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The protolytic and partition equilibria of the indicator dyes in the model lipid and protein-lipid systems have been analyzed. A
methodological approach has been developed allowing the partition coefficients of the protonated and deprotonated dye forms to be
derived from the spectrophotometric measurements. The partitioning of the indicator dye bromothymol blue into the model bilayer
membranes composed of phosphatidylcholine and cardiolipin (9:1, mol:mol) has been examined. The partition coefficient of the
protonated dye species into a lipid phase has been found to be 5 orders of magnitude higher than that of the deprotonated dye form.
This effect has been interpreted in terms of the differences in the charge distribution over the protonated and deprotonated dye ions,
preventing the hydrophobic dye-lipid interactions in the latter case. The reduction of the bromothymol blue partitioning into lipid
bilayer in the presence of hemoglobin has been attributed to the protein-induced changes in the structure and physicochemical
characteristics of the interfacial membrane region. In the practical aspect, the obtained findings may prove of significance in the
design of hemosome-based blood substitutes and elucidating the role of hemoglobin in the molecular etiology of the amyloid
disorders, particularly, Alzheimer's disease.
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CIIEKTPAJIBHA TIOBEJAIHKA IHANKATOPHUX BAPBHUKIB B MOJEJIbHUX
BIJIOK-JIIITIIIHUX CUCTEMAX
B. Tpycosa, I'. I'opoenko, Y. Tapabapa, E. Byc, O. Pu:koBa
Kadenpa snepHoi Ta MenuuHoi ¢i3uku, XapKiBcbkuil HallioHaabpHUH yHiBepcutetT imeHi B.H. Kapazina
M. CBobGonu 4, Xapkis, 61022, Ykpaina

[IpoananizoBaHi MPOTONITHYHI Ta TEPMOAMHAMIYHI PIBHOBArd iHAMKATOPHUX OAPBHUKIB B MOJAENBHUX JIMIAHUX Ta OLTOK-JIIIAHUX
cucTeMax. 3allpONOHOBAaHO METOMOJIOTIYHUM MiAXid, IO JO3BOJIE BU3HAYaTH KOEQII[IEHTH PO3MOAUTY NPOTOHOBAaHOI Ta
JETIPOTOHOBAaHOI (opM OapBHHKAa Ha OCHOBI CIIEKTPO(QOTOMETPHYHHX BHMIpIOBaHb. [IpOBENCHO IOCHIIKEHHS PO3MOALTY
IHIUKAaTOPHOTO OapBHHKA OPOMTHMOJIOBOTO CHHBOTO B MOJEIBHI OiMapoBi MeMOpaHH, IO CKJIAJAIHCH i3 (HOCHATHIMIXONIHY Ta
kappaionimiay (9:1, moms:Monb). IlokasaHo, mo koeQilieHT PO3NOALTYy HMPOTOHOBaHOI (GopMmu OapBHHMKA B JimigHy ¢asy Ha 5
MOPSZIKIB BUINE, HIX KoedillieHT po3moainy aenporoHoBaHoi ¢opmu. Ileit edekt OyB iHTEpIpeTOBaHHI B paMKaX YSABJICHb MPO
pi3HMI pO3MOAIN 3apsiy B i0HaX OapBHUKA, IO MEPEHIKODKAE Tigpo(OoOHUM B3a€EMOJISIM AEHPOTOHOBAHOI (OPMH 3 JIiMiZaMH.
CnocrepexyBaHe 3MEHILICHHS PO3IOALTY OPOMTHMOJIOBOTO CHHBOTO B JIIMITHUI Oilap y MPUCYTHOCTI FeMOII00iHy 0yJI0 MOsICHEHO
O1TOK-1HIYKOBaHUMH 3MiHAMHU CTPYKTYPH Ta (i3HKO-XIMIYHUX BIACTHBOCTEH TpaHUIl PO3AUTY JiMia-BoAa. Y MPAaKTUUYHOMY aCIEKTi,
OTpHMaHi pe3yJIbTaTH MArOTh 3HAYCHHS I PO3pPOOKM 3aMiHHHKIB KPOBI HAa OCHOBI I€MOCOM Ta 3’sICyBaHHS POJIi TEMOTJIO0IHY Y
PO3BHTKY aMiIOITHHUX MATOJOTiH, 30KpeMa, XBOpoOH AnbIreimepa.

