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Abstract. The monomeric haemoglobin IV from Chironomus thummi 
thummi (CTT IV) exhibits an alkaline Bohr-effect and therefore it is an 
allosteric protein. By substitution of the haem iron for cobalt the 02 
half-saturation pressure, measured at 25~ increases 250-fold. The 
Bohr-effect is not affected by the replacement of the central atom. The 
parameters of the Bohr-effect of cobalt CTT IV for 25~ are: inflection 
point of the Bohr-effect curve at pH 7.1, number of Bohr protons -Alog Pl/2 
(O2)/ApH = 0.36 mol H+/mol 02 and amplitude of the Bohr-effect curve 
Alog Pu2 (02) = 0.84. The substitution of protoporphyrin for mesoporphyrin 
causes a 10 nm blue-shift of the visible absorption maxima in both, the native 
and the cobalt-substituted forms of CTT IV. Furthermore, the replacement 
of vinyl groups by ethyl groups at position 2 and 4 of the porphyrin system 
leads to an increase of 02 affinities at 25 ~ C which follows the order: proto < 
meso < deutero for iron and cobalt CTT IV, respectively. Again, the 
Bohr-effect is not affected by the replacement of protoporphyrin for 
mesoporphyrin or deuteroporphyrin. The electron spin resonance (ESR) 
spectra of both, deoxy cobalt proto- and deoxy cobalt meso-CTT IV, are 
independent of pH. The stronger electron-withdrawing effect by protopor- 
phyrin is reflected by the decrease of the cobalt hyperfine constants 
coinciding with g, = 2.035 and by the low-field shift of g,. The ESR spectra 
of oxy cobalt proto- and oxy cobalt meso-CTT IV are dependent of pH. The 
cobalt hyperfine constants coinciding with g, = 2.078 increase during 
transition from low to high pH. The pH-induced ESR spectral changes 
correlate with the alkaline Bohr-effect. Therefore, the two 02 affinity states 
can be assigned to the low-pH and high-pH ESR spectral species. The low- 
pH form (low-affinity state) is characterized by a smaller, the high-pH 
form (high-affinity state) by a larger cobalt hyperfine constant in g,. The 
correlation of the cobalt hyperfine constants of the oxy forms with the 02 
affinities is discussed for several monomeric haemoglobins. The Co-O-O 
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bond angle in cobalt oxy CTT IV is characterized by an ozonoid type of 
binding geometry and varies little during the pH-induced conformation 
transition. Due to the lack of the distal histidine in CTT IV no additional 
interaction via hydrogen-bonding with dioxygen is possible; this is reflected 
by the cobalt hyperfine constants. 

Key words: Monomeric Chironomus haemoglobin - Substitution for cobalt 
and mesoporphyrin - Oe affinity - Electron spin resonance - Bohr-ef- 
fect 

Introduction 

The two monomeric haemoglobins, CTT III and IV, which are constituents of 
the 02 transport system of the larvae of the insect Chironomus thumrni thummi, 
are allosteric proteins. For many reasons we believe that these haemoglobins are 
the simplest allosteric models. The ligand-binding is controlled by only one 
proton-binding site [1-7]. The pH-dependent change of the 02 affinity of both 
haemoglobins follows a simple Bohr-effect curve which is characterized by 
inflection points at pH 7.1-7.4 [1-3, 5-7]. Therefore, both haemoglobins 
exhibit only an alkaline Bohr-effect, whereas no acid Bohr-effect can be 
observed [1-3]. The Bohr proton-binding group which forms a salt-bridge 
interacts with the ligand-binding site via a change of the tertiary structure [1-6] 
whereby the distances and the geometries of the ligands axially bound to the 
haem iron, i.e., the proximal imidazole and the molecular oxygen, are modified 
[6, 7]. Furthermore, both insect haemoglobins exhibit a lack of the distal 
histidine [8-10]. 

In principle, four effects could contribute to the change in the ligand affinity 
demonstrated by the Bohr-effect, or to a variation of the allosteric interaction 
energy indicated by different amplitudes of the Bohr-effect curves, 
(i) The trans-effect describes the interaction of the proximal histidine, via the 
haem plane, with the ligand bound to the iron in trans-position. Thus, a short 
imidazole-iron bond length correlates with a long ligand-iron bond length and 
vice versa [7, 11, 12]. 
(ii) The cis-effect can be defined as a direct interaction of the external ligand 
with the amino acid residues in its close vicinity. A steric hindrance can cause an 
unusual binding-geometry [13, 14]. Such an unusual binding-geometry of the CO 
ligand in haemoglobins was first discovered by Huber et al. in the monomeric 
insect haemoglobin CTT III, where E l l  Ile enforces a bond angle of 145 ~ [13]. 
Haemoglobins having a distal histidine establish particular binding-geometries 
of the external ligands which can be stabilized by the formation of a hydrogen 
bond. This direct interaction of the distal histidine has been demonstrated for 
the binding of an azide ion [15, 16], molecular oxygen [17, 18] and fluoride [t9]. 
In cobalt myoglobin [18] and cobalt leghaemoglobin [20] the interaction of 
the distal imidazole with dioxygen leads at low pH to the formation of the olefin- 
type bond [21], whereas at high pH the ozonoid-type bond [22] is formed. 
(iii) The porphyrin effect is based on the change of inductive electronic and 
steric phenomena. The substitution of side groups in the protoporphyrin system 
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has an effect on the ligand affinity and influences the interaction of the haem 
group with its protein environment [6, 7, 23-26]. 
(iv) The metal effect on the ligand-binding can be demonstrated by substituting 
the iron(II) by cobalt(II). The allosteric properties are preserved when iron is 
replaced by cobalt [27-32]. Tetrameric cobalt-substituted haemoglobins 
remarkably reduce their cooperativity and their Bohr-effects [29, 30]. The 
substitution with cobalt in myoglobin [28], and haemoglobin [27] opened the 
possibility to study both the deoxy and the oxy form of haemoglobins with 
electron spin resonance [20, 33-37]. Both, oxy and deoxy cobalt haemoglobin, 
are low spin complexes with S = 1/2. The unpaired electron being in a dz2 orbital 
diminishes the affinity for oxygen drastically. 

