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Abstract A comparative study of oxyhemoglobins

from pig, rabbit, normal human and patients with

blood system malignant diseases was performed

using Mössbauer spectroscopy with a high velocity

resolution at 90 K. Mössbauer spectra were fitted

with the help of two models: using one quadrupole

doublet (model of equivalent iron electronic structure

in a- and b-subunits of hemoglobins) and superpo-

sition of two quadrupole doublets (model of

non-equivalent iron electronic structure in a- and

b-subunits of hemoglobins). The results obtained

using both models demonstrated small variations of

hyperfine parameters that were related to the heme

iron state variation in different hemoglobins. These

results were compared with structural and functional

differences of the hemoglobins investigated.

Keywords Heme iron � Oxyhemoglobins �
Mössbauer spectroscopy with a high velocity

resolution � Quadrupole splitting

Introduction

Heme iron electronic state plays an important role in

regulating the structure and oxygen binding affinity

of hemoglobins. The process of oxygen binding to

and release by hemoglobin is accompanied by protein

conformational transitions initiated by spin change of

the heme iron. Humans and animals display a large

number of known hemoglobin variants which differ

in protein primary structure and oxygen affinity. The

structure–function relationship of hemoglobin mole-

cule including the role of heme iron stereochemistry

has been discussed in details in many reviews (see,

for instance, Weissbluth 1974; Perutz 1979; Banerjee

1983; Rifkind 1987; Perutz et al. 1987). It has been

demonstrated that small stereochemical differences

exist in the heme iron in different tetrameric hemo-

globins as well as in non-identical a- and b-subunits

within a tetramer. X-ray structures for various
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hemoglobins confirmed this fact unequivocally.

Mössbauer spectroscopy is one of the robust tech-

niques for investigating iron electronic structure in

biological molecules including hemoglobin and has

been so for about 50 years (Gonser and Grant 1965;

Lang and Marshall 1966; Spartalian and Lang 1980;

Parak and Trautwein 1984; Oshtrakh 1999). Previous

Mössbauer studies of myoglobin and hemoglobin

(Trautwein et al. 1975, Eicher et al. 1976), normal

adult and fetal hemoglobins (Oshtrakh and Semion-

kin 1985), normal hemoglobins and hemoglobins

from patients with molecular diseases (Bill et al.

1982; Zeng and Lian 1992; Oshtrakh and Semionkin

1986, 1987, 1989) demonstrated small differences of

Mössbauer hyperfine parameters in relation to the

heme iron stereochemistry. Such small differences

were further reiterated by analysis of isolated hemo-

globin subunits and hemoglobin tetramer containing

a-subunits partially enriched with 57Fe (Trautwein

et al. 1976) and iron non-equivalence in a- and

b-subunits (Oshtrakh et al. 1989; Oshtrakh 1994,

1998; Oshtrakh and Semionkin 2004). The sensitivity

of Mössbauer hyperfine parameters to small structural

variations in the heme iron stereochemistry was

considered by Oshtrakh (2004a, b). However, further

development of the study of small variations of the

heme iron electronic structure using Mössbauer

spectroscopy is related to an improvement in velocity

resolution and increase in stability, sensitivity and

accuracy of Mössbauer spectroscopy. Recently we

demonstrated advances of Mössbauer spectroscopy

with a high velocity resolution in revealing small

variations of hyperfine parameters and more reliable

fitting of complicated Mössbauer spectra using our

preliminary results (Oshtrakh et al. 2009a, b, 2010,

2011). Therefore, in the present work we investigated

normal human, rabbit and pig oxyhemoglobins and

oxyhemoglobins from patients with blood system

malignant diseases using Mössbauer spectroscopy

with a high velocity resolution in relation to the heme

iron stereochemical and oxygen affinity variations.

Materials and methods

Hemoglobin samples

For probing heme iron state in normal hemoglobins

we chose human adult, rabbit and pig hemoglobins.