KJIIOYOBI CJIOBA: inmukatopHuii 6apBHHK, KOe(DII[iEHT pO3IIOIIITY, TIOCOMH, FeMOTI00iH, OLTOK-TimixHI B3aeMoil

CHEKTPAJBHOE MMOBEJEHAE HHINKATOPHBIX KPACUTEJE B MOJEJBHBIX
BEJIOK-JIMITUJHBIX CUCTEMAX
B. Tpycosa, I'. I'op6enko, Y. Tapabapa, E. Byc, O. PoiixoBa
Kadenpa spepHoit n Menuuuackoit Gpusnku, XapbKOBCKUN HAallMOHAIBHBIN yHUBepcuTeT nmenn B.H. Kapa3suna
1. CBoGoxs! 4, Xaprkos, 61022, Ykpanna

[Tpoanann3upoBaHbl MIPOTOIUTHIECKUE W TEPMOJANHAMUICCKHE PABHOBECHSI HHANKATOPHBIX KpacuTeNeil B MOJCIbHBIX JIUMUIHBIX U
OeNOK-TUIUAHBIX cucTeMax. IIpenmoxkeH MeTOJONIOTHIECKHH TT0IX0], TO3BOJIIOIINN ONpeneNnsITh KO3 (UINCHTH! pacipeaeIcHIs
MIPOTOHUPOBAHHON ¥ JAENPOTOHHPOBAaHHOH (OpM KpacuTenss HAa OCHOBE CIIEKTPO(GOTOMETPHUYECKUX H3MepeHHd. 3ydeHo
pacmperienieHie WHIUKATOPHOTO KpacuTens OpOMTHMOJIOBOIO CHHEr0 B MOJEIbHBIC OHCIOWHBIE MEMOpaHBI, COCTOSIIUE W3
¢docharnaminxonuna u kapanoiunuHa (9:1, Moib:Monb). IToka3aHo, 4To KOI(GHUIMEHT pacrpenesieHns] TPOTOHUPOBAHHON (GOPMEI
KpacuTessl B IMIHAHYI0 a3y Ha 5 MOPSIKOB BbIIe, YeM KO3()(GULIUESHT pacipeaeieH s JenpOoTOHUPOBaHHOM GopMbl. DTOT ekt
ObLI MHTEPIPETUPOBAH B paMKax NPEJCTABICHHH O Pa3IMYHOM paclpefelieHuH 3apsala B HOHAX KPACHTENs, MpPEMATCTBYIOIEM
rHIPOGOOHEIM  B3aMMOJCHCTBHUSIM JIEHPOTOHUPOBaHHOKH ¢Qopmbl ¢ numuaamu. HaGmogaemoe yMeEHBIIEHHE paclpeleseHus
OpOMTHMOJIOBOTO CHHETO B JIMOHMIOHBI OWCIONH B NPHCYTCTBHH TEMOTJIOOMHA OBUIO OOBICHEHO OCNOK-WHIYyIHPOBAHHBIMHU
HM3MEHEHUSIMU CTPYKTYPBI B (DM3UKO-XMMUYECKHX CBOMCTB TPAHHIBI pa3jiesia IMIHUA-BOAA. B MpakTHIeckoM acmekTe, MOIydIeHHBIE
Ppe3yJIbTaThl UMEIOT 3HaUCHUE AT Pa3pabOTKU 3aMEHUTENIeH KPOBH HA OCHOBE TEMOCOM U BBISICHEHHS POJIM TeMOIJIOONHA B Pa3BUTHH
AMIJIONIHBIX TTaTOJIOTHH, B YaCTHOCTH, Ooe3HH AJbLreiimMepa.

KJIIOUEBBIE CJIOBA: yMHAMKATOPHBIA KpacuTenb, KOI(GQUIMEHT pacipeleseHus, JTHIOCOMBI, TeMOIIOOHH, OeNIOK-ITUIHIHbIE
B3aUMOJIENCTBUS

The interfacial region of a lipid bilayer, containing phosphorylcholine moiety, glycerol backbone, carbonyls, upper
methylene groups of acyl chains and hydrational water, plays an important role in a wide variety of membrane
© Trusova V., Gorbenko G., Tarabara U., Vus K., Ryzhova O., 2017
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processes [1,2]. Molecular organization and physicochemical properties of the lipid-water interface can be affected by a
number of agents, including proteins, ions, pharmacological compounds, etc. Several lines of evidence indicate that
peptides and proteins can modify the interfacial electrostatic properties [3,4], the degree of phospholipid hydration
[5-7], conformation and dynamics of phosphorylcholine group [8,9] and glycerol backbone [10,11]. One of the
approaches to addressing these issues is based on analyzing the protolytic equilibria of pH-indicator dyes whose
partitioning between the aqueous and lipid phases is accompanied by the shift of the apparent ionization constant

( pK,) due to the differences in partition coefficients of the protonated and deprotonated dye forms [12-14]. In turn, the

dye partition coefficients are determined by a number of factors including the surface and dipole electrostatic potentials,
interfacial hydration, the membrane molecular packing, etc. [15]. Thus, the variations of these parameters may be
indicative of the changes in the structure and physicochemical properties of the lipid-water interface.

In our previous study of the lipid and hemoglobin — lipid model systems the partition coefficients of the indicator

dye bromothymol blue have been derived from the pK_  dependencies on the lipid and protein concentration [16].

However, the employed approach has a serious drawback stemming from the necessity of varying pH in a rather wide
limits (up to 4 pH units) to ensure reliable pK estimation. This may give rise to undesirable pH-dependent changes in

the protein conformation or lipid bilayer structure. In the present study we made an attempt to overcome the above
drawback.