The present paper describes the pH dependence of the O2-binding 
equilibrium constants and the pH effect on the ESR spectra of the oxygenated 
monomeric insect haemoglobin IV which has been reconstituted with cobalt 
protoporphyrin and cobalt mesoporphyrin, respectively. We are interested to 
find out if the metal effect and/or the porphyrin effect influence the allostery of 
this protein, by comparing these results with those obtained with the native 
protein. Bohr-effect and amplitude of the Bohr-effect curve of CTT IV have not 
been changed by these substitutions, whereas the Oz affinity increases in the 
following series: cobalt < iron and protoheme < mesoheme, respectively. The 
ESR spectra of the deoxy forms seem to be pH-independent, whereas the oxy 
forms show a pH-dependent hyperfine pattern. Since CTT IV has no distal 
histidine it will not form a hydrogen bond with dioxygen, pH effects on the ESR 
spectra of the oxy forms should reflect tertiary structure changes which influence 
the electronic structure of the cobalt atom via the proximal histidine, i.e., via the 
trans-effect. 

Materials and Methods 

Preparation of Native Haemoglobin IV 

Haemoglobin IV (CTT IV) from insect larvae of Chironomus thummi thummi 
has been purified according to [2]. The collective monomeric haemoglobins have 
been dialyzed against 0.01 M Tris buffer pH 9.0 (starting buffer) and then 
adsorbed on a DEAE-Sephadex A50 column (6 • 60 cm) equilibrated with the 
starting buffer. The monomeric haemoglobins I, III, and IV have been eluted 
with a linear gradient of 5 1 0.01 M Tris pH 9.0 plus 5 1 0.01 M Tris pH 9.0 in 
0.15 M NaC1. The chemical homogeneity of CTTIV has been checked by 
polyacrylamide gel (10%) disk-electrophoresis at pH 9.5. The Rf value was 0.60. 
The lyophilized salt-free protein was stored at -30  ~ C. 

Preparation of Globin 

The preparation of globin was carried out as described in [11]. The haemoglobin 
dissolved in aqua destillata was oxidized by adding 1.5 M excess of K3(Fe(CN)6). 
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Salts were immediately removed by gel-filtration on Sephadex G25. Extraction 
of haem was performed at -20  ~ C under stirring. One volume of a 1% solution 
of met haemoglobin was added drop by drop to 20 volumes of the acetone 
solution being 6 mM in HC1 [38]. After 30 min stirring the precipitated globin 
was centrifuged and washed two times with acetone. The globin was dissolved in 
HeO at 4~ and then dialyzed one hour against H20, 12 h against 0.0015 M 
NaHCO3 and finally 24 h against 0.01 M phosphate buffer pH 7.5. Precipitated 
globin was discarded. The UV absorption spectrum of the globin solution was 
recorded at 4 ~ C. The globin concentration was determined by measuring the 
absorbance at 280nm using a molar absorption coefficient e = 11,200 
(M -1 �9 cm -a) according to [39]. The yield of native globin was about 50%. 

Preparation of Cobalt Porphyrins 

Cobalt protoporphyrin IX was prepared according to [29]. Haemin was isolated 
from bovine haemoglobin following the procedure of Labbe and Nishida [40]. 
The removal of iron from the haemin was carried out as described by Morrell 
and Stewart [41]. 

The purification of the protoporphyrin was performed as published 
elsewhere [11]. For insertion of cobalt into protoporphyrin IX two solutions had 
to be prepared and heated to 80~ under anaerobic conditions: 200 mg 
protoporphyrin IX, dissolved in 15 ml pyridine, were added to 100 ml glacial 
acetic acid and 140 mg cobalt(II)-acetate-4-hydrate were dissolved in 10 ml 
glacial acetic acid and pyridine (10 : 1; v/v). With stirring the cobaltous acetate 
solution was added dropwise to the porphyrin solution. After 15 min heating at 
80 ~ C the reaction mixture cooled down to room temperature under a stream of 
air for 1 h and was dried in a vacuum rotatory evaporator. The dried material 
was dissolved in the lower phase of a mixture of pyridine, chloroform, water and 
iso-octane ( 2 0 : 2 0 : 1 0 : 1 ;  v/v). The cobalt protoporphyrin was purified by 
chromatography on a silica gel column (2 x 30 cm) (silica gel 60, 70-230 mesh, 
ASTM, Merck, Darmstadt) equilibrated with the above mentioned solvent. The 
mobile cobalt protoporphyrin IX fraction was rechromatographed on a silica gel 
column (2 x 60 cm). The fractions were tested for chemical homogeneity by 
thin-layer chromatography. The collected fractions were dried in a vacuum 
rotatory evaporator and then dissolved in a minimum amount of a mixture of 
ethyl acetate and glacial acetic acid (6 : 1; v/v); insoluble material was separated 
by filtration. Then the cobalt protoporphyrin IX was precipitated from a 
homogeneous solution by addition of one volume n-hexane at 4 ~ C. The material 
was washed with n-hexane by filtration and dried in a vacuum at room 
temperature. The yield of cobalt protoporphyrin IX was about 40%. 

