb] = 2/1 were investigated by "Fe Md&ssbauer spectroscopy. Both
samples gave a spectrum consisting of a single quadrupole doublet. The temper-
ature dependence of the quadrupole splitting was also identical for both samples.
This proves that in both samples the nearest neighbour environment of the iron
atom must be the same. A comparison with earlier investigations on myoglobin
and haemoglobin indicates that the electronic structure of iron in the HbHp-
complexes is similar to that in myoglobin.
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Introduction

Haptoglobin (Hp) is a serum protein with the basic property of binding haemoglobin
(Hb). This property has given haptoglobin its name. In 1955, Smithies (Smithies,
1955a, 1955b) described three genetic types of haptoglobins called Hp 1-1, Hp 2-1
and Hp 2-2. This subdivision was based on differences in their polypeptide con-
stituants. The hepatic origin of Hp was proposed after 1964 by different authors
(Mouray et al., 1964; Krauss and Sarcione, 1964; Alper et al., 1965; Lombard et al.,
1968; Kashiwagi et al., 1968; Merril et al., 1964; Neuhaus and Liu, 1964; Peters
and Alper, 1966; Cheftel et al., 1960; Cloarec et al., 1963; Hermann-Boussier et al.,
1960; Schultze et al., 1963; Malchy and Dixon, 1970; Chiancone et al., 1968;
Lavialle et al., 1974; Shim and Bearn, 1964; Black and Dixon, 1968). The localiza-
tion by immuno-fluorescence of cells which specifically produce the Hp has been
demonstrated by Peters and Alper (1966). Until now it is rather difficult to attribute
a precise biological function to Hp, but the marked changes in Hp level in haemoly-
tic and inflammatory processes should be related to the functional properties of
haptoglobins. However, its capacity of binding Hb attained its main role in the
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pathologically enhanced Hb release in haemolytic states as a defence against renal
clearance. The chemical structure of Hp has been extensively studied (Cheftel et al.,
1960; Cloarec et al., 1963; Hermann-Boussier et al., 1960; Schultze et al., 1963).
About the biochemical approach of the Hp molecule one important work is consti-
tuted by the publication of Malchy and Dixon (1970) which described the antibody
behaviour of Hp in its binding with Hb. The similarity with an antigen-antibody
system is supported by the infinite value of the binding constant (Chiancone et al.,
1968) and the value of the thermodynamic quantities (Lavialle et al., 1974) for the
Hp-Hb association. The constraints on flexibility of bound antigen by antibody
(Crumpton, 1972) are highly similar to the observation on a Hp-Hb system. Some
authors (Malchy and Dixon, 1969; Makinen and Kon, 1971; Malchy et al., 1972)
described conformational changes of Hb molecule bound to Hp which can be com-
pared to the conformational difference between oxy and deoxy Hb. Kinetic study of
the reaction between O, and Hb bound to Hp (Chiancone et al., 1973) suggests also
that Hp may impose contraints on the conformational flexibility of Hb.

On the other hand it is known that among the normal mammalian Hb, the only
form which does not bind Hp is the deoxy Hb (Nagel and Gibson, 1972; Alfsen et
al., 1970). But the isolated deoxy « and 5 chains from human Hb do bind Hp.
Furthermore, after binding of Hp to HbO,, the deoxygenation of the complex does
not lead to any dissociation. It is then possible to study a complex of deoxy Hb-Hp
in order to compare the structure of the haem iron in the Hp bound — oxy and —
deoxy Hb. Experiments on the functional properties of the Hb bound to Hp (Alfsen
et al., 1970) have shown that depending of the [Hpl/[Hb] molar ratio, the bound Hb
has lost partially or totally its cooperative characteristics.

. In one case, when [Hpl/[Hb] = 1, only complexes with two (a)-dimers of Hb
bound to one molecule of Hp 1-1 (MW = 85 000) are formed.

In the second case — when [Hp]/[Hb] > 1 — two complexes of different stoe-
chiometry named Cx and Cd exist as reaction products. In Cx, two dimers of Hb are
bound on one molecule of Hp whereas Cd is the result of the association of one
dimer of Hb with one molecule of Hp. The properties of Hb bound to Hp in Cx and
Cd are those of isolated Hb chains.

Calorimetric studies (Lavialle et al., 1974), electrophoresis experiments (Lavialle
et al., 1976) and solvent and perturbation difference spectra (De Foresta et al., 1975)
indicate the existence of different conformational states of native molecules Hp, and
Hp™.

From these data the Hp-Hb interactions can be schematically described by the
following scheme.