Our goal was threefold. First, to extend the theoretical background for analyzing the protolytic and partition
equilibria of the indicator dyes in the protein-lipid systems. Second, to choose most effective ways of employing the
indicator dyes for monitoring the changes in the lipid bilayer properties and to work out an optimal methodology for
acquisition and quantitative interpretation of the experimental data. Third, to gain further insight into the effect of
hemoglobin, the main protein of red blood cells with pronounced lipid-associating ability, on the interfacial physical
characteristics of the model membranes using the pH-indicator dye bromothymol blue.

EXPERIMENTAL SECTION

Chemicals. Egg yolk phosphatidylcholine (PC) and beef heart cardiolipin (CL) were purchased from Biolek (Ukraine).
Both phospholipids gave single spots by thin layer chromatography in the solvent system chloroform:methanol:acetic
acid:water, 25:15:4:2, v/v). Horse hemoglobin was purchased from Reanal (Hungary) and used in the oxidized (met)
form. Bromothymol blue (BTB) and butylated hydroxytoluene (BHT) were from Merck (Germany).

Preparation of liposomes. A stock suspension of unilamellar phospholipid vesicles was prepared by the method of
Batzri and Korn [17]. The lipids (18 mg PC and 4 mg CL) were codissolved with BHT in 1 ml of ethanol. This solution
was injected into 13 ml of 5 mM Tris-HCI buffer under continuous stirring. Ethanol was then removed by dialysis.
Phospholipid concentration was determined according to the procedure of Bartlett [18]. BHT (5 mol%) was
incorporated into lipid bilayer to prevent lipid peroxidation.

Absorbance measurements. The absorbance measurements were performed with SF-46 spectrophotometer.
Bromothymol blue concentration was evaluated at pH = 10 taking extinction coefficient Eg17 = 225%x10% M'em™ for

the deprotonated dye form [19]. Hemoglobin concentration was determined using the extinction coefficient
E407 = 5.66x10° Mem™ for tetramer [20]. To ensure the protein association with lipids, the mixtures of hemoglobin

with liposomes were incubated at 30 °C for 60 min prior to the dye addition. To vary pH value, small aliquots (20 ul) of
the concentrated KOH solution were added to the lipid, protein and lipid-protein samples.

THEORY
Protolytic and partition equilibria of indicator dye in a suspension of lipid vesicles or protein solution
The thermodynamic acid-base equilibrium constant of indicator dye in a buffer solution is given by [14]:

o

a,+ap F +Fln
KY=-H =M=, (1)

AHIn Fan,

where a 1> AIn> Apgpy 2T€ the activities of the protons, deprotonated (In) and protonated (HIn) dye forms, respectively;

F ' F [?1, F I—OIIn are the concentrations (mol dm™) of the corresponding species. Denoting the total dye concentration
by D, one obtains:
D
Dy = Fp, + Frpy s Fp = —; . 2
+
1+
Ka

In a suspension of lipid vesicles the above protolytic equilibrium is shifted due to the dye distribution between aqueous
(w) and lipid (L) phases so that D, can be written as:
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D, = Fy, + Fy;, + BE + BE, 3)

This process is quantitatively described in terms of partition coefficients defined as:

I nk, v BL v I nty By
_"HnYw _ PHIn"w . _"mtw _ Plntw
PHln - - > P]n - - > (4)

w
nomVr Frmve

w
v e

where n is the number of moles of different dye species in aqueous and lipid phases, v,,,, V; are the volumes of these

phases given by: v; = N ,C;V;; v, =v,—v;, N, is the Avogadro’s number, V, is the mean volume of lipid

w
molecule, v, is the total volume of the system (v, = 1 dm®). Within the commonly employed range of lipid

concentrations V; is much less than v, ,ie. v, = V,. Given that

L L L
o ity gl _ Inlive . gL Fumlmve _ Finf e PrimVr 5
Hin =" 5 > n = ; Hin = = " : &)

a Vi Vi Ka Vi

Hence, Eq. (3) can be transformed to:
FuF,. F Py, FuF, Py F.. pLky, PhF,.v,
D, = Fy, "f++ In"In"L "H; n = F,| 1+ Hv:+ VL an+ (6)
Ka Vi Ka Yy Ka Vi Ka Vi

The process of the dye partitioning into a lipid phase can be examined through monitoring the absorbance changes
of the In or HIn dye species. In the case where the absorbance measured in a buffer solution (4, ) or liposomal

suspension ( 4, ) is determined only by the deprotonated dye form the following relationships hold:

o

A,=¢,Fp; A, =¢,F, +&lB), %)

where & 15 6‘1]; are the extinction coefficients of the free and bound In species at a certain wavelength 4;, (usually

corresponding to the maximum of the absorption spectrum). By combining the Eqs. (2-7) the difference between the
dye absorbances in a buffer and liposomal suspension can be written as:

Adp =4, - A =ep(Fp, — Fp) -4 By,

F
L LV L LplL +V
(gf_gb )DoplniL'i'(ngHln_ng]n)Do Hw L
V,, K

AAL = I IS 7 a w , (8)
% %
1+ oy pl Ly ply L
Ka Ka Vi Ka Vi
here F’ gt = 107PH . Equating the AA4; derivative to zero yields the proton concentration corresponding to a maximum
A4; value:
dAA;
=05 FM =g ©)
dF, . H* @
It follows that A4; plot vs. pH has an extremum at pH value given by:
LVL
1+ P, .
pH . = PK, —0.51g —;" - (10)
L V[
w

In analogous manner one can describe the dye distribution in a protein solution. In this case the change in the

absorbance of the deprotonated dye form is a function of the partition coefficients ( P;;[n R PIIZ ); extinction coefficient of

the protein-bound In form (ggD ) and the volume of the protein phase (v ):
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F
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Partition behavior of indicator dye in the protein-lipid system
The model studies of the protein interactions with the interfacial membrane region are usually conducted with the
water-soluble proteins [5]. In such protein-lipid systems the dye tends to distribute between the protein free in solution
and the membrane composed of lipids and bound protein. Thus, the expression for the total dye concentration may be
written as:

P P
Dy = F, + Fyy, + B, + Bpyy, + By, + By, (12)

where Bj,, BZ,’I" are the concentrations of the membrane-bound dye species. By analogy with (5) one obtains:

P
2P _ FuPuve . pp _ FiuFy Pipvp g _ FuPhive gm FF s PV 13
In — > PHIn — W > Pln — > “Hln — W :
vy, K, v, Vi Kyvy

Thus, Eq. (12) can be transformed to:

P
Fooo P, PunFyvm  Phve  PamFyvp
Dy =Fp| 14—t —dnom y = A7 Py A , (14)
K, Vi K,v, Vi K,v,

where v,, is the membrane volume accessible to the dye. The absorbance of the deprotonated dye form is given by:

where &' is the extinction coefficient of the membrane-bound In species. The difference between the dye absorbances

in a buffer solution and suspension of lipid vesicles containing free and lipid-bound protein is given by:
PpP
Ap=A4,—Ap =&,(Fp, —Fp,)—ép By — €, By, - (16)
Ultimately, the combination of Egs. (2), (13) and (16) yields:

(‘9f_51§n)Pm*+(8fP;,”,n 8b[ﬁ)];?++(gf gb)PP (‘9f Hin™ ngII;)IZg tP

AALP = D W a a w . (1 7)
’ F F 1 Vin H ¢ vp H* Yp
1+ 1+7+ In _{_an]n " +EI; Plfl)ln
Ka Ka Vi a Yw
RESULTS AND DISCUSSION

Simulation of indicator dye partitioning into lipid and lipid-protein model membranes
The theory predicts that the absorbance changes resulting from the dye membrane partitioning are determined by

the parameters depending on the dye microenvironment in a lipid or protein phase (P,fl’P P;;lf , €b ) and the

experimental variables (pH and C; p). Fig. 1 shows how the variations in PI[,; , P[ﬁ]n and gb manifest themselves in
the behavior of A4; (pH) dependency. It appeared that A4; attains positive values and has a clear maximum if Pl-%]n >

P[ﬁ and gbL ey (Fig. 1A). Note that the lipid vesicles mimicking the properties of biological membranes are usually
negatively charged. This gives rise to proton accumulation near the lipid-water interface [15,21]. Thus, the assumption

that gb <¢g  seems reasonable because membrane binding of In form is likely to result in its conversion to HIn form
whose extinction coefficient at the wavelength A, is less than & f In the case when PhL,ln < P[ﬁ the sign of A4; ata
given pH depends on the difference between gbL and ¢ r (Fig. 1B). However, this difference has a slight effect on A4,
when Pléln is more than 100-fold greater than P[ﬁ (Fig. 1C).

As follows from Eq. (10), pH.x value does not depend on g r and gbL . Fig. 2 plots pHy,,x as a function of the
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partition coefficients. The above simulated data can be used for approximate estimation of the lower limits for Pﬁ]n and

P[ﬁ . For instance, if pH,.x experimentally observed for a given lipid concentration is around 8, the range of the possible

values of partition coefficients is restricted to Pﬁ,n >10*°, Pf;,n > 10> (Fig. 2).

<
<
Fig. 1 Absorbance changes of the deprotonated dye form in a
suspension of lipid vesicles as a function of pH.
A4, was calculated from Eq. (8) with D,=40 uM, C;= 1 mM,
< a -
& PKY =7, & =2x10*M'em’, Py, =10 Pjr=10° (A);
L _10* pL_105my. PL — 104 pL_ 102
Py, =10% Py =10° (B); Py, = 10°, Py, =107 (C). The
volume of lipid phase was taken as v; =vp-N 4C; -
'01 T T T T 1
5 6 7 8 9 10
pH

8.4
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7.2

Z 661 ) I
604
5.4
30 35 40 45 50 55 60 2 3 4 5 6 7 8 9

logP logP,

Fig. 2. pH,.x dependencies on the partition coefficients of protonated (A) and deprotonated (B) dye forms calculated from Eq. (10)
using D,=40 uM, C;=1 mM, p[(;" =7.

