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[Lesp 0630pa: prBecTH HarbOIee 3HAYUMbIe MOAMMUKAIMY U TIPEBPAIEHIS] MOJIEKYJIBI TEMOTTIOOMHA, KOTO-
pble MOTYT OBITH MCIIOJIb30BAHBI JIJIsI BRIPAOOTKHU CTPATEINN PEAHUMAIIIOHHBIX MEPOTIPHUSITUIL U JICUEH ST KU3HEH-
HO OTIACHBIX BU/IOB aHEMUT.

Temoryiobun — ouH 13 HanboJiee XOPOIIO U3YUeHHbBIX GesKoB. B 0630pe mmokasaHa UCTOPUsE UCCIEI0OBAHS Te-
MorsiobuHa, HaurHas ¢ 1839 r. 1o HacTostiiee BpeMst. IIpuBeeHbl METO/IBI UCCIIEA0BAHUST TeMOTJIOOMHA: 3JIEKTPO-
dopes, criekrpodoToMeTPUIECKUIT METO/, METOJ PEHTIEHOCTPYKTYPHOTO aHAJIN32, ATOMHO-CHJIOBAS MHKPOCKO-
must. Onrcanbl OCHOBHBIE (hOPMbI TEMOTIIOONHA: OKUTEMOTIIOONH, J€30KCUTEMOTIOONH, METTEMOTIOONH, a TAKKe
[POIIECChl KPUCTAIU3AINI 1 MOJUMePHU3aIiui 9Toro Geska. MHorre (hopMbl TeMOriodrHa 00Ja/1aoT coco6HOC-
THIO K 06PA30BAHIIO KPUCTAJIIOB HJIH TTOJIMMEPOB i1 0itro, HEKOTOPbIE MaToMoTHIecKue GopMbl MOTYT MOHMUIIHI-
poBarbcst in vivo. VicemeoBanne MEXaHN3MOB CTPYKTYPUPOBAHHISI PA3JIMIHBIX (hPOPM reMOTTIOONHA SBJISIETCST KTy~
AJBHON U BaXKHOH 3a/1aueil PyHIaMeHTaIbHON HayKH.

Knioueewvie cnoea: oxuzemoziobun; 0esokcuzemoznobum; memeemoziobum; 2emoznobun S

The purpose of this review is to present the most significant modifications and transformations of a hemoglo-
bin molecule potentially related to developing a strategy of resuscitation and treatment of life-threatening forms
of anemia.

Hemoglobin is one of the well-studied proteins. The paper reviews the history of hemoglobin studies from
1839 untill present. Methodically, the hemoglobin studies included electrophoresis, spectrophotometric
method, X-ray diffraction method, atomic-force microscopy. The basic forms of hemoglobin include oxyhemo-
globin, deoxyhemoglobin and methemoglobin. Data on protein crystallization and polymerization are discussed.
Many forms of hemoglobin have the ability to form crystals or polymers in vitro, some pathological forms can be
modified in vivo. The studies of structural features of various hemoglobin forms represent a contemporary task
for fundamental researches.
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BBenenue Introduction

Temormobun — GelOK IPUTPOITUTOB, KPACHBIX Hemoglobin is a protein in erythrocytes, red
KPOBSIHBIX KJIETOK, TepeHocsinii mosekyaspabiii | blood cells, which carries molecular oxygen from
KUCJIOPOJT OT JIETKWX K TKAHAM B OpTaHmM3Max mo3Bo- | lungs to tissues in the organisms of vertebrates [ 1, 2].
HOUHBIX JKUBOTHBIX [1, 2]. Ctpykrypa, cBotictBa u | The structure, properties and functions of hemoglo-
dbyHKIMKM reMoryo6ruHa Ha MpoTskeHun mocieanux | bin have been thoroughly studied over the last 150
150 jier HarboJIee TIOTHO U3YYEHBI TI0 cpaBHeHMO ¢ | years as compared to other proteins [3]. Linus
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npyrumu Oerakamu [3]. TlrnonepaMu ncciemoBaHnit
remorsiobuna sipasttorest Jlaitnyc ITosmar, Make ITe-
pyt, Bepron Wurpam, Kaps Cunrep n nx nocieso-
Baresu [4].

Hapymienue cTpyKTYypbl, MOAU(UKAINU U
CBOJICTB TeMOTJIOONHA MOKET TIPUBONTH K OCTOK-
HEHUSIM TPU KPOBOIIOTEPE B TMOCTPEAHUMAITIOHHOM
nepuojie. BoO3HUKHOBEHUE PA3IMYHBIX TSIKEJIBIX
(bopm aHemwm, HaNpUMep TaKUX, KaK CEPIIOBUIHOK-
JIETOUHAS, TEMOJIUTUYECKAsT aHEMUHW U JIPYTHE, MO-
JKET MPUBOJUTD K JieTaiabHoM ucxony [5]. Tloaromy
H3yUYEHUE CTPYKTYPhI U CBOMCTB reMOTJI00HHA MMeeT
Ba)KHOE 3HAYEHNE B TIPAKTHUECKOHN MEIUIIUHE U B pe-
AHUMATOJIOTHH.

Iesnb 0630pa — 1puBectu HanboJiee 3HAYUMbIE
MOIUDUKAIINY U TTPEBPAIIEHUS] MOJIEKYJIBI TEMOTJIO-
OuHa, KOTOPbIe MOTYT OBITh MCIOJIb30BAHbI JIJISI BbI-
paboOTKH CTpaTerny pPeaHUMAIMOHHBIX MEPOIpHUsI-
TUH 1 JIeYeHUS SKU3HEHHO OTACHBIX BUIOB AaHEMUIA.

Hcropus ucciaeoBaHusi reMOrioonHa

Buepsbie remoryiobuH O6bi1 o6HapyskeH B 1839
rofy HeMellknM nccienosaresem P. XioHedesbiom B
KPOBHU OOBIKHOBEHHOTO 103K AeBoro uepss [3]. Cryc-
Ts1 12 jier apyroit Hemenkuii yaensiit O. OyHK ommy6-
JINKOBAJI CEPUIO CTaTeH, B KOTOPBIX OH TPEJIOKII
METOJI TIOJIy4eHUs] YCTOWYMBBIX KPUCTAJIOB T'eMO-
rJI00MHA WM, KaK WX TOT/la HasblBaJil, KPUCTAJJIOB
kpoBu. OH HccieoBa KPOBb U3 CeJIE3EHKH JIOIA/IH,
cobaku 1 pasHbix pbid. B 1864 roy nsBecTHBIN He-
Mmerknit pusnonor @. Xormrme-3aitrep TPEITOKILT
HazBaHue «remoryooun». Kinog Beprap nokasai, 4ro
reMOTJIOONH B KPACHBIX KPOBSIHBIX TEJIbIIaX MEPEHO-
cut Kucjaopos, u uto O, B reMOTIIO0MHE MOKET 3aMe-
AThCsT HA MOHOOKCU/T yTaeposa [6].

B 1909 romy A. Xusmom Oblia TpemoskeHa
nepBast Mozesib cBs3biBanuss O, ¢ TeMOIJIOOUHOM,
OTIMCHIBAIOIIAS AKCIIepUMEHTaTbHBIE ganable. Co-
[JIACHO HTOMN MOJIeJIN TIeHTPBI cBsi3biBanus O, Ha MO-
JIEKYJIaX TeMOTJIOOWHA He SIBJISTIOTCS HE3aBUCHMBIMHU.
A mMeHHO, TprcoeinHeHNEe OHOH MOJeKyabl O, K
OTHOMY W3 TIEHTPOB yBeJIWduBaeT cpoactso Kk O,
JIPYTUX TIEHTPOB, a CBs3bIBaHUE ABYX MoJiekya O,
etfe 6osiee obJeryaeT CBA3bIBaHUE C TPeThel. YpaBs-
HeHUe, OTMHCchIBaloIlee mpoiecc cBsidbiBanust O, re-
MOTJIOGMHOM, HasblBalOT ypaBHeHneM XuJa [7].

B 1910 r. Xeppuk oGHApPYKIJI CEPIOBUAHYIO
dopmy sputpornTos [3, 8]. Pemmaroriyo posb B 61o-
XUMUYECKOM W TeHETUYECKOM aHaJh3e CEPIIOBUI-
HOKJIETOYHOI aHEeMUH chirpajia paboTa BbIIAIOIIEro-
ca xumuka JI. [losmnra [3, 8, 9]. B 1949 r. Jlaiinyc
[ToswHT BBISIBUJ, YTO KpacHble KPOBSHBbIE KJIETKU
GOJIbHBIX 9TON OOJIE3HBIO CTAHOBSITCSI CEPIIOBUIHbI-
MU TOJIBKO B BEHO3HOU KPOBH, T/ie HU30K YPOBEHD
cojiepkaHust Kucsaopoza. Ha ocHOBe 3HaHUS XUMUN
remorsiobuta JI. TIOJMHT BBIABUHYJ TIPEIIIONOKE-
HUeE, 9TO ceprioBuaHas (popMa KPACHBIX KJIETOK BbI-

Pauling, Max Perutz, Vernon Ingram, Karl Singer,
and their followers were the first to study hemoglo-
bin [4].

Impairment of hemoglobin structure, modifica-
tion and properties can lead to complications of
blood loss in the post-resuscitation period during
resuscitation activities. Development of different
forms of anemia, for example, sickle cell anemia,
hemolytic anemia and others can lead to a lethal out-
come [5]. Therefore, studies of hemoglobin structure
and properties are important for practical medicine
and reanimatology.

The purpose of this review is to discuss signifi-
cant modifications and transformations of a hemo-
globin molecule potentially related to developing a
strategy of resuscitation and treatment of life-threat-
ening forms of anemia.

History of hemoglobin studies.

Hemoglobin was first discovered by a German
researcher R. Hiinefeld in the blood of ordinary
earthworm in 1839 [3]. 12 years later, another
German scientist O. Funk published a series of arti-
cles, where he proposed a method of production of
stable crystals of hemoglobin, or blood crystals as
they were called back then. He studied the blood
from spleens of a horse, a dog, and different fishes. In
1864, a famous German physiologist F. Hoppe-Seyler
supposed the term "hemoglobin". Claude Bernard
showed, that hemoglobin in red blood cells carries
oxygen, and that O,, in hemoglobin is replaced by
carbon monoxide [6].

