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SUMMARY

Pure and mixed monomolecular films of a cefl membrane spin label probe,
12-nitroxide stearic acid have been studied where myristic acid was selected as the
host lipid. The behavior of 12-nitroxide steasic acid at the air water interface is under-
stood in terms of two molecular configurations: erect (with only the carboxyl group
in the interface) and beat (with both the carboxyl group and the oxazofidine ring in
the interface). In mixed filras both of these conformations play a role at high surface
pressures. At low probe concentrations, 12-nitroxide stearic acid is pnmar 1y in an
erect conformation, while at hlgh prob: concenlratlons the reverse is true. This
particular host lipid app b of g the probz molecule with only small
concentrations of muyristic acid, In a condensed host lipid, the probz is partially
immiscible, and segregates to form a h:terogencous film from which it is readily
coliapsed. The probe is seen to perturb the molecular packing in this mixed system
and the perturbation to be dependent on both the molecutar shape and natuse of the
probe.

INTRODUCTION

The selection of a mixed monomolecular film as a model membrane system
for the study of the behavior of spin-labzlled molecule has some obvious disadvin-
tages as well as advantages. Thus, cven though the energetics of a monolayer and
bilayer are quite similar {1], they are not 1dcntlcﬂl {2]). Perhaps more important,
typical ESR spectra are obtained with a liposome or membrane host lipid : probe
molar ratio of > 100 : 1 while changes in the monolayer properties (surface pressure;
surface potential; or surface shear viscosity [3]) are difficult to detect above concen-
trations of 50 : 1. On the positive side, h , this latter problem may be partially
circumvented by assuming that bzhavior in the 40 to 30 ; 1 range can be considered
near ideal and extrapofated to the -ation which the probe “sees”. Ia addition,
the monolayer provides clear information concerning molecular packing a1d orienta-
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tion, not only under membrane-like conditions, but also ander more extr:me situa-
tions.

The selection of myristic acid as the “host” lipid for the probc under considera-
tion (12-nitroxide stearic acid) was based on several important considerations, At
21 °C the surface pressure-area/molecule isotherm is fully (liguid) expanded to ap-
proximately 17 dynesfcm and is not fully condensed until 20 dvnes/cm. This means
that the system can provide expanded and condensed physical staies ander me mbrane-
like conditions. Prewously we reported that l2-mtroxxd= stearic acid aopeared par-
tially immiscible in a condensed state [4], and it sccmed worthwhile to conirm this
situation. In addition behavior in mixed monolayers, in the absence of specific inter-
actions, was theught to be primarily dictated by the physical state of the conponent
amphipathic lipids and not by the precise molecular structure that leads to that
state {5]. It, therefore, scemed wise to select a host lipid, as like the probe molzcule
as possible, which under experimental conditions, was primarily in the expanded
state. Myristic acid seemed an obvious choice. Tn Part 11 of thi- series of papers we
will show that specific mtmumons do, in fact, appear to occur hetween 12.nizroxide
stensic acid and dipalmitoyl phosph holine and an under ding of the siraple
12-nitroxide stearic acid-myristic acid system facilitates a better understanding of the
probe-dipalmitoyl phosphatidylcholine specific interactions, Previously, we have
presented data on this system at low probe concentrations [4, 6], we now report rfata
for the complete system.

EXPERIMENTAL AND RESULTS

The 12-nitroxide stearic acid was a gift of Dr. J, D. Morrisett of the John
Baylor College of Medicine, Houston, Texas. The sample was further purified by
preparative thin-layer chromatography using an extra-pure silica gel, until a single
saot was obtained under all developing conditions. The myristic acid, nominally
99--% pure, was purchased from Applied Sci and was used, as received. Thz water
used as a substrate was doubly distilled from glass, the first time from alkaline per-
manganate. It was then distilled two more times from quartz. Surfase areas were
usually reproducible from film, to film within -£0.5 A%/molecule, except for the pure
§2-nitroxide stearc acid at very low surface pressures whete the variation was soine-
what greater. Surface potentizls were reproducible within 110 mY. The cotre-
sponding values for compression of a single film were 0.1 A%/molecule and 1V
respectively. The isotherms (swrface pressure vs. area/molecule) and corresponding
surface potential plots are shown in Fig, 1.

