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Conformational Changes that occur in Heme and Globin
upon Temperature Variations and Normobaric Hypoxia
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Abstract—Using Raman spectroscopy (RS) approach in a spectral range of 1000—3000 cm™! were used to
study the conformational and structural changes that arise in the heme group and globin moiety of hemoglo-
bin in human red blood cells at various temperatures and oxygen contents. In hypoxia, the hemoglobin con-
formation was shown to change as a result of the increasing contribution of hematoporphyrin pyrrole rings
and vibrational motions of vinyl groups. Modifications were additionally detected in the contributions of
symmetric and asymmetric vibrations of the CH, and CHj radicals of histidine (2850, 2860, and 2900 cm™")
and lysine (2880 and 2860 cm ") residues. The mechanisms of oxygen binding are discussed for hemoglobin
located in the submembrane region and cytoplasm of the cell.
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INTRODUCTION

Hypoxia is a known cause of pathological pro-
cesses in tissues and depends on several factors, such
as the blood flow rate, vascular diameters, interactions
between red blood cells and endothelial cells, and the
properties of hemoglobin (Hb) [1]. The rate of blood
flow depends on deformability of red blood cells and
the release of adenosine triphosphate, which stimu-
lates purinergic receptors and triggers certain reaction
cascades in vascular endothelial cells to activate the
release of vasorelaxants [2]. Hb plays a key role in reg-
ulating the intracellular processes in red blood cells
and acts in complex with the cytoplasmic domain of
the band 3 protein to ensure oxygen fixation in the cell
membrane [3, 4]. Because Hb is the only O,-binding
protein in red blood cells, reversible association of
deoxygenated Hb (deoxyHb) and subsequent steps of
intracellular signaling are possible to consider as a
mechanism that triggers O,-dependent processes in
the red blood cell [5]. It is important to note that
changes in the contents of other membrane-associated
cytoplasmic proteins have been observed in hypoxia.
The changes might underlie not only the mechanisms
that sustain changes in membrane structural integrity
and adenosine triphosphate release, but also the
mechanisms that change the ordering of Hb molecules
in the cell cytoplasm [6, 7].

Abbreviations: Hb, hemoglobin; RS, Raman spectroscopy.
T Deceased.

It is clear that the conformational changes that
heme and globin of Hb experience upon O, transfer
into the red blood cell are important to study in order
to better understand the development of hypoxia.
Combined dynamic light scattering and Raman spec-
troscopy (RS) is one of the methods suitable for eval-
uating simultaneously the changes in heme conforma-
tion and globin structure of Hb. The method is used to
study the deformation of the methine groups of the
porphyrin macrocycle in heme and to evaluate the
contributions of vibrations of the CH group of amino-
acid residues for Hb and plasma membrane proteins of
the red blood cell (Table 1) [8—11].

In this work, we studied the conformational
changes that heme and its nearest protein surround-
ings in globin experience in normobaric hypoxia and
exposure to various temperatures.

MATERIALS AND METHODS

Study models included Hb solutions, red blood cell
suspensions, and erythrocyte ghosts. Cells were iso-
lated from blood samples of healthy donors (n = 10,
age 20—40 years). Blood was collected from the cubital
vein into Vacuette vacuum tubes (Greiner Bio-One,
Austria) after overnight fasting. Heparin (20—
50 units/mL blood) was used to prevent blood clot-
ting. Blood samples were stored at 4°C after collec-
tion. Blood cells were pelleted by centrifugation at
1500 g at 4°C for 10 min, using a Laborfuge 400R lab-
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Table 1. Bands in the RS spectrum obtained for Hb hemoporphyrin with laser excitation at 532 nm and their associations

with porphyrin bond vibrations

Frequency shift, cm™! Vibration symmetry type

Cause of changes

1172

1375 V4, Ajg, sSymmetric vibrations of pyrrole half-
rings
1548—1552 Ay
1580—1588 V19, Ag,, asymmetric vibrations of methine
bridges between pyrroles
2850 A,
2880 A,

g
2930 (oxyhemoglobin)

