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In the present study fluorescence resonance energy transfer (FRET) technique was employed to obtain the
information about the structure of hemoglobin (Hb) complexes with model lipid membranes of different
composition. For this purpose three membrane probes, 3-methoxybenzanthrone (MBA), 4-
dimethylaminochalcone (DMC) and 6-propionyl-2-dimethylaminonaphthalene (Prodan) were assessed as
possible donors for heme moiety of the protein. Model membranes were composed of zwitterionic lipid
phosphatidylcholine (PC), anionic lipid cardiolipin (CL) and cholesterol (Chol). FRET measurements
were interpreted in terms of the model of energy transfer in two-dimensional systems proposed by Fung
and Stryer and further extended by Davenport et al. No FRET was observed between Prodan and Hb
because Prodan under the employed experimental conditions was not distributed into the lipid bilayer. In
the case of DMC, Hb-induced oxidative processes in the lipid phase hampered the estimation of Hb
location in a lipid bilayer. Therefore, structural analysis of Hb-lipid complexes was carried out using
MBA as a donor. First, the donor quantum yield, Forster radii and fluorescence anisotropy of the probes
have been measured. Second, the amount of Hb bound to model membranes was estimated in terms of the
lattice models of large ligand adsorption to lipid bilayers allowing for the possibility of protein insertion
into membrane interior. Finally, the distance from acceptor plane to the bilayer center and the depth of Hb
penetration into lipid bilayer were calculated. It was assumed that protein binds to membranes in the form
of dimers and penetrates into the membrane interior. In neutral liposomes Hb penetrates only to the depth
of lipid headgroups. The observed higher extent of Hb penetration into Chol containing bilayer as
compared to PC liposomes may be a consequence of specific Hb-Chol interaction. In the case of PC/CL
liposomes Hb was found to insert in the non-polar membrane region. Taking into account the possibility
of forming the inverted hexagonal structures in the presence of CL, it cannot be excluded that Hb being
entrapped in such structures, translocates through the membrane. If this phenomenon takes place, deeper
Hb penetration into lipid bilayer might be expected. The obtained results can be useful for exact
characterization of Hb binding to the membranes.
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NCCIEJOBAHUE CBA3BIBAHUS TEMOTJIOBUHA C MOJAEJBbHBIMU JIMITUIHBIMHU
MEMBPAHAMM METO/IOM PE3OHAHCHOI'O IEPEHOCA SHEPTUA