Previously the isotherms, but not surface potential data, for low probe concen-
tration films were published, In the preliminary report [6], some of the low probe
concentration mixed film data were incorrectly evaluated resulting in slight changes in
the isothsrms (but significant changes in the mean molecular area plots). For this
rez:on we present a complete set of data here for the entire compositional range.
The isotherm data are represented in Fig. 3 as mean molecular areas as a function of
film composition. The surface p ials are also p d as surface dipoles (i)
in Fig. 2, thus eliminating the effect of changing area/molecule.

The myristic acid isotherm in Fig. 1 shows not only the usual liquid expanded-
liquid condensed phase changs at approximately 17 dynesfem but also 2 second,
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Fig. 1. Film characteristics af the myristic acnd-lbmlrwude stearic acid a¢ 20.8 °C. The upper sei of
curves are the surface asa of ‘The Jower set illustrates the surfacs
p alsoasa ion of the fmolecule. The curves were continuously recorded, the symbols
are used only to designate the film composition. The broken Jines indicate metastable regions or film
colfapse, 12.NSA, 12-nitroxide stearic acid,
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Fig. 2. Surface dipole (1) as a functior: of Imolecule for the mysistic acid-12-nitroxide
stearic acid mixed film system at 20.8 °C. The curves were continuously recorded, symbols are used
only 1o desi filry a5 mol % 12 de stearic acid. Broken lines in-

dicate metastable regions or film collapse, §2-NSA, 12-nitroxide stearic acid,
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Fig. 3. Mean molecular arczs as a function of film ition and surface for the system

myristic acid-12-nitroxide stearic acid at 20,8 °C, Sofid lmes indicate behaviors for ideal mixing or non-
miscibility. Broken lines indicate actual behavior. Surface pressure are indicated both by the symbols
indicated and by the number locaied close fo each plot The right hand oF dmaw Tepresents area/
moleeule in A* (displaced from left hand ordi issa, film as mol ¥,
12-nitroxide stearic acid, 12-MSA, 12-nitroxide stearic acid.

though less evident, phase changs at low areas/molecule reflecting a ch: ,mthe
close-picking of the alkane chains. As the probe concentration of the film is in-
creased, the film undergoes an expansion and phasc change shift, which is similar,
but not identical, to that produced by raising the temp {7] The bl
between the probe impurity effect and that of t is most evident at low
probe concentrations (approx. 3 mol % 12-nitroxide stearic acid) but even here,
differences ave:evident. Thus, at this concentration, a significant increase in the film
collapse pressure is detectable and the collapse pressure appears toreacha max:mum
at about 9 mot % 12-nitroxide stearic acid. In contrast, the

slightly with increasing temperatuce, It should be noted that ‘the collapse pressure




14

variation indicates that the two components are at least partially miscible in the
condensed state.

At concentrations between 9 and 50 mol 9, the film isotherm dramaticaily
changes from that of myristic acid, Thus at a 24 mol 9, concentration the collapse
pressure has shifted to low pressures well below that of the pure myristic acid effective-
ly eliminating the condensed porticn of the isotherm. Moreover, the physical state of
the film is difficult 7o define in that all films with lower probe concentrations are
cleatly liquid expanded at lower pressures and all films with higher probe concentra-
tions are gaseous expanded. The 24 mot 9 film falls into an intermediate category,
though there are indications of “lift-off”” [3] from both surface pressure and potential
data, suggesting that the film is probably best designated as liquid expanded

By the time the molecular composition of the film attains a 50 mol % coniposi-
tion, its behavior is clearly dominated by the probe molecule. The film is gaseous
expanded, it shows a barely detectable inflection (at about 17 dynes/em) and has a
near liquid collapse phase: all features of 12-nitroxide stearic acid at about 21 °C.
It would appear that during collapse some film loss and segregation occurs as indicated
by the sudden change in compressibility at 14 A%/molecule deposited. As the film
conccntrauon xs changed to that of the pure prob° molecule, the collapse pressure is