Next, it was of interest to ascertain what pH region ensures most accurate experimental estimation of Pﬁln and
P]ﬁ . Clearly, in this region APy, ,is coupled with the largest AAA4; , i.e. PI-%]n and P[ﬁ derivatives of AA4; take up
their maximum or minimum at a certain pH (Fig. 3). In Fig. 4, pH values corresponding to the extremum values of A4,

derivatives (pHey,) are plotted vs. PHLIn or P]fl . It appeared that within the range of partition coefficients typical for the

majority of indicator dyes (2 <IgP,, , <6) the difference between pHey and pHpa, does not exceed 2 pH units. This

implies that pH values falling in the range pHi. % 1 are preferable for the A4; measurements.
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Fig. 3. Pk, and PL derivatives of A4,
A- PE=10%B- Ph,=10% gf =2x10*Mem™.

Importantly, pHy.y is determined not only by the dye or membrane intrinsic properties, but also depends on the
lipid concentration (Eq. (10)). Hence, by varying C; one can shift the maximum of AA4; (pH) dependency towards the

desirable pH region where the perturbations of lipid or protein structure are expected to be minimal. On the other hand,
as indicated above, A4, (C;) dependencies as such or being combined with AA4; (pH) plots can be used for the

estimation of the partition coefficients.

12 A 5
] 3 104 4
11 4 h
94 N
104
84 3 N
94
z z 7,
8-
6<
7A
e 5<
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T T T T T T T 4 T T T T T T T
2 3 4 5 6 7 8 2 3 4 5 6 7 8
logPH[n logPl“

Fig. 4. pHax (curves 1,2) and pH,y (curves 3,4) dependencies on partition coefficients
A- PE=10°(1,3), pL=10*(2,4);B- PL, =10*(1,3), Pk, =10°(2.4).

In this case it is important to extend the range of the employed lipid concentrations to a region where A4, (Cr)

plots become non-linear and approach a plateau (Fig. 5).

0.8
074 e . 5
06 7 [
0.54 ) Fig. 5. Absorbance changes of the deprotonated dye
041 I 3 form in a suspension of lipid vesicles as a function of
s |/ P lipid concentration

034

s o, PL=10°, log PL, :3.5(1),4(2),4.5(3), 5 (4). 6 (5);
024/ .~ L Angl -l

P &y =2x10"M em™.
0.1/ - -

r’,’ L 1
0.0 += ; ; \

0.0 0.5 1.0 L5

Lipid concentration, mM

In the protein-lipid system, A4;p (C;) curves exhibit a more complex behavior, which may be different for the

various sets of parameters ( PI’;’ s P;}’In, P}Z , P]5In’ gg’ , g;: ). The main types of AA4;p(C;) dependencies are shown in



24
EEJP Vol.4 No.4 2017

V. Trusova, G. Gorbenko...

Fig. 6. In the majority of cases A4;p increases with increasing the lipid concentration. However, when Pf;ln > P, s

P]f: 2 15’[': , 8;)" X Ep,an opposite tendency is observed (Fig. 6A). Increasing the protein concentration may result in

the increase (Fig. 6A,B,C) or decrease of Ad;p (Fig. 6D). Interestingly, the sign of A4;p changes may depend on C;

(Fig. 6E). Notably, the AA;p sensitivity to the variations in the protein concentration can be very low at some

combinations of the partition and extinction coefficients (Fig. 6F).
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Fig. 6. Absorbance changes of the deprotonated dye form in protein-lipid systems: different types of A4, p dependency on lipid

concentration

Calculations were performed using pH=8, P]i;]n: 10%, Plﬁz 10%. A - P, = 10°, P]i: 10%, gbL = glf = 2><104 Mlem™!,
protein concentration, pM: 2 (1), 4 (2), 6 (3), 8 (4), 20 (5); B - Py, = 10°, PI{: =10°, g,f =2x10* Mlem™, glf=0; C- P~
10, PE=10% gf =2x10% M'em™, &f =1x10* Mem™; D~ P, = 10°, PP=10%, &) = &f =2x10* M'em™; E -
pb =10°, PP=10% gf =1x10* M''em, &f =2x10* M'em™; F- P, =10°, PF= 10%, &f =1x10* M'em,

Hin
ef = 2x10* M'em™.