2940 (deoxyHb) A,

V39, Symmetric vibrations of pyrrole half-rings

Redox state of iron (Fe?™), ligand presence

Redox state of iron (Fe?*"), ligand presence

Spin state of iron (Fe?"), Hb diameter

Low-spin state of iron (Fe?"), Hb diameter

Symmetric CH extension
Asymmetric CH extension
Symmetric CH; extension and C—H

vibrations from the CH side chain
of free amino acid group

Depend on changes in external factors
or temperature

The table is based on published data [11—16].

oratory centrifuge (Thermo Scientific, United States).
The plasma and white blood cells were discarded and
the pellet was washed three times with buffer A
(145 mM NaCl, 5 mM KCI, 1 mM CaCl,, 4 mM
Na,HPO,, | mM NaH,PO,, 1 mM MgSO,, 5 mM
glucose, pH 7.0). The resulting erythrocyte suspension
(Ht = 40%) was stored at 4°C and used within 3 h of
preparation. To isolate Hb, a red blood cell suspension
was supplemented with 10 volumes of a phosphate
buffer (4 mM Na,HPO,, 1 mM NaH,PO,, pH 7.4),
shaken thoroughly, and centrifuged at 6000 g at 4°C
for 10 min. The supernatant was collected and stored
at 4°C. The Hb concentration was inferred from the
optical density at 415 nm, which was measured using a
Hitachi 557 spectrophotometer (Hitachi, Japan).

Erythrocyte ghosts were prepared after hemolysis
by washing the red blood cell pellet three times via
centrifugation at 12000 g at 4°C for 30 min. The ghost
cells were estimated from the membrane protein con-
centration, which was measured by the Lowry assay
[17] and was 4.9 + 0.4 mg/mL.

Oxygen displacement from red blood cell suspen-
sions and Hb solutions was performed using a gas mix-
ture consisting of nitrogen with 0.04% CO, (PGS-ser-
vis, Russia). To displace oxygen, the gas mixture was
blown through the gas phase over a sample at a flow
rate of 0.1 L/min for 20 min [18]. Displacement was
carried out with continuous agitation at room tem-
perature. The oxygen displacement conditions used in
this work ensured that the red blood cell suspensions
and Hb solutions were in normobaric hypoxia after
treatment, containing mostly deoxyHb, as determined
by recording and analyzing their RS spectra (the tech-
nique is described below). Control (normoxic) sam-
ples of red blood cell suspensions and Hb solutions

were prepared in the same conditions; however, air
was used in place of the gas mixture. The samples were
used to fill hematocrit capillary tubes with a cross-sec-
tion diameter of 1 mm (Agat-Med, Russia). All
manipulations of capillary tube filling were performed
in a hermetic box continuously blown with the gas
mixture (nitrogen containing 0.04% CO,). An exces-
sive pressure of the hypoxic mixture was relieved using
an air pressure relief valve with a threshold pressure of
approximately 1 atm. Hematocrit capillary tubes
placed in the box were preliminarily blown for 2 min.
The partial pressure of oxygen in the gas mixture
within the box was monitored using a KE-25 electrode
(Figaro Engineering, Japan). The capillary tubes were
hermetically sealed after filling and stored at 4°C for
no more than 3 h.

Heme and globin conformations in Hb were
studied by RS. RS spectra were recorded using a
NTEGRA-SPECTRA confocal microscope—spec-
trometer (NT-MDT, Zelenograd, Russia) in a range
of 1000—3000 cm~!. Measurements were performed
with an increment of 0.8 cm~!. A Peltier-cooled CCD
detector (—50°C, 5% objective, 0.15 aperture, grid with
600 grooves per mm) was employed; the laser power
on a sample was 3 mW; the excitation wavelength was
532 nm; the time to record one spectrum was 15 s;
three signal accumulation stages were included. The
temperature was measured in a range of 22—36°C in
the cell of the instrument; the duration of sample
adaptation to a particular temperature was 5 min. The
Raman spectra were processed using the Origin2017
program (OriginLab, United States). The baseline was
subtracted and the spectrum smoothed during pro-
cessing. A laser with a wavelength of 532 nm was cho-
sen for excitation to minimize the contributions of sig-
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nals from lipids and proteins of the red blood cell
membrane to the Raman spectrum [11, 16, 17].

The contributions of various groups of the Hb mol-
ecule were estimated using the intensity ratios of bands
observed in the Raman spectrum (Table 1) [8, 11, 18,
19].