In 1909, the first model of O, binding to hemo-
globin was proposed by A. Hill; this model described
the experimental data. According to this model, the
sites of O, binding on hemoglobin molecules are not
independent. In particular, binding of one molecule
of O, to one of the sites increases the affinity to O, of
other sites, and binding of two O, molecules further
facilitates binding to the third. The equation describ-
ing the process of O, binding to hemoglobin is called
Hill equation [7].

In 1910, Herrick discovered the sickle shape of
red blood cells [3, 8]. The work of a famous chemist
Linus Pauling played a decisive role in the biochem-
ical and genetic analysis of this illness [3, 8, 9]. In
1949, Linus Pauling learned that red blood cells of
patients with sickle-cell anemia become sickle-
shaped only in venous blood, where the level of oxy-
gen is low. Based on his knowledge of hemoglobin
chemistry, L. Pauling supposed that the sickle shape
of red blood cells is caused by a genetic defect in the
depth of cell hemoglobin. In 1952 he proved that
normal hemoglobin and hemoglobin taken from
patients with sickle-cell anemia can be separated by
electrophoresis, a method used for division of differ-
ent proteins in a mixture. The discovery confirmed
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3BIBAETCSI TEHETUIECKUM JIe(PEeKTOM KJIETOUYHOTO Te-
Morsio6uHa. B 1952 r. oH joKaszast, 4To HOpMaJIbHBII
reMOTJIOONH U TeMOTJIOONH, B3AThINH Y OONBHBIX cep-
[TOBU/IHOKJIETOUHON aHeMuel, MOKHO pasjinyarh C
MTOMOIIIBIO 3JIeKTPOhopesa, MeTo/1a pa3esieHusT pas-
JIMYHBIX 0enKoB B cMeck. Crelannoe OTKPbITHE TI0/-
TBepANIIo yoexaernue JI. TlosmHra B TOM, 4TO MIPHYK-
Ha aHOMAJIUHU KPOeTCst B GEIKOBOIM YacTH MOJIEKYJIbI
remorsiobuxa [6, 8].

TouHast CTPYKTypa reMoryioOMHa cTajia U3BecT-
Ha IJIaBHBIM 00pasoM Ouarogapss paboTaM aHIJIUii-
ckoro 6uodusuka Maxca ITepyia. OH BriepBbIe PoO-
BeJ PEHTTeHOCTPYKTYPHBIM aHAJU3 MOJIEKYJIbI
remorsiobuna B kKouie 40-x rogos XX Beka. 3a o1
uccaenosanus B 1962 roay ox 6eu1 yaoctoen Hobe-
JIeBcKo# mpemun |2, 3, 6, 7, 9.

CrpyKTypa reMorioonHa
U ero MoIH(PUKAIIUU

MoJtekyia reMOTJIoOOMHa COCTOUT 13 YeThIPeX
cyObeIMHUI] U BKJIOYaeT 574 aMUHOKICIOTHI Kaxk-
nast cyObeANHUIIAa TeMOTIOONHA COMEPIKUT OHY He-
GenkoByto Tpymiy — reM. [em mpeacrasisier coboit
MIPOTONOP(MUPHH, COMEPIKAIINIT TIEHTPATBHO PaCIo-
JIOKEHHbII MOH JByXBajaeHTHoro sxenesa (Fe2™)
(puc. 1) [1, 2].

CyIecTByeT HECKOJIBKO BUIOB T€HOB, KOIUPY-
IOIUX TJI0OMH — OEJIKOBYIO YacTh remMorsioonHa. B
caMoM JieJie, TIOC/IeI0BATEIbHOCTh AMUHOKUCTIOT Te-
MOTJIOOMHA HEMHOTO OTJIMYAETCS OT OTHOTO Y€I0BEKa
K Apyromy. PasHble KOMOMHAIINU TIIOOMHOBBIX €TI0~
ek (hOPMUPYIOT PasHble CTPYKTYPbI TeMOTJIOONHA.

CymiecTByIOT (husmosiorndeckie M IMaTtoJIoru-
yeckue Bubl reMoriobuHa. K (Gusnosornyeckum
OTHOCST TPU OCHOBHBIX THITA TeMOTJIOOUHA: TPUMIE-
tusHblii — HbP, derampubiii — HbF, B3pocibrii —
HbA [6].

IMoMuMO (PUBNONOrMUECKUX, BBIAEIAIOT Oojiee
200 GopM 1ATONOTMUECKUX FeMOIIOOUHOB, OT/IMYa-
IOMIUXCS JIPYT OT IpyTra (PU3UKO-XUMUIECKUMU CBO¥-
CTBaMU, B YACTHOCTH Pa3JIMYHOI aJieKTpodopernye-
CKOM TOJBUXHOCTBIO U Pa3HBIM OTHOIIEHWEM K
nresiodam. [IpuanHOI BOSHUKHOBEHUS MATOJIOTHYEC-
KX (GOPM TeMOTJIOOMHA SIBJISIETCST MOBPEsKACHUE Te-
HOB, OTBEUAIOINX 3a CHHTE3 TOI WJIM MHOM IeTTH Te-
Moryio6uHa [6, 7].

Cpeznt reMOrIOOMHOTIaTHIT Harboiee N3BECTHA
CEPIIOBUHOKIETOYHAST aHEMUS, CBSI3aHHAS C TaKWM
HapyIIeHEM CTPOEHUST OeJIKa reMOTI001Ha, TIPH KO-
TOPOM OH mpuoOperaerT 0coboe KPUCTALIUIECKOE
cTpoeHne — Tak HasbiBaeMblil remoriooun S (HbS)
[10—12]. CepnoBuanokieTouHas aleMusl SABJsIETCS
HACJIeJICTBEHHBIM 3a00JIeBaHIIeM, KOTOpoe HanboJiee
YacTO BBISBIISETCS y Jojiell ahpUKaHCKOTO MPOKC-
xoxkaennst. HbS orimuaercst ot o6praHoro HbA 1o
CBOEl 3JIeKTPODOPETUIECKOI MOABMKHOCTH ¥ 110
AMUHOKHUCJIOTHOMY COCTaBY, NMPUYEM HU3MEHEHWe

Puc. 1. Mouekyaa reMorio0uHa.
Fig. 1. A hemoglobin molecule.

L. Pauling's belief that the cause of the abnormality is
in the protein part of the hemoglobin molecule [6, 8].

The exact structure of hemoglobin has become
known mainly due to works of an English biophysi-
cist Max Perutz. He was the first to perform an X-ray
diffraction analysis of a hemoglobin molecule in late
1940s. In 1962, he was awarded the Nobel Prize for
these studies [2, 3, 6, 7, 9].

The structure of hemoglobin
and its modifications

A hemoglobin molecule comprises of four sub-
units and includes 574 amino acids. Each subunit of
hemoglobin contains one non-protein group called
"heme". The heme is a protoporphyrin containing cen-
trally located ion of ferrous iron Fe2* [1, 2] (Fig. 1).

There are several types of genes encoding the
globin, i.e.a protein part of hemoglobin. In fact, the
amino acid sequence in hemoglobin slightly varies in
different persons. Different combinations of the glo-
bin chains form different structures.

There are physiological and pathological forms
of hemoglobin. Physiological ones include three
main types of hemoglobin: a primitive (HbR), fetal
(HbF), and adult (HbA) [6].

In addition to the physiological forms, there are
more than 200 pathological forms of hemoglobin,
which have different physical and chemical proper-
ties, in particular, different electrophoretic mobility
and different relationship with alkalis. The patholog-
ical forms of hemoglobin are caused by damage of the
genes responsible for the synthesis of a particular
hemoglobin chain [6, 7].

The sickle-cell anemia is the most well-known
hemoglobinopathy. It is associated with impairment
of hemoglobin protein structure: it acquires a specific
crystalline structure, a so-called hemoglobin S (HbS)
[10—12]. The sickle-cell anemia is a hereditary dis-
ease, which is diagnosed most often in people of
African descent. Hbs differs from conventional HbA
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AMITHOKHCJIOTHOTO COCTaBa KAacaeTcs TOJBKO IBYX
OCTATKOB TJTIOTAMITHOBOM KUCIOTHI TpuMepHO 13 600
AMUHOKHUCJIIOT, BXOJSIINX B COCTaB MOJIEKYJIBI TeMO-
rio6uHa. Y reMorsiobuHa S Ha IECTOM MECTe BMECTO
OCTaTKa IJTI0TAMUHOBOW KHUCTOTBI HAXOIUTCS HJIEKT-
puvecKr HeNTPaIbHBIN BajdnH. Takas 3aMeHa MOBBI-
IIAeT CKJIOHHOCTh MOJIEKYJI TeMOTJIOOMHA K TIOJIMMe-
pusary nin kpuctammusarun |10, 13—15].

Jlns matosornueckux (opM reMoryiobuHa Xa-
PaKTEPHO M3MEHEHUE CTPYKTYPbI TOJUIETTHIHON
Henu rI00uHa, KOrjla OJlHAa WJIM HECKOJBKO aMUHO-
KHUCJIOT 3aMEHEHBI IPYTUMU UJTH OTCYTCTBYIOT.

¥ remorsiobuna C Ha IIECTOM MeCTe BMECTO OT-
PUIATEJNbHO 3apPSyKEHHOM TIyTaMUHOBOH KHCJIOTBI
HaXOJIUTHCS TIOJOKUTENBHO 3apsKEHHBIN JU3UH
[16]. dToT BapmanT remoriobmna HazBaH «C» 1o Ha-
3BAHUIO TOPOJIA, Y JKHUTENst KOTOPOTo ObLIa BIIEPBbIE
obuapyskena mytaiuss — Christchurch (Hosast 3e-
JIAHJIVS ), XOTSI BCTPEYAETCS MPEUMYIIECTBEHHO B 3a-
nagHoit Adgpuke. Ita MyTaHTHas (hopMa CHUXKAET
[JTAaCTUYHOCTH HpuTpornToB opranusma. HbC o6pa-
3yeT KPUCTAJIIBI BHYTPU KPACHBIX KPOBSHBIX KJIETOK.
O6paszoBaHre KPUCTALIOB MOKET IIPUBECTH K yBe-
JIMYEHWTO BSIBKOCTH KPOBH, K YBEJTUYEHUIO KECTKOC-
TH KJIETOK, COKPAIIIEHUIO CPOKA KU3HU 3PUTPOIUTOB.
ITpucyrcreue remorsobuta C B KPOBH YeJIOBEKA MO-
KeT CIPOBOIMPOBATH TaKoe 3a00JIeBaHIe, KaK Xpo-
HUYecKas reMouTHdeckas anemust [17—21].

