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Abstract

The influence of electromagnetic field in wide range of frequency (extra low frequency magnetic
field, monochromatic laser light 840 nm, ultraviolet light) and static magnetic field on the stability of
aqueous and NaCl 0.9% haemoglobin solutions was studied using differential scanning calorimetry
(DSC) method. Three steps of denaturation process can be derived from experimental data. The
shifts of transition temperatures are more marked for NaCl 0.9% than for aqueous solutions. The re-
sults suggest that static magnetic field is effective in protecting protein, while ultraviolet radiation
destabilises haemoglobin. The laser light and alternating magnetic field have a little effect on the
thermal stability of haemoglobin.
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Introduction

An influence of electromagnetic field on biological systems has been shown in many
investigations [1-3]. An interest in this problem is connected with increase of the
electromagnetic field application in medical diagnosis and therapy.

Haemoglobin is an important protein responsible for oxygen transport in the
body. The iron ions in the hem group can be in various spin states and can modify the
tertiary structure of haemoglobin. It is known that the conformational stability of hae-
moglobin and its derivatives are strongly affected by ligand binding. The conforma-
tion stability of proteins can be examined by various methods. However, differential
scanning calorimetry (DSC) is the most direct experimental technique to resolve the
energetics of conformational transitions of biological macromolecule [4].
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Materials and methods

Haemoglobin (Hb) solutions with concentrations: 0.4, 0.7 and 1 mg mL™" were pre-
pared from lyophilised haemoglobin from bovine erythrocytes produced by ‘Sigma’
(since native haemoglobin is readily oxidised in air, the preparation may be predomi-
nantly methaemoglobin).

Two different solvents: H,0 and NaCl 0.9% solution were used in experiments.
Then the prepared solutions of haemoglobin were exposed to different electromag-
netic fields for 15 min. Electromagnetic field exposures were grouped into four cate-
gories: static magnetic field (DC), extremely low frequency magnetic field (AC), in-
fra-red radiation (IR), ultra violet light (UV).

The static magnetic field up to 0.9 T was used for the experiment. AC magnetic
field of maximum amplitude about 0.09 mT and complex shape was produced by de-
vice MRS2000 applied in medicine for magnetostimulation. A biostimulating laser
BL 20 (A=890 nm, /=30 kHz) was used as IR radiation source and the Hg lamp was
applied for UV exposition (A, =246 nm).

DSC scans were obtained in the temperature range 10—120°C by using the
VP-DSC Microcalorimeter. The samples were heated adiabatically at a constant rate
1 K min™".

DSC measurements were analysed in the framework of different curve-fitting
models using the Levenberg—Marquardt non-linear least-square method. The thermo-
dynamic parameters as a thermal midpoint of a transition and calorimetric heat
change were determined for each thermal profile.

Statistical analysis of the results was done with STATISTICA using one-way
ANOVA.

Results and discussion

The representantive raw DSC profile of haemoglobin aqueous solution with concen-
tration 0.7 mg mL ™ is presented in Fig. 1a in order to show heat capacity curves be-
fore and after denaturation. The water scan is shown as a dotted line and the haemo-
globin scan as a dashed one. The solid line illustrates the data after subtraction of the
baseline scan from the sample scan. The courses of DSC scans are consistent with ex-
pectations [4]. Figure 1b illustrates raw DSC profiles for haemoglobin aqueous solu-
tions exposed to various kinds of electromagnetic field. All the temperature depend-
encies of heat capacity obtained for the examined samples are similar. The curves
have a marked peak connected with denaturation process. DSC profiles show broad
endothermic transition of denaturation ranging from 40 to 80°C followed by an exo-
thermic reaction. Since the aggregation of proteins is largely exothermic, it seems
most likely that this exothermic transition corresponds to the aggregation of haemo-
globin immediately after or perhaps partly during thermal denaturation. Repeated
scans of the denatured samples of haemoglobin show only a flat baseline and no melt-
ing profile indicating that haemoglobin denatured irreversibly.
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Fig. 1 The raw heat capacity data for haemoglobin aqueous solution (0.7 mg mL™) (a),
the raw DSC profiles for haemoglobin aqueous solution (0.4 mg mL ") exposed
to the various kinds of electromagnetic field (b)

The small shifts of curve maximum (Figs 1-3) for Hb solutions after electro-
magnetic field exposition in comparison to control sample should be noticed. Similar
behaviour was found for H,0 and NaCl 0.9% solutions.

