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SUMMARY 

Pure and miy~d monomolecular films of u cell membrane spin label probe, 
12-nitroxide stearic acid have been studied where myristic acid was selected as the 
host lipid. The behavior of 12-nitroxlde stearic acld at the air water interface is under- 
stood in terms of two molecular configurations: erect (with only the carboxyl group 
in the interface) and bent (with both the carboxyl ~'oup and the oxazolldine ring in 
the interface). In mixed filets both of these conformations play a role at high ~urfa~ 
prl.'ssares. At low probe concentrations, 12-nitroxide stearic acid is primar!ly in an 
erect conformation,  while at high probJ~' concentrations the reverse is true. This 
particular host lipid appears capable of erecting the probe molecule with only small 
concentrations of myristic acid. In a ccndensed host lipid, the probe is partially 
immiscible, and segregates to form a h, rterogencous film from which it is re~Jly 
collapsed, The probe is seen to perturb '~he molecular packing in this mixed system 
and the perturbation to be del~ndent on both the molecular shape and nature of~he 
probe. 

INTRODUCTION 

The selection of a mixed monomolecular film as a model membrane system 
for the study of  the behavior of spin-labehed molecule has some obviou.~ disadv~m- 
rages as well as edvantager,. Thus, even though the cnergetics of a men,layer and 
bilay~'r are quite similar [I], they are not identical [2]. Perhaps more important, 
typical ESR spectr~ are obtained with a liposome or membrane host li~d : probe 
mola~ ratio of  ~> 100 : I while ehanges in the monulayer prop~rtles (surfaceprossure; 
surface potemlal; or surface shear viscosity [3]) are difficult to detect above con~n- 
tratloos of 50 : I. On the positive side, however, this latter problem may he partially 
circumvented by assuming that behavior in the 40 to 30 : 1 range can he considered 
near ideal and extrapolated to the concentration which the probe "sees". h additi(m, 
the monolayer provides cJcar information concerning molecular packing a~d orlenta- 
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tion, not only under membrane-llke conditions, but also under more extr::me situa- 
tions. 

Tim selection of myrlstie acid as the "host" lipid for the probe under teas/dura- 
tion (12-nitroxi~2e stearic acid) was based on several import;rot considerations. At 
21 °C the surfal~e pressure.area/molecule isotherm is fully (liquid) expami~ to ap- 
proxi~.mtely 17 dynes/cm and Js not fully condensed until 20 dynes/cm. This means 
that the system ,:an provide expanded and condensed physical st~,.ies under me mbrune- 
like conditions. Previously we reported that 12.nitroxide stearic acid appeared par- 
tinily immiscible in u condensed ~tate [4], and it seemed wo~b;~thile to con:~rm tl~s 
situation. In addition brhavior in mixed monoluyers, in the absence of.q.'ceific inter- 
actions, was thought to be plimafily dictated by the physical state of the cot~lponent 
amphipathic lipids and no*: by the precise molecular structure that leads to that 
state [SJ. It, therefore, seemed wise to select a host lipid, as like the probe ~oleeale 
as possible, which under experimental conditions, was primarily in the expanded 
state. Myristie acid seemed au obvious choice. In Part II of thi. <~ series of papers we 
will show that specific interactions do, in fact, appear to occur ~tween 12-nL:roxide 
staexic acid and dipalmitoyl phosphatJdylcholine and an understanding of  the simple 
12-nitroxMe steuric acJd-myrJstic acid system facilitates a better understanding ef  the 
probe-dipalmJtoyl phosphatidylchofine specific interaedons. Previously, we I~ave 
presented data on this system at low probe concentrations [4, 6], we new report data 
for the complete system. 

EXPERIMENTAL AND RESULTS 

The 12-nJtroxlde staaric acid was a gift of Dr. l, D. Morrisett of the lohn 
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 
s~ot was obtained under all developing conditions. The myristic acid, nominally 
9 9 + ~  pure, was purchased from Applied Science and was used as received. The water 
used as a substrate was doubly distilled from glass, the fir,at time from alkaline pm'- 
manganate. It was then distilled two more times from quartz. Surface areas were 
usually reproducible from film. to film within 4-0.5 A2/molecule, except for the pure 
12-nitroxide steure acid at very low surface pressures where the variation was some- 
what greater. Surface potentials were reproducible within :i:10mV. The corre- 
sponding values for compression of a single film were 0.19k2/molceule and I r, lV 
respectively. The isotherm (surface pressure vs. area/molceale) and corresponding 
surface potential plots are shown in Fig. 1. 