Temorsiobun E (HbE) BosHukaer, korna Ha 26
MecTe TJIyTaMUHOBas KUCJIOTa 3aMeHeHa Ha JIM3WH.
ITOT MyTAIMOHHDIN TUTI TeMOTIO0MHA HanboJiee va-
CTO BCcTpevaeTcsl y KopeHHoro HaceseHust IOro-Boc-
TOYHON A3uM.

B Tex ciyuasx, Korja IpUCyTCTBYeT KOMOMHA-
st reMorsioouHoB C 1 S, y yesioBeKa MOTYT BO3SHUK-
HyTb GoJiee TsiKesbie (OPMbI AHEMUH.

Mero/bI HCCIEI0BAHUA

O[HUM U3 TMUPOKO PACIPOCTPAHEHHBIX METO-
JIOB, TTO3BOJISTIONINX BBISSBUTD TaToorudeckue ¢Gop-
MBI TeMOTJIOOMHOB, SIBJISIETCST BIEKTPOPOPETHUECKUI
meton [16].

JnexTpodopes — 3NTeKTPOKNHETHYECKOe SIBJIe-
HUe TiepeMeleHrsl YacTull aucrepcHoii (asbr (Ha-
npumep, 6EJKOBBIX PACTBOPOB) B JKUIKON Cpele o/
JIECTBUEM BHEIIHETO 3JIEKTPUUECKOTO ToJist. [lpu
ompe/iesleHHOM 3HaYyeHUn pH u MoHHOW cuibl pac-
TBOpPa GEJKN JABUKYTCS B IJEKTPUUECKOM TIOJE CO
CKOPOCTBIO, 3aBUCAIIEH OT MOJIEKYJISIPHON Macchl 1
CyMMapHOTo 3apsija. besku, umeronue cyMMapHbIii
OTPHUIATEBHBIN 3apsi/l, ABMKYTCS K aHOMIY, a MO0JIO-
JKUTEJbHO 3apsKeHHbIe OeIK — K KaTomry [7].

draektpodopermaeckas MOABMAKHOCTD U ompe-
nessteTcst GopMyJIOLt:

U=v/E,

T7le ¥ — CKOPOCTb JIBVKEHUST MOJIEKYJIBI [eM/c;

E — HanpskeHHOCTD a1eKTprudeckoro mosst [B/cm].

hemoglobin in its electrophoretic mobility and amino
acid composition; at that, changes in the amino acid
composition are related only to two glutamic acid
residues of approximately 600 amino acids in the
hemoglobin molecule. In hemoglobin S, electrically
neutral valine is situated in the sixth place instead of
the glutamic acid residue. This replacement increases
the predisposition of hemoglobin molecules to poly-
merization or crystallization [10, 13—15].

Changes in the structure of globin polypeptide
chain are typical for the pathological types of hemo-
globin; at that, one or more amino acids are replaced
by others or absent.

In hemoglobin C, there is a positively charged
lysine in the sixth place instead of negatively charged
glutamic acid [16]. This variant of hemoglobin was
called "C" after the name of the city, whose resident
had the first discovered mutation, Christchurch
(New Zealand), but this variant occurs mainly in
West Africa. This mutant form reduces the plasticity
of the body red blood cells. HbC forms crystals inside
red blood cells. Crystal formation may cause
increased blood viscosity, increased cell rigidity, and
shortens the life span of RBCs. The presence of
hemoglobin C in human blood can cause such disease
as chronic hemolytic anemia. [17—21].

Hemoglobin E (HbE) occurs when glutamic
acid is replaced with lysine in the 26th place. This
type of hemoglobin mutation is most common in
indigenous population of Southeast Asia.

In the event of a combination of hemoglobin C
and S, there may be more severe forms of anemia.

Methods

Electrophoresis is one of the most common
methods, which permit detecting pathological forms
of hemoglobin [16].

Electrophoresis is an electrokinetic phenome-
non of movement of particles of the dispersed phase
(e. g., protein solutions) in a liquid medium under
the effect of an external electric field. At a certain pH
value and ionic strength of the solution, proteins
move in an electric field at a rate depending on the
molecular weight and total charge. Proteins with a
total negative charge move toward the anode and
positively charged proteins to the cathode [7].

The electrophoretic mobility U is calculated
using the following equation:

U=v/E, where

v is the molecule motion speed [cm/s]; E is the
intensity of the electric field [V /cm]

There are many variations and modifications of
this method, which are carried out on a variety of media:
paper, starch gel, polyacrylamide gel (PAGE), etc. Each
of these methods is characterized by different resolution
abilities. For example, in electrophoresis of human
serum proteins on paper, only 5 main fractions are deter-
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Cy1iecTByeT MHOXKECTBO Pa3HOBU]I-
HOCTel 1 MomuGuUKaInii JaHHOTO METOJIa,
KOTOPBIE TIPOBO/JISIT HA PA3JTUYHBIX HOCUTE-
Jix: Oymare, KpaxMaJbHOM TeJie, TIOJIU-
akpumamugaoMm rese (ITAAT) n np. Kax-
IbIIl 13 METOMOB  XapaKTepU3yeTcs
Pas3INYHON pasperramiieil crrocoOHOCTHIO.
Hanpumep, tpu anexrpodopese GelrKoB
CBIBOPOTKH KPOBH YeJIOBeKa Ha Oymare 00-
HAPYKUBAIOT TOJBKO 5 TJIABHBIX (DPAKITUI,
a st tex ke O0enkoB B ITAAT BO3MOKHO
pazpemmTh A0 18 pasmmuHBIX (paKInuil.
Jlnst oGHapyskeHUsT GeJTKOBBIX (hpaKIiii
MOJIOCKK OyMaru Wi CTOJOMKHU TeJist 00-
pabatbiBaior KpacureseM. OKpalneHHbIA

KOMILJIEKC OEJIKOB ¢ KPAaCHTE/IEM BBISIBJISIET
pacroJyiokeHne pa3IuIHbIX (paknmii Ha
HOCHTETIE.

IDAeKTpoPOPETHIECKUIT METOM TPHU-
MEHSIETCSI B MOJICKYJISIPHON OUOJIOTHY [1JIst
pasjiesieHnsT MAaKPOMOJIEKYJI, a TakKke WX (hparMeH-
TOB, UCITOJIb3YETCS B KIMHUYECKOI TNAarHOCTHKE, TT0-
MYJISIIIOHHOM GUOJIOTHHU (JIIS1 M3YYEHS TeHEeTHIeC-
KOW M3MEHYUBOCTH) U JIP.

[l u3yueHust coctaBa Pa3iWIHBIX COeUHE-
HUM TPUMEHSTIOT CIIeKTPO(OTOMETPUYECKI METO/I,
KOTOPBII 3aKTI0UAETCS B U3YYEHUH CIIEKTPOB TIOTJIO-
menus B yabrpaduomnerosoit (200—400 um), Buan-
Mol (400—760 um) 1 undpaxpactoi (>760 um) 06-
gactsax crmekrpa. OH OCHOBaH Ha U3MEPEHUH
ocabJieHrst CBeTa U pacueTe KOHIEHTPAI[UH TTOTJI0-
MAIONIeT0 MaTepraia IO HaHAeHHOW ONTHYEeCKOU
IJIOTHOCTU PAcTBOPA B COOTBETCTBUE C 3aKOHOM bBy-
repa-Jlambepra-Bbepa:

I=Le k% (1)

T7le X — CJIOH, KOTOPBIH MPOIILJIa YacTUIla B Be-
IecTBe B HanpaBjieHun ocu X; k; — yIIeJIbHBIN TOKa-
3aTeJIb TIOTJIONIEH NS, 3AaBUCSIINI OT TIPUPO/IBI Belle-
CTBa W JJIMHBI BOJHBI wu3aydyeHus; C —
KOHIIeHTpaius BemniecTBa [16]. 3apeructpuposas I
Ha BXoJie U I Ha BBIXOJIE, MOSKHO OTIPEIETUTH KOA(D-
(utmenT TPONyCcKaHWs T U ONTUYECKYIO TIOTHOCTD
D, xoTopbie CBSI3aHBI COOTHOTIEHUEM:

r=I/1,, D=Ig(1/7) =ECx, (2)

riae E(r) — MOJAPHBIN MMOKa3aTesb MOTJIOIIE-
HUS, TO €CTh OTITHYECKAS TIOTHOCTH BEIECTBA CIOEM
1 em ipu € = 1 MMOJIB /71, 3aBUCUT OT BUIA BEIECTBA
U JUTUHBI BOJIHBL

Ha pucynke 2 mpeacrtaBiieH CcTaHAapTHBIN
CreKTp okcuremMoriobuHa. Onruyeckast IIOTHOCTh
pacTBopa reMorjoOWHa IMpeJCTaBieHa Ha JJIHHAX
BosiH 500—650 uMm [22], rae 4 — 5T0 AJUHA BOJIHBI,
D — onrTudeckas MIOTHOCTD PACTBOPA.

Haub6oJiee nHMOPMATUBHBIM METOAOM B HCCJIe-
JOBaHUU OEJIKOB M TeMOTJIOOWHA, B YACTHOCTH, SIBJIs-
eTcsl MeTOJI PEeHTTeHOCTPYKTYpHOro aHaimsa [23].
[lenpi0o aHHOTO MeETO/A SIBJSETCS yCTaHOBJIEHUE
[IPOCTPAHCTBEHHON CTPYKTYPbI OeJiKa, T. €. onpee-

Puc. 2. CrieKkTp noromeHus reMorio0uHa.
Fig. 2. Hemoglobin absorption spectrum.

mined; and in the same proteins in PAGE, up to 18 dif-
ferent fractions may be found. Paper strips or gel
columns are treated with stain for detection of protein
fractions. The colored protein+stain complex demon-
strates the location of different fractions on the carrier.