Cobalt mesoporphyrin IX was prepared according to [42]. For insertion of 
cobalt into mesoporphyrin IX two solutions had to be prepared and heated to 
80 ~ C under anaerobic conditions: Amounts of 200 mg mesoporphyrin IX (Carl 
Roth, Karlsruhe) and 400 mg cobalt(II)-acetate-4-hydrate were dissolved in 
200 ml and 400 ml glacial acetic acid respectively. With stirring the mesopor- 
phyrin solution was added to the cobaltous acetate solution. After a reaction 
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time of 15 min the reaction mixture was cooled to room temperature. The 
precipitated cobalt mesoporphyrin was washed successively with glacial acetic 
acid, water and methanol by filtration and then dried in a vacuum at room 
temperature. 

The purity of the cobalt porphyrins was checked by UV/visible absorption 
and proton nuclear magnetic resonance spectroscopy. The cobaltous porphyrin 
was dissolved into 0.1 N NaOH : pyridine : H20 (3 : 10 : 17, v/v) and trans- 
formed to the cobaltic form under a stream of pure dioxygen. The optical spectra 
of these complexes were identical with those described by Yonetani et al. [30]. 
Proton magnetic resonance spectra of the bis-cyano cobaltic porphyrins were 
recorded with a 270MHz Fourier spectrometer (Type WH270, Bruker 
Analytische MefStechnik, Karlsruhe, FRG). The cobaltic porphyrins (50 mM) 
were dissolved in tetradeuteromethanol which also contained 150 mM KCN. 
The assignment of all heme proton resonances was possible by comparison with 
the spectra described for the diamagnetic zinc porphyrins dissolved in 
ds-pyridine [43]. 

Preparation of Cobalt Haemoglobin IV 

The reconstitution of cobalt haemoglobin IV from globin and cobaltous 
porphyrin was carried out as described by Yonetani et al. [30]. A volume of 
50 ml globin solution (5 mg globin per ml 0.1 M phosphate buffer pH 7.0) was 
cooled in an ice bath and deoxygenated by passing humid nitrogen gas over the 
surface of the solution. Then 1.3 equivalents of cobalt porphyrins were dissolved 
in 5ml of a pyridine:water mixture (1:1;  v/v). This solution was also 
deoxygenated and then saturated with dithionite. Under unaerobic conditions 
and at 4 ~ C the cobaltous porphyrin solution was added to the globin solution 
under gentle stirring. Immediately after the mixing, the solution was passed 
through a Sephadex G-25 column (5 x 25 cm) equilibrated with 0.01 M 
phosphate buffer pH 6.0. The solution of cobalt haemoglobin was desalted by 
gel-filtration and lyophilized. The dry material was stored at -30  ~ C. 

Oxygen Binding Curves 

Oxygen binding curves were recorded at 25 ~ C by means of the rapid diffusion 
technique [44, 45]. The samples were prepared as follows: 30 mg freeze-dried 
haemoglobin was dissolved in 0.2 ml 0.02 M NaC1. After centrifugation the 
precipitated material was discarded. For each pH value a volume of 20 ~xl of 
cobalt haemoglobin solution was mixed with 20 ~tl 0.4 M buffer. Glycin-NaOH, 
Tris-HC1, phosphate and citrate-phosphate buffers were used. The pH was 
measured before transferring the sample into the diffusion chamber. Changes of 
the absorbance occuring during the oxygenation-desoxygenation cycle were 
monitored in the diffusion chamber at 424 nm for cobalt proto-CTT IV and at 
414 nm for cobalt meso-CTT IV. 
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pH Measurements 

The pH of the haemoglobin solution was measured at 25 ~ C by means of a micro 
glass electrode (Type 406 M3, Ingold, Frankfurt/Main, FRG) and a pH-meter 
(Type PHM 63, Radiometer, Copenhagen, Denmark). 

UV/Visible Absorption 

Optical spectra were recorded at 22 ~ C with a spectrophotometer (Cary Model 
118, Varian, Palo Alto, CA, USA). 

Electron Spin Resonance 

The ESR spectra were taken at 77 K with an X-band spectrometer (Type 
ER 420, Bruker Analytische MeBtechnik, Karlsruhe, FRG). The modulation 
amplitude of the 100 kHz field modulation was 0.02 mT. The microwave power 
was attenuated to 8 mW, saturation phenomena did not appear. The microwave 
frequency was measured with a frequency counter, the magnetic field strength 
was determined by a nuclear magnetic resonance oscillator. Second and third 
derivative spectra of deoxy and oxy cobalt haemoglobins were obtained by 
measuring the first derivative spectra with small modulation amplitudes followed 
by a computational transformation into the second and third derivative 
respectively, by means of the Fourier-transform technique as described in [46]. 
Samples of cobalt haemoglobin IV were prepared by dissolving 30 mg 
lyophilized protein in 0.25 ml 0.4M Tris-HCl buffer pH 9.5 and 0.4M 
citrate-phosphate buffer pH 5.7 respectively. After centrifugation the protein 
solution was filled into quartz tubes of 3.3 mm diameter. The deoxy form was 
obtained by adding 50 ~tl of a saturated Na2S204 solution under nitrogen 
atmosphere. After a reaction time of 20 rain at room temperature the sealed 
tube was frozen in liquid nitrogen. The oxy form was prepared at 4 ~ C by flushing 
pure dioxygen over the surface of the protein solution for 30 min. The 
haemoglobin solution was filled into quartz tubes which were sealed with a 
rubber stopper and then frozen in liquid nitrogen. 