Hp]
when E?Z] = 1: (Hp* + Hp,) + Hb —~ Hp*-Hb + Cx (1a)

H,
when %H—ﬂ > 1: (Hp* + Hp,) + Hb = Cx + Cd + Hp* (1b)

Hp* and Hp, characterized by their Hb affinity give rise respectively to Hp*-Hb
(dissociable by an addition of Hp) and to Cx and Cd described as undissociable
complexes.
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The hydrophobic interactions largely involved in the Hp*-Hb association for
temperatures above 20° C (Lavialle et al., 1974) are hindered at low temperatures;
the Hp*-Hb is probably no more present below 0° C (Lavialle, 1975).

Although the binding between Hp and Hb takes place through the globin part of
Hb, there is a change in haem iron properties induced by the Hp-Hb interactions as
shown by absorption spectrosopic data. Thus Mdssbauer spectroscopy can shed
light on such modifications by direct study of the iron electronic environment.

In the present study we measured the temperature dependence of the quadrupole
splitting of two deoxygenated Hp-Hb complexes with high accuracy. From these
data the low electronic term scheme of the ferrous iron is determined in analogy to
previous investigations on myoglobin and human haemoglobin (Eicher and Traut-
wein, 1969; Eicher and Trautwein, 1970; Eicher et al., 1974; Eicher et al., 1976).

Material and Methods

Hb’Fe was prepared as described in (Parak and Formanek, 1971). Haptoglobin of
the genetic type 1-1 was prepared from ascitic fluids obtained from cancer patients
by chromatography on D.E.A.E. cellulose (D.E.A.E. 23) as previously described
(Waks and Alfsen, 1966).

The fraction of Hp™ was obtained (cf. reactional scheme in previous paragraph)
by mixing Hp 1-1 and horse Hb in a molar ratio Hp/Hb = 3.5. The mixture com-
posed of Cx + Cd + Hpt — (cf. Eq. 1b) — was layered on a column of D.E.A.E.
cellulose equilibrated with an acetate buffer pH 4.7, 0.01 M in acetate. All the steps
(washing and elution) were identical to those described for the Hp 1-1 preparation.
The complexes formed (Cx and Cd) are discarded and the remaining free Hp called
“Hp*” is used for experiments. Two types of experiments have been performed: the
first one with one sample containing 50 mg of Hp 1-1 and 18 mg of human Hb*"Fe
(i.e. a molar ratio [Hpl/[Hb] = 2/1) and the second one with one sample containing
12 mg of Hp* and 9.1 mg of Hb*'Fe (i.e. a molar ratio [Hp*]/[Hb] = 1/1). Before
mixing, the Hp and Hb samples were separately dialysed over night against a com-
mon phosphate buffer (KH,PO,, Na,HPO,) 0.1 M, pH = 7.4.

The cylindrical sample container was filled with 0.3 ml protein solution in the
case of the ((Hp*1/[Hb] = 1/1)-sample, and with 0.6 ml protein solution in the case
of the ([Hpl/[Hb] = 2/1)-sample. The sample containers were then tightly closed by
hostaphan windows with an area of 1 cm? The samples were frozen in liquid nitro-
gen immediately after the preparation procedure.

Measurements were performed in a liquid He cryostat at 4.2 K and in a vapour
cryostat operated either with liquid He or N, in the temperature range between 10 K
and 220 K. The temperature control was calibrated with the aid of a Pt calibration
resistor yielding an absolute temperature accuracy of +2 K.

Results

Both samples showed only a single quadrupole doublet with a quadrupole splitting
1.9 < L eXqQ < 2.5 mm/s

between 4.2 K and 220 K.
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Table 1. Experimental quadrupole splitting data. Total errors including
temperature calibration and measurement are smaller then 1%

[Hp*l/[Hb] = 1/1 [Hpl/{Hb] = 2/1
TIK] 4 €%qQ [mm/s] TIK] 1 &qQ [mmy/s]
4.2 2.495 4.2 2.506
10.0 2.496 10.0 2.503
20.0 2.483 15.0 2.495
300 2.462 19.0 2.483
320 2.465 20.0 2.496
36.0 2.458 30.0 2.480
43.0 2.460 39.0 2.466
50.0 2.437 45.0 2.459
55.0 2.450 52.0 2450
60.0 2.449 60.0 2.442
62.0 2.429 70.0 2.424
63.0 2.440 71.0 2414
70.0 2.420 85.0 2.386
79.0 2.405 86.0 2.407
82.0 2.418 95.0 2.384
88.0 2.385 99.0 2.380
93.0 2.384 105.0 2.351
99.0 2.370 112.0 2.343
105.0 2.348 115.0 2.317
109.0 2.330 125.0 2.304
119.0 2.304 136.0 2.258
130.0 2.300 140.0 2.260
135.0 227 145.0 2.244
140.0 2.270 155.0 2.204
150.0 2.228 160.0 2.166
156.0 2.191 167.0 2.154
159.0 2.200 180.0 2.088
169.0 2.140 185.0 2.080
178.0 2.112 200.0 1.999
186.0 2.085 203.0 2.008
195.0 2.053 220.0 1.933
208.0 2.006 221.0 1.926
225.0 1.910
230.0 1.882