Previously the isotherms, but not surface potential data, for low probe concen- 
tration filtas were published. I'n the preliminary report [6], some of the low probe 
concentration mixed film data were ir~correct|y evaluated resulting in slight changes in 
the isotherms (but significant changes in the mean molecular area plots). For thJs 
re~on we present a complete set of data here for the entire compositional rangt~. 
The isotherm data are represcotad in Fig. 3 as mean molecular areas as a function of 
film composition. The surface potentials arc also presented as surface dipoles (pj.) 
in F~g. 2, thus eliminating the effect of  changing urea/me!scale. 

The myristic acid isotherm in Fig. 1 shows not only the usual liquid expanded. 
liquid condensed phase change at approximately 17 dynes/era but also a second, 
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Fi~, I.  FJfm ¢hara¢~¢J'islics Of I I~ myrJsti¢ acid- f Z-,it rox~da sCearJ¢ a~id at 20,b ~C. TI~ upper ~et o~' 
¢urs'es arc the $urrx~ potentials as x funcllon of  area/molecule. The lower x [  illo.,~rat. |he s u r ~  
prns~urc also as a runcllon or  ~h~ e.rea/molecule. The curves were cont |nuomly re.corded, the symbol!~ 
are uemd only to desil~n~le tl~e film composition. The broken l ln~  indE:ale met~|abl¢ rel~ion~ or film 
¢ollagse. 12oNSA, 12.-nitroxide sfesri¢ acid. 

,61 o-  o,o ~ 

]Fig. 2. Surl'ac¢ dipole (mmnen~ (#j.) em e~ (unel/osz of  m'eeh'nolecul¢ for I1~ myri~ti~ ~.id.|2.-nJdro~ide 
slearic e.cid mixed fiJm ~y~tem at 20.8 °C, Tile curv~ were con/Jnoomly r~.orded, symbols Me u~d 
only |o d~SJBI~I~ film ~omposJllon expr¢~d as tool% 12-nilroxid~ sm~i¢ acid, Vrok,,,'n l i f ts In- 
dicate metasfable reRlons or film ¢oll~.pe, I2.-NSt~, 12-nilroxide slear~ ~Jd, 
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N ~  3, Mean mol~u]~r ~r¢~ ~ a function o£film composioon and surfi~¢e pressure for the System 
myrJsli~ acldol2.nJiroxld~ stcarJ¢ acid at 20,8 °C, Solid lines indicate behavior for ideal mixina or non- 
miscibility. Broken lines JndJcal¢ aerial bebavinr. $uff,~¢¢ pressure arc indict.ted both by the symbols 
indicatcrl end by the numl~r located close to each plot. The rJzht hand o~dJnate represents asca/ 
molecule in ,1~2 (displaced from left h•nd ,C)rdinaw). Ab6cissl. film composition expressed as moi % 
12-nitroxid¢ e~ur/c w.'Jd. 12-I',[$A, 12.-ni~roxido steari¢ Mid. 

though less evideet, phase change at low areas/molecule rcJlecting a change in the 
close.pxkirJg of the alkane chains. As the probe concentratlm~ of the film is in- 
creased, the film tuldergo¢~ an expansion and phase clumge shift, which is similar, 
but not identical, to that produced by raising the temperature [7]. The resemblance 
between the probe impurity effect and that of temperature is most evident at low 
probe concentrations (approx. 3 tool % 12-nltroxide stearic acid) but even here, 
differences are evident. Thus, at this concentration, a significant increase in the film 
colla/ne pre~ure is detectable and the collapse pressure appears to reach a maximum 
at about 9 reel ~o 12-nitroxlde stearic acid. In contrast, the collapse pressure decreases 
slightly with ~ncreasing temperatttre, It should he noted that the collapse pressure 



ta 

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

At concentrations between 9 and :;0mol ~ ,  the film isotherm dramatically 
changes from that of  myrisfic acid, Thus at  a 2 4 m o 1 ~  concentration the collapse 
pressure has shifwxl to low pressures well below that of  the pure myristic acid effective- 
ly eliminating the condensed portion of  the isotherm. Moreover, the physical state of 
the film is diJficult ~o define in that all films with lower probe concentrations are 
clearly liquid expanded at lower pressures and all films with higher probe concentra- 
tions are gaseous expanded, The 24 mol ~ film falls ~nto an intermediate category, 
though there are indications of "lift-off" [3] from both surface pressure and potential 
data, suggesting that the fihn is probably best designated as liquid expanded. 