Hin

BTB partitioning in a suspension of lipid vesicles
The validity of the above theoretical predictions was tested in the experimental study of the system hemoglobin —
liposomes using the indicator dye bromothymol blue. First, the dye binding to PC/CL lipid vesicles was examined. At

neutral pH BTB solution contains the protonated (HIn ) and deprotonated (In 27) forms with absorption maxima at
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420 and 617 nm, respectively [16]. The dye partitioning into a lipid bilayer is followed by significant decrease in the
absorbance of In>~ form (Adg17).

Fig. 7 plots A4q, as a function of pH and lipid concentration. To derive the partition coefficients PIfl and PI-lIlIn’
the experimental curves AA4; (pH) and A4, (C;) were fitted to Eq. (8), using pK)=6.9, D,=42 uM,
v, = (VPC f pctVer f crL )N AC | » Where fpe, for are the lipid mole fractions; vpe, vep are the volumes of hydrated
phospholipid molecules, taken as 1.58 nm’® for PC and 3 nm’ for CL [22]. The analysis of AA4; (pH) data sets acquired
at different C; (Fig.7, A) and A4; (C;) data sets obtained at different pH (Fig.7, B) revealed that partition coefficient of

the protonated dye form, P}[;[n, is several orders of magnitude larger than Pjﬁ , 1.e. the extent of membrane binding of

the deprotonated form is negligibly small. This finding is in agreement with the results of our previous dialysis
experiments and pK_  measurements [16]. Likewise, it appeared that there is no statistically significant difference

between the Pﬁm values derived from the fitting of A4q;; (C;) plots obtained at pH varying from 6.9 to 8. This
permitted the global fit of Adg;7 (C;, pH) data set (128 experimental points, 16 C, values, 8 pH values), which yielded

PE = (1.8+0.5) x10%, PE~0.1.
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Fig. 7. Changes in the absorbance of In - bromothymol blue species in the suspension of PC/DPG liposomes as a function of
pH (A) and lipid concentration (B)
A - lipid concentration, mM: 0.18 (1), 0.23 (2), 0.3 (3), 0.36 (4), 0.46 (5), 0.61 (6).

BTB binding to hemoglobin
The next step of the study was aimed at the characterization of BTB association with hemoglobin. Presented in

Fig. 8 are the Adq;; dependencies on the protein concentration.
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In the fitting of these data to Eq. (11) the volume of the protein phase was determined as vp = N ,CpVyy, , Where
Vi is the volume of hydrated Hb molecule, taken as 120 nm® [23]. The partition coefficient of the protonated dye form
proved to be 1000-fold greater than P]f; (~ 3), the effect being similar to that observed for the BTB partitioning into a

lipid phase. The individual analyses of Ad4g 7 (Cp) data corresponding to different pH values yielded the P[Zn
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estimates whose variations did not exceed the experimental error within the pH range 7 — 8. The partition coefficient of
the protonated dye form refined by the global fit of all the data presented in Fig. 8 was found to be

Pl =(3.5+0.8) x10°.

BTB partitioning in hemoglobin — PC/CL liposomal system
At the last step of the study the BTB partitioning in the system Hb — liposomes was investigated under conditions
of varying pH, lipid and protein concentrations. Since the absorbance change AA4g; is a function of three variables

(pH, C;, Cp), there exist several ways to recover the dye partition coefficients from the experimental data. These ways
differ in the type of the data set involved in the parameter estimation procedure. In other words, one can analyze 1D, 2D
or 3D data, employing different combination of the experimental variables. A question arises, what of these analyses is
preferable. The main criterion for the choice of the optimal type of data set is the uniqueness of the optimizing
parameter values [24]. This criterion is met in the cases of low cross-correlation between the parameters. Therefore, it
seemed reasonable to evaluate the cross-correlation coefficients for the different types of data sets being fitted to Eq.
(17). The two kinds of the cross-correlation coefficients between k-th and /-th parameters were estimated [25]:
partial correlation coefficients
T

el == - J)’“T : (18)

Nt

and general correlation coefficients

[T ",

Sty = , (19)
JIAT g 1@
where
_ 5G(a1,a2,. . .,Xl')
Jij = -z . (20)

J
G is the fitting function given by Eq. (17), X is the vector of independent variables in the i-th experimental point,
is the vector of optimizing parameters { P[_L[In , P[ﬁ , Phl;[n , P[f: }, subscripts i,j refer to the specific data point {pH, C;, Cp};
and specific parameter a; respectively. Note that the parameters are thought to be highly correlated if the absolute

value of the cross-correlation coefficient exceeds 0.98 [24]. The Tables 1,2 indicate how the magnitude of the parameter
cross-correlation varies with increasing the number of independent experimental variables.

Table 1.
The coefficients of cross-correlation between Pé]n and P]i
Type of dataset Partial correlation General correlation
Variables Constants

CL CP, pH 0.980 0.989
CL, CP pH 0.952 0.964
CL, pH CP 0.973 0.988

CP, pH CL 0.991 1
CL, CP, pH 0.964 0.953

The lowest correlation between the optimizing parameters was found for the two data sets, both involving variable
C; and Cp , with pH being constant in the former and variable in the latter case. The analysis of the former type data set
did not reveal any noticeable pH dependence of the recovered partition coefficients. This implies that all experimental
points Adg;7 (pH, Cy, Cp) can be simultaneously fitted to Eq. (17).