These hemoglobins have structural and functional

differences (see Novy et al. 1973; Sinet et al. 1982,

Rovida et al. 1983; Shaanan 1983; Uchida et al. 1998;

Lu et al. 2000). The differences in amino acid

composition in the a- and b-subunits in these

hemoglobins are shown in Table 1. The structural

differences in their protein subunits and hemes are

shown in Fig. 1. These differences have been

displayed using Protein Data Bank structures 2DN1,

2RAO and 1QPW, respectively, for the three hemo-

globins mentioned above. Hemoglobin from patients

with blood system malignant diseases were chosen in

order to re-evaluate our previous results obtained

using Mössbauer spectroscopy with a low velocity

resolution (Oshtrakh and Semionkin 1986, 1987,

1989). Some functional variations of hemoglobins

from patients were observed previously (Festa and

Asakura 1979; Oshtrakh and Semionkin 1986) while

there is no information about structure of such

hemoglobins.

Concentrated normal human adult, rabbit and pig

red blood cells were obtained by appropriate washing

of outdated human and fresh arterial pig and rabbit

blood at the Hematological Research Center (Mos-

cow). Concentrated red blood cells from patients with

chronic myeloleukemia and multiple myeloma were

prepared from fresh venous blood at the Hematology

Table 1 Differences in amino acids composition of a- and b-subunits in human adult, rabbit and pig hemoglobins

Human hemoglobin Rabbit hemoglobin Pig hemoglobin

a b a b a b

Human hemoglobin 0 0 25 14 22 19

Rabbit hemoglobin 25 14 0 0 26 22

Pig hemoglobin 22 19 26 22 0 0
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Department of the Sverdlovsk Regional Clinical

Hospital No 1 (Ekaterinburg). Concentrated red

blood cells were oxygenated and placed into special

holders with about 2.5 ml of sample solution. Sub-

sequently, the samples were immediately frozen with

liquid nitrogen and stored at 77 K. One sample of

rabbit red blood cells was frozen without additional

oxygenation. The effective thickness of these samples

was *0.9 mg Fe/cm2.

Mössbauer spectra measurement

Mössbauer spectra of oxyhemoglobin samples were

measured using an automated precision Mössbauer

spectrometric system on the base of the spectrometer

SM–2201 with a high velocity resolution and temper-

ature variable liquid nitrogen cryostat with a moving

absorber. Details and characteristics of this equipment

and the system are described elsewhere (Oshtrakh et al.

2009c; Semionkin et al. 2010). The Mössbauer spectra

were measured at 90 K in transmission geometry with

a moving absorber in the cryostat and recorded in 4096

channels. For analysis, the spectra of oxyhemoglobins

were converted into 1024 channels by a consequent

summation of four neighboring channels. Statisti-

cal rate in the spectra varied from *1.0 9 106

to *3.5 9 106 counts per channel. The signal/noise

ratio for obtained spectra was in the range from 15 to

α –subunits

α –subunits 

β –subunits

β –subunits 

(a)

(b)

Fig. 1 Alignment of a- and

b-subunits (a) and hemes

(b) of human adult (red),

rabbit (blue) and pig (green)

hemoglobins
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29. The spectra were computer fitted with least squares

procedure using the UNIVEM-MS program with

Lorentzian line shape. Spectral parameters such as:

isomer shift, d, quadrupole splitting, DEQ, line-width,

C, relative subspectrum area, S, and statistical quality

of the fit, v2, were thus determined. Instrumental error

for the velocity scale or systematic error for the each

spectra point was ±0.5 channel, instrumental error for

hyperfine parameters evaluation was ±1 channel while

instrumental error for C evaluation was ±2 channels. It

should be noted that spectrometer characteristics

determined an integral velocity error (total mechanical

and electronics systematic and random errors) which

was several times less than a half of channel value in

mm/s during spectra measurements using 4096 chan-

nels (Oshtrakh et al. 2009c). If error calculated with the

fitting procedure (fitting error) for these parameters

exceeded the instrumental (systematic) error, we used

the larger error. Velocity resolution (velocity per one

channel) was *0.006 mm/s per channel for 1024

channels. The relative error for S did not exceed 10%.

