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PROBING THE MEMBRANE POLAR REGION WITH
4—(N- mHN>UHO%HUHKMHE<E>Z7\—OZHG§VIM,N.m.m!
TETRAMETHYLPIPERIDINYL-OXYL
BROMIDE SPIN LABEL

BALGAVY, P.1), GALLOVA, J.1), SVAJDLENKA,
E.1), Bratislava, KUTEJOVA, E.?), Bratislava

ESR spectra of the A-AZ.rnxwmnnv._&Bnorw._wﬂgoicav.mb.m_m.aa:wamarﬁvmwo.
ridinyl-oxyl bromide (CAT-16) spin label in oriented and disoriented bilayers pre-
pared from egg yolk phosphatidylcholine (EYPC), L-3, v-dipalmitoyl-o-phosphati-
dylcholine (DPPC), or L — 8,~-dipalmitoyl-a-phosphatidyl-ethanolamine (DPPE)
are axially symmetric. The CAT-16 paramagnetic N — O group is located in
the bilayer — water inferface as indicated by the Heisenberg spin exchange and
dipole-dipole broadening induced by the paramagnetic CO2+ , Mn?t, Gd3t, and
[Fe(CN)e}*~ ions. The ensemble averaged ESR order parameters S;; calculated
from the spectra of CAT-16 in oriented EYPC bilayers indicate the preferential
orientation of the CAT-16 N — O bond direction and 2pn-orbital axis perpendicu-
lar and parallel to the bilayer director, respectively. The ESR spectral parameters
are sensitive to the DPPC and DPPE thermotropic phase transitions.

I. INTRODUCTION

Spin labels are frequently used to probe the structure and dynamics of biolog-
ical membranes and their models. However, the majority of experimental studies
has been performed with fatty acid spin labels with a doxyl paramagnetic group
located on different carbons or with phospholipids with one acyl chain labelled
similarly with the doxyl group [1, 2]. Because these labels are sensitive mainly to
the changes in the structure and dynamics of the membrane hydrophobic region,
there is a need for labels suitable for studies of the membrane polar region. 4-(N-
-m_rw_&amzi_maaoicav-w‘w.m_@-».3353:1@52&:d\_-oxu; bromide spin labels
(CAT-n, n=number of carbons in the alkyl chain) could be used for such a purpose.
From their chemical structure it follows that their positively charged ammonium
group would interact with the negatively charged phosphate groups of membrane
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phospholipids, and their hydrophobic alkyl chain Ew:E penetrate into the hy-
drophobic region of the membrane {3]. These interactions ann.m p.r.o CAT-n para-
magnetic group in the membrane polar region. However, amphiphilic properties of
the CAT-n labels influence their pariition between the membrane and the aqueous
phase. The critical parameter important for this partition is nrw._owmg of ..,\rm O»P.‘H-
n alkyl chain which is primarily responsible for the Einom.vrog.o Enm:.pn.ro:m s.:..&
the membrane. The CAT-n spin labels with short alkyl chains s::. partition mainly
in the aqueous phase while those with long alkyl chains mainly in the 5@573.5@
phase. On the other hand this partitioning depends also on the .mcnm@no potential
of the membrane — the more negatively charged membranes w:&.BoS O>H-:
spin label molecules. Using these partitioning effects, the CAT-n spin labels with
intermediate chain lengths (n=8-10), the electron spin resonance (ESR) spectra
of which consist of a superposition of aqueous and membrane signals, were ﬁo&
in ESR studies of the membrane suface potential [3-5]. In conclusions, _wva_m. with
short chains will report on the properties of the aqueous phase, labels i_w& inter-
mediate chains on both the aquoeus phase and the membrane vo_m.z. region, and
labels with long chains {n > 16) for which the Ednovrogo. interactions dominate
over the surface potential effects should be sensitive exclusively to the membrane
polar region structure and dynamics.

In our previous papers [6, 7] we have found that the O>kum spin label is suitable
for studying perturbation effects of amphiphilic molecules n 50.575:8 prepared
from lipids isolated from bacteria. In the present 855::-8@5? we .mo:m% i.:w
ESR spectra of the CAT-16 spin label located in the phosphatidylcholine and in
phosphatidylethanolamine model membranes.