The linewidth I',, was 0.30 mm/s, and the energy shift relative to metallic iron
varied between 0.91 mm/s and 0.84 mm/s for T = 4.2 K and 7" = 220 K, respec-
tively. The source was always kept at room temperature, and no correction for the
second order Doppler shift was done. Table 1 gives the experimental quadrupole
splitting data, and Figure 1 shows two typical Mossbauer spectra. Practically no
contamination of the samples with low spin haemochrom [ €?gQ = 1.35 mm/s, see
for example (Eicher et al.,, 1976)] is seen. Figures 2 and 3 show the temperature
dependence of the quadrupole splitting of [Hpl/[Hb] = 2/1 and [Hp*1/[Hb] = 1/1,
respectively.
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Fig. 1. Mdssbauer spectrum of deoxy HpHb. a) [Hp*]/[Hb] = 1/1 at 82 K. b) [Hp)/[Hb] = 2/1 at
88K
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Fig. 2. Temperature dependence of the quadrupole splitting of HpHb 2/1. The solid line is obtained by
a least squares fit procedure
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Fig. 3. Temperature dependence of the quadrupole splitting of Hp+Hb 1/1. The solid line is obtained by
a least squares fit procedure

The determination of the electronic level scheme of the Fe was performed ac-
cording to the procedure introduced by Eicher et al. (Eicher and Trautwein, 1969;
Eicher and Trautwein, 1970; Eicher et al., 1974; Eicher et al., 1976). In this scheme
the electronic energy levels of the 3d® configuration are evaluated using a Hamilton-
ian which contains the Coulomb repulsion of the 3d electrons as well as their interac-
tion with the N-ligands of the Fe, arranged in C,, point symmetry. The four lowest
levels ®B,, °E, '4,, °E) are used as the basis for a perturbation Hamiltonian taking
into account a small rhombic distortion of the C,, point symmetry and the spin orbit
coupling which yields 22 levels. Their occupation according to Boltzmann statistics
gives rise to the temperature dependence of the electric field gradient. The measured
temperature dependence of the quadrupole splitting of the 14.4 keV state of 3’Fe is
least squares fitted to the theory just described with seven adjustable parameters.
These are: E,, E,, E;, D, V,, (1at), a* and A. The energies E; to E, are defined
as:

E, = ECE) — E(CB,)

E,= E(BE) - E(SBz)

Ey = E('4,) - E(°By

2D is the splitting of the 3E level due to the rhombic point symmetry. The parameter
V,, (lat) takes into account a temperature independent contribution to the electric
field gradient, «? is the covalency factor and A the spin orbit coupling constant of
Fe?* porphyrin compounds. A detailed discussion of the parameters is given in
(Eicher et al., 1976).
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Table 2. Results of the least square fitting procedure of the parameters E,, E,, E;, D and V,, (lat)
in HpHb 2/1 and Hp*Hb 1/1 and the corresponding values of ¢, ¢,, and &,. For a comparison, the
e-values of Mb and HbA have been added (taken from Eicher et al., 1976)

[Hpl/[Hb] = 2/1 [Hp*l/[Hb] = 1/1  Mb HbA
E, (cm™) — 584130 - 10+ 42 121 + 35 28 + 50
E, (em™) 966 + 47 933 + 106 760 + 150 1992 + 550
E, (em™) — 139 + 17 ~ 108 + 26 + 61+ 60 ~ 198 + 36
D (em™) —243 + 13 —290 + 25 —310+ 33 —33+ 32
(V—Oat)i——’i'i)> 0.035 + 0.018 0.079 + 0.02 0.144 + 0.015  0.0883 + 0.014
(1-Rye(™
& (cm™) — 58+ 30 — 10+ 42 121 + 35 28 + 50
&, (em™) 8170 + 58 8148 + 117 7907 + 166 9442 + 553
g5 (cm™) 16368 + 56 16953 + 114 17269 + 154 15881 + 552

For a comparison of the different electronic level schemes of various Fe** hae-
moglobins only the parameters E, ..., and D are of interest. To a good approxi-
mation the parameters a? and A should have the same values in these compounds
since the arrangement of nearest neighbours of the iron is fairly similar. We first
produced least squares fits to the measured temperature dependence of the quadru-
pole interaction in the following deoxygenated samples: Sperm whale myoglobin
(Mb) and human haemoglobin (HbA) (Eicher et al., 1976), Spyp-chain of human
haemoglobin and Chironomushaemoglobin (to be published elsewhere) and the two
haemoglobin haptoglobin complexes described in this paper leaving all seven param-
eters as free variables. For all substances mentioned best fits were obtained with
A =69 cm™ and &? = 0.89. In the next step 1 = 69 cm™! and a® = 0.89 were kept
constant and only the remaining five parameters were allowed to vary during the fit
procedure. The results of these fits are listed in Table 2 together with the values ¢, ¢,
and &; which are derived from the energies £, . ; according to Equation (2) of
(Eicher et al., 1976). ¢, is the energy of the 3d,, and the 3d,, single electron level, ¢,
the energy of the 3d,, level and ¢, the energy of the 3d,, . level to 3d,,.