Criteria of the best fit were differential spectra, v2

values and physical meaning of parameters. The value

of standard deviation (r) of v2 was 0.044 for spectra

presented in 1024 channels. Values of d are given

relative to a-Fe at 295 K.

Results and discussion

Normal hemoglobins

Mössbauer spectra of normal human adult, rabbit and

pig red blood cells samples were measured twice at

90 K and presented in 1024 channels. Spectra of fully

oxygenated samples and sample without additional

oxygenation are shown in Fig. 2. These spectra are

quadrupole doublets with asymmetry of the main

absorption lines shape related to oxyhemoglobin.

This asymmetry was observed earlier for various

oxyhemoglobins in the region of liquid nitrogen

temperature and explained on the basis of the iron

electronic structure difference in a- and b-subunits

(Oshtrakh 1994, 1998). Therefore, Mössbauer spectra

of oxyhemoglobins were fitted in two ways. Firstly,

spectra were fitted using one quadrupole doublet

without accounting for the iron electronic structure

difference in a- and b-subunits (the first model).

Subsequently, all spectra were fitted using

superposition of two quadrupole doublets with equal

areas to account for the iron electronic structure

difference in a- and b-subunits (the second model). It

should be noticed that in the spectrum of normal

human adult oxyhemoglobin (Fig. 2a) an additional

minor component was observed while in the spectrum

of rabbit red blood cells which were not additionally

oxygenated an additional quadrupole doublet related

to deoxyhemoglobin was clearly seen (Fig. 2d).

Model of equivalent iron electronic structure

in a- and b-subunits of oxyhemoglobins

Mössbauer spectral parameters obtained using the first

model are shown in Table 2. Quadrupole splitting and

isomer shift for additional minor component in the

spectrum of oxygenated human adult red blood cells

are similar to carboxyhemoglobin (see Gonser and

Grant 1965; Lang and Marshall 1966; Oshtrakh et al.

1989). It is possible that a small amount of carboxy-

hemoglobin, which formed and pre-existed due to a

strong Fe(II)–CO bond, remained intact throughout the

sample preparation process. The additional component

in the spectrum of rabbit red blood cells which were not

additionally oxygenated has quadrupole splitting and

isomer shift corresponding to deoxyhemoglobin. It is

possible that partial deoxygenation of oxyhemoglobin

occurred during preparation of red blood cells. Com-

parison of Mössbauer hyperfine parameters of human

adult, pig and rabbit oxyhemoglobins is shown in

Fig. 3a in the plot of 57Fe quadrupole splitting versus

isomer shift. It is clearly seen that quadrupole splitting

values for normal human adult, rabbit and pig oxyhe-

moglobins were distinguished well. This result may be

explained by average variation of the heme iron

electronic structure in different hemoglobins differing

in amino acid composition that accumulated over the

natural evolution process. The differences of the low-

lying iron electronic terms energies on the basis of the

scheme proposed by Bacci et al. (1979) may be used for

explanation of the effect of small variations of the

heme iron stereochemistry on the iron electron struc-

ture (Fig. 3b).

Model accounting for non-equivalent iron electronic

structure in a- and b-subunits of oxyhemoglobins

Mössbauer spectra of oxyhemoglobins were fitted

better using the second model. In this case, the
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asymmetry of the absorption line shape in oxyhemo-

globin spectra was fitted using superposition of two

quadrupole doublets. This fit led to differential

spectrum improvement and decrease of v2 values.