The 1,375/1,;5; ratio characterized the contribution
of vibrations of CHj side groups of the pyrrole half-
rings in hemoporphyrin. The vibrations are apprecia-
ble when the globin conformation changes in the
immediate vicinity of heme. The ratio characterizes
the extent of symmetric and asymmetric vibrations of
the pyrrole half-rings; its changes characterize the
change in Hb conformation from T (deoxyHb) to R
(oxyhemoglobin, oxyHb).

The /}s550/155 ratio characterized the contribution
of vibrations of the methine bridges between pyrroles
in hemoporphyrin. The vibrations are appreciable
when the macrocycle is deformed. The ratio charac-
terizes Hb affinity for ligands and, in particular, oxy-
gen.

The Ig0/ 15350 ratio characterizes the contribution
of symmetric relative to asymmetric vibrations of
methylene groups in amino-acid residues.

The 1,930/ 155 ratio characterized the contribution
of symmetric terminal methylene group vibrations rel-
ative to symmetric vibrations of methylene groups of
amino-acid residues. The ratio characterized the
changes in polarity of amino-acid surroundings.

The C-potential of a red blood cell suspension
reflected the changes in cell surface charge [20] and
was measured using a Zetasizer Nano ZS instrument
(Malvern Instruments, United Kingdom). A red blood
cell suspension (1 mL, Hf = 40%) was added into a
plastic cuvette with golden electrodes for {-potential
recording. The suspension was agitated thoroughly to
eliminate air bubbles and to prevent red blood cell
accumulation in part of the cuvette. Measurements
were performed at the cell temperature maintained at
25 or 36°C; the duration of sample adaptation to the
temperature was 60 s; a total of 100 measurements
were performed. The results were processed using
Malvern software supplied with the instrument and
MS Excel spreadsheets.

RESULTS AND DISCUSSION

Our study showed that RS spectra obtained for Hb
in solution and a red blood cell suspension have char-
acteristic bands in the 1000—3000 cm™! range (Fig. 1).
In the absence of Hb, only bands in the 2800—
3100 cm™! region were observed in Raman spectra of
erythrocyte ghosts and were due to vibrations of bonds
involving CH groups of amino-acid residues (Figs. 1,
2a; Table 1) [16, 21]. The bands of the Raman spec-
trum 2800—3100 cm~! range probably reflect symmet-
ric and asymmetric vibrations of CH,and CH;radicals
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of histidine (2850, 2860, and 2900 cm~') and lysine
(2880 and 2860 cm™") residues [16, 22—25].

We believe that an oxygen molecule is transferred
from the environment into the red blood cell via sev-
eral steps. Oxygen first enters the lipid bilayer of the
plasma membrane and then is coordinated in the
hemoporphyrin center of deoxyHb attached to the
band 3 anion transport protein or AE1. Finally, oxyHb
is desorbed in the cell together with the oxygen mole-
cule, and protein—protein interactions within the cell
change the heme capability to fix an oxygen molecule.
Thus, conformational changes must arise first in the
heme and then in the globin in the course of the above
process.

To verify the assumption, heme conformational
changes were monitored during oxygen displacement
from the incubation medium by recording the Raman
spectrum in a region of 1000—1800 cm~! for isolated
Hb and a red blood cell suspension. Characteristic dif-
ferences were observed in amplitude changes of bands
at 1355 and 1375 cm~! in the 1300—1400 cm™! region
and bands at 1552 and 1580 c¢cm™' in the 1500—
1650 cm™~! region (Fig. 3) [13, 22]. As an example,
hypoxia-related changes observed in the 1500—
1650 cm™! region in the case of isolated Hb were
greater than in the case of Hb contained in red blood
cells (by 14.20 *+ 0.52%). In the 1300—1400 cm™!
region, the Raman spectrum intensity of isolated Hb
was 16.03 £ 0.45% higher than that of Hb contained in
red blood cells. It is important to note that shifts of
several bands in the 1300—1450 cm~' region of the
Raman spectrum were detected for Hb contained in
red blood cells in hypoxia. Such shifts are characteris-
tic of changes in the conjugation length of double
bonds in the pyrrole rings of hemoporphyrin of heme.