Discussion

As mentioned earlier both HpHb samples show essentially only a single quadrupole
doublet. The splitting is similar in order of magnitude to that of deoxygenated HbA
and Mb samples and thus typical for a high spin state of Fe** in haemoglobin. A
more detailed discussion requires a comparison of the values of ¢,, ¢, and ¢, for the
two HpHb complexes and for Mb and HbA (see Eicher et al., 1976). From this one
deduces the following results:

1. The values of &, ¢, and ¢, for the two complexes [Hp*]/[Hb] = 1/1 and
[Hpl/[Hb]- = 2/1 are identical within the limit of error.

2. The values of ¢,, ¢, and ¢, for the HpHb complexes are rather similar to those
of Mb but differ significantly from the HbA values.
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In (Eicher et al., 1976) the distances of the iron atom from the haem plane and
its distance from the N _-atom of the proximal Histidine F8 was calculated from the
values of ¢; _; using a crystal field model. Even without such a detailed calcula-
tion, it is possible to deduce some basic conclusions on the geometrical arrangement
of the iron from the numbers ¢, ;. Since the d-orbitals have nonbonding charac-
ter, the energy of an orbital will rise, if the overlap with its ligands increases. The ¢,
value gives the energy of the d,,_,,-orbital with respect to the d,-orbital. In HpHb ¢;
is higher than in HbA which means that the overlap of the d,, ,.-orbital with the
four N-atoms of the haem group is larger and consequently the iron must be closer
to the haem plane.

On the other hand, ¢, gives the energy of the d,,-orbital with respect to the d,,-
orbital. In HpHb the value of ¢, is significantly smaller than in HbA. Consequently,
the overlap of the d,,-orbital with N_ of His F8 is also smaller and the distance
Fe—N, should be larger.

On the first view it is surprising that we did not observe any differences between
the samples [Hp*]/[Hb] = 1/1 and [Hpl/[Hb] = 2/1. As mentioned in the introduc-
tion the [Hp*]/[Hb] = 1/1 sample should contain the complex Hp*-Hb in which Hb
has at least partially maintained its cooperativity. The Fe atoms in that complex
should therefore have properties more similar to HbA than in Mb or isolated single
chains. One would expect therefore a second quadrupole doublet in the Mdssbauer
spectrum of the [Hp*}/[Hb] = 1/1 sample, however, in Figure 1 no indication for the
presence of a second species is seen. We have to conclude therefore that the environ-
ment of Fe in Hp*-Hb is very similar to Cx and Cd. A less probable explanation
would be that our freezing procedure was not fast enough, giving the species Hp*-
Hb time to decay, so that it was not present in our sample. No differences in the
Mossbauer spectra of Cx and Cd could be detected either.

As discussed in (Bade and Parak, 1976) level scheme differences of the haem
iron in HbA and Mb can be correlated with different structural states of the whole
molecule. From the similarity of the values of ¢, and &, between the HbHp-com-
plexes and Mb one may conclude that deoxy haemoglobin bound to haptoglobin is
in the relaxed high affinity state. In view of the energy change associated with the
allosterical transition of Hb the evaluation of the energy terms of Fe in HbA and
HbHp-complexes allows us to make an estimate on the contribution to this energy
change coming from the iron atom itself. Our data indicate that the energy of the
non-bonding d-orbitals is 1.2 kcal/mole Fe larger in HbA than in Hp-Hb. Of course,
also the bonding orbitals may change their energy during the allosterical transition.
However, we are not able to make a prediction for that contribution. Nevertheless,
the indicated value may be compared with other contributions. From calorimetric
measurements one may determine the energy of O, binding to haemoglobin. Such a
measurement takes into account the heat of oxygen binding to the haem sites, the
energy of the salt bridges, the rearrangement within the chains and the influence of
the Bohr protons yielding a total of —14.2 keal/mole Fe (Atha and Ackers, 1974).
According to Perutz (1970) the energy difference due to disrupture of salt bridges
during the oxigenation of Hb is about 2.5—3 kcal/mole Fe. In (Arata and Otsuka,
1975) the energy change between deoxy Hb and oxy Hb due to the conformational
difference is estimated to be about 8 kcal/mole Fe.
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