For instance, in the case of pig oxyhemoglobin

spectrum fit using the first model, v2 = 1.520 with v2

deviation of 11.8 r while in the case of the same

spectrum fit using the second model v2 = 1.049 with

Fig. 2 Mössbauer spectra of normal human adult (a), pig

(b) and rabbit (c, d) red blood cells samples measured at 90 K and

presented in 1024 channels. 1 a-subunits in oxyhemoglobins, 2

b-subunits in oxyhemoglobins, 3 carboxyhemoglobin, 4
deoxyhemoglobin

Table 2 Mössbauer parameters of human adult, rabbit and pig red blood cells samples obtained using the first model

Sample C, mm/s d, mm/s DEQ, mm/s S, % v2 Compound

Oxygenated human adult red

blood cells

0.402 ± 0.012 0.266 ± 0.006 2.087 ± 0.006 92.3 1.051 Oxyhemoglobin

0.583 ± 0.217 0.220 ± 0.039 0.363 ± 0.096 7.7 Carboxyhemoglobin

Oxygenated pig red blood cells 0.442 ± 0.012 0.268 ± 0.006 2.150 ± 0.006 100 1.520 Oxyhemoglobin

Oxygenated rabbit red blood cells 0.428 ± 0.012 0.267 ± 0.006 2.117 ± 0.006 100 1.259 Oxyhemoglobin

Washed rabbit red blood cells 0.424 ± 0.012 0.259 ± 0.006 2.109 ± 0.006 77.5 1.433 Oxyhemoglobin

0.343 ± 0.012 0.925 ± 0.006 2.328 ± 0.007 22.5 Deoxyhemoglobin
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v2 deviation of 1.1 r. Similarly, in the case of rabbit

oxyhemoglobin spectrum fit using the first model,

v2 = 1.259 with v2 deviation of 5.9 r while in the

case of the same spectrum fit using the second model

v2 = 0.936 with v2 deviation of 1.5 r. The Möss-

bauer parameters obtained using the second model

are shown in Table 3. In this case, line-width for the

carboxyhemoglobin component became real and

corresponded to the previously reported C value

(Oshtrakh et al. 1989). Two quadrupole doublets for

oxyhemoglobins had different C values and intensi-

ties. These differences were related to the possible

formation of a hydrogen bond between terminal

oxygen and e–nitrogen atom of the distal His E7

imidazole ring in a-subunits while terminal oxygen is

free for rotation around the Fe–O bond in b-subunits

(see the results of X-ray structure analysis of human

oxyhemoglobin (Shaanan 1983)). Based on this

supposition quadrupole doublet 1 was related to the
57Fe in a-subunits while doublet 2 was related to the
57Fe in b-subunits of oxyhemoglobins. Differences of

quadrupole splitting and isomer shift for both a- and

b-subunits of human, rabbit and pig oxyhemoglobins

are shown in Fig. 4. It was interesting to observe

some small variations of Mössbauer hyperfine param-

eters in both a- and b-subunits of different hemoglo-

bins. Linear correlations of quadrupole splitting and

isomer shift are similar to a previously observed

linear correlation of d and DEQ for isostructural iron

compounds (Parwate and Garg 1984; Inoue et al.

1986). Such correlations were attributed to weaken-

ing or strengthening of the iron r– and p–bonds with

ligands. Some stereochemical differences of the heme

iron in a- and b-subunits of normal human adult,

rabbit and pig oxyhemoglobins calculated using their

X-ray crystallographic structures are shown in

Table 4 and Fig. 5. It is clearly seen that the heme

iron stereochemistry in both subunits of three normal

oxyhemoglobins was different. This fact may explain

the different values of 57Fe quadrupole splitting and

isomer shift for corresponding subunits in different

normal oxyhemoglobins.

The Mössbauer spectrum of rabbit red blood cells

that were not additionally oxygenated (Fig. 2d)

indicated that rabbit oxyhemoglobin was partially

deoxygenated resulting in the presence of deoxyhe-

moglobin as component 4. Fitting of this spectrum

using the second model with additional doublet for

deoxyhemoglobin showed that relative areas of three

doublets were as follows: S1:S2:S4 = 50:26:24%. It

was reported that oxygen affinity of a-subunits is

three times larger than that of b-subunits (Perutz et al.