Results 

Visible Absorption of Cobalt Haemoglobin IV 

Visible absorption spectra of deoxy and oxy cobalt haemoglobin IV are shown in 
Figs. 1 and 2. Deoxy cobalt proto-CTT IV exhibits a prominent absorption band 
at 554 nm and a marked shoulder at 520 nm. The Soret-band occurs at 403 nm. 
Oxy cobalt proto-CTT IV shows typical a and/3 bands at 570 nm and 538 nm. At 
25 ~ C and under pure dioxygen atmosphere (see also O2-binding experiments) 
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the haemoglobin is not fully oxygenated, therefore, the determination of the 
absorption maxima is not very exact. The shoulder at 405 nm may be also 
indicative for a portion of the deoxy form in the sample. As in iron haemoglobin 
IV the absorption bands are red-shifted by 10 nm if protoporphyrin IX is 
exchanged by mesoporphyrin IX. The data are compiled in Table i and 
compared with those described for human haemoglobin and sperm whale 
myoglobin. 

Dioxygen-Binding Equilibrium Data of Cobalt Haemoglobin IV 

The O2-binding curves of cobalt-substituted CTT IV are hyperbolic as one 
should expect for monomeric haemoglobins. The half-saturation pressures, 
Pal2 (O2), are pH-dependent. The log Pl/2 (O2)-versus-pH plots are characteristic 
for an alkaline Bohr-effect and show inflection points at pH 7.1 for 
proto-CTT IV and pH 6.7 for meso CTT IV (see Fig. 3). The inflection point of 
the Bohr-effect curve is shifted to low pH only if iron is replaced by cobalt and 
protoporphyrin by mesoporphyrin. The amplitude of the Bohr-effect curves and 
the number of Bohr-protons released per bound 02 have not been affected by 
the porphyrin substitution. Furthermore, both parameters of the Bohr-effect are 
identical with those determined for the respective iron haemoglobins IV (see 
Table 2). 

After the substitution of iron for cobalt one observes an increase of pl/2 (02) 
for proto- and meso-CTT IV, at high pH by factors of about 240 and 750 and at 
low pH by factors of about 280 and 630. This change in 02 affinity is practical, 
i.e., within limits of + 20%, independent of pH consistent with the invariant 
Bohr-effect described above. 

The effect of substitution with mesoporphyrin IX on the change of 02 
affinities is more pronounced in the iron than in the cobalt-substituted 
haemoglobins. The pl/2 (02) values increase in the iron form by a factor of about 
4, whereas in the cobalt form only by a factor of about 2. 

The large decrease of the 02 affinity, characteristic for cobalt haemoglobins, 
led only to 80% saturation with 02 under the conditions of the diffusion 
technique. Therefore, the half-saturation pressures were computed by means of 
an approximation procedure described elsewhere [47]. 

Electron Spin Resonance of Deoxy Cobalt Haemoglobin IV 

The first derivative ESR spectrum of deoxy cobalt proto-CTT IV is shown in 
Fig. 4. This spectrum indicates rhombic symmetry with g.l = 2.360, g• = 2.322 
and g, = 2.035. The g values of deoxy meso-CTT IV differ only slightly (see 
Table 3). The ESR spectra are characteristic for low-spin cobalt(II) complexes 
with S = 1/2. The low-field resonances (at gi) do not show resolved hyperfine 
structures, whereas g, exhibits an eight-line hyperfine structure which originates 
from the interaction of the electron spin with the nuclear spin of the cobalt atom 
(I = 7/2). Each resonance of the eight-line hyperfine structure is further split into 
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Table 1. Optical absorption maxima, ).m~x (nm), of cobalt proto- and meso-haemoglobin IV at pH 6.5 
and 22 ~ C 

Ligation state Protoporphyrin IX Mesoporphyrin IX 

CTT IV Hb a Mb a CTT IV Hb a Mb a 

Oxy 570 571 577 560 561 560 
538 538 539 528 530 529 
423 422 426 414 412 414 

Deoxy 554 552 558 544 542 542 
403 402 406 395 392 395 

a For comparison, data from human haemoglobin (Hb) and sperm whale myoglobin (Mb) taken 
from reference [30] 

Fig. 3. Bohr-effect of cobalt haemoglobin IV 
at 25 ~ C. D--[]--rq,  proto-CTT IV: �9169169 
meso-CTT IV 
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Table 2. O2-binding equilibrium parameters of iron and cobalt haemoglobin IV at 25~ 

Iron CTT IV Cobalt CTT IV 

Proto- Meso- Proto- Meso- 
porphyrin IX ~ porphyrin IX b porphyfin IX porphyfin IX 

Pl/2 ( O 2 ) m a x  [mm Hg] 2.75 0.79 760 500 
el~2 ( O 2 ) m i n  [mm Hg] 0.45 0.12 110 90 
hlog Pl/2 (02) 0.79 0.82 0.84 0.75 
-[Alogpl/2 (O2)/ApH] 0.45 (7.2) 0.33 (7.3) 0.36 (7.1) 0.35 (6.7) 

[tool H+/mol 02] 

Numbers in brackets are the inflection points of the Bohr-effect curves, where the Bohr-proton 
release was determined 
a Data taken from reference [1, 6] 
b Data taken from reference [48] 
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a triplet which can be assigned to a coupling of the spin with the 2~Ne-imidazole 
of the proximal histidine (I = 1). The hyperfine constants of proto-CTT IV are a 
(sgCo) = 7.96 r a t  and a (14N~) = 1.65 roT. In deoxy meso-CTT IV the cobalt 
splitting constant is significantly larger, whereas the NE splitting constant is 
unchanged, compared with the respective parameters of proto-CTT IV (see 
Table 3). 

/ 
, I ' r  , . . . . . . .  L _ _ L , i ~ . 