O.K. Kynenko, I'.IL. 'op6enxo, B.M. TpycoBa
Xapvrosckuii nayuonanvhviil ynueepcumem umenu B.H. Kapaszuna, ni. Ceob6ooul, 4, Xapwvkos, 61077
B nmanHoii paboTe MeTOA MHAYKTHBHO PEe30HAHCHOTO mepeHoca sHeprun (MPIID) Obu1 npuMeHeH A uccieJ0BaHus
CTPYKTYpBI KOMIUIEKCOB reMoriioonna (Hb) ¢ MomenpHBIMH JTHOUIHBIME MeMOpaHaMH Pa3IMYHOTO cocTasa. J{is
JOCTIDKEHHUS IIETIM B KadecTBE JIOHOPOB NPHUMEHSUINCH TPU MEMOpaHHBIX 30HAa 3-merokcubenzantpoH (MBA), 4-
quMetmaMuHoxankoH (JIMX) u 6-nponmonmn-2-gumermiamuHonadranes (IIpoman), a akmenTopom BhICTymana
remoBas rpynmna Hb. MozenbHble MeMOpaHBI COCTOSUIM W3 LBHTTEpUOHHOro smnuaa ¢ocharuauixonuna (OX),
annonHoro ymnuaa xapauonunuaa (KJI) u xonectepuna (Xox). Hanusie MPIID mHTEpnpeTHpoBaIuCh B paMKax
MOJIENHU MEePEHOCca SHEPTHM B JBYMEPHBIX CHUCTeMaX, npeanoxeHHol danrom n CTpaepoM u Mo3AHEE PACIIUPEHHOI
IBennopt u ap. Mexny Ilpomanom u Hb He Habmiomanoch mepeHoca SHEPrUHM BCIEACTBHE TOTO, YTO MPH
HCTIONB3YEMBIX SKCIIEPUMEHTANBHBIX YCIOBHSAX 30HJ MPAKTHIECKH HE pacHpenersuics B MMIuAHyio ¢asy. B cmydae
JMX okuciuTenbHbIE MpoLecChl, HHUIUHpoBaHHbIe Hb, 3aTpyaHmim onpeneneHue MOJI0KEHHUs TeMOTIIOOMHA Ha
ymugHoM Oucnoe. Takum oOpa3oMm, aHamu3 CTPYKTYpbl Hb-IMNuaHBIX KOMIUIEKCOB IPOBOAWIICS C NPUMEHEHHEM
MBA B xauecTtBe noHOpa. BHauane ObUTH M3MepeHbI KBAaHTOBBIM BBIXOM, aHM30TPONHS (DIyOpeceHIH JOHOPOB U
pamuycel depcrepa. 3aTeM MPOBOJMIACH OIICHKA CBSI3aHHOTO ¢ MeMOpaHamu Hb B paMkax pemieTodHbIX Mojeneit
azicopOumu OOJNBIINX JIMTAHJIOB, YYUTHIBAIOLIMX ITPOHUKHOBEHHE Oesika B OUCIIOH. 3aTeM pacCUNTHIBAIN PACCTOSHUE
IUIOCKOCTH aKLIENTOpOB 0 LEHTpa Oucios u TiIyOMHY NPOHUKHOBeHHs Oeinka B MeMOpaHy. BrickazaHo
npennonoxenue, uro Hb cBa3biBacTca ¢ MeMOpaHaMH B BHZIE JMMEPOB M NPOHMKAET BO BHYTPEHHIOI 00JacTb
6ucnosi. B neitrpanpHbix gunocomax Hb npoHHKaeT TONbKO Ha TIyOUHY JMIHMIAHBIX TOJOBOK. B0o3MOXHO, GosbIuast
ryOuHa TPOHUKHOBEHMs Oenka B Ouciol, comepkamuii Xoi, mo cpaBHeHuio ¢ ®X memOpaHamu sBIsIeTCS
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crencTBueM crienuduyeckoro B3aumoserictsust Hb ¢ Xoun. B ciydae aunocom, coneprkaniux KJI, 6enok npoHUKaeT B
HETIOAPHYI0 obmacte MeMOpanbl. Kpome Toro, ecnm mHpHUHATH BO BHHMAaHHE BO3MOXKHOCTH (DOPMHPOBAHUS
WHBEPTHPOBAHHBIX T'€KCArOHAJBHBIX CTPYKTYp B mpucyrcTBuu KJI, Hemp3s HCKmOYMTH TOT (hakT, 4TO MpPH
nonaganny Hb B Takwe cTpyKTyphl OH MOXKET IPOHHMKATh depe3 MeMOpaHy. B TakoM ciydae MOXHO HOITYyCTHTH
Gosiee riry0oKoe MPOHMKHOBeHHE Oeinka B Oucioil. IlomydeHHbIe HaHHBIE MOTYT OBITH ITOJIE3HBIMH UL AETANBHOI
XapakTepu3anuy cBsi3siBanus Hb ¢ memOpanamu.