The 2800—3000 cm™~! region of the Raman spec-
trum is a region of vibrations of CH bonds in globin
amino-acid residues. Changes were observed in the
contributions of bands at 2850 and 2880 ¢cm~! and
were greater in the case of isolated Hb (by 13.20 +
0.23%) than in the case of Hb contained within cells
[12, 21] (Figs. 2, 3; Table 1). Changes observed in the
Raman spectrum 200—500 cm™! region are known to
be due to the Fe—H is bond; the idea is supported by
our data on changes in histidine contribution in the
2800—3000 cm™! region [25, 27]. We note that the
bands at 2850 and 2930 cm™~! in the isolated Hb spec-
tra obtained in normoxia and hypoxia are shifted
towards higher frequencies as compared with those
observed for Hb contained in cells. The shift might be
due to the changes that arise in globin conformation
because Hb molecules are packed in a more ordered
fashion in the cell as compared with a solution [21].

Globin conformational changes were induced by
increasing the temperature of a Hb solution or a red
blood cell suspension. Phase transitions of lipids are
known to be absent in the plasma membrane of the red
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Fig. 1. The Raman spectra of heme and globin in (a) normoxia and (b) hypoxia were obtained for a red blood cell suspension and
a Hb solution. The 1000—3000 cm™ " region was examined. The spectra were normalized to the 1220 cm™ " band according to the

published method [9].

blood cell in a temperature range of 22—36°C [15, 19].
It is therefore possible that changes in the Raman
spectrum of a red blood cell suspension in the 2800—
3000 cm~!' range are associated exclusively with
changes in proteins and, primarily, Hb [18, 27]
(Table 2, Fig. 4). When the temperature was increased
in normoxia (Fig. 5), substantial differences in confor-
mational modulations of heme and globin were
observed depending on the packing mode of Hb mol-
ecules (a red blood cell suspension vs. a Hb solution).
The contribution of the pyrrole rings and vinyl groups

decreased in the case of red blood cells, while the pro-
tein packing density substantially increased and the
polarity of the surrounding decreased in the case of
globin. As an example, the /,3;5/1},,, ratio was observed
to change considerably in the Raman spectrum of a
Hb solution when the temperature was increased, sug-
gesting conformational changes for the pyrrole rings of
heme (a decrease by 32.86 £ 0.45%), while such
changes were not detected for a red blood cell suspen-
sion.

BIOPHYSICS  Vol. 65 No.2 2020
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Fig. 2. (a) Fragments of the Raman spectra of vibrations as obtained for a red blood cell suspension, a Hb solution, and a eryth-
rocyte ghosts preparation in normoxia and hypoxia. The spectra were obtained for the 1000—3000 cm™ ™ region and were not nor-
malized. (b) The {-potential of the red blood cell membrane in normoxia and hypoxia; (*) p <0.05.

In hypoxia (at a lower portion of oxyHb complexes
in the sample), conformational changes in heme were
due to the contributions of the pyrrole rings (/,375/1,17,
increased by 21.07 = 0.18%) and vibrations of vinyl
groups (/;sg0/ 11550 increased by 20.26 = 0.17%) in a red
blood cell suspension as well as in an isolated Hb solu-
tion (the changes were 17.60 £ 0.68 and 15.08 *
0.53%, respectively). We note that changes in the
heme moiety of Hb were greater in a red blood cell sus-
pension than in an isolated Hb solution, suggesting an
effect for a more tight packing of Hb molecules in the
cell compared with a solution. The globin moiety of
Hb contained in the cell showed an increase in the
contribution of the polar surrounding of amino-acid
residues (an increase in I3/ l555) in hypoxia, while
the protein packing density (/,s50/l5550) remained
unchanged [11]. Both packing density and the polarity
of the globin surrounding were found to change when
the globin moiety was tested in isolated Hb in similar
conditions.