0sr-2.360 g~2.035 
gael=2,322 ' 

acN01{{ Ill III III III III Ill  Il l  
Fig, 4, ESR first derivative spectrum of cobalt-substituted deoxy proto.CTTIV, pH 5.5; 
temperature: 77 K 

Table 3. ESR parameters of cobalt haemoglobin IV at 77 K 

Deoxy form Oxy form 

Low-pH/ Low-pH form Higla-pH form 
High-pH forms 

Protoporphyrin IX 

g ~  2.360 _+ 0.001 n.r. n,r. 
g~_z 2,322 +- 0.001 n.r, n.r. 
gt/r59f2, O 2.035 • 0.001 2.077 • 0.001 2.078 :t: 0,001 
all t v ) [mT] 7.96 • 0.02 1.78 �9 0.01 1.81 --+ 0,91 
all (14Ne) [roT] 2.65 ._+ 0.01 n.r. n.r. 

Mesoporphyrin IX 

g J-1 2.362 • 0.001 n.r. n,r, 
g~; 2.319 • 0.001 n.r. n.r. 
hal I 2.032 _+ 0.001 2.076 + 0.001 2.~378 +__ 0.001 

(59Co) [roT] 8.20 _+ 0.02 1,70 + 0.01 1.85 • 0,01 
all (~4N~) (roT] 1,66 _,+ 0.01 n,r. n.r, 

n,r,, means not resolved 
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The second derivative ESR spectra of the deoxy forms measured at pH 5.7 
and pH 9.5 do not show any influence of pH on the hyperfine constants in the 
direction parallel to the haem normal or on the spectral pattern at low-field (see 
Fig. 5). 

Electron Spin Resonance of Oxy Cobalt Haemoglobin IV 

The first derivative ESR spectrum of oxy cobalt meso-CTT IV shows rhombic 
symmetry (see Fig. 6). Only the low-field g, value could be determined exactly. 
Exchange of mesoporphyrin IX by protoporphyrin IX does not change g,. The 
determination of the g values of the two other directions was not possible due to 
the overlapping hyperfine structures mainly originating from the cobalt atom 
and the Ncimidazole of the proximal histidine. 

The eight-line hyperfine structure which coincides with the direction of g, is 
characterized by hyperfine splitting constants of a, (59Co) = 1.85 mT (high pH) 
and 1.70 mT (low pH). This pH-dependent change of the cobalt splitting 
constant is smaller in oxy proto-CTT IV than in oxy meso-CTT IV. However, no 
influence on the g, value is observed by changing the pH. Furthermore, the 

B 

I I I I I I I I I 

g• g1"2,035 
g• !2"322 

,0m, o,co,k k k k k 2 2 
o%1111 I I I  I I I  I l l  ]1t I I I  I I I  I I I  

Fig. 5. A and B. ESR second derivative spectra of cobalt-substituted deoxy proto-CTT IV. pH 5.5 
(A); pH 9.2 (B); temperature: 77 K; the experimental first derivative has been transformed to the 
second derivative by Fourier-transform technique 
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Fig. 6. A and B. ESR first derivative spectra of cobalt-substituted oxy meso-CTT IV. pH 6.1 (A); pH 
9.6 (B); temperature: 77 K; g value and hyperfine splitting refer to the high-pH species 

I I I I 

a(Co) "~ 

1 
g11~2.078 

a(Co) l I I I I I I I -= 5mT= 

Fig. 7 A and B. ESR third derivative spectra of cobalt-substituted oxy meso-CTT IV. pH 6.1 (A); 
pH 9.6 (B); g value and hyperfine splitting refer to the high-pH species; the experimental first 
derivative has been transformed to the third derivative by Fourier-transform technique 
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eight-line hyperfine structure changes when replacing mesoporphyrin IX by 
protoporphyrin IX (see Table 3). 

Comparison of the ESR spectra measured at acid and alkaline pH exhibits 
further spectral changes in the high-field region indicating an influence of pH 
also on the hyperfine pattern coinciding with the two other directions. This 
pH-dependent spectral change is demonstrated in the better resolved third 
derivative ESR spectra shown in Fig. 7. Although an exact determination of the 
pK value of this pH-dependent transition was not possible, the inspection of the 
high-field features gives evidence that this ESR spectral transition occurs with an 
inflection between pH 6 and 7 and therefore corresponds to the alkaline 
Bohr-effect. The low- and high-pH spectra correspond to the low- and 
high-affinity forms respectively. 

Discussion 

Effect of Substitution for Cobalt on the 02 Affinity of Haemoglobin IV 

The substitution with cobalt for iron in haemoglobins [30, 37, 54] and 
myoglobins [30, 53] is accompagnied by a dramatic decrease of the 02 affinity. 
This characteristic lowering of the 02 affinity is largest in leghaemoglobin 
(440-fold) (Gersonde et al., unpublished results) and CTT IV (250-fold) and is 
smallest in human haemoglobin A (10-fold) [30, 54] and myoglobin (50-fold) 
[30, 49]. On the basis of this observation CTT IV and leghaemoglobin constitute a 
common class and myoglobin and haemoglobin A another one. 

Due to the occupancy of the dz2 orbital by a single electron the central cobalt 
atom acts as a stronger a donor than the iron atom and therefore, lengthening of 
the axial bonds must be expected [55].This fundamental behaviour is common 
for all cobalt-substituted haemoglobins. The strong cr donor property of 
cobalt(II) causes a two to three orders of magnitude larger koff value for 
dioxygen than one can observe in the respective native haemoglobins, whereas 
the on-rate changes relatively little with substitution for cobalt [56, 57]. The 
large decrease in 02 affinity of cobalt-substituted haemoglobin therefore 
originates from the increase of the off-rate constant. However, as already 
pointed out by Yamamoto et al. [56], the kof~ values differ remarkably, when 
comparing different haemoglobins, indicating the particular influence of the 
protein moiety. Obviously, the apoprotein itself modifies, via specific interac- 
tions, the 02 dissociation velocity constants and thus also the 02 affinity. 