The electrophoretic method is used in molecu-
lar biology for separation of macromolecules and
their fragments; it is also used in clinical diagnostics,
population biology (for assessment of genetic vari-
ability), etc.

In order to study the structure of various
compounds, a spectrophotometric method is used.
It studies absorption spectra in the ultraviolet
(200—400 nm), visible (400—760 nm) and infrared
(>760 nm) areas of spectrum. It is based on mea-
surements of light attenuation and calculations of
the concentration of absorbing material based on
obtained absorbance of the solution in accordance
with the Beer-Lambert-Bouguer law:

I=Le k% (1)

where x is the layer passed by a particle in a
substance in the direction of the X axis, k, is a specif-
ic absorption coefficient, which depends on the
nature of the substance and the radiation wave-
length, C is the substance concentration [16]. After
registration of I, at the entry and I at the exit, we can
determine the transmission factor 7 and absorbance
D, which are expressed by the following equations:

z=1/1,, D=lg(1/7) =ECx, (2)

where €(7) is the molar absorption coefficient,
i.e. the absorbance of the 1 ¢cm substance layer with
C = 1 mmol/l, depending on the type of the sub-
stance and the wavelength.

Figure 2 shows an oxyhemoglobin standard
spectrum. The absorbance of the hemoglobin solu-
tion is shown at wavelengths of 500—650 nm [22],
there 4 is the wavelength and D is the solution
absorbance.
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JIeHUE PACTIOJIOKEHUST aTOMOB B TPEXMEPHOM ITPOCT-
paHCTBE MOJIEKYJbl. JTO JAOCTUTAETCS HMCIOJIH30BaA-
HUeM Iu@PaKIUN PEHTIEHOBCKUX JIydyell Ha KpHC-
TAJIMYECKON cTpykType Genka. JIudpaxiumoHHast
KapTa T03BOJIIET TOJIYUYUTh pacipeieieHnue JJeK-
TPOHHOI TJIOTHOCTU P(T) B KPUCTAJIIIE U BBIYUCTUTD
MIPOTPAMMHBIMKM ~ METOJAMU  MPOCTPAHCTBEHHYTO
CTPYKTYPY reMoryio6uHa [24].

Paccessnre Ha KpUCTAJIMYECKON CTPYKType
omrchiBaeT hopmyJia Bysbda-bperros:

2d sin © = k4 (3)

rje A — JJIMHA BOJIHBI M3JTyueHust, d — mepuoj
KPUCTAJIMYECKON PEeIeTKU, © — YTroJI CKOJIbKEeHMUS,
k — mopsiIok MakcuMyMa. ITOT METOJL TIO3BOJISIET T10-
JIYIUTh AUGBPaKIHOHHBIE PehIEKCHI PA3IUYHBIX OeI-
KOB, B TOM YKCJI€ TeMOIJIOOHHA. 3aTeM 10 BULY N-TO
KOJImYecTBa MU(MPAKIIMOHHBIX KapTUH BOCCTAHABJIH-
BaeTcst 0ObeMHAs CTPYKTYpPa M3ydaeMOU MOJIEKYJIBL.
VIMEHHO TaKiM METOJOM ObLIM TOIYUYEHbI CTPYKTYPa
remoryiobuHa 1 ero Mogudukarmii [28, 29].

Hapsany c penTtrenoBckoii kpuctasmorpadueit
JUISL MCCJICIOBAHMST CTPOEHUST GENKOBBIX MOJIEKY.JI
HCTIOJIB30BAJICST METOJ 9JIEKTPOHHON MUKPOCKOIIUH,
KOTOPBII peasin3yeTcsi ¢ TOMOIIbI0 CKAaHUPYIOTIETO
anekTpoHHOTO MuKpockora (CIOM).

B Hem peanusyoTcss KBaHTOBO-BOJHOBBIE
CBOICTBA AJIEKTPOHOB:

As=h/mv (4),

rae Ay — nauna Bosnbt e Bpoiins, A — nocro-
SIHHASI TJIAHKA, M W ¥ — Macca U CKOPOCTbH 9JIEKTPOHA.

B COM mnoBepxHOCTh 06pasiia CKaHUPYETCs
IIyYKOM 3JIEKTPOHOB C TIEPBUYHON SHEPTHEH OKOJIO
10 kaB. O6iryyaemasi Ipu TAKOM CKaHUPOBAHKU T10-
BEPXHOCTh HAUMHAET U3JIydaTh JNOO TaK Ha3bIBaeMble
BTOPUYHbIE 3JIEKTPOHBI, JTMOO KBAHTBI CBETA, KOTOPbIE
PETUCTPUPYIOTCS, YCUIIMBAIOTCS, TPEOOPA3YIOTCS IO
WHTEHCUBHOCTH, TIOCJIE Y€TO MOJIAf0TCS Ha 9KPaH aJie-
KTPOHHO-JIyUeBOU TPYOKH, cO3/aBast BUANMOE HU300-
paskenue nosepxuocru [14].

B HacTosiee BpeMst HAHOCTPYKTYPY W CBOKCT-
Ba TeMOIVIOOMHA M3YYalT ¢ TOMOIIbI0 CKaHUPYIO-
el 30H0BOI MUKPOCKOTINN, B YaCTHOCTH, aTOMHOM
cusioBoi mukpockonuu [30].

OCHOBHOIT IPUHIIUATT PAOOTHI AaTOMHO-CIJIOBOTO
mukpockorma (ACM) 3akiodaeTcss B CUJIOBOM B3au-
MO/IEICTBUY TOHKOW CKAaHMPYIONIel Uribl (30H1a) C
MOBePXHOCTHIO obpasia (puc. 3) [31, 32]. dueprus
B3anmozeiictsust U MoJieKyJ (aToMOB) 0Opasiia ¢ ur-
JIOW 30HJA ompeessieTcss ToTeHIaniom Jlenapaa-
JlxoHCa:

U@ =U, [(Ry/1)"~(Ry7)*] (5),

rJie ¥ — PACCTOSTHUE MEXKLy UTJIOi U 06pasiioM,
R, — xapaxTepHOe pacCTOsTHUE MEKIY UIJIONH 1 00-
pasitom, ipu kotopom U(1)=0.

Cuna Ban-nep-Baamnbca, reficTByroniast Ha 30H]]
CO CTOPOHBI MOBEPXHOCTH, IIPUBOAUT K U3THOY KOH-
COJIM. 3aperucTpUpOBaB BEJUYUHY WM3THOA, MOKHO
c/leJlaTh BBIBOJ O TPEXMEPHOM pefbede mccemye-

Puc. 3. IIpuniun paGoTsl aTOMHOTO CHJIOBOrO MUKpPockon ACM
NTEGRA Prima [33—38].

Fig. 3. The operating principle of the atomic force microscope
AFM NTEGRA Prima [33—38].

Note. Fz — the force acting on the sample when is piezoscanning.
IIpumevanue. Fz — cuia, geiicTByiomas Ha 06pasell Ipu Mbe30-
ckanuposannu. A movement direction of the cantilever and the
sample — HanpasJenue ABIKEHNS KaHTUIIeBepa 1 00pasia.

X-ray diffraction analysis is the most infor-
mative method for testing of proteins and hemo-
globin, in particular [23]. The aim of this method
is to establish the spatial structure of the protein,
i.e. to determine the location of atoms in a three-
dimensional space of the molecule. It is achieved
by using X-ray diffraction on the crystal struc-
ture of the protein. Diffraction map allows to
obtain the electron density distribution p(r) in a
crystal and to compute the spatial structure of
hemoglobin [24].

Scattering in the crystal structure is described
by the Bragg's law:

2d sin © = k4 (3)

where 4 is the wavelength, d is the crystal lat-
tice period, @is the slip angle, k is the grating order.
This method allows to obtain diffraction reflexes of
different proteins, including hemoglobin. Then,
based on n diffraction pattern, a three-dimensional
structure of the molecule is restored.

The structure of hemoglobin and its modifica-
tions have been obtained using this method [28, 29].

In addition to the X-ray crystallography, a
method of electron microscopy is used for studies of
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Puc. 4 Cnextpsl norsionienus aesokcuremorioouna (1), okcu-
remoro6una (2) u metremoraoGuna(3) [2].

Fig. 4. Absorption spectra of deoxyhemoglobin(1), oxyhemo-
globin (2) and methemoglobin (3) [2].

Mol moBepxHocTH. Kpome atoro ACM mosBosser
MIPOU3BOIUTL M3MEPEHUS B BO3AYIIHOM atMocdepe,
B JKUJIKOCTH, B BaKyyMe, YTO OTKPBIBAET IMTUPOKHE
BO3MOKHOCTH JIJIST M3YUEHUST OOMOJIEKY T

OcHoBHbie (POPMbI TEMOTIO0NHA

TemoryioOMH 1PU HOPMAaIbHOM (DYHKI[OHUPO-
BaHUM OPraHU3Ma MOKET HaXOAUTHCS B OJHON M3 3-X
(hopM: 1€30KCUTeMOTIOONH, OKCUTEMOTJIOONH 1 MET-
reMoryioOnH. B 1€30KCUTEMOTTIOONHE JKeJIe30 Haxo-
muThbes B 3akucHon opme — Fe(Il), B koTopoii riio-
OWH NpeNoXpaHsSIeT JKele30 TeMa OT OKHCJICHUS.
OxcureMoryioGNH — 9TO PE3YJIBTAT COEANHEHIS TEMO-
[JIOOMHA ¢ MOJIEKYJISIPHBIM KHCJIOPOIOM, MPU KOTO-
POM TIEPEHOC 3JIEKTPOHA HA KHCJIOPOJL
MIPOMCXOJIUT HE OT JKeJie3a, a OT MMHU/Ia-

protein molecule structure. For this purpose, a scan-
ning electron microscope (SEM) is used.