II. MATERIAL AND METHODS

Egg yolk phosphatidylcholine (EYPC) was isolated and purified .mnno_..&zm to
[8]. L — B,y-dipalmitoyl-a- phosphatidylcholine (DPPC), L — 5, v-dipalmitoyl-a-
phosphatidylethanolamine (DPPE), and TRIS.HCl were purchased from m,—cw.w
(Buchs, Switzerland). 4-(N- rmxm&onﬁ&Bong_maao:_:av-m..w.m_@-amnnmawnr&?-
peridinyl-oxyl bromide (CAT-16) spin label was from .Hmnr:._ww (Sofia, wc_mm.zmv.
Fatty acid spin labels M-Aw-nwncoxwvnovws-a,A-&._Bagw_lwlﬁ:mmo%_-w-oxm..un.vrm_:ﬁ,
oxyl (5-DSA), 2-(3-carboxydecyl)-4,4,-dimethyl-2-hexyl- w-osto_ﬁwzﬁox%_
(12-DSA) and Aw-Aw-nmndox%omnnmmmn%_v-A,A-&Bonr%_-wénrﬁ-w.wxmmorm_n%_oxw_
(16-DSA) were from Syva (Palo ALto, USA). The other chemicals were ana-
lytically pure and were purchased from Lachema (Brno, Czechoslovakia).

Oriented EYPC bilayers deposited on a glass surface were Emv.&.mm by the
parallel-beam spattering method described in our following paper B_ Briefly, the
EYPC+CAT-16 mixture dissolved in absolute ethanol was atomized with a stream
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of nitrogen gas. The beam of atomized solution then passed through an orifice
before deposition on the glass plate. Thereafter, the glass plate in a sample holder
was inserted into a glass tube, and the traces of solvent were removed by a diffusion
pump evacuation. Finally, the lipid bilayers on the glass plate were hydrated over
a saturated NaCl solution at 60°C for 30 min. :

Disoriented EYPC bilayers were prepared as follows: The spin label and lipid
(EYPC, DPPC or DPPE) were mixed in a proper molar ratio in ethanol in
polypropylene or glass test microtubes. The ethanol was evaporated under astream
of nitrogen gas followed by a diffusion pump evacuation. Thereafter, redistilled
water, lon solution or buffer prepared by using redistilled water was added and
the lipid was dispersed by sonication in the UC 005 AJ1 Tesla bath sonicator
(Tesla, Vrable, Czechoslovakia). DPPC and DPPE were hydrated by heating at
temperatures '10-15°C above the gel-liquid crystal phase transition temperature
of the respective lipid for 30 minutes, EYPC was hydrated at room temperature.
Hydrated lipid dispersion was filled into a glass capillary and sealed. The final con-
centration of the lipid was 52.5 ymol/I and the lipid:label molar ratio more than
100:1, except in the specified experiments noted below, where the ESR spectra
were studied at different label concentrations.

Electron spin resonance spectra were recorded by an ERS 230 X-band ESR
spectrometer (ZWG AdW Berlin, GDR) by using the 100kHz modulation tech-
nique and a GX goniometer (Radiopan, Poznaii, Poland). Microwave frequency
was measured by using a »K3-54 frequency meter equipped with a OI3K-43 fre-
quency converter (Moscow, S.U.). The magnetic field was measured by using a
nuclear magnetic resonance magnetometer MJ-110 R (Radiopan, Poznaii, Poland)
calibrated by the Mn?* standard (Mn?* ions in the MgO lattice). The precision
of spectral parameters evaluated from the line positions or linewidths was better
than 5 per cent. The sample temperature was maintained by using a stream of
heated gas from the STT 3 liquid nitrogen temperator (ZWG AdW Berlin, GDR).
The precision of temperature setting was £0.5K. All temperature dependence de-
scribed in the present paper were obtained in heating scans. The ESR spectrum
was recorded after equilibration of the sample for 5 min. after each temperature
step. In experiments with disoriented DPPC bilayers aimed at studying the effects
of subtransition on spin label spectral parameters, the sample capillaries were con-
tained in glass tubes filled with silicon oil for thermal stability. The samples were
annealed at 0°C before being loaded into a pre-cooled cavity of the ESR spec-
trometer. In the first heating scan the sample was heated from 0°C to 24 = 30°C.
The second heating scan followed after recooling the sample in the cavity to 0°C
for 30 min.
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III. RESULTS AND DISCUSSION