To obtain detailed information about thermodynamic properties a deconvolution
of DSC traces were performed in MicroCal Origin DSC. DSC profiles were analysed
within the framework of 2-State model and of Non-2-State model. The best curves
fitting for NaCl 0.9% and aqueous solution of haemoglobin were obtained in 2-State
model and in Non-2-State model, respectively. 2-State model allows the determina-
tion of the enthalpy change AH, and the temperature of the maximum, 7, ;, associated
with the unfolding process for each component transition while the Non-2-State
model additionally lets to determine the van’t Hoff heat change AH ..

Figures 2a—d illustrates the fitting of experimental DSC data (NaCl
0.9%+0.4 mg mL™' haemoglobin) to a 2—State transition model that yields a set of
‘best fit” parameters. These results show that the haemoglobin denatures in three
steps. Three single transitions seem to constitute the overall denaturation process.
The biological meaning of the deconvoluted three components is not quite explained.
The observed transitions can be originated with changes of haemoglobin structure.
Unfolding of haemoglobin should involve dissociation from tetramer to dimer next to
monomer and, finally, unfolding of the individual chains. Kinderlerer and co-workers
[5] suggested that B-subunits denatured before a-subunits. The spectrophotometric
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Fig. 2 The curve fitting of DSC profile for NaCl 0.9% solution with Hb concentration
0.4 mg mL'; a — control; b — after IR radiation; ¢ — after DC magnetic field;
d — after UV radiation

observations [6, 7] indicate the greater stability of the core of the globin fold com-
pared to the haeme pockets — the haeme pockets become disordered before further un-
folding of the globin chains. On the other hand, overlapping peaks may arise from
different Hb derivatives existing in our Hb solutions. It was found [8] that the se-
quence of decreasing stability of the undissociated tetrameric form is following:
deoxyhaemoglobin>carboxyhaemoglobin>oxyhaemoglobin~cyanmethaemoglobin.
The later investigations [6, 7] showed carboxyhaemoglobin is more stable than met-
haemoglobin and that cyanide stabilises methaemoglobin in the same manner that
carbon monoxide stabilises normal haemoglobin.

In Table 1 the thermodynamic parameters of the three component transitions for
the thermal unfolding process of NaCl 0.9% haemoglobin solution are listed. The
main component of denaturation transition is a peak with maximum 7 ;. The average
T, value of this peak for control samples about 67.4+0.7°C is close to the tempera-
ture 67.5°C obtained by Cho and Choy [9] for methaemoglobin at pH=10.5 (7, value
depends on pH). This result is coherent with UV VIS spectroscopy measurements
that indicated the high percentage content of various Hb derivatives, mainly
methaemoglobin in our studied Hb solutions [10].
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Table 1 The thermodynamic parameters of the three component transitions for the thermal un-
folding process for NaCl 0.9% solutions Hb

Denaturation Control After AC After DC After IR After UV
peak sample field field radiation radiation
T,/°C 67.4£0.7 68.0+0.6 68.3+0.6 67.7x0.2 65.8+ 1.5
AH,/kJ mol™ 514.9£3.8 560.8+5.1 539.9£2.5 546.2+4.5 524.5+11.7
T,/°C 62.6%0.5 63.2+0.4 63.8+0.5 62.8+0.4 62.4% 0.1
AH,/k] mol™ 368.4+3.7 410.5%2.5 371.9%2.5 382.9+4.8 342.2+10.4
T»/°C 55.6%1.2 55.3%£1.9 58.1x0.9 52.1+43 55.6% 0.2
AH;/k] mol™ 191.6+4.8 259.2+8.2 229.9+3.1 212.5%5.6 243.0+ 7.9

It follows from preliminary analysis that UV radiation decreases the main transi-
tion temperature by about 2°C while static magnetic field increases the temperature
of each component transition (7, and 7, more than 1°C and 7, by 3°C). The effect of
IR radiation and AC magnetic field on 7 ; values is less significant. The values of
enthalpy derivated from 2-State model presented in Table 1 indicate that the first
transition step is about 46—48, the next 31-34 and the last 18-22% the over denatur-
ation process. The most significant changes are obtained for enthalpies connected
with the third transition that takes place in the lowest temperature. The 22% participa-
tion of enthalpy for the solution exposed to UV radiation was obtained.