By the time the molecular composition of  the film attains a 50 tool ~o composl- 
lion, its behavior is clearly dominated by the probe molecule. The film is gaseous 
expanded, it shows a barely deteet~ble inflection (at about 17 dynes/era) and has a 
near liquid collapse phase: all features of  12-nitroxide stearl¢ acid at about 21 oC. 
it would appear that during collapse some film loss and segregation occurs us indicated 
by the sudden chan,~ in compressibility at 14AZ/molecule deposited. As the film 
concentration is changed to that of  the pure probe molecule, the collapse pressure Js 
lowered, the inflection becomes more pronounced and t~e film expansion at  low pres- 
sures is incrcased, 

The surface potentials (Fig. I) show a. similar pattern to the isotherms, The 
vertical teflon of the surface potential for the pure myrisfic acid film (as well as for 
the 3.3 and 9.4 mui % 12-nltroxlde stearic acid films) represents the 2~phuse liquid 
expanded-geseous region. The subsequent break which appears for the~ low probe 
concentration films, reflects the liquid expanded-liquid condensed pl'ase change. 
For  the 23.8 tool % film, however, compression beyond this transition results in a 
slight negative slope snfgestirtg that some film loss may be taking p|aea and that 
this region has begun to resemble the collapse region for 12-nltre~ide stearin acid. 
The 48,4 tool % film, having an almost I : 1 molar ratio composition is clearly gaseous 
expanded, shows an infection and has a distinctly negative slope beyond the break 
until about 14A2/molecnle when a small vertical region is seen. It is interesting to 
observe that, as the, composition is changed to that of pure 12-nitroxide stearin acid, 
this mctastablc collapse region assumes a decreasingly negative slope, until for I2- 
nitroxlde stearic acid it is almost horizontal. This slope change indicates a shift from a 
solid to a more llquid-llke collapse phase [3] with increasing 12-nitroxlde stearic acid 
film content. The s~all vertical region for the 48,4 % film at  14 A2/moleeale sugge~;ts 
teat  during collapse 12-nitroxide stearic acid is preferentially lost, resulting in a higher 
myristic acid conte~t (and enhanced stability) for the last restage of film to be :ol- 
lapsc~. The collap,oe phases of  the 73.7, 90.0 and 100% 12-nitroxide steasi¢ acid 
flit.is could similarly be taken to lower areas/molecule, however, compression w.~s 
stopped at  the points indicated. The surface potential d a ~  are also represented in 
Fig, 2 as a function of the vertical component of  the surface dipoles [3] #j :  where 
t~j~ == d "  ,~V/12~ is the dipole moment in millJdebye, AV is the surface potential in 
millivolts and .4 the area in A2/molceuie. For 12-nJtroxide stearic acid the inflection 
in the isotherm occurs at  approximately 70 AZ/molecule, but in the surface potential 
plot ~he primary change in slop: occurs at  90A:/molecule (Fig. i). In the surface 
dipole plot (Fig, 2) a near linear rate of decrease is attained at  90 AZ/moleeule and 



remains constant until collapse occurs. The decrease in the surface dipole moment is 
continuum and shows no dramatic shift. As the 12-nitroxide stearie acid content of 
the mixed films deere~.~es, a maximum appears in the/tL plot (73.7 %). Ultimately 
the #.L plot exhibits a more normal increase with decreasing area/molecule over 
almost the entire compressional range, 

The isotherms are also represented in Fig, 3 as mean molecular area vs. 
composition plots. At low pressures the plots deviate little from linearity, however 
at pressures as .ow as 7 dynes/era an interesting negative deviation from linearity 
occurs at high probe coneentsations. This trend coupled with slight positive deviations 
(at low probe concentrations) continues and increases up to approximately 16 dy~es/ 
cm. Beyond this point the positive deviations (low probe concentrations) increase. 
while the negative deviations (high probe concentrations) deerea.~e. Above 18 dynes/era', 
pure 12-nitroxide stearlc acid has collapsed and the compositional range of the mean 
molecular area plot is diminished, As the surface pressure exa mined is raised," the 
compositional range continues to diminish, until at 30 dyues/cm it is limited to probe 
concentrations b,olow9 %, 