It realized the quantum-wave properties of
electrons:

As=h/mv (%),

where 4 is the de Broglie wavelength, A is the
Planck constant, m u v are the weight and velocity of
an electron, respectively.

In SEM, the sample surface is scanned by a
beam of electrons with a primary energy of about 10
keV. The radiated surface begins to radiate either so-
called secondary electrons, or light quanta which are
registered, amplified, converted in intensity, and
then sent to a cathode ray tube screen, creating a vis-
ible image of the surface [14].

At present, the nanostructure and properties of
hemoglobin are studied using a scanning probe
microscopy, in particular, atomic force microscopy [30].

The basic principle of action of atomic force
microscope (AFM) is the force interaction between a
fine scanning needle (probe) and the surface of the
sample (Fig. 3) [31, 32]. The energy of interaction U
molecules (atoms) of the sample with the probe nee-
dle is determined by the Lennard-Jones potential:

Um)=U, [(Ry1)"—(Ry/7)’] (5),

where 7 is the distance between the needle and
the sample, R, is a typical distance between the nee-
dle and the sample at which U(r)=0.

Van der Waals forces acting on the probe from
the surface results in bending of the console.
Registration of the degree of bending permits to con-
clude on a three-dimensional pattern of the surface
investigated. In addition, AFM allows to perform
measurements in atmospheric air, in a liquid, and in
vacuum, and it opens great opportunities for studies
of biomolecules.

30JIbHOTIO KOJIbLIA IIPOKCUMAJIbHOIO TUC-
tyuanHa. B3aumoneiictBue MOJIEKyJISAp-
HOTO KHCJIOPOZIA CO CBOOOMHBIM TEMOM
[IPUBOAUT K HEOOPATHMOMY OKHUCJICHUTO
aroMa Jkese3a IeMma, IIPU KOTOPOM
Fe(1T) nepexonut B Fe(11T), TO ecth 06-
pagyercst MeTremorobud. Ha pucyrke
4 TIOKa3aHbI CTEKTPbI MOTJIOIEHUs OC-
HOBHBIX (hOPM TeMOTIO0HHA.

[leficTBUE pasIMIHBIX TOKCUHOB
MPUBOIUT K MOJM(UKAIUU TEMOTJIO-
6una. Hanpumep, 1ox BosgeiictBuem
NaNO, okcUreMOTIOOMH MEePexXOauT B
dopmy Metremorobmnna [22]. Vismerie-
HIe CTIEKTPa MOTIONIEHUsT TEMOTIO0N-

Ha OTpasKaeT 9T0 BosaelicTee (puc. 5).

Ha pucynke 6 cxematnyecku 1o-
Ka3aHbI 3JIEKTPOHHAS CTPYKTYpa JKeJie-
3a rema, MOJIOJKEHNEe aToMa JKeJjie3a OT-
HOCHUTEJIBHO TOJIOCKH TOPGUPUHOBOIO

NaNO,.

NaNO,.

Puc. 5. I3amMenenue CIIEKTPa NOIJIOIEHUuA OKCHUIeMOorJa00H1Ha 110cIe BO3/IEHCTBUS

Fig. 5. The change of oxyhemoglobin absorption spectrum after exposure of
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KOJIbI[a TeMa, CIIEKTPAThbHbIE U MATHUTHbBIE XapaKTe-
PUCTHKU MOJIEKYJT B PA3JIMYHBIX COCTOSTHUSX MOJie-
KYyJIbI TeMOIJIOOMHA: Je30KCUTeMOIIOONH, OKCHTe-
MOTJIOOUH W MeTreMoryioouH. Ilepexos 13 OAHOTO
COCTOSIHHSI B IPyroe TpeOdyeT 3HAUUTETbHOTO BpeMe-
HU, B TeYeHNE KOTOPOTO CUCTEMA TPOXOIUT Yepe3 He-
CKOJTPKO HEPABHOBECHBIX COCTOSTHUI, 3aMETHO OTJIH-
YaIONUXCs 110 CBOUM (DU3NIECKUM W XUMUYECKUM
CBOMCTBAM OT PaBHOBECHBIX COCTOSTHUIA.

B Moutekyite 1e30KCUTeMOTIOONHA JKeIe30 He
HaXOJUTCS B IJIOCKOCTH MOP(MUPUHOBOTO KOJbIIA.
N3 mectu 3d-snexrponos xenesa Fe(1l) asa anek-
TPOHA CITAPEHbI Ha OHOW U3 HU3HmMX d-opbuTasnei,
WX CITUHOBBIE MOMEHTHI S=2. MarauTHBIIT MOMEHT
reMa B 9TOM COCTOSHUU PaBeH ~5,5 GOPOBCKOTO
marHetoHa (BM), a ciekTp morsonenus B 3esieHON
00JTacTH UMEET XapaKTEPHYIO MOJOCKY € A,.~556
uM. [lpucoenuuenue Kucjioposa BeieT K 3HAYM-
TeJbHBIM U3MEHEHUSIM. ATOM JKeJie3a B OKCUTEeMOT -
JIOOVHE JIEKUT MPAKTUYECKH B IJIOCKOCTH MOPdU-
puHOBOro KoJibla. Bce 1mects d-21eKTPOHOB
CIIapeHbl Ha TPeX HU3MINUX ypoBHsX d-opburasei,
S=0, okcuremMorIO6MH AaMarHuTeH. B 3eseHoii 06-
JIACTHU CIIEKTPa UMEIOTCS JIBE XapaKTePHbIE MOJOCHI
norsomenust: a (A,,, ~576A) ub (A, ~5424).

B Merremorio0uHe pu HeHTPaIbHbIX 3HAYCHU -
sax pH Mecto Kucmopoja 3aHNMAaeT MOJIEKYJa BOJIBI,
JKEJIe30 HaXOUTCsI 3HAUUTENBHO OJIMIKE K TIOCKOCTH
remMa, 4eM B JIEB0KCUTeMOIJIOONHe, Bee 5 d-aiekTpo-
HOB HE CHapeHbl ¥ 3aHUMAioT msaATh d-opOuTaseil.
S=5/2 u maruutHbIit MOMenT paBen 5,91 BM [2].

CrpyKTypHble U3MEHEHWS B aKTHBHOM IIEHTPE
MIPUBOJIAT K 3HAYNUTETHHBIM U3MEHEHUSIM TIPOCTPAHCT-
BEHHOM CTPYKTYpbl Bcero Oesika. IIpu okcureHarmn
CMEIIEHUST OTETbHBIX aMIUHOKUCJIOTHBIX OCTATKOB JI0-
cruraer 7A. Uersepridnast CTPYKTYpa reMOrio0nHa Xa-
PAKTEPU3YeTCsT HAINYNUEM YEThIPEX TMOJTUTIENTHIHBIX
1ereii, o6pasyroIux ase « u ase B-cyGobeauHutipl. Tle-
pexoz ot T k R hopme conpoBokIaeTcst ToBOPOTOM O/1-
HOTO JINMEPA OTHOCUTEJIBHO APyroro Ha 12—15° u B Ko-
HEYHOM CYETE MMPUBOJIUT K YBEJIMUEHUIO «KaPMaHOB», B
KOTOPBIX HAXOJSATCS TeMbL. JTH CTPYKTYPHbIE U3MEHe-
HUST THUITUUPYIOTCST TPUCOEMHEHNEM TIEPBOI MOJIEKY-
Jibl O, K OZTHOMY 13 CBOOOHBIX TeMOB ¥ PaCIIPOCTPAHSI-
ercst Ha BCro 17100yJ1y. VIMEHHO T109TOMY B PABHOBECHOI
cMecu Beerza IpucyTersyior Tosbko T u R dopmst [2].

max

Kpucrammusanus
U OJIMMepU3anus 0eJKOB

Muorue dopmbl reMorsobrHa 06T CIIo-
COOHOCTHIO K 06PA30BAHMIO KPUCTAIIOB VI TOJH-
MEPOB i vitro, HEKOTOPBIE TTATOJOTHYecKre (hOPMBI
MOTYT MOUMUIIIPOBATHCA in vivo [39].

Opanako B psje crareil OTCYTCTBYIOT 4YeTKHe
pasTpaHNYeHUsT MEKAY KpHUCTAIU3aIuell 1 MoJu-
Mepusatueii remorso6una [40]. Heobxomumo pas-
JIMYATh 3TH TTOHITHSL.

Puc. 6. OcHOBHBIE XapaKTEPHCTHKH T€MOIJIOOUHA B Pa3INYHBIX
COCTOSIHUSX.
Fig. 6. Basic characteristics of hemoglobin at various states.

The main forms of hemoglobin.

Hemoglobin with normal functions can exist in
one of following three forms: deoxyhemoglobin, oxy-
hemoglobin and methemoglobin. In deoxyihemoglo-
bin, iron exists in the form of iron protoxide Fe (IT),
and globin protects the heme iron from oxidation.
Oxyhemoglobin is a compound of hemoglobin with
molecular oxygen, in which electron transfer to oxy-
gen occurs not from iron, but from the imidazole ring
of proximal histidine. Interaction of molecular oxy-
gen with free heme leads to irreversible oxidation of a
Fe (II) iron atom in heme to Fe (III), i.e. methemo-
globin is formed. Figure 4 demonstrates their spectra.

The effect of different toxins, such as NaNO,
modifies the hemoglobin spectrum [22]. This is
shown in Figure 5.

Figure 6 shows a schematic depiction of an
electronic structure of heme iron, the iron atom posi-
tion in relation to the strips of the porphyrin ring of
heme, spectral and magnetic characteristics of mole-
cules at different states of hemoglobin molecules:
deoxyhemoglobin, oxyhemoglobin and methemoglo-
bin. To transition from one state to another requires
a significant amount of time during which the system
goes through several nonequilibrium states which
physical and chemical properties differed from those
of the equilibrium states.