d, the i E more prc d and the film expansion at low pres-
sures is increased,

The surface potentials (Fig. 1) show a similar pattern to the isotherms, The
vertical region of the susface potential for the pure myristic acid film (as well as for
the 3.3 and 9.4 mol %, 12-nitroxide stearic acid films) represents the 2-phase liquid
expanded-gaseous region. The subsequent break which appears for these low probe
concentration films, reﬂects the liquid expand ‘-llqu:d densed phase change.
For the 23.8 mol ¥ film, h i yond this transition resuits in a
slight negatlve slope suggesting that some fitm loss may be taking place and that
this region has begun to resernble the collapse region for 12-nitcxide stearic acid.
The 48,4 mol 2, film, having an almost 1 : 1 molar ratio position is clearly g
expanded, shows an inflsction and has a distinctly negative slope beyond the break
until about 14 A%/molecule when a small vertical region is seen. It is interesting to
observe that, as the composition is changed to that of pure 12-nitroxide stearic acid,
this metastable collapse region a decreasingly negative slope, untii for 12-
nitroxide stearic acid it is almost horizontal, This slopz change indicates a shift from a
solid to a more liquid-like collapse phase [3] with increasing 12-nitroxide stearic acid
film content. The small veriical region for the 48.4 % film at 14 A*/molecule suggests
that during collapse 12-nitroxide stearic acid is preferentially Jost, resulting in a higher
myristic acid content (and enhanced stability) for the last vestage of film to be col-
lapsed. The collapse phases of the 73.7, 90.0 and 1009, 12-nitroxide stearic acid
filnrs could similarly be taken to lower areas/molccule, however, compression was
stoppzd at the points indicated. The surface potential data are also represented in
Fig. 2 as a function of the vertical component of the surface dipoles [3] p,: where
py == A~ AV{12n is the dipole moment in millidebye, 4V is the surface potential in
millivolts and A the area in A*/molecule. For 12-nitroxide stearic acid the inflection
in thz isotherm occurs at approxnmatcly 70 A%/molecule, but in the surface potential
plot the primary change in slopz occurs at 90 A%/molecule (Fig. 1). In the susface
dipole plot (Fig. 2) a near linear rate of decrease is attained at 90 A%/molecule and
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remains constant until collapse occurs. The decrease in the surface dipole moment is
continuous and shows no dramatic shift, As the 12-nitroxide stearic acid content of
the mixed films decreases, 2 maximum appears in the g, plot (73.7 %). Ultimately
the u, plot exhibits & more normal i with d ing area/molecule over
almost the entire compressional fange.

The isotherms arc also represented in Fig. 3 as mean molecular area vs.
composition plots. At low pressures the plots dmatc llttle from: linearity, however

at pressures as .ow as 7 dynes/em an i deviation from linearity
oceurs at high probe concentratmns This trend wupled with slight positive deviations
(at low probe trations) i and i up to approximately 16 dyaes/

em. Beyond this point the positive deviations (low probs concentrations) increase,
while the negative deviations (high probz concentrations) decrease. Above 18 dynes/cm,
pure 12-nitroxide stearic acid has collapsed and the compositional range of the mean
molecular area plot is diminished. As the surface pressure exi mined is raised, the
compositional range continues to diminish, untif at 30 dynesfcm it is limited to probs
concentrations bzlow9 %,

DISCUSSION

s

In order to understand the bzhavior of 12-nitroxide stearic acid in mixed films
it is essential to understand the film bzhavior of pure [2-nitroxide stearic acid, We
have previously explained the isotherm in terms of a gaseous film at high areas/

lecule and low 1 with both polar groups in the air-water interface. Com-
pression results in the molecule assuming a bant conformation and eventually the
forcing of the weaker polar group (the oxazolidine ring) out of the interface. This
latter event was cited as an explanation of the inflection which oc:urs a¢ approximately
70 A% /molecule [4]. Finally, the short condensed region was takan to represent a
close-packed erect film of 12-nitroxide stearic acid motecules.

Comparison of the isotherm of 12-nitroxide stearic acid with that obtained for
p-estradiol diacetate (also a bipolar amphipathic molecule) reveals that the latter
molecule exhibits a sharp break rather than an inflection, when the molecule is forced
from a horizontal conformation (with both polar groups in the interface) to a vertical
conformation (with only one) [8]. The surface potential data for f-estradiol diacetate
also show a sharp break and surface dipole data a 50 % decrease on removal of one of
the polar group: {8]. For 12-nitroxide stearic acid the corresponding changes are a
slight change in slope in the surface potential (Fig. 1) and a steady decrease in the
surface dipole (Fig. 2). The data would seem to support a gradual change from a bent
to an erect conformation for 12-nitroxide stearic acid.