The CAT-16 spin label in disoriented EYPC, DPPC and DPPE bilayers dis-

plays axially symmetric power pattern spectra similar to those observed for the

m-DSA spin labels. The absence of narrow lines typical of the fast .wmoe._.o_uwo spin
label motion in the DPPC (Fig. 1) and EYPC bilayers (not shown) indicates that

10G

-196°C

Fig. 1. ESR spectra of the CAT-16 spin label in disoriented DPPC bilayers. The direction of the
ig. 1.

magnetic field increase is from left to right

practically no label molecules are located in the aqueous wrmmw. Such E“Zoi_ .rsm
were observed in the DPPE bilayers (Fig. 2) between 0 oO and the mM,rll _Mcnm
crystal Ls — Lo phase transition amavm;n:aw of @w.m. C (10, H:_‘. .mmmm Mmm
indicate that the partitioning of the CAT-16 spin label .::.o aro. gel 6%. phas o
smaller in phosphatidylethanolamines than in vTOmvr.wn_&ﬁnrornmm._ T %_Bmw\m e
caused by the tightly packed polar region of phosphatidylethanolamine bilaye
12].

nVo,Hmwm MMMMM@W o__umo_..ém in the shapes of spectra sm? the increase of a.maﬂwwwmw”m
indicate changes in the spin label molecular motion. To extract an in o_..ﬁme.
about this motion from the spectra, it is necessary to mx&:mm ga.oom.r.._ A,.= _oM
to the spectra caused by the Heisenberg spin-exchange and %vo._a-mﬁo M.:M mnmw:
tions between unpaired electrons in different label molecules. At intermediate sp

‘label : lipid molar ratios w = 2 : 100+ 6 : 100, these interactions lead to a broad-

ening of the ESR nitrogen hyperfine lines, which increases with the increase o”. w
[1]. As clearly seen from the results in Fig. 3, the width of the ESR central line
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Fig. 2. ESR spectra of the CAT-16 spin label in disoriented DPPE bilayers. The direction of the
magnetic field increase is from left to right
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Fig. 3. The dependence of the width AH (0) of the CAT- 16 spin label ESR central line in
disoriented EYPC bilayers on the CAT-16:EYPC molar ratio

AH(0) increases with the CAT-16 spin label concentration in the EYPC model
:.SEEM::W. This broadening effect is negligible for the CAT-16:EYPC molar ra-
t1o w < 2.3 : 100. Therefore, all experiments described below were performed at
w <1:100.

At low temperatures the motion of spin labels is restricted. The value of the.
nitrogen hyperfine splitting A-196 deduced from the distance of the outer extrema
of the ESR spectra recorded at a liquid nitrogen temperature is equal to the A,,
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Table 1
The values of A3 [mT} for different spin labels in phospholipid bilayers.

EYPC DPPC DPPE
CAT-16 3.54 3.650 . 3.626
5-DSA 3.40 3.410
12-DSA 3.20
13-DSA 3.270
16-DSA 3.24 3.230

value of the nitrogen hyperfine splitting tensor A (1, 2, 13). The values of A;1%
found in our experiments are shown in Table 1. Since the hyperfine splitting is
sensitive to the polarity of the spin label N-oxyl group microenvironment and
increases with the increase of the polarity [13], the values in Table 1 indicate
that the microenvironment of the CAT-16 spin label N — 0 group is more polar
than in the case of m-DSA spin labels. As mentioned in the Introduction, the
positively charged CAT-16 ammonium group interacts with the negatively charged
phospholipid phosphate groups in bilayers. Consequently, the CAT-16 spin label
N — 0 group must be located in the aqueous phase — bilayer interface. The
relatively high A;1%6 found for the CAT-16 spin label as compared to those for
m-DSA spin labels supports this conclusion.