KJIIOYEBBIE CJIOBA: remornoOnH, MopenbHble MeMOpaHbI, OEIOK-IHMIHIHbIE KOMIUIEKCHI, PE30HAHCHBII
MEPEHOC SHEPTHU.

JOCJIIKEHHSA 3B’SI3YBAHHSA '’EMOI'JIOBIHY 3 MOAEJBHUMMU JIIIIIAHUMH
MEMBPAHAMMU METOJOM PE3OHAHCHOI'O IIEPEHOCY EHEPTTI
O.K. Kynenko, I'.IL. 'op6enxo, B.M. TpycoBa
Xapxiscoruil Hayionanvhuil yHieepcumem imeni B.H. Kapasina, ni1. Ceoboou, 4, Xapxie, 61077

B nanniit po6oTi MeTO IHAYKTHBHO pe3oHaHcHoro nepeHocy eneprii (IPIIE) OyB BukopucTaHmil aist JOCITIIKEHHS
CTPYKTYpH KoMIuteKciB remorno0iny (Hb) 3 MomenbHuME JinmigHHMH MeMmOpaHamMH pi3HOTO cKiamy. Y SKOCTI
JIOHOPIB 3aCTOCOBYBAIUCH TpH MeMOpanHi 30HAU 3-MeTokcubensantpon (MBA), 4-nimerunaminoxankos (JIMX) ta
6-nipomionin-2-giMerunaminonadTanex (IIpogan), a akuenTopoM BUcTymnaia reMosa rpymna Hb. MopensHi MeMOpanu
cKkajanmuca 3 ImBitTepioHHoro mimigy ¢dochatuamnxoniny (PX), amionHoro unimimy kapmiomiminy (KJI) Ta
xonecrepuny (Xom). [ani IPIIE iHTepnperyBaiich y paMKax MOAENI HEpeHOCY €Heprii B JIBOBUMIPHUX CHCTEMax,
3anporoHoBanoi ®anrom i CtpaepoM Ta misHime po3mmpeHoi Jlesenmopt ta iH. Mix IIpomanom ta Hb He
CIIOCTEPIrajoch NEPeHoCcy eHeprii BHACIIIOK TOTO, II0 33 3aCTOCOBAaHHMX €KCIIEPUMEHTAIILHUX YMOB 30H]] IPAKTHYHO
He po3moniuisBcsa y uimigHy ¢asy. Y Bumaaky JIMX okuCHIOBaNbHI mpoliecH, iHinifoani Hb, yckmagaumm
BU3HAYCHHS MOJIOKEHHs Oika y jimigHoMy Oimrapi. 3 orysigy Ha Iie, aHami3 CTpyKTypd Hb-mimimgHux komruiekciB
npoBOHBCH 13 3acTocyBaHHAM MBA y sikocti gonopa. Crioyatky Oyl MpOBEICHI BUMIPIOBAHHS KBAHTOBOTO BUXOY
JIOHOpIB, aHizoTpomii Quyopecuenuii 3ouaiB Ta pagiycu dwopcrepa. [loTiM mpoBoauiacs OLIHKA 3B’S3aHOTO 3
MemOpanamu Hb y pamkax penrtkoBux Mojemnei aacopOuii BeMUKUX JIIraHAiB, SKi BpaXOBYIOTh IPOHUKHEHHS OilIKa
y Gimap. IloTiM po3paxoByBaluCh BiACTaHb IUIOIIMHM AaKIENTOPIiB 0 HEHTPY Oimrapy Ta rMOWHA MPOHHKHEHHS
Oinka y memOpany. Byno BucnosieHo npumymmieHssi, mo Hb 3B’s3yeTbcst 3 MeMOpaHamMu y BUIIAI OMMEPIB Ta
MPOHNKAE Y BHYTPINIHIO 00JIacTh MeMOpaHu. Y HeHTpanbHuX Jinocomax Hb mpoHukae Tinpky Ha IITHOMHY JTiITXHUX
roJliBOK. MO)KHa MPUITYCTUTH, 1110 O1bIIa IITMOWHA NPOHUKHEHHS Oika y Gimap, kv MicTHTh X0J1, y HOPiBHSHHI 3
dX memOpanamu, Moxke OyTH HacmigkoM crenudiunoi B3aemozii Hb 3 Xon. ¥V Bunaaky ninocom, siki mictats KJI,
OUJIOK MPOHMKAE y HEMmoJApHY obiacth MeMmOpanu. KpiM TOro, SKIIO B3STH OO yBard MOXJIMBICTb (OPMyBaHHs
iHBEPTOBAaHHUX TeKCAarOHAIBHUX CTPYKTYp B mpucyTHocTi KJI, He MO)KHa BUKIIOUUTH, 10 NpU BKJIoYeHHi Hb y Taxi
CTPYKTYpH, OUTOK MOKE MPOHMKATH 4Yepe3 MeMOpaHy. Y TakoMy BHUMAIKy MOKHA HPUIYCTUTH OiTbII TIHOOKe
MPOHMKHEHHS Oinka y Oimap. OTpuMaHi 1aHI MOXKYTh OyTH KOPUCHUMH JUTA IE€TaIbHOI XapaKTepu3alii 3B’ I3yBaHHS
Hb 3 memOpanamu.