CONCLUSIONS

This work studied the molecular mechanisms of
conformational changes in heme and globin within the
red blood cell. The mechanism is sensitive to changes
in the partial pressure of O, and determines the com-
plexation of Hb with the AE1 and Hb oligomerization
in the cytoplasm. Hb has higher affinity for the red
blood cell membrane as compared with oxyHb. The
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N-terminal region of the AE1 is accommodated in the
central cavity of a Hb tetramer upon their binding,
while the cavity becomes inaccessible as a result of Hb
oxygenation. There is an anionic segment in the N-
terminal region of the band 3 protein and the region
enters the cationic central cavity of deoxyHb. The cav-
ity is substantially narrowed upon O, binding (O,
affinity for Hb decreases as a result) [27]. It is import-
ant to note that the hemoporphyrin conformation
changes in hypoxia (a decrease in the portion of
heme—O0O, complexes) as a result of an increase in the
contributions of the pyrrole rings of hemoporphyrin
and vibrations of vinyl groups [9, 28]. Changes were
observed for the contribution of histidine and lysine
residues located close to the heme in globin. That is,
the band at 2930 cm™! shifted to 2940 cm™!, probably
because conformational changes occurred in globin
and the lysine contribution increased [21]. Thus,
hypoxia is characterized by changes in the conforma-
tion and O,-binding potential of Hb hemoporphyrin.
An increase in temperature must induce conforma-
tional changes in cell proteins and, primarily, globin.
The contributions of vibrations of vinyl groups and the
pyrrole rings of heme increased when the temperature
was increased in hypoxia, but only in the case of Hb
contained in cells (and not in the case of isolated Hb).
We note that temperature-dependent changes in glo-
bin conformation in hypoxia may possibly be deter-
mined by the polar surrounding of amino acids
(1r930/15850) [11]. We associate these with structural
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changes that occur in membrane and cytoplasmic pro-
teins because phase transitions of lipids have not been
detected in the cell membrane at these temperatures
[17]. The changes that occur in the conformation of
heme and the arrangement of Hb amino-acid residues
(e.g., histidines and lysines) located in its vicinity
upon oxygen binding probably affect the localization
of the anionic segment of the AE1, because the posi-
tions of amino-acid residues change or the negative
charge density increases in the central cavity of Hb.

All of the above events take place in the plasma
membrane of the red blood cell, and the surface
charge of the membrane may be affected by the con-
formational changes that heme and globin experience
upon oxygen binding [20]. In fact, the {-potential was
estimated at —20.8 = 0.5 mV in normoxia and 16.7 =
1.3 mV in hypoxia (Fig. 2b). Thus, the surface poten-
tial of the membrane increases in hypoxia. The change
might be determined by the interaction of deoxyHb
with the membrane through the AE1 and possible
structural changes in the membrane.
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Table 2. Changes in heme and globin conformations at different partial pressures of O,

219

Temperature
Ratio 22°C 22—-36°C
red blood cell suspension isolated Hb red blood cell suspension isolated Hb
Ii375/1,157 | Pyrrole vibrations Pyrrole vibrations The pyrrole contribution | The pyrrole contribution
are lower in the absence |are lower in the absence |increases in hypoxia and |decreases in hypoxia and
of O, of O, remains unchanged in remains unchanged in
normoxia normoxia
Iisg0/ 11550 | Vinyl group vibrations Vinyl group vibrations are | The contribution of vinyl | The contribution of vinyl
are lower in the absence |lower in the absence group vibrations group vibrations remains
of O, of O, increases in hypoxia and |unchanged in hypoxia
remains unchanged in and increases in nor-
normoxia moxia
Ihgso/ g0 | The contribution The contribution The contribution of The contribution of
of vibrations of CH of vibrations of CH vibrations of CH radicals | vibrations of CH radicals
radicals of amino-acid radicals of amino-acid of amino-acid residues | of amino-acid residues
residues is higher, residues is higher, remains unchanged in remains unchanged
and the protein packing |and the protein packing |deoxyHb, the protein
density decreases in the | density decreases in the |packing density decreases
absence of O, absence of O, in the case of oxyHb
L930/ 15850 | The ratio decreases The ratio decreases Polarity of the surround- | Polarity of the surround-

in hypoxia

in hypoxia

ing decreases in nor-
moxia and increases in
hypoxia

ing remains unchanged

Hypoxia-dependent changes in affinity for mem-
brane arise not only in Hb, but also in many other
cytoplasmic proteins and are another element of the
intracellular signaling system of the red blood cell [7,
18]. Depending on how ordered Hb molecules are in

BIOPHYSICS

the cytoplasm compared with isolated Hb in solution,
conformational changes occur in both heme (as a
result of changes in vibrations of the pyrrole rings and
vinyl group bonds) and globin (as a result of changes in
its packing density).
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Fig. 4. The ratio for the intensities of Raman spectrum obtained for a Hb solution in normoxia. (¥) p <0.05.
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