In Table 4 for 25 ~ C and pH 7.0pl/2 (02) values of the iron (native) and cobalt 
forms of three monomeric and one tetrameric haemoglobin are compiled. The 
02 half-saturation pressures increase with the following sequences, 
for the iron form: leg Hb < Mb < CT]? IV < Hb A and 
for the cobalt form: leg Hb < Mb < Hb A < CTT IV. 
Leghaemoglobin and myoglobin with higher 02 affinities in both forms follow 
common sequences, whereas CTT IV and Hb A show an interchange. After 
substitution for cobalt, CTT IV exhibits a smaller 02 affinity than Hb A. The 
cobalt-induced lowering-factor for the ligand affinity represented by the 
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expression Fcobalt -- Pl/2 (02) cobalt~p1~2 (02) iron (see Table 4) increases with 
the sequence: Hb A < Mb < CTT IV < leg Hb. From the comparison of these 
three sequences the conclusion can be drawn that substitution for cobalt affects 
the kof ~ and Pl/2 (O2) values of leg Hb and CTT IV much more than those of the 
two other haemoglobins. 

Leghaemoglobin, myoglobin and haemoglobin A provide a distal histidine 
which under suitable conditions can interact with the bound dioxygen via 
hydrogen-bonding, whereas CTT IV does not. It is assumed that the distal 
histidine is responsible for the acid Bohr-effect of myoglobin [46, 50]. Although 
the nature of the acid Bohr-effect group in mammalian haemoglobins is yet a 
matter of controversy [58], the similarity of the Fcobalt values of Hb A and Mb 
support the assumption that the distal histidine in both, myoglobin and 
haemoglobin A, stabilizes the dioxygen-binding by reducing the off-rate. The 
off-rates of haemoglobins without distal histidine, i.e., Aplysia myoglobin [57] 
and Glycera haemoglobin [53], are about two orders of magnitude larger than 
that of myoglobin. Leghaemoglobin, however, although exhibiting a distal 
histidine, behaves on the basis of its lowering-factor of ligand affinity, Fcobalt , like 
CTTIV. Furthermore, at room temperature both, the native and the 
cobalt-substituted leghaemoglobin, do not show any pH dependence of the 02 
affinity, i.e., acid or alkaline Bohr effect. This result is consistent with a greater 
mobility of the distal histidine at room temperature which is due to the more 
flexible and open haem pocket in leghaemoglobin [59, 60]. However, at low 
temperature (at 77 K) the distal histidine of leghaemoglobin can interact with 
dioxygen bound to the haem group [20]. 

CTT IV is a lucky chance; despite of the lack of "cis-effects" by distal 
histidine, it exhibits an alkaline Bohr-effect. The Bohr-effect is substantially not 
changed by the metal exchange and the number of Bohr-protons released is the 
same in both, in the native and in the cobalt-substituted form. This result clearly 
demonstrates that the exchange of the central atom has no influence on the 
allosteric site, i.e., the Bohr-proton binding site. This is further confirmed by the 
invariance of the inflection points of the Bohr-effect curves, which are identical 
for iron and cobalt CTTIV, i.e., at pH 7.1-7.2. Furthermore, this result 
provides firm evidence, that a transition between two tertiary structures (t, r) or 
affinity states is not triggered by a spin state transition of the central metal atom 
and its movement relative to the haem plane as it is proposed by Perutz [61] for 
the quaternary structure change in Hb A. If this mechanism is effective, one 
should observe a larger Bohr-effect for native CTT IV than for the cobalt form. 
Therefore, a "metal-effect" as a controlling mechanism of the allostery of this 
haemoglobin can also be excluded. 

An alternative mechanism of the allosteric control of the ligand affinity of 
this monomeric haemoglobin is due to the "trans-effect" of the proximal 
histidine. The proximal imidazole influences the a donor properties of the cobalt 
atom by changing its bond length to the central atom either by movement of the 
F helix or by a twist. The distance between cobalt and N,-imidazole becomes 
smallest if the angle between the imidazole plane and a second plane passing 
through the twofold axis and one pair of the porphyrin nitrogen atoms is 45 ~ In 
this configuration the imidazole hydrogen atoms point toward the methine 
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carbon atoms [62]. Longer bond distances result from an angle of 90 ~ . It will be 
discussed later on the basis of ESR results that the "trans-effect" of the 
imidazole base influences the electronic structure of the cobalt atom solely in the 
ligated, i.e., in the oxygenated state, and not in the deoxy state. Thus, the two 
electronic states of the central atom which correlate with two tertiary 
conformations or two ligand affinity states exist only in the ligated form of 
CTT IV. 