Further evidence supporting this tusion has been p ted elsewhere in
the extraordinary temps, depend of films of 12-nitroxide stearic acid where,
over at least a 40 °C temperature range, the films cond with in ing -
ture [9). In order to explain such behavior it is necessary to postulate that the bent
and erect conformations can jointly coexist over 2 wide compressional range, though
obviously the bent conformation predominates at high areafmolecule and the erect
conformation at low areas/molecule.

We now turn to considerations of the mixed films and, in particular, to the
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interpretation of the mean molecular area data ilfustrated in Fig. 3. When such data
show a lincar relationship at all ions, i.e.

Ap = 134 242

where A, = molecular area for a mixed monolayer, 4,, 4, = Areas occupied/

lecute of pure p 1 and 2 respectively; and y,, ¥z = mol fractions of
components 1 and 2, we may assume cu:her ideal or nonmixing of the two components,
Deviations from this linear relati dicate non-ideal behavior and miscibility,

It should also bz noted that such plots display the accommodation (positive or
negative) of the probz by the system following probz insertion.

At low pressures the mean molecular area plots show essentially straight fine
refationships which at these low pressures (< 4 dynm/cm) and high areas (> 100 A%/
molecule) are bzit taken as indicating near ideal mixing behavior, As the pressure is
raised, however, a negative deviation appzars at high (approx. 90 mol 2} 12-nitroxide

stearic acid) probe ions for surface p ranging from approximately
7-17 dynesfem, Comparison with !he ongmal lsothcrms in Fig. 1 reveals an excellent
correspond tet the ions of Fig. 3 and the existence of a bent

conformation for lz-mtroxldc stearic acid. Thus, the negative deviations reach 2
maximum at 16 dynes/cm when the pure 12-nitroxide stearic acid isotherm is passing
through the inflection, but cease when the condensed region of the isotherm is reached
at approximately 19 dynesfcm. On this basis we interpret the negative deviations at
high probz concentrations as arising through the erection of 12-nitroxide stearic acid
from the bant to the erect conformation. The fact that only small amounts of myristic
acid are required to bring about this erection suggests that at low probe concentrations
12-nitroxide stearic acid is almosr. sutirely in the erect conformation in this pasticular
system,

Thz model membrane system becomes parsticularly interesting as relevant
concentrations and surface pressures approach those thought to exist under membrane
like conditiors [1]. At 16 dynes/cm (Fig. 3) both the actual (broken line) and the ideal
(solid line) behavior are depicted. Small positive deviations are evident over most of
the concentration range with large negative deviations at high probe concentrations.
These positive deviations are pzrhaps better understood if we assume that at point C
in Fig. 3 the ercction of 12-nitroxide stearic acid is complete. A line joining AC ¢an bs
approximated as representing ideal behavior in a mixed monomolecular film where the
two components are myristic acid and crect 12-nitroxide stearic acid. When this is

done, we can see that the positive deviations from ideality b quite large. The
point becomss clearer as we proceed to higher pressurcs. Thus at 17 and 18 dynesfem
the positive deviati b more § d and the negati iations dis-

appear as the pure 12-nitroxide stcaﬂc acid isotherm attains its short condensed
region.