The location of the N — 0 group in the interface region can be tested also
by the spin label — paramagnetic ion Heisenberg spin exchange and dipole —
dipole interactions. It is known from the NMR and diffraction studies {14, 15]
that metal ions and their charged complexes are located in the interface — pos-
itively charged ions interact with the negatively charged lipid phosphate groups
and negatively charged complex ions (e.g. [Fe(CN)g]3~) interact with the positively
charged choline or ethanolamine groups. The CAT-16 spin label — paramagnetic
ion interactions must thus lead to the broadening of ESR spectral lines if the
N — 0 group were located in the interface. In our experiments we have found
that the width of the ESR lines of the CAT-16 spin label in EYPC bilayers in-
creases with the increase of Co?*, Mn?*, Gd3+, or [Fe(CN)g]®~ paramagnetic ion
concentration as expected. No broadening of 16-DSA spin label lines has been ob-
served in the comparable paramagnetic ion concentration range {(up to 0.1 mol/})
as expected for the 16-DSA spin label N — 0 group location in the EYPC bi-
layer hydrophobic region. Noteworthy is the linewidth AH(0) dependence on the
concentration of [Fe(CN)g}3~ ions (Fig. 4). In isotropic aqueous solutions A H(0)

. linearly increases with the increase of [Fe(CN)g]?~ concentration within the same
" concentration range as used in the present study [16, 17]. In the case of CAT-16

spin label in EYPC bilayers A H(0) increases more steeply at lower [Fe(CN)g)3~
concentrations (< 0.01mol/l) than at higher concentrations (> 0.02mol/l). This
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biphasic effect of [Fe(CN)g]3~ might be caused by magnetic interactions of the
CAT-16 spin label with [Fe(CN)¢)*~ ions bound at two different types of sites in
the EYPC bilayers. Oviocm_w, the first type sites would be saturated at lower con-
centrations of [Fe(CN)]3~ ions. As a possible site of the first type of [Fe(CN)s]*~
binding one can suggest the positively charged quaternary ammonium group of the
CAT-16 spin label itself. The second type sites must then be the choline groups
of the EYPC molecules in the bilayer. In conclusion, both the A;19% values and
experiments with paramagnetic ions suggest the CAT-16 spin label N — 0 group
location in the interface region.
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Fig. 4. The dependence of the width AH(0) of the CAT-16 spin label ESR central line in disori-
ented EYPC bilayers on the K3{Fe(CN)g] concentration ¢ - t = 25°C

In the following experiments we studied effects of ionic strength and pH of the
equeous phase on the ESR spectra of the CAT-16 spin label at different temper-
atures. We have found no difference in the distance of the outer extrema 2A5ax
of the ESR triplet for samples prepared with aqueous solutions of different ionic
strength (redistilled water, KCl I = 0.2, KCl I = 0.6, KCl I = 1.0) at tempera-

tures between 0°C and 80°C. However, the Anax was observed to be sensitive to-

the changes in pH (Table 2). We have observed lower values of Amax for EYPC

Table 2
The values of Amaz [mT] for CAT-16 spin label in disoriented EYPC bilayers in different buffers.
A: aceteate buffer, I = 0.05; P: phosphate buffer, I = 0.05; T: TRIS buffer, I = 0.05.

pH buffer t=5°C t=25°C
4.57 A 2.960 2.440
7.10 T 2.890 2.425
7.56 T 2.860 2.370
9.10 T 2.825 2.325
9.17 P 2.930 2.370
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bilayers prepared in the phosphate buffer (pH=9.17, I = 0.05) than in the acetate
buffer (pH=4.57, I = 0.05). Similarly, the Amax values observed in the EYPC
bilayers in the TRIS buffer (I = 0.05) decreased with the increase of the buffer
pH. These findings are rather surprising, because there is no chemical group in the
EYPC bilayers with the pK, value within the used pH range. Furthermore, the
values of Amax in different buffers (phosphate vs. TRIS) are different at compara-
ble pH (9.10+9.17). There is a possibility that organic ions from the buffer solution
interact with charged groups in the bilayer polar region and this is sensed by the
CAT-16 spin label. Such an interaction leading to the acyl chain interdigitation
has been observed in phosphatidylglycerol bilayers [18].