Table 2.
The coefficients of cross-correlation between PhL,[n and Pé)]n
Type of dataset Partial correlation General correlation
Variables Constants

CL Cp, pH -0.783 -0.890
CL, CP pH -0.661 -0.667
CL, pH Cp -0.758 -0.904

CP, pH Cy -0.839 1
CL, CP, pH -0.638 -0.656

The global fit involving 144 points (6 pH values, 4 C; values, 6 Cp values) gave the following partition
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coefficients Py, = (5.4 + 1.3) x10°, P, ~3, P]Zn: (3.8 +0.9)x10°, PII;~ 3. Note that the extinction coefficients &’
and gf were not regarded as optimizing parameters because of negligible contribution of the deprotonated dye species

to the absorbance changes. Since for all types of the systems under study Py, is much greater than P, , in the

following we restricted ourselves to the analysis of the behavior of protonated dye species.

Based on the above considerations the principal features of the indicator dye partitioning in the model membrane
systems and some guides for the better experimental design may be outlined as follows. (i) The change in the
absorbance of a given dye form on going from a buffer solution to a suspension of lipid vesicles attains its maximum at
a certain pH (pHpax). (i1) The pHy., value depends on the partition coefficients of the HIn and In dye species and
accessible lipid concentration. (iii) The partition coefficients of the different dye forms in the lipid system can be
derived in three ways involving the fit of the data sets AA4; (C1), A4; (pH) or AA; (pH, C;). The accuracy of fitting

parameters is highest at the pH values close to pH.x. (iv) Reliable estimation of the dye partition coefficients in the
protein-lipid systems requires simultaneous analysis of the multiple data sets acquired at varying pH, lipid and protein
concentrations.

The next point noteworthy concerns the information content of the experimental membrane studies employing the
indicator dyes. Of significance in this regard is a more detailed analysis of the partition coefficients recovered for the
system Hb — liposomes, where the dye species distribute between aqueous phase, free protein and lipid-protein model

membranes. Let us assume that Hb does not bind to liposomes. In this case one might expect that Pyy;, would be close

to Pﬁln: while PFII)In estimated for the protein-lipid system would insignificantly differ from that derived for Hb in the
absence of liposomes. The comparison of the partition coefficients determined for the liposomes, Hb and Hb —
liposomes systems indicate that P]Z/f/n is less than Pﬁm by a factor of ca. 3.4. Evidently, this finding cannot be

rationalized in terms of the processes not pertaining to the protein-lipid interactions. Hence, the change in the extent of
BTB membrane partitioning can be considered as the evidence for Hb binding to liposomes. However, the coefficient of
BTB partitioning into the protein phase proved to be insensitive to Hb association with lipids because no statistically

significant variations in P[Zn value were observed while comparing the protein and protein-lipid systems. Note that the
parameters P]?[n and P]fln were derived putting Cp equal to the total protein concentration. Therefore, the fitting

procedure yielded P[Zn value averaged over the free and lipid-bound Hb molecules. Since the experiments were
performed with the protein concentrations (0.3-3 uM) significantly lower than the lipid concentrations (0.1-0.8 mM),
the changes of PI{IDIn could be detected only in the case where almost all protein molecules associate with lipids and

undergo considerable conformational changes. Taken together, the above rationales led us to conclude that free and
bound protein states are indistinguishable under the experimental conditions employed in the present study.

In the following, it seems of importance to outline the possible explanations for the decreased partitioning of the
protonated BTB form into Hb-lipid model membranes. This effect is likely to originate from the protein-induced
structural reorganization of the lipid bilayer. Although lipid-associating properties of Hb have long been investigated by
a number of methods [26-29], the mechanisms underlying Hb influence on a bilayer structure are far from being fully
understood. This seems to be a consequence of the complexity of the problem of lipid-protein interactions, which
manifests itself even in the relatively simple model systems. Numerous studies indicate that Hb-bilayer interaction
involves a number of closely interrelated processes. These include: (i) the formation of electrostatic and hydrophobic
protein-lipid contacts [26,27]; (ii) conformational changes of Hb molecule that may involve protein unfolding [27],
heme displacement and reorientation [27,10], dissociation of heme — globin complex [30,31], iron release from
porphyrin ring [29]; (iii) modification of the lipid bilayer structure [32,33]. The nature and relative contributions of
these processes are largely dependent on the bilayer composition and experimental conditions. It should also be noted
that some of the above phenomena, especially those responsible for the changes in the protein conformation, may be
related to Hb ability to induce lipid peroxidation [29,34]. In this study the oxidative processes were suppressed by the
incorporation of the free radical scavenger BHT in the lipid bilayer. Thus, one can rule out lipid peroxidation as a