1998). Therefore, b-subunits release O2 molecules

relatively easily compared to a-subunits with further

R ? T transition (from oxy- to deoxy-conformation)

thus decreasing of oxygen affinity of a-subunits. This

transition is accompanied by different structural

variations in the heme regions of a1-, a2- and b1-,

b2-subunits. In the Mössbauer spectrum of partially

deoxygenated rabbit oxyhemoglobin, the component

of deoxyhemoglobin was about 25%. If we suggest

that deoxygenation process starts when the O2

molecules are released from b-subunits, this part of

deoxy-form is expected to correspond to *50% of

fully deoxygenated b-subunits. In such a case oxy-

genated b-subunits should be transformed with the

initiation of R ? T transition. The values of DEQ
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Fig. 3 Differences of quadrupole splitting for normal human
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square) oxyhemoglobins obtained using the first model (a) and

schemes of the ground and low-lying excited iron electronic

terms for oxyhemoglobins with different quadrupole splitting (b)
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evaluated for rabbit oxyhemoglobin a- and b-subunits

in partially deoxygenated protein using the second

model were less than those for fully oxygenated

rabbit oxyhemoglobin subunits. This fact may be

related to local stereochemical changes of the heme

iron environment in partially deoxygenated protein

after the initiation of R ? T conformational transi-

tion. The values of isomer shift and quadrupole

splitting for deoxygenated b-subunits indicate spin

state transition (S = 0 ? S = 2) and heme iron

stereochemical differences reflected deoxygenated

b-subunits with T-like tertiary structure in the protein

with quaternary R conformation.

Correlation of quadrupole splitting and oxygen

affinity

Human adult, pig and rabbit hemoglobins demon-

strate different oxygen affinity represented by their

P50 values (Novy et al. 1973; Rovida et al. 1983;

Table 3 Mössbauer parameters of human adult, rabbit and pig red blood cells samples obtained using the second model

Sample C, mm/s d, mm/s DEQ, mm/s S, % v2 Compounda

Oxygenated human

adult red blood cells

0.935 Oxyhemoglobin:

0.277 ± 0.012 0.264 ± 0.006 2.175 ± 0.006 47.6 a-subunits (1)

0.492 ± 0.012 0.273 ± 0.006 1.860 ± 0.014 47.6 b-subunits (2)

0.252 ± 0.012 0.250 ± 0.021 0.323 ± 0.034 4.8 Carboxyhemoglobin (3)

Oxygenated pig red

blood cells

1.049 Oxyhemoglobin:

0.286 ± 0.012 0.272 ± 0.006 2.254 ± 0.006 49.9 a-subunits (1)

0.507 ± 0.014 0.247 ± 0.006 1.901 ± 0.016 50.1 b-subunits (2)

Oxygenated rabbit

red blood cells

0.936 Oxyhemoglobin:

0.291 ± 0.012 0.267 ± 0.006 2.224 ± 0.006 49.9 a-subunits (1)

0.476 ± 0.014 0.267 ± 0.006 1.895 ± 0.018 50.1 b-subunits (2)

Washed rabbit

red blood cells

1.041 Oxyhemoglobin:

0.315 ± 0.012 0.262 ± 0.006 2.197 ± 0.006 50.0 a-subunits (1)

0.428 ± 0.021 0.238 ± 0.006 1.786 ± 0.021 26.4 b-subunits (2)