As mentioned above, the ESR spectra of the CAT-16 spin label in lipid bilayers
are axially symmetric (Figs. 1-2). From these spectra as well as from the pro-
posed location of the CAT-16 spin label in the bilayer one may suggest an axially
symmetric rotation of the whole CAT-16 spin label molecule about its long axis.
The CAT-16 spin label N — 0 group orientation with respect to the bilayer di-
rector can be quantitatively characterized by order parameters S;; defined as the
ensemble average over all label molecules ——

Sy = (3cos? ¥; — 1) : 2, 1)

where 9; is the angle between the i-axis of the nitrogen hyperfine splitting ten-
sor A and the bilayer director. The order parameters can be calculated from the
experimental time averaged components of the A and g tensors parallel (ay: A
and perpendicular (g1, Ay) to the bilayer director according to the equations

S11 = [fylgy — 91) + Saa(gwy — 922)] : (2= — 9yy) 2)
Saz = Tﬂ;\:_ l\».r& 1 [Az; — (Azz + Ayy) 1 2] (3)
Sa2 = =511 — 533 (4)
fo = (9zz + gyy + 922) - (291 + 9)) (5)
fa=(Azz +\»§+\»NNVHG>F+\»=V, (6)

where g;; and Ay; are the cartesian principal values of diagonalized g and A tensors,
respectively, and f, and fa are polarity correction factors (see (1, 2, 9] for details
and references).

The principal values of the g and A tensors of the CAT-16 spin label used in
the present paper were those found for the 4-oxo- 2,2,6,6 -tetramethylpiperidine-
N-oxyl spin label [19, 20]:

gzz = 2.0104 Azr =0.52mT
gyy = 2.0074 Ayy =0.52mT (7)
9., = 2.0026 Az, =3.10mT
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The principal values of the g and A tensors of m-DSA spin labels used in the
present paper were those obtained by Lange et al. [21] from computer simulations
of their ESR spectra in oriented phosphatidylcholine bilayers:

9zz = 2.0088 Azz =0.65mT
gyy = 2.0061 A,y =058 mT (8)
22 = 2.0027 \»NN =3.35mT

I

The Ay, A,, g, and g, values can be calculated from the ESR spectra of
spin label in an oriented bilayer recorded at different director orientations v with
respect to the magnetic field

I

Ar)
9(7)

; 9)
gy sin?y + 9 cos? y . (10)

) 1/2
Tww. sin?y + \»m cos? ‘L

using a least-squares method [1, 2, 9]. Fig. 5 demonstrates a typical angular de-

g(y) =.0140

2.0135 +
2.0130 A

2.0125 A

2.0120 T T T T —
0.0 0.2 0.4 0.6 0.8 1.0

sin®(y)

Fig. 5. The angular dependence of the g-factor g(«) for the CAT-16 spin label in oriented EYPC
bilayers. t = 30°C

pendence of g(v) as obtained with oriented EYPC bilayers. The values of order
parameters S33 and Sy, calculated from A(7) and 9(7) data at different temper-
atures are shown in Fig. 6. Relatively small S;; values indicate that the principal
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Fig. 6. The temperature dependence of the order parameters Ss3 (circles, full line) and S,

(squares, dashed line) for the CAT-16 spin label in oriented EYPC bilayers

z-axis of the g and A tensors (which coincides with the N — (0 bond direction) lies
preferentially within the bilayer plane, while the z-axis (oriented along the axis
of the 2pm-orbital of the N — 0 group) is preferentially oriented parallel to the
bilayer director. This suggests a bent-over conformation for the piperidinyl-oxyl
moiety which could leave the positively charged ammonium group near the nega-
tively charged lipid phosphate group and place the N — 0 group closer to the lipid
acyl chain carbonyls. Such a conformation has been proposed also by Ellena et al.
[22]. They found that the CAT-14 spin label enhances the 13C-NMR spin-lattice
relaxation rate at the EYPC acyl OOC-CH; position, indicating that the unpaired
CAT-14 electron is located near this position.

It is well known that the thermotropic phase behaviour of DPPC bilayers in
excess water can be described in the form

Lo 2 Lg 2 Py & Ly, (11)

where the three solid-like phases L¢, Lg:, and Pg have extended acyl chains
predominantly in frans configuration, while the lamellar fluid phase L, has dis-
ordered acyl chains due to trans-gauche isomerization (see [23-27] for details and
references). In the Ly and L¢: phases, the acyl chains are tilted to the bilayer
director, but become perpendicular to the bilayer plane in the P phase; the bi-
layer surface of the Ps phase is rippled [28-32]. The Lg: — Pj phase transition
is called “pretransition”, Pz — L, — “main transition”, and Lo — Lg —
“subtransition”. The subtransition is exclusively slowly reversible upon cooling
compared to the other phase transitions in DPPC. Conversion Lg: — Ler oceurs
only if the DPPC-H,0 system has been annealed at low temperatures for an ex-
tended period of time [33-36]. We have studied the effects of the phase transitions