Figures 3a—d present the fitting for aqueous solution of haemoglobin in
Non-2-State model. In this case also three peak components with similar tempera-
tures are obtained but the main components of denaturation transition are peaks 7,
and 7, ; (~34 and 40%, respectively). The thermal midpoints of the transitions are
listed in Table 2. T, values for aqueous solutions are lower than the respective T
values for NaCl solutions.

Table 2 Comparison of denaturation peak components 7y,; for examined Hb solutions

Denaturation Control After AC After DC After IR After UV

peak/°C sample field field radiation radiation
NaCl0.9% T, 67.4x0.7 68.0£0.6 68.3£0.6 67.7+0.2 65.8+1.5
H,O T, 66.1£0.6 66.5+0.3 66.4x0.5 66.1+0.2 64.3+1.5
NaCl 0.9% T, 62.6+0.5 63.2+0.4 63.9+0.5 62.9+0.4 62.4+0.1
H,O T, 62.8+0.9 62.9+0.9 63.0£0.9 63.2+0.1 60.4+0.1
NaCl 0.9% T; 55.6x1.3 55.3x1.9 58.1£0.9 52.1+4.3 55.6x0.2
H,O0 T; 57.3+1.2 56.8+1.0 57.0%1.1 56.8+4.2 54.1£0.2

One can see that static magnetic field causes a small shift of the peak tempera-
tures towards higher temperatures. Application of other kinds of electromagnetic
field (UV, AC, IR) decreases the denaturation peak temperatures a little. The ob-
served changes seem to be independent of Hb concentration.
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Fig. 3 The curve fitting of DSC profile for aqueous solution with Hb concentration
0.4 mg mL™"; a - control; b — after AC magnetic field; ¢ — after DC magnetic
field; d — after UV radiation

It follows from statistical analysis that essential differences (p<0.05) were ob-
tained for the haemoglobin solutions after UV radiation (water and NaCl solutions)
and DC magnetic field (only for NaCl solution) exposure in comparison with the con-
trol one. The other exposition factors caused no significant differences however the
tendency of the observed changes can be taken into consideration.

Higher transition temperatures 7 ; (Table 2) for NaCl solutions than for aqueous
ones indicate a slight stabilisation effect of NaCl on haemoglobin. A slight stabilisa-
tion with the addition of NaCl (concentration 0.15 M) was also observed for another
protein (aFGF) [11]. Moreover, no effects of ionic strength (up to 0.2 M NaCl) on the
thermal stability of various methaemoglobin derivatives were reported [9]. The dif-
ferent contributions of the deconvoluted three components to the total effect under
various kinds of exposition may be also due to the specific modifications of the inter-
actions and forces important to the maintenance of the folded, native structure of pro-
teins [12]. Additionally, the effects of various solvents [13, 14] on dissociation and
denaturation of haemoglobin point out on their importance for the protein stability.

In Fig. 4 the temperatures of the main denaturation peaks 7, and T, as a func-
tion of electromagnetic field frequency are compared. They decrease a little with the
frequency of electromagnetic field used during exposition. This figure provides the
same tendency in conformational transitions for aqueous and NaCl 0.9% solutions of
haemoglobin. Moreover, the changes of 7, ; values are less significant for aqueous
than for NaCl 0.9% solutions of haemoglobin. It was reported that water plays an es-
sential role in the maintenance of a protein macromolecule in its native state [2]. In
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Fig. 4 The denaturation peak temperatures 7,1, T as a function of frequency of the
electromagnetic field used in experiment for examined solutions

the case of the static magnetic field, the length of hydrogen bonds in water decreases
and the bonds become stronger.

In general, the interpretation of DSC data of denaturation process is complicated
and requires future microcalorimeter studies and deeper analysis.

Conclusions

Differential scanning calorimetry enables to study the thermal stability of haemoglo-
bin solutions. The denaturation process seems to occur in three steps. The shifts of
transition temperatures observed under DC and AC magnetic field and UV and IR ra-
diation are more significant for NaCl 0.9% than for aqueous solutions. The results
suggest that UV radiation destabilise haemoglobin, while the static magnetic field is
effective in protecting the haemoglobin solutions. IR radiation and AC magnetic field
have a slight effect on the thermal stability of haemoglobin.
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