At low probe concentrations, the mixed film behavior is dominated by that of
myristic acid and, b 18 and 19 dynes/cm, the delay of its phase change produces
a small sharp change in slope in the mean solecula area plot. Above this pressure the
increase disappears and the daia indicate a shift to either ideality or non-miszibility
with increasing surface prossure (21-32 dynesfem). This observation confirms cur
previous conclusion that when the host lipid is in a condensed state, most of the probz
molecules will bz squeezed out,
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Above approximately 19 dynes/em, we no Ionger have data for pure 12-
nitroxide stearic acid and, therefore have difficulty in placmg the line reprcscntmg
ideal behavior. A table procedure would be to p the condensed region
of the pure 12-nitroxide steanc acid isotherm to higher pressures to obtain the area/
molecule in mixed films (i.e., to assime that the compressibility of 12-nitroxide
stearic acid remains essentially at the '/alue obtained in the 18-19 dynes/cm region).
This gives us th ical values of b 38 and 28 A?/12-nitroxide stearic acid mole~
cule as the surface pressure is raised from 21 to 32 dynes/cm. Indeed, the data at
21 dynes/cm do appear to approach a limit of approximately 33 A?/12-nitroxide
stearic acid molecule. However, the data at 26 dynesfem, particularly the point
nominally at 48.4 mol % 12-nitrexide stearic acid, would fall below a line drawn to
28 A?/12-nitroxide stearic acid molecule and would seem to better approximate to the
zero area value for 12-nitroxide stearic acid. All the 32 dynes/cm data (three points)
clearly extrapolate to a zzro arez value for 12-nitroxide stearic acid. We, therefore,
conclude that significant amounts of 12-nitroxide stearic acid are lost from the film on
compression at 26 dynes/cm and that the bulk of the 12-nitroxide stearic acid is lost at
32 dynes/cm. The isotherm shap-s at these pressures (Fig. 1) indicate that the most
likely mechanism for this loss is lateral diffusion followed by collapse of ihe 12-
nitroxide stearic acid from the 12-nitroxide stearic acid rich phase.

EBiclogical implications

Using the study ofa monolaver modef membrane system, we have been able
to rate three i g asp of the use of a cell membrane spin-label
probe (12-nitroxide stearic acid). First of all, the probe clearly parturbs its own
environment as indicated by the host lipid phase-change shift. The magnitude of this
perturbation may bz approximated by comparing the effects of increasing temperature
{7] and increasing; probz content (Fig. 1). The rrocedure we have adopted has been to
observe the perturbation at low probz concentrations where most probe molecules
are surrounded by host lipids (approx. 3 mol %, 12-nitroxide stearic acid) and to
extrapolate that effect to the concentration the probz “sees”. One approximation to
this concentration would bz to consider only nearest neighbours or 2 molar ratio of
host lipid to prob: of 6 : 1. Tt is clear however that such probes can detect cooperative
motion in lipids and henee can “sec” bzyond nearest neighbour interactions. Kizeman
and McConnell have di dsuchregions of d ing perturbation in the formation
of “halos” {10]. Unfortunately, the precise way in which this effect falls off is not
known though similar calculations [11] suggest that it will b2 rapid ard that an
equivalent molar ratio of bztween 12 : 1 and 15 : 1 might be realistic. On this basis we
find for this system a net pzrturbation equivalent to a tzmperature increase of 2-4 °C.

The positive deviations in the mean molecular ¢rea plots, particularly evident
when idering an erect 12-nitroxide stearic acid motecule, indicate that there is 2
negative accommodation of the probz in the system following its insertion. Thus after
the initia! parturiation due to a differing shaps of the probes molecule, there is a
further perturbation presumably due to its polar natuze [12}.

The second interesting aspzct is the ability of 12 -nitroxide stearic arid to adopt
a bent conformation at the air-water interface, In mis d films only small amounts of
myristic acid are required to erect the probz molecule. it would seem likely that under
membrane like conditions only a small fraction of the 12-nitroxide steariv acid could

q
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be in the bent conformation, However, it should be made quitc clear that this observa-
tion is made for this particular probe and this particular host lipid, Data to be pre-
sented in a successive paper {13] will make it clear, that while such a conformation
probably still plays only a minor role, with 12-nitroxide stearic acid in a lecithin,
it should no longer be considered negligible. It would be reasonable to suggest that
the 1 of a bant conformation for 12-nitroxice stearic acid would give rise,
in part, to the “liquid line” seen in many ESR spzcira [14], This cannot however be
established since Butler et al, [15), have convincingly demonstrated that the primary
cause of such liquid lines are freely rotating probes molecules in solution. It should
also be noted that the stability of such a bent conformation is clearly a function of the
location of the oxazolidine ring on the hydrocarbon chain [16].

Finally, we have once again observed evidence which indicates partial immis-
cibility of this probz in a lipid condensed state and it would seem that when the host
Tipid is fully condensed only a few probe molecules can remain. This corresponds well
with the report of Hubbell and McConnell [17] that probe concentrations of 12-
nitroxide stearic acid in condensed bilayers cannot exceed a molar ratio (host : probe)
of 100: 1,
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