237



A..O.. [l 1 [l
_ %déﬁgﬂ“ !
&= 3.0 : ;
E L g
ol |
2.0 A [ “ i
= .| ®oes o o
L. i Lg iPy L,
H.O -_ - —. T T |
0 20 40 60 80 100
t [°C]

Fig. 7. The temperature dependence of the outer hyperfine splitting Amax of the CAT-16 spin
label in disoriented DPPC bilayers. Dashed dividing lines separate different DPPC phases. Dif-

ferent symbols ~ results obtained with different samples

on various ESR spectral parameter of the CAT-16 spin label in the disoriented
DPPC bilayers. The temperature dependence of the effective outer sphitting Anax
is shown in Fig. 7. In this dependence two temperature regions (30°C + 32°C and
41°C + 42°C) can be seen where the A, values sharply decrease. The 40°C
+ 42°C temperature region coincides with the main phase transition temperature
observed calorimetrically in the same lot of DPPC at 41.5°C [37). The decrease of
Amax in the temperature region of 30°C = 32°C is probably associated with the
pretransition. This temperature range is somewhat lower than the pretransition
temperature of 35.5°C found calorimetrically in the same lot of DPPC [37). This
is possibly due to the perturbing effect of the CAT-16 spin label on the bilayer,
since the pretransition is known to be particularly sensitive to the presence of
impurities. A similar decrease in the pretransition critical temperature has been
observed in the presence of the cholestane spin label in the bilayer [38]. The sub-
transition is accompanied by the onset of the lipid molecules rotation about their
long axes (see [39] for references). In our previous paper [39] we found that the
Amax value of the cholestane spin label decreases at the subtransition, in con-
trast to the Amax of the CAT-16 spin label in the present study. This is in accord
with the different orientation of the 4 tensor with respect to the bilayer director
of these two different spin labels. The cholestane spin label is oriented with its
long molecular axis preferentially parallel to the bilayer director and thus the z
and z-axes of the A tensor lie preferentially within the bilayer plane [1, 2]. Since
A;, : Azz & 5= 6 for the cholestane spin label, the Anax value of this label is
sensitive to the label rotation about its long axis. As found in experiments with
oriented EYPC bilayers described above, the z- and y-axes of the CAT-16 spin
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Fig. 8. The temperature dependence of the full width at halfheight of the low field ESR extremum

6; of the CAT-16 spin label in disoriented DPPC bilayers. Squares: sample annealed at 0°C for

90 hours, heating scan; circles: heating scan 30 min. after fast recooling from 30°C to 0°C

label A tensor lie preferentially within the bilayer plane, and the z-axis is prefer-
entially parallel to the membrane director, i.e. parallel to the symmetry axis of the
label rotation which starts at the subtransition. Since A,, = A,,, this rotation
cannot affect the observed values of A;.x appreciably. This is why we have not
observed any difference in Amax in the annealed and nonannealed samples. How-
ever, in contrast to the Anay parameter, we have observed small but reproducible
differences in the values of the linewidth parameter & (full width at half-height
of the low-field extremum). As seen in Fig. 8, the value of § of the CAT-16 spin
label in DPPC bilayers annealed for a prolonged period of time are higher than
in the nonannealed bilayers in the temperature range of 0°C = 20°C. The value
of & in the annealed sample decreases with the increase of temperature in the
region of 16°C + 20°C. A similar effect has been observed in the ESR spectra of
the cholestane spin label in DPPC bilayers after annealing [39]. Most probably, a
fraction of the spin label molecules forms clusters in the L. lattice defects during
the annealing of samples at 0°C, and in these clusters the locally increased spin
label concentration causes line broadening due to the Heisenberg spin exchange
and dipole-dipole interactions. At about 16°C + 18°C the lipid and spin label
molecules start to rotate at subtransition and this is accompanied by the lateral
diffusion and dissolution of label molecules in the host lipid lattice. Since the L.
phase does not form in the nonannealed samples, the Lg: phase in these samples
is overcooled below the subtransition temperature and the linewidth parameter §
is not, increased — there is no formation of clusters in the Lg: phase. Above 22°C
the values of §; increase in both the annealed and nonannealed samples and do
not differ within the experimental error. The change in the linewidth parameter §;
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in the annealed sample between 16°C and 18°C correlates well with the subtran.-
sition temperature observed calorimetrically at 17°C = 18°C in DPPC bilayers
annealed and scanned under conditions close to ours [11, 33, 39-43].