possible reason for the P, ~decrease. Another possibility lies in the bilayer perturbation on the formation of protein-

lipid contacts. The results presented here were obtained in the pH range 7.3-8, where Hb bears a net negative charge
(the protein isoelectric point is about 6.8 [27]), while the two phosphate groups of CL are fully ionized and PC is a
zwitterion [21]. Under these conditions, the electrostatic component of Hb binding to liposomes is expected to be
insignificant. Therefore, the observed decrease in the extent of BTB membrane partitioning can be explained by the
bilayer structural changes resulted from the hydrophobic Hb — lipid interactions. The evidence for substantial
contribution of the hydrophobic binding component to the stability of Hb-lipid complexes has been provided by a lot of
studies [26,27,32]. The insertion of Hb into bilayer interior is likely to be followed by the marked rearrangement of
lipid molecules. This may account for the reported elsewhere Hb-induced increase in the ion permeability of PC
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liposomes [32]. However, molecular details of the bilayer structural modification still remain unknown. Early *'P-NMR
studies are suggestive of Hb ability to bring about the formation of non-lamellar structures like inverted micelles or Hy
phase in the phosphatidylcholine/phosphatidylethanolamine model membranes [33]. Cardiolipin, used in this work as a
minor bilayer component, is known to be capable of forming non-bilayer structures in the presence of Ca*" or
cytochrome ¢ [5]. To assess such a possibility for the systems similar to ours further studies are needed. It is also
unclear how the formation of non-lamellar structures could affect the bilayer affinity of the hydrophobic ions,
particularly indicator dyes. According to the modern theories of membrane electrostatics the partition coefficient of
hydrophobic ion is given by [15]:

P =exp(w, /kT) :exp({ziet//e, Wy + Wy F W, + 0, /kT) , (1)

where w; is the mean force potential associated with the force between the particle i and the membrane vesicle; & is the
Boltzmann constant; ze is the charge of the i-th dye species; {/,; is the membrane Coulomb potential; wgo,; is the free

energy of charge transfer between the media with different dielectric constants; w,; is the neutral energy term
determined by the hydrophobic, van der Waals and steric factors; wj,; is the contribution controlled by the degree of
membrane hydration; w, is the term dependent on the membrane dipole potential (i, ). The dipole potential, arising

from the phosphocholine and ester carbonyl dipoles of phospholipids and molecular dipoles of interfacial water, has a
magnitude of several hundreds mV, being positive inside a lipid bilayer [35]. This membrane property is thought to be
responsible for the more pronounced ability of hydrophobic anions to associate with lipids and translocate across a
bilayer, compared to the structurally similar cations [36].

Due to high hydrophobicity of BTB species the dye binding to lipids and proteins is driven mainly by non-ionic
interactions [37]. However, the negative charge of BTB ions prevents penetration of the dye species into hydrophobic
core, thus causing them to reside in the interfacial region [13]. In this context, it is noteworthy that enormous difference
in the affinity of protonated and deprotonated BTB forms for the model membranes and Hb is assumed to stem from the

nearly even charge distribution over the In . ions, which renders this BTB species incapable of forming the
hydrophobic contacts [37]. It cannot be excluded that BTB partitioning is governed by a membrane dipole potential. In
this case the reorientation of phospholipid headgroups and the changes in the degree of bilayer hydration on the
formation of Hb-lipid contacts could manifest themselves in the reduced dye binding to a membrane. A principal
possibility of the protein reorienting effect on the phospholipid dipoles has been demonstrated in studying the melittin-
lipid interaction [38]. It was found that this amphiphilic peptide gives rise to a rotation of the N end of phosphocholine
dipole to the aqueous phase.

In conclusion, the results of the present study can be summarized as follows. Analysis of protolytic and partition
equilibria of the indicator dyes in the model lipid and lipid-protein systems showed that partition coefficients of the
protonated and deprotonated dye species can be derived from the absorbance changes detected at varying pH, lipid and
protein concentrations. The proposed methodological approach offers an advantage of minimizing the pH-dependent
perturbation of the protein and lipid structure and relative simplicity of recovering the dye partition coefficients.
Examination of the BTB partitioning in the system Hb-liposomes revealed that the protein binding to PC/CL model
membranes is followed by 3-fold decrease in the partition coefficient of the protonated dye form. This finding can be
explained by the structural reorganization of the lipid bilayer interfacial region.

A Dbetter understanding of Hb- lipid interactions is of great significance in practical aspect concerning the design of
hemosome-based blood substitutes [29]. Furthermore, it was shown that Hb favors the oligomerization of amyloid-f3
(AP) peptide which plays a central role in Alzheimer's disease (AD) [39]. Hb was found in the plaque and vascular
amyloid deposits in AD brain and the linkage between Hb expression and AD pathogenesis has been hypothesized
[39,40]. At last, it was demonstrated that Hb can modulate the toxic membrane effects of oligomeric and fibrillar
proteins [41].
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