0.347 ± 0.012 0.926 ± 0.006 2.312 ± 0.007 23.6 Deoxyhemoglobin (4)

a Numbers in parentheses correspond to components numbers in Fig. 2
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Mössbauer hyperfine

parameters for normal

human adult (open
triangle), rabbit

(open diamond)

and pig (open square)

oxyhemoglobins obtained

using the second model:

a a-subunits, b b-subunits

Biometals (2011) 24:501–512 507

123



Uchida et al. 1998). Interestingly a correlation was

observed between the values of quadrupole splitting

obtained using both the first and the second models of

Mössbauer spectra fittings and hemoglobin oxygen

affinities (see Fig. 6). An increase of quadrupole

splitting for oxyhemoglobins correlates with increase

of P50 values. It is possible that increase in quadru-

pole splitting reflects changes of the heme iron

interactions with ligands and probable decrease in

strength of the Fe(II)–O2 bonds in both a- and

Table 4 Heme iron stereochemical parameters in different oxyhemoglobins calculated from the corresponding X-ray crystallog-

raphy data available in the Protein Data Bank

HbO2, PDB

code

Subunit Bond length

Fe–Nporph, Å

Bond length

Fe–O1, Å

Bond angle

Fe–O1–O2, �
Bond length Fe–Ne

(His F8), Å

Distance of O2–Ne

(His E7), Å

Human, 2DN1 a 2.013 1.817 124.3 2.071 2.699

b 2.019 1.775 125.9 2.063 3.018

Rabbit, 2RAO a 2.064 1.668 131.5 2.175 2.750

b 2.057 1.909 109.3 2.150 3.755

Pig, 1QPW a 1.963 1.871 99.6 2.868 3.468

b 1.968 1.846 127.1 2.848 2.863

a Fe–Nporph is average distance between heme iron and porphyrin nitrogen atoms, Fe–O1 refers to the bond between heme iron and

the first oxygen atom (O1) in O2 molecule, Fe–Ne (His F8) represents the bond of heme iron and e–nitrogen atom of proximal

histidine F8 imidazole ring, O2–Ne (His E7) is the distance between terminal oxygen atom (O2) in O2 molecule and e–nitrogen atom

of distal histidine E7 imidazole ring

Heme iron stereochemistry is shown in Fig. 5
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Fig. 5 Stereochemical

differences of the heme iron

in a-subunits (a) and in

b-subunits (b) of normal

human adult, pig and rabbit

oxyhemoglobins. Some

distances and angles are

provided in Table 3
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b-subunits of the target oxyhemoglobins. As such, a

weaker Fe(II)–O2 bond may be related to the

necessity of higher oxygen pressure for hemoglobin

saturation with oxygen.

Oxyhemoglobins from patients

Mössbauer spectra of oxygenated red blood cells from

patients with multiple myeloma and chronic

myeloleukemia measured at 90 K and presented in

1024 channels are shown in Fig. 7. These spectra are

similar to the Mössbauer spectra of other oxyhemo-

globins (Fig. 2b, c) and do not contain any other

components besides oxyhemoglobin. Mössbauer spec-

tra were fitted using both the first and second models

and the parameters obtained are shown in Tables 5

and 6. Interestingly, small differences of quadru-

pole splitting and isomer shift were observed for
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Fig. 6 Correlation of oxygen affinity for normal human adult

(open triangle), rabbit (open diamond) and pig (open square)

hemoglobins and quadrupole splitting for these oxyhemoglobins

obtained using the first model (a) and the second model:

a-subunits (b), b-subunits (c)

Fig. 7 Mössbauer spectra of oxyhemoglobins from patients with multiple myeloma (a) and chronic myeloleukemia (b) measured at

90 K and presented in 1024 channels. 1 a-subunits in oxyhemoglobins, 2 b-subunits in oxyhemoglobins

Table 5 Mössbauer parameters of red blood cells from patients with blood system malignant diseases obtained using the first model