In a molecule of deoxyhemoglobin, iron is
located outside the plane of the porphyrin ring. Of
six 3d electrons of Fe (II) iron, two electrons are
coupled on one of lowest d orbitals, and their spin
moments are S=2. The magnetic moment of heme
at this state is ~5.5 Bohr magneton (uB), and the
absorption spectrum in the green area has a typical
band with 4,,,~556 nm. Addition of oxygen leads

max
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Kpucramiusaiuss — 310 (a3oBbIil 1epexoj Be-
MIeCTBA U3 JKUJKOTO COCTOSIHUS B TBEPJOE KPUCTAT-
JIMYecKoe ¢ 06pazoBaHUEM KPUCTALIOB.

IMosmmMepusaryist — 9To Tpolece 00pa3oBaHIs
BBICOKOMOJIEKYJISIPHOTO COEINHEHUS MyTeM MHOTO-
KPaTHOTO TMPUCOEIUHEHUST MOJEKYJ HU3KOMOJIEKY-
JISPHOTO BelrecTBa (MOHOMEPA, OJIUTOMepa) K aKTHB-
HBIM IIEHTPaM B PACTYIIel MOJIEKyJie TOJIMMepa.

Yrobbl HavYaach KPUCTAJIM3AINST, HEOOXOIM-
MO CO3/IaTh TaKWe YCJIOBUsL, B KOTOPBIX OEIKOBBII
PacTBOP CTAHOBUTCS MEPEHACHIINEHHBIM, UYTO TIPUBO-
T K Oestok-6enkoBoil arperaumu. i aroii neau
HCTIOJIL3YIOT OCAAUTENN (BEIIECTBa, YMEHbIIAIOITHe
PacTBOPUMOCTD): CyJb(aT aMMOHUS, TTOJTHITUJICHT-
sukoub (II9T), opranuyeckue pacrsopuresn. QOObru-
HO TpebyeTcs TIaTebHOe H3ydeHUe YCJIOBUIT KpUc-
TAJLIM3AIK KOHKPEeTHOTo Genka: pH, KOHIleHTparun
Oydepa 1 ocaauresist, HOHOB MeTaioB [41—43].

Benku mpUHIMTIHATIBHO OTIMYAIOTCS OT XOPO-
110 U3yYEHHBIX JIETKO PACTBOPUMBIX, HU3KOMOJIEKY-
JIIPHBIX KPHUCTAJIOB. BO-TIepBbIX, OGEJIKU HMEIOT
GOJBIION PasMep MOJIEKYJT (CIe0oBaTebHO, 0OJIb-
ITOI pa3Mep CTPOUTETTHHBIX e/TUHUIT). BO-BTOPBHIX, NX
MOJIEKYJIbI TUAPATUPOBAHBI, TO €CTh UMEIOT BOIHYTO
000JI0UKY, TIPEISATCTBYIONIYI0 UX COJKEHUIO B Pac-
TBOPE, TTOTOMY KPUCTAJLJIU3AINS BOZMOKHA TOJIHKO
B IIPUCYTCTBUU HU3KOMOJIEKYJISIDHBIX COJIEH, pasOu-
Baloux 060J04Ky. B-Tperbux, (opma OeJKOBBIX
MOJIEKYJI BECbMa CJIOKHA, UM HYKHO JIOTIOJIHUTEITh-
HOe BpeMsl ISl M3MEHEHUsT KOH(pOPMAIMU, YToObI
BBICTPOUTHCST B KPUCTAIINIECKYIO petieTKy [43].

CKopocTh pocTa KPUCTAJIIOB 3aBUCUT OT pac-
TBOPUMOCTH O€JIKa, T. €. OT KOHIIEHTPAIUU PacTBO-
puresst. VIHorma 4To6bl BRIPACTUTH GOJBIINE KPUC-
TaJLJIBI, B PACTBOP O€JIKa BHOCAT 3aTPaBKy — MEJIKHE
KpHCTaLIbl 3TOT0 Oesika. Kpucraimn Oejka MOXKeT
XPaHUTBCS TOJITO/IA B CIIENMAJIILHOM PacTBOPE, KOTO-
pblii He comepxkut Genka. ITogbupaercss Takast KOH-
HEHTPAINAS OCAAUTENS, TIPU KOTOPOI KPUCTAILI He
pacTBOpsiiics Obl 1 He TpecKascs [41].

TeMOTTO0MH YesIOBEKA KPUCTAJIIU3YETCSI C TPY -
JIOM, TaK KaK OH OYeHb XOPOIIIO PACTBOPUM U OOBIYHO
HE OCAKIAETCS TIPY yIAJIEHUH COJIU, KaK ATO YAAeTCs
cllesIaTh B caydae reMoraobmna jormaan [24]. [loaro-
MY ISl KPUCTAJLIM3AINN TeMOTJIOONHA B KauecTBe
OCaIUTeJIs Yallle BCETrO UCIIONb3YIOT COJIH ¢ 100aBie-
nueMm (13T, B pesysbrare mosydaoTcs miockue Kpu-
CTAJIBI PA3IMIHON (DOPMBI B 3aBUCUMOCTH OT BHUIA
reMOTrJI00nHa.

B nactosiee Bpemst /ISl KPUCTAJIN3AINH Te-
MOTJIOOMHA YeJIOBeKa M3 KOHIIEHTPUPOBAHHBIX Pac-
TBOPOB (hochaToB MK CyibdaTa aMMOHUS Pa3JINd-
HBIMW UCCJIE/IOBATESIMUA TIPEJIOKEH PSIJi METO/IOB,
CXOJIHBIX MEKIY c000il B TOM OTHOIIEHUH, UYTO BCE
OHWM OCHOBaHbBI Ha UCIIOJIb30BAHUM SIBJIEHUS BBICAJH-
Banust [42]. Temormo6un Gbika, Tak jke Kak W TeMO-
[JIOOWH 4YeJIOBEKa, OUYeHb XOPOIIO PACTBOPUM U MO-
JKeT OBbITh BBIJEIEH B KPUCTAJIMIECKOM COCTOSTHUH,

to significant changes. The iron atom in oxyhemo-
globin lies almost in the plane of the porphyrin
ring. All six d-electrons are coupled at three lowest
levels of d-orbitals, S=0; the oxyhemoglobin is dia-
magnetic. Two typical absorption bands are seen in
the green part of the spectrum: a (4,,,~576A) and b
Apar~542A).

In methemoglobin, a water molecule replaces
oxygen at neutral pH values; iron is much closer to the
plane of the heme, than in deoxyhemoglobin, all 5 d-
electrons are not coupled and occupy five d-orbitals.
S =5/2 and the magnetic moment is 5.91 uB [2].

Structural changes at the active site lead to sig-
nificant changes in the spatial structure of the whole
protein. Displacement of individual amino acid
residues reaches 7A during oxygenation. The quater-
nary structure of hemoglobin is characterized by the
presence of four polypeptide chains forming two «
and two f -subunits. Transition from T to R form is
associated with rotation of one dimer relative to the
other by 12—150 and ultimately leads to an increase
in the pockets, where hemes are located. These struc-
tural changes are initiated by attachment of the first
O, molecule to one of the free hemes and spreads to
the whole globule. That is why only T and R forms
are present at the equilibrium state [2].

max

Crystallization
and polymerization of proteins

Many forms of hemoglobin have the ability to
form crystals or polymers in vitro, some pathological
forms can be modified in vivo [39].

However, a number of articles do not differenti-
ate between crystallization and polymerization of
hemoglobin [40]. However, these terms should be
differentiated.

Crystallization is a phase transition from liquid
to solid crystalline with the formation of crystals.

Polymerization is a process of formation of high
molecular weight compounds by repeated attach-
ment of molecules of low molecular weight sub-
stances (monomers, oligomers) to active sites in a
growing polymer molecule.

To begin the crystallization, there should be
conditions under which the protein solution
becomes supersaturated, thus leading to protein-pro-
tein aggregation. For this purpose, precipitators are
used (substances that reduce the solubility): ammo-
nium sulfate, polyethylene glycol (PEG), organic
solvents. A thorough study of the crystallization
conditions for a specific protein is usually required:
pH, buffer and precipitant concentrations, metal ion
concentrations [41—43].

Proteins are fundamentally different from well-
studied, easily soluble, low-molecular crystals. First,
the proteins have large molecules (and therefore
large construction units). Second, their molecules
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Puc. 7. dpurpouur cepnoBuaHoii popmsi [45].
Fig. 7. Red blood cells: sickle-shaped cell [453].

KaK 9TMMHU METOJ[aMU, TaK U OCAK/I€HUEM U3 BOJHO-
TO pacTBOpa 3TUIOBBIM criupToM [24, 41]. PactBoOp
reMorio0uHa o6pabaTbhIBaIOT HEOOIBIIMM KOJIUYECT-
BOM CIIMPTa JIJIsl TOHUIKEHUsI PACTBOPUMOCTH U OC-
TaBJsIoT Ha 2—3 Hemenu mipu 0°C.

CunTaercst, 4TO CEPIIOBUIHOKIETOUHAS AHEMUST —
9TO Pe3yJIbTaT KpUcTajnsanuy remoraobuHa. Cep-
[TOBU/IHOKJIETOUHAsT aHEMUsT — HaCJIe/ICTBEHHOE 3a-
GoJsieBaHUE CUCTEMBI KDOBH, XapaKTEPU3YIOIIeeCs Te-
HETHYECKUM J1e(heKTOM, B pe3yJbrare KOTOPOTO
HapyIaercs: 00pasoBaHue HOPMAJIBHBIX Iereil TeMo-
rio6uHa B apurporutax. OOpasyoIuiicst pu 9ToM
AHOMAJIbHBII TeMOIrJIOOUH OTJNYAETCS 110 CBOMM
2J1eKTPO(U3UOJOTHIECKUM CBOHCTBAM OT Te€MOTJIO-
OUHa 37I0pPOBOTO YeTOBEKA, B PE3YJIBTATE YEro U3Me-
HSIIOTCST M CaM¥l OPUTPOIIUTHI, TIPHOGPETast YATMHEH-
HyI0 (OpMY, TOJ MHKPOCKOIIOM HAIOMWHAIOTLYTO
ceptt (puc. 7). CepHoBUAHBIE SPUTPOIATEI OBICTPO
pa3pylaoTcs B OPraHU3Me, a TaKXKe 3aKyIOPUBAIOT
MHOKECTBO COCYJIOB TI0 BCEMY OPTaHU3MY, YTO MO-
JKET CTaTh IPUYMHON TSIXKEIbIX OCJIOKHEHUH U ke
CMEpPTHU.