In the temperature range of 24°C = 90°C, both the outer and inner effective
nitrogen hyperfine splittings Amax, Amin could be deduced from the ESR spectra of
the CAT-16 spin label in disoriented DPPC bilayers. According to Gaffney E&.

the effective splittings are related to the true splittings in case of axially symm

; etric
motion according to

AL = Amin +0.14[1 — (Amax — Amin) © {422 + (Aes + Ayy) 1 2}], (12)
\r_ = Amax- A“—wv

From these splittings, the isotropic nitrogen hyperfine splitting can be calculated

'

Aiso = ﬁ\w__ +M\w.rv 13 ' AuAv

and compared to the isotropic splitting calculated from the principal values of the

A tensor and corrected for the bilayer polarity effects using the AZI96 value:

'
F

AL’ = At (Aes + Ay + Ay) 34, - (19)

The temperature dependence of A;,, is shown and compared with \r.lhwwm Awo,:m

line) in Fig. 9. At the main phase transition temperature the A;,, falls to a 3:.-
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Fig. 9. The temperature dependence of the isotropic hyperfine splitting A0 of the O>H-~m _J ,WE

label in disoriented DPPC bilayers. Different symbols: calculated from experimental .\»._jsu. “Amin

values obtained with diflerent samples; solid line: calculated from the Aqis® and Ay values
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imum. If the temperature is increased or lowered, the A;,, value increases. With
the increase of temperature above the main phase transition temperature A;,, ap-
proaches continuously the \»mwom value. The sharp decrease of A;,, at the phase
transition temperature could thus indicate fluctuations in the location and/or in
the polarity of microenvironment of the CAT-16 spin label paramagnetic N — 0
group in the bilayer.

A similar temperature dependence of A;s, has been observed for the CAT-
16 spin label in disoriented DPPE bilayers with a broader minimum at about

50 = 55°C (Fig. 10). The thermotropic behaviour of fully hydrated DPPE can be
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Fig. 10. The temperature dependence of the isotropic hyperfine splitting A;., of the CAT-16 spin
label in disoriented DPPE bilayers. Different symbols: calculated from experimental Amax, Amin

values obtained with different samples; solid line: calculated from the AZY% and A;; values

described as
L.t L& Lo = Hyy, (16)

where L. and Lg are the lamellar subgel and gel phase, respectively, both with
extended acyl chains predominantly in {rans configuration. L, and Hy; are the
fluid liquid-crystalline phase with disordered acyl chains due to trens-gauche iso-
merization. The L, phase is a lamellar and Hj; inverted hexagonal phase (see
[45] for references). Unprimed ¢ and 8 in eqn. 16 denote that the acyl chains in
DPPE bilayers are untilted. The Lg — Lo and L, — Hys phase transition have
been observed calorimetrically at 63.8°C [10, 11] and above 115°C [46, 47], re-
spectively. The dashed arrows in eq. 16 indicate uncertainty in the formation of the
subgel phase. Silvius et al. [48] have observed, using calorimetry and Raman spec-
troscopy, that freshly hydrated L — 3, v-dimyristoyl-a- phosphatidylethanolamine
(DMPE) shows a lattice rearrangement without substantial absorption of heat or
an increase in the acyl chain gauche conformers about 15°C below the Lg — L,
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phase transition. They suggested that besides the Lg: L, and Hjy phases, hydrated
phosphatidylethanolamines can adopt a “subgel-like” phase which we denote L. in
analogy to DPPC. The broad minimum of A;,, at 50 = 55°C might coincide with
such a lattice rearrangement in DPPE bilayers indicating changes of the CAT-16
spin label paramagnetic N — 0 group location and/or microenvironment polarity.
With the increase of temperature above 55°C, the A;,, value increases and ap-
proaches continuously the A7;1%¢ value at high temperatures. Small change in A;,,
has been observed also at the Lg — Lo phase transition temperature.