KJIIOYOBI CJIOBA: remorno6in, MozebHi MeMOpaHH, OLUTOK-JIITIHI KOMITIEKCH, Pe30HAHCHUH IIepeHoC eHeprii

Fluorescence Resonance Energy Transfer (FRET), is an increasingly popular method
used to measure the distances between two fluorophores. Resonance energy transfer occurs
only over very short distances, typically within 10 nm, and involves the direct transfer of
excited state energy from the donor fluorophore to an acceptor. A donor chromophore,
initially in its electronic excited state, may transfer energy to an acceptor chromophore
through nonradiative dipole—dipole interaction. In most applications, the donor and acceptor
dyes are different, and FRET can be detected by measuring the fluorescence of the acceptor or
quenching of the donor fluorescence [1].

The resonance transfer of energy between molecules, or between constituents of a large
molecule, plays a central role in many areas of modern biochemistry and biophysics. FRET is
an important technique for investigating a variety of biological phenomena which produce
changes in molecular proximity. It is a useful tool to quantify intra- and intermolecular
interactions in biological systems, such as protein-lipid, protein-DNA interactions, and
protein conformational changes. Since fluorophores can be employed to specifically label
biomolecules and the distance condition for FRET is of the order of the diameter of most
biomolecules, FRET is often used to determine when and where two or more biomolecules
interact within their physiological surroundings [2, 3].

The validity of distance estimates derived from FRET crucially depends on the adequacy
of the employed theoretical model. This model must take into account peculiar properties of
investigated systems, for example specific features of the donor and acceptor distribution or
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putative mutual orientation of donor-acceptor pairs. This technique proves to be especially
valuable in exploring molecular organization of biological membranes, particularly, in
ascertaining the structure of protein-lipid complexes.

In the present study FRET was employed to gain molecular-level insights into the
structure of hemoglobin complexes with model lipid membranes of different composition.
Hemoglobin (HDb) is essential for the oxygen transport in vertebrates and some bacteria. It is
the main component of red blood cells whose inner membrane surface has two types of
binding sites for this protein. First, high affinity sites localize on the inner segment of band 3,
while second, not well characterized low affinity sites, are thought to involve phospholipids
[4]. The existence of low affinity sites indicates that Hb interactions with phospholipid
bilayers may play important role in oxygen carrying processes. Elucidation of general
principles of Hb-lipid binding is crucial not only for understanding physiological function of
Hb, but also for certain applied aspects. For example, Hb, encapsulated into the phospholipid
vesicles, is a base for development of blood substitutes [5]. Likewise, Hb in various organic
films is used in biosensor devices [6]. Despite numerous studies [7-9] exact structure of Hb-
lipid complexes so far remains poorly characterized. To obtain structural information about
these  complexes three  membrane  probes  3-methoxybenzanthrone  (MBA),
dimethylaminochalcone 4-dimethylaminochalcone (DMC) and 6-propionyl-2-
dimethylaminonaphthalene (Prodan) were recruited as donors, while heme moiety of the
protein served as an acceptor.