ITponumaemoctb MeMOpPaHbl CEPIIOBUIHBIX
KJIETOK JIJIsI Pa3JIMYHbIX MOHOB IIOBBIIIEHA, YTO
HPUBOAUT K HEOOPATHMbBIM M3MEHEHUSIM (HOPMBI
APUTPOIIUTOB.

[TnacTryeckue criocoGHOCTH CEPIIOBUHOIO PUT-
POLTA BHAYNTEIHLHO CHIKEHDI, OH He CII0co0eH 00paTu-
MO J1e(hOPMHUPOBATHCS TIPH ITPOXOKAECHUN Yepe3 KarinJi-
JIAPbI, W MOJKET 3aKyrnopusath ux. MemGpaHa
CEPIIOBU/IHBIX APUTPOIUTOB OTJIMYAETCST TTOBBIIIEHHOM
JIOMKOCTBIO, B Pe3yJIBTaTe Yero MpoJI0JLKATENTBHOCTD WX

are hydrated, i.e. have an aquatic shell which pre-
vents their approaching in a solution, therefore, the
crystallization is possible only in the presence of low-
molecular salts, which can disrupt the shell. Third,
the shape of protein molecules is very complicated;
they need additional time to change the conforma-
tion, in order to line up in the crystal lattice [43].

Crystal growth rate depends on the solubility
of the protein, i.e. on the solvent concentration.
Sometimes, seed is introduced in the protein solution
(i.e. small crystals of this protein) in order to form
large crystals. A protein crystal can be stored for six
months in a special protein-free solution. The precip-
itant concentration is selected so that the crystal
would not be dissolved or cracked [41].

Human hemoglobin crystallizes with difficulty,
because it is very soluble and is not usually precipi-
tated after salt removal, as it is possible to do with
horse hemoglobin [24]. Therefore, salts with PEG are
usually used as precipitants for crystallization of
hemoglobin. As a result, flat crystals of various shapes
are formed, depending on the type of hemoglobin.

At present, different researchers proposed a
number of similar methods to crystallization of
human hemoglobin from concentrated solutions of
phosphates or ammonium sulfate; all of them are
based on the salting out phenomenon [42]. Bovine
hemoglobin, as well as human hemoglobin, is very
soluble and may be isolated in the crystalline state
both by these methods and precipitation from an
aqueous using ethanol [24, 41]. A hemoglobin solu-
tion is treated with small amounts of alcohol in
order to reduce the solubility and is allowed to stand
for 2—3 weeks at 0°C.

It is believed that sickle cell anemia is the result
of crystallization of hemoglobin. Sickle cell anemia is
an inherited disease of the blood system, character-
ized by a genetic defect, which resulted in impaired
formation of normal chains of hemoglobin in RBCs.
Properties of abnormal hemoglobin formed as a
result of this process differ from those of healthy per-
son's hemoglobin. As a result, red blood cells also
change getting an oblong shape resembling a sickle
under a microscope (Fig. 7). Sickle-shaped red blood
cells break down quickly in the body and occlude
many blood vessels throughout the body, and it may
cause severe complications and even death.

The membrane permeability for different ions is
increased in sickle cells, thus leading to irreversible
changes in the shape of red blood cells.

Plastic properties of a sickle cell are significant-
ly reduced; it is not capable of deforming reversibly
when passing through capillaries and can occlude
them. The sickle cell membrane is very fragile, there-
fore its life span is shortened considerably. The
decrease in the total RBC count stimulates the pro-
duction of erythropoietin in the kidneys. It enhances
erythropoiesis in the red bone marrow and may par-
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JKU3HM  3HAUUTETTbHO YKOPAuYMBAETCSI.
VYMeHbleHre 06IIero KOJIMIecTBa dpUT-
POIIMTOB B KPOBHU, CTUMYJIUPYET 00Pas0-
BaHMe 9PUTPOIIOITHHA B TOYKAX. ITO YCU-
JINBAeT 9PUTPOTI03 B KPACHOM KOCTHOM
MO3Te I MOKeT YaCTUIHO MJIH TIOJTHOCTBIO
KOMIIEHCUPOBATh TPOSIBJIEHNS aHEMUL.
Ha ceromgmsimmmii eHb CepIOBUIHOKIIE-
TOYHAST aHEMUST Henaneunma |4, 5.
IMonuMepusanuo remMoraobuHa
HCTIOJIb3YTOT B TIPON3BOICTBE KPOBE3a-

MenuTeseir. Ilomumepusanusi remo-
r06uHa in vitro NPOUCXOAUT C IIOMO-
IIN) Pa3JIUUHBIX areHToB:
TJIyTapoOBOTO AJBJIETH/IA, TIOJTUITUIICH-
TJIMKOJIS, JIEKCTPaHa, TUAPOKCHITHII-
kpaxmana [14—16]. [Torumepusarms
remorsiobuHa (puc. 8) HPOUCXOAUT
OJIMHAKOBO B pacTBOpax u B KieTkax. Dopmuposa-
HUE BOJIOKOH M3 MOJIEKYJI FeMOIJIOOUHA BO3MOKHO
TOJIBKO JUIst Je30kcuremoriobuna. MopMuposanue
BOJIOKHA TTPOXOAUT 2 OCHOBHBIX aTara. Ha 1-M aTtarme
[IPUMEPHO CeMb MOJIEKYJI TeMOTJIOOUHA TOJKHBI CO-
Gparbest BMecTe, 94ToObl ¢(hOPMUPOBATH SIAPO, KOTO-
poe GyeT TOUKOI oTcueTa st OyAyIIero BOJOKHA.

[Marosorndeckue (HOPMbI reMOTTIOOMHA MOTYT
MOJIMMEPU30BATHCS B 9PUTPOIIUTE, TO €CTh MOJIEKY-
JIBl TeMOTJIOOMHA CJIMIMAIOTCS 1 00PasyoT [ITHHHbIE
BostokHa wiwm crepxun |15, 39]. Hanpuwmep, werms S,
COefuHsIeTCST ¢ By W 3TOT MPOIECC OTHOCHUTETHHO
ME/IJIEHHO TIOBTOPSIETCsT, (POPMUPYST OCHOBY st OY-
mymeir Hutr (Ha puc. 8 mokazano crpeskoit). [Tocre
TOTO, Kak oOpasyercsl spo, HauWHaeTcst 2-if sTai
nporiecca. Ha aToit 2-ii cTagum BosioKHA (HOPMUPY-
I0TCST OTHOCUTEJIBHO OBICTPO, ITOTOMY UTO MOJIEKYJIBI
MIPUCOEIMHSIOTCS K YK€ CYIIECTBYIOIIEH CTPYKTYpe.

Koaryssiiiust reMoryiobuHa Wiad TeMoryioOnHO-
Basg JlereHepanusi IJpJnuxa — 3TO HEPAaBHOMEPHOE
pacrpejieJieHie B 9pPUTPOIMTAX TeMOTIO0MHA KaK pe-
3YyJIBTAT MPOIECCOB, BEAYIIUI K KOATYJSITUU TeMO-
rio6uHa. TIpu BBIPasKEHHON KOATYJISIUA TeMOTJIO-
OuHa BHYTPH KJIETKU (DOH SPUTPOIMTA CTAHOBUTHCS
6osiee cBeTsibIM. Koaryssiimio reMoriobnHa MoKeT
BBI3BATh BBICOKAs KOHIIEHTPAIUS WOHOB TSIKEJBIX
MeTaJnoB, HampuMmep HKa. Ha prucynke 9 noka3za-
HBbl M300pakeHus1 (ParMEHTOB KOATYJISAIHE TeMO-
rI00MHa, KOTOpble OBLIM IMOJYYEHBI € MOMOIIBIO
aTOMHO-CUJI0BO# Mukpockonuu. DparMeHTs TemMo-
[JIOOMHOBBIX KOATYJITHTOB BKJIFOYAIOT B Ce0OsT OT/IE b-
Hble 3epHa (puc. 9, @), ybn pasMepbl BapbUPYIOT OT
20 no 70 mm. ITocse 30 MUHYT BO3/1€ICTBUS PACTBO-
pom nuHka (puc. 9, 6) sepHa 0ObEAMHUIUCH U UX
pa3mep yBemmunics [46].

SHAUNTENbHBIN BKJIA/A B M3Y4YeHHe KPUCTAJIIN-
yeckux ocobenHocreil remornobunos sHec I. /Ipa6-
xutl [47]. 3yuus kpucrasiorpadudeckue cBoiicTsa
OKCHUTEMOTJIOOMHOB Ye/I0BeKa, JIOIIaH, COOAKI, aBTOP
MIPUIIeS K BBIBOLY, YTO (hopMa KPHUCTAJJIOB 3HAYH-

Puc. 8. Tlommmepusanusi reMorIo0uHa.

Fig. 8. Hemoglobin polymerization.

Note. Arrows show the connection of 85 and 8 chains in hemoglobin molecules.
IIpumeyanue. CTpesku MOKa3biBAIOT coequHenue (o u By 1eneil MoJeky.
reMoryo6uHa.

tially or completely compensate manifestations of
anemia. To date, sickle cell anemia is incurable [4, 5].

Polymerization of hemoglobin is used in the
manufacture of blood substitutes. Hemoglobin in
vitro polymerization occurs via various agents: glu-
taraldehyde, polyethylene glycol, dextran, hydrox-
yethyl starch [14—16]. Polymerization of hemoglo-
bin (Fig. 8) does not differ in solutions and in cells.
Formation of fibers from hemoglobin is possible for
deoxyhemoglobin alone. Fiber formation occurs in
two main phases. At the first stage, about seven
hemoglobin molecules should be gathered together
to form a nucleus, which is the starting point for the
future fiber.

Pathological hemoglobin forms can polymerize
in a RBC, i.e. hemoglobin molecules stick together
and form long fibers or rods [15, 39]. For example, 8,
chain connects with 8, and this process is repeated
to form a fiber. An arrow in Fig. 6 points to this
process. It occurs relatively slowly. Once the nucleus
is formed, the second phase of the process begins. At
this second stage, fibers are formed relatively quick-
ly because the molecules are attached to the existing
structure.