Sample C, mm/s d, mm/s DEQ, mm/s S, % v2 Compound

Oxygenated red blood cells from patient with

multiple myeloma

0.355 ± 0.012 0.274 ± 0.006 2.099 ± 0.006 100 1.127 Oxyhemoglobin

Oxygenated red blood cells from patient with

chronic myeloleukemia

0.379 ± 0.006 0.269 ± 0.006 2.103 ± 0.006 100 1.129 Oxyhemoglobin
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oxyhemoglobins from patients in comparison to the

normal ones as clearly seen in the plots of d versus DEQ

in Fig. 8 for both fitting models. Having compared

Mössbauer hyperfine parameters for different normal

oxyhemoglobins might be supposed that in the case of

oxyhemoglobins from patients, small variations of the

heme iron stereochemistry may also take place in

comparison with human adult oxyhemoglobin. These

changes may also affect the strength of the Fe(II)–O2

bond and functional properties of such hemoglobins.

Conclusion

The comparative study of three normal oxyhemoglo-

bins with different molecular structure and functions

as well as two oxyhemoglobins from patients with

blood system malignant diseases using Mössbauer

spectroscopy with a high velocity resolution demon-

strated small variations of Mössbauer hyperfine

parameters which may be related to small variations

of the heme iron stereochemistry in a- and b-

subunits. These results demonstrate correlations of

the changes in quadrupole splitting and isomer shift,

iron electronic structure, heme iron stereochemistry

and oxygen affinity for normal human adult, pig and

rabbit oxyhemoglobins. It is possible that small

variations of Mössbauer hyperfine parameters

observed for oxyhemoglobin from patients are also

related to some minor structural and functional

variations. The ability to distinguish normal oxyhe-

moglobin and oxyhemoglobin from patients with

Table 6 Mössbauer parameters of red blood cells from patients with blood system malignant diseases obtained using the second

model

Sample C, mm/s d, mm/s DEQ, mm/s S, % v2 Compounda

Oxygenated red blood cells from patient with

multiple myeloma

1.055 Oxyhemoglobin:

0.252 ± 0.012 0.274 ± 0.006 2.165 ± 0.006 49.9 a-subunits (1)

0.484 ± 0.012 0.277 ± 0.007 1.918 ± 0.017 50.1 b-subunits (2)

Oxygenated red blood cells from patient with

chronic myeloleukemia

0.997 Oxyhemoglobin:

0.256 ± 0.021 0.269 ± 0.006 2.195 ± 0.013 49.9 a-subunits (1)

0.439 ± 0.012 0.266 ± 0.006 1.896 ± 0.050 50.1 b-subunits (2)

a Numbers in parentheses correspond to components numbers in Fig. 7
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Fig. 8 Small differences of Mössbauer hyperfine parameters

for normal human adult oxyhemoglobins (open triangle) and

oxyhemoglobins from patients with multiple myeloma (filled

circle) and chronic myeloleukemia (filled triangle) obtained

using the first model (a) and the second model: a-subunits (b),

b-subunits (c)
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blood system malignant diseases using Mössbauer

hyperfine parameters may be potentially useful for

development of diagnostic tests. However, further

studies in this direction are required.
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parameters and structural variations of iron containing

proteins and model compounds in biomedical research.

Hyperfine Interact 159:337–343

Oshtrakh MI, Semionkin VA (1985) Study of human normal

foetal and adult hemoglobins by Mössbauer spectroscopy.
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effect in the Mössbauer spectra of human hemoglobins at

zero field. Hyperfine Interact 71:1327–1330

512 Biometals (2011) 24:501–512

123


	Heme iron state in various oxyhemoglobins probed using Mössbauer spectroscopy with a high velocity resolution
	Abstract
	Introduction
	Materials and methods
	Hemoglobin samples
	Mössbauer spectra measurement

	Results and discussion
	Normal hemoglobins
	Model of equivalent iron electronic structure in alpha - and beta -subunits of oxyhemoglobins
	Model accounting for non-equivalent iron electronic structure in alpha - and beta -subunits of oxyhemoglobins
	Correlation of quadrupole splitting and oxygen affinity

	Oxyhemoglobins from patients

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