MATHERIALS AND METHODS

Fluorescent probes 3-methoxybenzanthrone (MBA), 4-dimethylaminochalcone (DMC)
were from Zonde (Latvia), 6-propionyl-2-dimethylaminonaphthalene (Prodan) was from
Sigma (Germany). Horse hemoglobin in methemoglobin form was purchased from Reanal
(Hungary), butylated hydroxytoluene (BHT) was from Merck (Germany). Egg yolk
phosphatidylcholine (PC), beef heart cardiolipin (CL) and cholesterol (Chol) were purchased
from Biolek (Kharkov, Ukraine). All chemicals were of analytical grade. Lipid vesicles were
formed using the extrusion technique [10]. The thin lipid film was obtained by evaporation of
lipids’ ethanol solutions and then hydrated with 1.2 ml of 5 mM Na-phosphate buffer (pH
7.4). Lipid suspension was extruded through a 100 nm pore size polycarbonate filter. Hb
concentrations was determined spectrophotometrically using the extinction coefficient
£M6=1.415%x10° M 'em™.

Fluorescence measurements were performed using CM 2203 and Perkin Elmer
spectrofluorimeters. Emission spectra of fluorescent probes were recorded with excitation
wavelength 420 nm (MBA, DMC) and 350 nm (Prodan). Excitation and emission slit widths
were set at 5 nm. Quantum yields of the MBA and DMC in liposomal suspensions were
estimated using their solutions in dimethylformamide as standard [11], quantum yields of
Prodan was estimated using Rhodamine 101 solution as standard [1]. Fluorescence intensity
measured in the presence of Hb was corrected for reabsorption and inner filter effects using
the following coefficients [1]:

k=10 et Aan)/2 (1)

corr

where A4, and 4, is the acceptor absorbance at the excitation and emission wavelengths,

respectively. At Hb concentrations employed in our experiments (0 — 2 uM) the correction
coefficient calculated from Eq. 1 does not exceed 2.5. To assess the validity of Eq. 1,
theoretical correction coefficient was complemented by determination of the empiric
correction coefficient. We found that there was no energy transfer between Prodan and Hb.
Further investigation showed that under the employed experimental conditions (Prodan
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concentration — 6.9 uM, lipid concentration — 80 uM, Prodan partition coefficient into PC
liposomes — 6288) only 11% of the probe appears to partition into the lipid bilayer.
Consequently, Prodan and Hb do not approach each other to the distances which permits
FRET, so that energy transfer in this system is absent. In this case the decrease of the probe
emission is caused by the inner filter effect and empiric correction coefficient can be
calculated as relation of the initial probe fluorescence to the probe fluorescence in the
presence of Hb. The obtained empiric coefficients deviate from theoretical coefficients by no
more than 10%. This implies that Eq. 1 can be used for the correction of fluorescence data.

To quantitatively interpret the results of FRET measurements, the model of energy
transfer in two-dimensional systems proposed by Fung and Stryer [12] and further extended
by Davenport et al [13] has been employed. If the system contains one donor plane located at
a distance d, from the membrane center and two acceptor planes separated by a distance d,,
the following relationships hold:

F(r)= F(0)exp(~1/7, )exp(- C:[s, (¢ 2)

S,(1)= T ll—exp[—ﬂxf(R{ljg HZﬂRdR 3)
|d,-0.5d,|

~—
_I_
%!
)
from
~
~—
—
p——

p— 2 —
e {25050 )b 1 (a2

dD,A =4 rD,A/FOD,A

where S; and S, are the quenching contributions describing energy transfer to the outer and
inner acceptor planes, respectively, r,, and r,, are steady-state anisotropies and
fundamental anisotropies of the donor and acceptor, x” is an orientation factor, F (0) is the
initial fluorescence intensity, 7, is the lifetime of the excited donor in the absence of
acceptor, A = t/ 7,, R, 1s the Forster radius, and C; is the concentration of acceptors per unit
area that depends on molar concentrations of lipid accessible to acceptor (L,) and bound
acceptor (B):
c-_ B
‘ LOZfiALi

where f, and 4,, are the mole fractions and mean areas per molecule of lipid species

(6)

constituting the membrane. The relative quantum yield of the donor is given by:

QDA 1 T F(t) T s
Q0 =="%=—|—Adt=|exp(—4)exp| -C, (S,(A)+S,(4))|dA (7)
Op Td'([F(O) '(.)‘ ( ) [ ( 1( ) 2( ))]
The Forster radius is related to the donor quantum yield (Q,,) and the overlap between

the donor emission ( F), (/1)) and acceptor absorption (&, (/1)) spectra [1]:

TFD (A)e,(2)A'dA
R, =979(<?n;*0,J )'* J=t (8)
[Fy(2)da

0
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where 7, is the refractive index of the medium (n, = 1.37), &~ is an orientation factor that was
taken as 0.67 in calculating the R; value.

RESULTS AND DISCUSSION
Analysis of the results of FRET measurements in terms of Fung and Stryer model
included several steps. (1) Calculation of critical distance of energy transfer, which requires
determination of the donor quantum yield in different model membranes. (2) Estimation of
the amount of heme groups bound to liposomal membranes. (3) Quantitative interpretation of
FRET data aimed at estimation of the heme position relative to the lipid-water interface,
provided that donor location is known.

Table 1
Some characteristics of donors, employed in resonance energy transfer
measurements
Critical distance
. Fluorescence
System Quantum yield of energy anisotropy

transfer, nm
MBA | DMC | MBA | DMC MBA DMC
PC 0.05 0.08 1.9 2.6 0.024 0.140

PC:CL 10% CL 0.05 0.07 1.8 2.5 0.028 0.138
PC:Chol 10% Chol 0.06 0.08 1.8 2.5 0.022 0.142
PC:Chol 30% Chol 0.06 0.07 1.8 2.5 0.028 0.130

To date the properties of the fluorescent probes, employed in the present work as donors
are rather well characterized. The neutral hydrophobic probes DMC and MBA reside in the
interfacial region of the membrane between hydrophilic headgroups of phospholipids and

nonpolar acyl chains [14]. Quantum yield
71 of the donors, bound to liposomal
membranes appears to be ca. two orders of
magnitude greater than that in a buffer
Free Hb solution, therefore the contribution of free
probe to the measured fluorescence

intensity seems to be negligibly small.
Presented in Table 1 are the quantum
yields of the employed donors, critical
distances of energy transfer, calculated
. . . . . L according to Eq. (8), and fluorescence
A anisotropy. Fundamental anisotropies were

Fraction number
Fig. 1. Elution profile of hemoglobin-liposome mixture.  taken as 0.34 for MBA and 0.39 for DMC
Lipid concentration was 1 mM. First peak correspondsto ~ [11]. For both probes quantum yield
the protein-liposome complexes and the second peak — to appears to be virtually independent of
the protein free in solution membrane composition.

Next step of the study involved the calculation of the amount of membrane bound Hb. To
this end, the isotherms of Hb adsorption to the model membranes were obtained using size-
exclusion chromatography on Toyopearl HW-60F gel suitable for the separation of lipid
bound and free Hb (Fig. 1). The binding curves were analyzed in terms of the lattice model of
large ligand adsorption to membranes allowing for the possibility of protein insertion into
bilayer interior (Egs. 9) [15].
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Ka~F:E 1+n2§ l—nlE 1—n1§+n§ =2 2
L L L L L\ z n-z
n 1_n(i_ij [ﬂ_d+i)(n_1)
__ n n-z o= n z n-z

2 z—-2 2
1- -t

z
+— 1 —

z n-z , z n-z , (9)
where K, — association constant, /' — concentration of Hb free in solution, B — concentration of
lipid-bound Hb, L — lipid concentration, n;, n, — the number of lipid molecules constituting
the binding sites for surface-bound and bilayer-inserted Hb, respectively, n=n;+n, — total
number of lipids per bound protein, z = 6 — coordination number for hexagonal lattice. The
recovered binding parameters presented in Table 2, were further used for estimation of the
concentration of membrane-bound Hb.