Griffith and Jost [13] suggested a procedure for the calculation of the Ss3 order
parameter from those ESR spectra where only the Apa, value is available: First, it
is supposed that \»mwom = Ajiso, then Aj is calculated from A,y and AL1% using
eqns. 12-14 and the principal values of the A tensor, and, finally, Sa3 is calculated
using eqns. 3 and 6. Obviously, this approach can be used for the CAT-16 spin
label in DPPC and DPPE bilayers only at the high temperature limit, where A,
obtained from the measured Amax and Ami, values is close to the value of \r.l«wwm.
Therefore, the S33 order parameter of the CAT-16 spin label in disoriented DPPC
and DPPE bilayers has been calculated from experimental Apa., and A, values
using eqns. 3, 6, 12, 13 and principal components of the A tensor in eqn. 7. The

temperature dependence is shown in Figs. 11, 12. In the DPPC bilayers, the Sas
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Fig. 11. The temperature dependence of the order parameter S33 of the CAT-16 spin label
in disoriented DPPC bilayers. Dashed dividing lines separate different DPPC phases. Different

symbols - results obtained with different samples

decreases sharply at the Ps; — L, main phase transition. A rather small change
in Ss33 at 30°C = 32°C suggests that the drop in the Apna., value seen in Fig. 7
at the pretransition is caused probably by the microenvironment polarity effects
and not by the orientational and/or motional eflects. In the DPPE bilayers, the
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S33 value of the CAT-16 spin label shows distinct changes at both the Lg — L,
main phase transition and the supposed L. — Lg subtransition.
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Fig. 12. The temperature dependence of the order parameter S33 of the CAT-16 spin label
in disoriented DPPE bilayers. Dashed dividing lines separate different DPPE phases. Different
symbols — results obtained with different samples

The results of our present study clearly demonstrate that the CAT-16 spin label
is suitable for detection of structural and dynamical changes in the lipid bilayer
polar region. Its ESR spectral parameters are sensitive to the phase transitions in
lipid bilayers. These parameters support the evidence from the Raman studies for
the existence of subtransition in hydrated DPPE bilayers.
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MPOBEPKA IIOJIAPHOM OBJIACTU MEMBEPAHELI
C ﬁ-A2-ﬂHXO>H~HH~S&.ﬁS§HHSﬁ>gOESVQ\C-N,N,Pm-
TETPAMETWJINIUNEPNIVHUJI-OKCUJI BEPOMA
C MEYEHBIM CIIMHOM

DCP cnekTpnl A-Az-nmxombonsa‘&azs::wzomswzv-m_w.m.@-amevwzmasans-
NEepUAMHNI-OKCUN GpoMa (CAT-16) ¢ MEUYEHKIM CIMHOM B OPMEHTUPOBAHHEIX
Y HEODNEHTMPOBAHHBIX ABYXCAOMHBIX 06pa3naX MOArOTOBIEHHX M3 AWYHOLO
eJTKa pochaTanixonnta (EYPC), L-B, - nMNIanMUTOUII-a- HoCHATHAMIX OTMHA,
(DPPC), nnu L-f, - IMNaIMUTOMI-a-GoCchHaTHANII-9TaHO TAMUH (DPPE) oka3niBa-
IOTCA 0CeBO-CMMMeTpUUHEIMK. [lapaMaruuTHas rpynma N — 0 CAT-16 pasme-
L1€HA HA CThIKe BOALI M ABOMHOTO CJI0A, KaK NOKa3LIBAET CIIMHOBLIN 06Men [efi-
3eHbepra ¥ JMION-IUIIOJHOE yIIMPEHUE, KOTOPOE HABENEHO napaMarHUTHEIMHM
HoHaMu Co?t, Mn?+, Ga*+, u [Fe(CN)s]*~"TlapaMeTpu NOpAAKaA Si; YCpeAHEeHUA
OCP pacuurans u3 CNIeKTpoB CAT-16 B OpPMEHTHUPOBAHHOM EYPC ABYXCJIOMH,
IOKa3LIBAalOT Ha Npeo6afalomyio OpUeHTAuMIo CAT-16 N — 0 HalpaBJeHUA U
2pT OpOUTANBHON OCH MEPHEHANKYJIAPHO U MAapalaibHO COOTBETCTBEHHO, OT-
HOCHUTENbHO AByXciolfHoro o6pasua.
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