Effect of Substitution for Mesoporphyrin 
on the 02 Affinity of Haemoglobin IV 

The replacement of protoporphyrin by mesoporphyrin leads to an increase of O2 
affinity for both forms of CTT IV, i.e., for the iron- and the cobalt-substituted 
protein. The conversion of vinyl groups to ethyl groups in position 2 and 4 of the 
porphyrin ring is accompagnied at room temperature by an increased 02 affinity 
in all haemoglobins [23-25, 30]. Ethyl groups of the mesoporphyrin are less 
electron attractive than vinyl groups of the protoporphyrin, resulting in an 
increase in the metal-oxygen bond strength. This reduction of the electron-with- 
drawing effect by ethyl groups is consistent with the blue-shift of the visible 
absorption spectra observed for CTT IV and other haemoglobins. For iron 
CTT IV an increase in 02 affinity at 25 ~ C is observed which follows the order: 
proto- < meso- < deutero-CTT IV. The same sequence of affinities has been 
described for iron and cobalt myoglobins at temperatures > 25 ~ C, whereas at 
temperatures < 25 ~ C this order changes to proto- < deutero- < meso-Mb [30]. 
Only the low-temperature order of 02 affinities of myoglobin is exactly 
consistent with the above mentioned rule of negative inductive effects of the 
groups at position 2 and 4 of the porphyrin ring. On the basis of temperature 
dependences of the 02 affinities of porphyrin-substituted myoglobin and 
haemoglobin it has been concluded that not only nucleophilicity but also size and 
rotational properties of the substituent groups in relation to specific interactions 
with the protein environment are responsible for the ligand affinity [30, 57]. 
Although steric effects are the primary effects which alter the intrinsic 
reactivities of haemoglobins [24], haem modification does not result in 
substantial alterations in the conformational equilibrium between two allosteric 
states [23-25]. Substitution for mesoporphyrin in CTT IV has no effect on the 
allostery of this haemoglobin, i.e., on its alkaline Bohr-effect. It has been 
recently demonstrated directly by 1H NMR investigations, that one of the vinyl 
groups of CTT IV changes its rotational position depending on temperature and 
tertiary conformation [26]. The in-plane position of the vinyl group is preferred 
at high temperature or in the t state (with low 02 affinity), whereas the 
out-of-plane position is possible in the r state (with high 02 affinity). In the t state 
the rotational probability is little temperature-dependent, whereas in the r state 
with its more flexible protein structure the typical temperature dependence of a 
vinyl group with high degree of rotational freedom is shown. Although this vinyl 
group in CTT IV quantitatively reflects the Bohr-effect, substitution by meso- 
and deuteroporphyrin has no influence on the magnitude of the Bohr-effect. 
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Therefore, a "porphyrin effect" which controls the allostery of the protein can 
be excluded. Furthermore, we assume that the allosteric interaction energy is 
not mediated to the central atom via these side groups of the porphyrin. The 
above mentioned "irregular" order of 02 affinities indicates that CTT IV 
produces a constraint on the porphyrin system. 

The combination of a replacement for cobalt and mesoporphyrin leads to 
some minor alteration of the protein structure. The inflection point of the 
Bohr-effect curve is shifted by 0.4 units to low pH without any change in the 
amplitude of the Bohr-effect curve. This means that the environment of the 
allosteric site is changed. 

Fcobalt, the cobalt-induced lowering-factor of the 02 affinity is for 
meso-CTT IV larger by a factor of 2, than that of the proto-CTT IV (see 
Table 4). Fmeso is independent of the protein structure and reflects the "pure" 
electronic effect of the side group substitution, i.e., the steric effects are the 
same in both, the iron- and cobalt-substituted, haemoglobins. This result is 
consistent with the observation that an exchange of the central metal atom is 
without any effect on the conformational equilibrium in allosteric haemoglobins. 
The mesoporphyrin-induced blue-shift of the visible absorption of CTT IV is 
another argument that the steric effects are not influenced by the exchange of the 
central metal atom. 

pH-Independent Electron Spin Resonance Spectra 
of Deoxy Cobalt Haemoglobin IV 

The different electron attractive effects of the substituents in position 2 and 4 of 
the porphyrin system can also be demonstrated by the ESR spectra at 77 K of 
deoxy cobalt CTT IV. Meso-CTT IV shows a smaller g H value than proto- 
CTT IV. Furthermore, the 59Co hyperfine constant which coincides with the z 
direction is larger in meso-CTT IV than in proto-CTT IV. Both observations are 
consistent with an increase of the unpaired spin density in the cobalt dz2 orbital 
caused by the exchange of the vinyl by ethyl groups. 

However, the hyperfine constant also coinciding with g r~ and attributed to 
14N~ of the proximal imidazole is not affected by the porphyrin substitution. 
The proximal histidine, which obviously plays the most important role for 
the allosteric variation of the 02 affinity, does not change its distance to the 
cobalt atom or its binding geometry under the influence of the electronic 
effects produced by the porphyrin side groups. 

The ESR feature at all and the above mentioned parameters of the z 
direction are invariant with pH, reflecting an invariant electronic structure of the 
cobalt atom. Two questions arise: Is the deoxy structure of CTT IV frozen 
allowing only one conformation state for oxygen-binding? Does the pH-induced 
conformation transition exist in the deoxy state but cannot affect the axial 
imidazole-cobalt bond and the electronic structure of the cobalt in the 
pentacoordinated state? It has been recently demonstrated by measuring 
hyperfine-shifted resonances of haem and proximal imidazole protons of native 
deoxy CTF IV that the imidazole exchangeable NH(1) proton does not show any 
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pH dependence, whereas methyl groups at the haem periphery are sensitive to 
the pH-induced conformation change [7]. Therefore, we must assume that in 
deoxy CTT IV the conformation transition exists, but is not linked to the active 
site and does not induce a transition between two affinity states. This assumption 
is in full agreement with the on-rate constants for 02 (Gersonde et al., 
unpublished data) and the temperature dependence of the quadrupole splitting 
of iron of deoxy CTT IV (Parak et al., unpublished data) of which both are 
independent of pH. 

pH-Dependent Electron Spin Resonance Spectra 
of Oxy Cobalt Haemoglobin IV 

The ESR spectra of oxy cobalt CTT IV are pH-dependent. The pH-induced 
transition from the low-pH to the high-pH spectral form correlates with the 
transition from the low-affinity to the high-affinity state of the haemoglobin 
as described also by the alkaline Bohr-effect. This pH dependence can be 
demonstrated by the hyperfine parameters of the well-resolved low-field part of 
spectra as well as by phenomenological comparison of the non-resolved 
high-field part (see Figs. 6 and 7). The transition between these two spectral 
forms occurs in the range of pH 6-7.  