z—

Shown in Fig.2 is the relative Table 2
quantum yield of MBA s Thermodynamic parameters of Hb-lipid binding
concentration of Hb. The further data System n K, M
analysis was aimed at estimating the PC 1743 | (1.8£0.2)x10"

average distance between heme PC:CL (10 mol% CL) 19+4 | (4.5£0.9)x10°

groups and bilayer center (d.), giving | PC:Chol (10 mol% Chol) | 20+3 | (1.7+0.6)x10"

the best fit of the experimental | PC:Chol (30 mol% Chol) | 31+6 | (1.8+0.4)x10"

quantum yield to Eqns (2) — (8). The
recovered d, values are presented in Table 3. For the donors, located at the boundary between
polar and nonpolar membrane regions the values of d, were chosen to be close to the thickness
of hydrocarbon core, being ca. 3 nm. The estimation of Hb dimer size using WebLab Pro
Trial software revealed that protein dimer is a globule with dimensions 5.4%3.8x4.5 nm.
Given that the width of lipid monolayer is ca. 2.3 nm, the distance of acceptor plane from the
lipid bilayer center in the limiting case
of the surface location of Hb in the

PC
1,01 .. . .
4 PC:CL 10%CL lipid bilayer must be approximately 4
+ PC:Chol 10% Chol - -
0. > PC.Chol 30% Chol nm. However, d. values obtained with

s,
g DMC as a donor are higher than this
§ 0.8- limiting value. It seems probable that in
E this case Hb-induced oxidative
;:3 0.7 processes in the lipid phase contribute
to the decrease of DMC fluorescence,
0,61 i thereby making d. estimation incorrect.
0.0 0.5 10 15 20 In the absence of antioxidant (BHT)

Hemoglobin concentration, uM DMC fluorescence exhibited abrupt

Fig. 2. Relative quantum yield of MBA. Lipid concentration decrease. Presumably, BHT addition

was 80 pM. MBA concentration was "1.4 uM. BHT was not a]_:)le to suppress all oxidative
concentration was 1 M processes in the model membranes and
DMC-bilayer interactions were

followed by the prolonged quenching kinetic. Therefore, there exists inconsistency between
the experimental and theoretical FRET curves. It can be assumed that high d,. values arise
from DMC discoloring by the lipid oxidative products. On the contrary, in the case of MBA
no oxidative processes were registered in the presence of BHT.
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Table 3
Hemoglobin location in the lipid bilayer
MBA DMC
Distance from | Depth of Hb Distance from

System acceptor plane penetration acceptor plane to

to the bilayer into bilayer, the bilayer center,
center, nm nm nm
PC 3.5 0.4 4.7
PC:CL 10% CL 2.9 1.2 4.0
PC:Chol 10% Chol 3.0 0.9 4.3
PC:Chol 30% Chol 3.0 0.9 5.7

Hemoglobin (Hb), although being a soluble protein, demonstrates high affinity for lipid
bilayer. Initial Hb-membrane interaction is caused by electrostatic coupling [16]. However,
this interaction is weak because protein under physiological conditions is practically
uncharged (its isoelectric point ~7.4). Weak electrostatic binding is followed by stronger
nonpolar protein-bilayer interaction. Under the experimental conditions employed here (Hb
concentration does not exceed 2 uM) Hb tends to dissociate into dimers [17]. This process
results in the exposure of hydrophobic regions that include 10 nonpolar (Tyrs,, Leug;, Valos,
PI'095, Val%, TyI'14(), Vall, Leuz,
Alas, Leu100 ), 6 polar (Thrgg,
.. ./"““-—‘@‘E(:‘ Thry;, Sers, Serizg, Thrisg,
f \ Thry37) 5 charged aminoacids

| (Argoy, Aspos, Asps, Lysoo,
Alcceptog \( Argi4) on o-subunit and 3
plane > nonpolar (Prose, Trpss, Valog), 2