Coagulation of hemoglobin or Erlich hemoglo-
bin degeneration is a heterogeneous distribution of
hemoglobin in RBCs as a result of processes leading to
the hemoglobin coagulation. Red blood cell back-
ground becomes lighter in case of marked hemoglobin
coagulation inside a cell. The hemoglobin coagulation
can be caused by a high concentration of ions of heavy
metals, such as zinc. Figure 9 shows images of frag-
ments of the hemoglobin coagulation, which were
obtained using the atomic force microscopy.
Fragments of hemoglobin coagulants include individ-
ual grain (Fig. 9, a), whose sizes range from 20 to 70
nm. The grains merged and their size increased within
30 minutes of exposure to zinc solution (Fig. 9, b) [46].

G. Drabkin made a significant contribution to
the study of the crystalline characteristics of hemoglo-
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Puc. 9. ACM-u300pakeHus KOaryJsiiusi reMoriIo0uHa.

Fig. 9. AFM images of the hemoglobin coagulation.

Note. a — 30 min; b — 90 min after addition of Zn (C = 6 mm) to
the hemoglobin solution.

Ipumevanue. a — 30 mun; b — 90 Mun nocae pobapienust Zn
(C=6 MM) B pacTBOp TeMOrI00HHA.

TEJIbHO BapbUPyeT OT Bua K BULY [44]. VIM ke ObLIO
MOKA3aHO, YTO TeMOIVIOOUH KPUCTALJIM3YETCS B TPEX
(opMax: MOHOKJIMHHOI, POMOMYECKON M TreKcaro-
HaJibHOU. BujoBasi criennuyHOCTh KpHUCTAJIYEeC-
KX (hOPM TeMOTJIOOMHOB TIOATBEPIKAACTCS pabOTaMU
Bb. Cyxomunnosa, 1. /IBopuukosoit u apyrumu [48].

Psin aBTOPOB OTMEYATOT, UTO KPUCTAJIIBI OKCH-
U JIE30KCUTEMOTJIOOMHA OTJIMYAIOTCS CBOEi (DOPMOIA.
Hampuwmep, P. Xupir B cBoeil cTaTbe MOKa3bIBAET, UTO
okcuremorsiobur C MoskeT 00pa3oBBIBATh TETPAro-
HaJIbHbIE KPUCTALIBL, a jAe3okcuremorniobmns C —
mmockue [40]. P. Hamken ormeuaer, uto TeTparo-
HaJIbHbIE KPUCTALIBI okcuremorsiobutaa C MoryT 06-
Pa3oBBIBATHCS KaK i 0itro, Tak U in vivo [39].

ITo muenuto KeHzappto GoJibllioe BAMSIHUE Ha
(hopMy KPHCTA/LIOB UMEIOT OOKOBBIE TIEITH MOJIEKY.JI,
B YaCTHOCTH, TPOU3BOIHBIE UMUIA30JIa.

Kopskyes B cBoeii mororpaduu «IleMorio6uH»
CYMMHUDPYET JTUTePaTyPHBI MaTepuas M0 KPUCTaJ-
JM3aIuy reMorobnnoB, HaunHaga ¢ 1839 roma. On

bins [47]. He studied the crystallographic properties
of human, horse, and dog oxyhemoglobins and con-
cluded that the shape crystals varies greatly between
species [44]. He also demonstrated that hemoglobin is
crystallized in three forms: rhombic, monoclinic and
hexagonal. The species specificity of the hemoglobin
crystalline shapes were confirmed by works of B.
Sukhomlinov, D. Dvornikova and others [48].

Some authors point out that shapes of crystals
of oxy- and deoxyhemoglobin differ. For example, in
his article R. Hirsch shows that oxyhemoglobin C
can form tetragonal crystals and deoxyhemoglobin C
forms flat ones [40]. R. Nagel reports that tetragonal
crystals of oxyhemoglobin C may be formed in vitro
and in vivo [39].

According to Kendrew, side chains of mole-
cules, in particular, imidazole derivatives, have a
great influence on the shape of the crystals.

In his monograph "Hemoglobin", Korzhuev
summarizes the literary data on crystallization of
hemoglobins, starting from 1839. He noted species
differences of the chromoprotein crystals in different
animal species.

Such researchers as French and Perutz [14]
investigated individual polymer fibers of deoxyhe-
moglobin S using electron microscopy.

They showed that the fiber diameter is 200A
[14, 15]. In their research, D. Pumphrey and
J. Steinhardt found that deoxyihemoglobin S may
grow up to 1 mm in length, and it may be dissolved
completely when the temperature drops to 0°C [49].

Conclusion

Hemoglobin is one of the most well-studied
proteins. Decades of researches of hemoglobin in
many laboratories worldwide contributed to a signif-
icant progress in the description and understanding
of the mechanisms of its crystallization and polymer-
ization. Currently, evaluating the mechanisms of var-
ious forms of hemoglobin structure formation repre-
sents an important task for fundamental studies and
practical medicine. The growth process of individual
crystals for X-ray diffraction analysis is of a great sci-
entific interest, and it is being studied worldwide.
Fibrous structures, microtubules, and tiny crystals of
various shapes may be formed at various stages of
growth before the final crystal is formed.

These data are needed to understand the mech-
anism of origin of fibers, microtubules or crystals in
RBCs containing pathological forms of hemoglobin
(HbS, HbC). The formation of such structures can
contribute to lysis of cells, thus leading to impair-
ment of the rheological properties of blood, as well as
metabolic processes in the body. The formation of
crystals inside the RBC may lead to severe forms of
hemolytic and sickle cell anemia. Such types of ane-
mia can cause lethal outcomes. Therefore, gathering
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OTMEeYaeT BU/IOBBIE Pa3JINunsl KPUCTAJIOB 3TOTO
XPOMOTIPOTEN/IA Y PA3JTNIHBIX BUOB KUBOTHBIX.

Openy, [Tepy [14] mokazanu ¢ TOMOIIBIO 3J1e-
KTPOHHON MUKPOCKOIIMHU OT/IeJIbHbIE TIOJNMEepPHBIe
BOJIOKHA JI€30KCUTEMOTIOONHA-S. ABTOPBI OTperte-
JTHITH, 9TO JHaMeTp BooKHa paBer 200A [14, 15]. 1.
[MTamdbpu n [/[. CremHxapT B CBOUX HCCIETOBAHUIX
YCTaHOBWJIU, YTO JE€30KCUTEMOTIIOONH S MOJKET BbI-
pactu 710 1 MM B JIIMHY ¥ TIOJTHOCTBIO PACTBOPSIETCS
1pu najgenun remuneparypst 1o 0°C [49].

3akiaouyeHue

Temormo6uH — ofinH U3 HaubOJIEe XOPOTITO U3y-
YeHHBIX GeMKOB. [leCSTKU JIET MCCIEMOBAHIN TeMO-
rI00UMHA BO MHOTHX JTAOOPATOPHUSIX MUPa TTPUBETN K
3HAUNTEIHBHOMY TIPOTPECCY B OMMCAHUN 1 TOHIMaHIH
MEXaHM3MOB €T0 KPUCTAITI3AINHT U TOJTNMePHU3aINH.
Ceiiuac nccnenoBaHe MEXaHU3MOB CTPYKTYPHPOBa-
HUST Pa3TUIHBIX (HOPM TeMOTTIOOWHA SIBJISIETCST aKTy-
AJbHOM M BaKHOU 3ajaveil sl dyHIaMeHTaIbHbIX
WCCTIeIOBAaHUH M TTpakTrdeckoil meauimHbl. [Tporece
pocTa OT/eJBHBIX KPHUCTAIIOB [IJISI PEHTTeHOCTPYK-
TYPHOTO aHaIM3a TMPEICTABISET OOJBIION HAYJIHBII
MHTEpeC U NCCIIeyeTcsT BO BCEM MUPe, TOCKOJIBKY Ha
PA3IMYHBIX CTAANSIX BBIPAIIUBAHS 10 TOTO, Kak 06-
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knowledge of the mechanisms and properties of crys-
talline and polymeric forms of hemoglobin might
impact choosing a correct resuscitation strategy and
treatment options.

pasyeTcsl KOHEUHbBIH KPUCTAJLI, MOTYT (hPOPMUPOBATH-
Cs1 U BOJIOKHKICTBIE CTPYKTYPBI, I MUKPOTPYOOUKH, U
MeJIKUe KPUCTAJLIIBI Pa3IMIHON (hOPMBI.

ITU 3HAHWI HEOOXOIMMbI JUJIS TTOHUMAHMS
MeXaHU3Ma 3aPOsKIAEHUsI BOJIOKOH, MUKPOTPYOOUYeK
WM KPUCTAJJIOB B APUTPOIMTAX, COJEPIKAIINIX TIa-
tosoruueckue ¢opmbl remorsobuna (HbS, HbC).
O6pasoBaHue TaKUX CTPYKTYP MOXKET CIIOCOOCTBO-
BaTh JIU3UCY KJIETOK, UYTO TIPUBOJANUT K HAPYIIEHUTO
PEOJIOTHYECKHUX CBOMCTB KPOBH, a Takke MeTabo-
JIMYECKUX TIPOIECCOB B opraHusMe. Bo3HUKHOBe-
HUe KPUCTAJJIOB BHYTPHU IPUTPOIIUTA MOKET TIPH-
BOJIUTH K TSKEJIBIM BUJAM TeMOJUTHYECKOU WU
CepIIOBUIHOKIETOUYHOW aHeMWUH. Takue BUBI aHe-
MWW MOTYT BBI3BIBATH JieTaJAbHbII rcxo. [ToaTomy
3HaHUE MEeXaHU3MOB 00Pa30BaHuUs U CBOWCTB KPHC-
TAJJINIECKUX W TOJUMEPU30BAHHBIX (OpM Temo-
rJ1I00MHA MOKeET CIIOCOOCTBOBATH IPABUIbHOMY BbI-
6OpY CTpaTeruu peaHuMaIMOHHBIX MEPOIIPUITHI U
JIeYEHII0 GOIbHBIX.
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