The ESR spectra are well-resolved only for one principal direction, i.e., 
parallel to the axial direction of the haem complex, g, practically does not vary 
with pH and is not affected by differences in the nucleophilicity of porphyrin side 
groups. The eight-line hyperfine structure coinciding with g, is due to the 
interaction of the electron spin with the cobalt nucleus (I = 7/2). The cobalt 
hyperfine constant, a(59Co) is smaller at low pH and becomes larger at high pH 
(see Tables 3 and 5). Therefore, on the basis of the above mentioned 
correlation, the low-affinity state of oxy cobalt CTT IV exhibits a smaller cobalt 
hyperfine constant than the high-affinity state indicating a pH-induced change of 
the spin density at the cobalt nucleus. We assume that spin transfer to dioxygen 
is larger for the low-pH/low-affinity than for the high-pH/high-affinity form. On 
the basis of 59Co and 170 hyperfine tensors Dickinson and Chien [29, 33] have 
shown for myoglobin, that dioxygen is bound to the cobalt center at 77 K in two 
stereoelectronic structures, i.e., in the mode of ozonoid-type and olefin-type 
bonding, respectively. For leghaemoglobin it has been recently demonstrated by 
ESR studies at 77 K that the transition between these two stereoelectronic 
structures is pH-induced and correlates with the protonation/deprotonation 
reaction of the distal histidine [20]. Both, myoglobin and leghaemoglobin, 
exhibit at low temperature an acid Bohr-effect (inverse to the alkaline 
Bohr-effect observed for CTT IV). By compiling in Table 5 the cobalt hyperfine 
constants coinciding with g, of these three monomeric haemoglobins and by 
correlating them with 02 affinity states of the acid and alkaline Bohr-effects of 
the respective proteins we can draw some interesting conclusions on the binding 
geometry of dioxygen in cobalt CTT IV. We have observed two classes of 59Co 
hypeffine constants: a(59Co) = 2.10-2.40 mT for the low-pH forms (high-af- 
finity states) of myoglobin and leghaemoglobin, and a(59Co) = 1.55-1.70 mT 
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Table 5. Correlation of ESR parameters with 02 affinity states for 
haemoglobins 

207 

different oxy cobalt 

pH ESR parameters Haemoglobins 

CTT IV a Mb b leg Hb c 

High pH 

Low pH 

gl n.d. 2.080 2.078 
g2 n.d. 1.980 1.988 
g3 = gl/  2.077 (2.076) 2.008 2.005 
aql (59Co) (mT) 1.78 (1.70) 1.67 1.55 
ale (14Ne) (mT) n.d. n.d. 0.44 

Affinity state High-affinity Low-affinity Low-affinity 

Conformation state r t t 
02-binding Ozonoid Ozonoid Ozonoid 
geometry (more inclined) 
Distal imidazole No No No 
interaction 

gl n.d. 2.080 2.092 
g2 n.d. 1.980 1.989 
g3 = gll. 2.078 (2.078) 2.008 2.006 
all (59Co) (mT) 1.81 (1.85) 2.40 2.10 
arl (14N~) (mT) 0.50 0.65 

Affinity state Low-affinity High-affinity High-affinity 

Conformation state t r '  r' 
O2-binding Ozonoid Olefin Olefin 
geometry 
Distal imidazole No Yes Yes 
interaction 

a Data of the present paper, numbers in brackets refer 
b Reference [33] 
c Reference [20] 
n.d., means not determined 

to oxy cobalt meso-CTI" IV 

for the high-pH forms (low-affinity states) of myoglobin and leghaemoglobin 
and for the low-pH form (low-affinity state) of CTT IV respectively. The large 
value of  a(59Co) is due to the interaction of dioxygen with the protonated distal 
histidine, the small value of a(59Co) can  be attributed to a lack of distal histidine 
interaction with dioxygen, a(59Co) of the high-pH form (high-affinity state) of 
CTT IV is somewhat in between the above mentioned classes. Because distal 
histidine interaction is lacking in CTT IV the increase of a(59Co) is due to the 
"trans-effect" of the proximal histidine which is controlled by the conformation 
transition. In both conformation states dioxygen is bound in the mode of 
ozonoid-type bonding, however, with a more inclined O-O-Co bond angle 
(< 120 ~ in the high-pH form (high-affinity state). 

The less electron-withdrawing effect of mesoporphyrin replacing protopor- 
phyrin in oxy cobalt CTT IV should be reflected by an increase in  a(59C0). This is 
only true for the relaxed (r) conformation (high-affinity state) at high pH. The 
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t ransit ion f rom the r to tense (t) conformat ion  (low-affinity state) at low p H  leads 
to a shor tening of  the imidazole-cobal t  bond  by twisting or  d isplacement  of  the 
base as discussed already before.  U n d e r  this condi t ion the electronic effect of  the 
side g roup  substi tution is compensa ted  and inverted possibly by steric effects so 
that  the a(59Co) value is now larger in oxy cobal t  p r o t o - C T T  IV  than in the 
respective m e s o - C T T  IV.  This result indirectly again gives evidence that  the 
proximal  imidazole is impor tan t  for  the control  of  the dioxygen ligand in 
trans-position, pH- induced  hyperf ine shifts of  the N H  protons  of  the proximal  
irnidazole in cyanide-l igated CTT IV  [6] fur ther  suppor t  the assumpt ion that  the 
"trans-ef fect" of  the proximal  imidazole has to be induced by l igand-binding. 
Ligand-binding makes  the prote in  structure sensitive for the transit ion be tween  
funct ional  states. 
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