S polar (Glnsg, Asnjp) and 4

charged aminoacids (Argso,
Hng7, ASp99, Ghl]m) on ﬁ-

de v \ T [ subunit. Tt is likely, that the
non-polar region exposed upon

d t Hb dissociation into dimers is

- responsible for Hb ability to
interact with lipids
Donor  hydrophobically. This phase of

plane  Hb.lipid  complexation s
followed by protein
conformational changes and
exposure of additional hydrophobic regions on the protein surface which facilitate protein
insertion into bilayer interior. Hb penetration into lipid bilayer in turn causes membrane
perturbations [16, 18, 19]. If lipid bilayer contains anionic lipids Hb-membrane complexation
can be finished by the protein destruction and dissociation of heme-globin complex. In this
case heme would reside in the lipid bilayer, while globin would dissociate into the aqueous
phase [20].

In our case d. values, obtained with MBA as a donor, proved to be greater than bilayer
half-width (2.3 nm). This implies that acceptor (heme) locates outside the lipid bilayer. Thus,
one can assume, that heme-globin dissociation in our case does not occur. Release of the
heme from globin was observed only in the lipid bilayers with high content of negatively
charged lipids [16, 20]. It seems probable, that concentration of anionic lipid (CL) in the

Fig. 3. Hemoglobin location relative to lipid-water interface
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model membranes explored here, is insufficient for protein destruction. Taking into account
that the distance from heme plane to Hb-lipid contact region is about 1.6 nm, we can estimate
the depth of the protein penetration into bilayer: d, =1.6—(d,—2.3). As seen from Table 3,

in neutral liposomes Hb penetrates only to the depth of lipid headgroups (the size of polar
membrane region about 0.8 nm). This finding is in agreement with other investigations. Hb
binding to PC membranes makes them permeable, promotes water penetration into polar
regions of the bilayer, but does not obviously change membrane conformation [21] and Hb
does not interact with non-polar membrane core [22]. Chol in lipid bilayers prevents bilayer
perturbations [19], Hb conformational changes and its penetration into hydrophobic
membrane core [18]. In addition, it was reported that Chol influence on oxidative processes in
Hb-membrane system is connected with Chol ability to form complexes with Hb [23]. It
seems likely that higher d, value for Chol liposomes as compared to PC liposomes is a
consequence of this specific protein-Chol interaction. Hb penetration in the lipid bilayer
containing CL was deeper than in neutral liposomes (Fig. 3). In this case Hb penetrates in the
non-polar membrane region. Such event is facilitated by two facts. First, interaction between
Hb and anionic lipids causes protein conformational changes which render Hb capable of
inserting in the inner membrane regions. Second, specific CL packing facilitates protein
penetration in the lipid bilayers from aqueous phase. In addition, CL in the presence of some
proteins can form inverted hexagonal structures [24]. Being entrapped in such structures Hb
can permeate through the membrane [25] and there is a probability of protein binding to both
inner and outer layers of the model membranes. Provided that Hb locates inside and outside
the model membrane, d. value would be equal 2.4 nm that corresponds to the deeper
penetration of Hb into the acyl chain region of the membrane (d, is ~ 1.5 nm).

CONCLUSIONS

Resonance energy transfer study of hemoglobin binding to model lipid membranes
allowed us to conclude that:

1. In phosphatidylcholine model membranes the depth of the protein penetration into
membrane interior was minimal (0.4 nm).

2. In cholesterol-containing bilayer hemoglobin was found to insert to the level of
carbonyl groups (0.9 nm), presumably, due to specific cholesterol-hemoglobin interactions.

3. In the model membranes composed of phosphatidylcholine and cardiolipin hemoglobin
penetrates to nonpolar membrane region (d, is 1.2 nm).

The results obtained may prove useful for understanding the nature of hemoglobin-lipid
interactions and its physiological implications, development of artificial blood on the basis of
liposome encapsulated hemoglobin and design of biosensor devices.

This work was supported by the grant # 4534 from the Science and Technology Center in
Ukraine and grant Ne F28.4/007 from Fundamental Research State Fund.
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