DISCUSSION 

In order to understand the behavior of  12-nitroxide stearic acid in mixed films 
it is essential to understand the film behavior of  pure 12-nitroxide stcari¢ acid, We 
have previously explained the isotherm in terms of a gaseous film at hlgk areas/ 
molecule and low pressures with both polar groups in the air-water interface. Com- 
pression results in the molecule assuming a bent 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 o¢:~ars a~ approximately 
70 AZ/molecule [4], Finally, the short condensed region was taken to represent a 
close-packed erect film of 12-nitroxide stearic acid molecules. 

Comparison of the isotherm of 12-nitroxide steuri¢ acid with that obtained for 
p-esteadiol diacetate (also a bipolar amphipathie 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/~-estradlol diacetate 
also show a sharp break and surface dipole data a 50 % decrease on removal of one of 
the polar geoup~ [8]. For 12-aitroxide stearic acid the corn,.sF, onding changes are a 
slight change in slope in the surface potential (Fig. i) 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 confi~rmation for 12-ultroxide stearic acid. 

Further evidence supporting this conclusion has been presented elsewhere in 
the extraordinary temperature dependence of films of 12-nitroxide stearie acid where, 
over at least a 40 °C temperature range, the films condense with increasing tempera- 
ture [9]. In order to explain such behavior it is necessary to postulate that the bent 
end erect conformations can jaintly coexist over a wide compressionai range, though 
obviously the bent conformation predominates at high area/molecule 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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intc~retation of the mean molecular area data illustrated in Fig. 3. When such data 
show a linear relationship at all concentrations, i.eo 

Am = ZjAI-~X~.42 

where .4= = m~,lecular area for a mixed monolayer, Al, Ae = Areas oceopJed/ 
molecule of pure component I and 2 respectively; and ZJ, X= = tool fractions of 
components I and 2, we may assume either ideal or nonmlxiug of the twocomponents, 
Deviations from this linear relationship indicate non-ideal behavior and miscibility. 
It should also I,: noted that such plots display the accommodation (positive or 
negative) of the prob~* by the system following probe insertion. 

At low pressures the mean molecular area plots show essentially straight line 
relationships whlch at these low pressures ( < 4 dynes/cm) and Idgh ureas (>  I00 A2/ 
molecule) are be..;t taken as indicating near ideal mixing behavior. As the pressure is 
raised, however, a negative deviation appears at high (approx. 90 tool ~o 12-nitroxide 
stearic acid) prohc concentrations for surface pressures ranging from approximately 
7-17 dyucs/cm, Comparison with the original isotherms in Fig. l reveals an excellent 
correspondence I:etwcen the negative deviations of  Fig. 3 and the existence of  a bent 
conformation for 12-nitroxide sleuric acid. Thus, the negative deviations reach a 
maximum at 16 dynes/era when the pure 12-nitroxide steuric acid isotherm is passing 
through the inflection, but cease when the condensed region of  the isotherm is readied 
at approximately 19 dynes/cm. On this basis we interpret the negative deviations at 
high probe conce~ltrations as arising through the erection of 12.aitroxide steafle acid 
from the b.'nt to the erect conformation. The fact that only small amounts of myristic 
acid are required t o bring about this erection suggests that at low probe concentrations 
12-nitroxide steuric acid is almost, entirely in the erect conformation in this pexticular 
system. 

Tl't~ model membrane sys*.em becomes particularly interesting as relevant 
concentrations and surface pressures approach those thought to exist under membrane 
like condit[or~s [I ]. At 16 dynes/eta (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 p~haps better understood if we assume that at point C 
~n Fig. 3 the erection of 12-nitroxlde steurie acid is complete. A line joining AC ¢.sr~ be 
approximated as representing ideal behavior in a mtxed monomolecular film where the 
~.wo components are myristlc acid and erect 12-nitroxide stearie acid. When this is 
done, we can see that the positive deviations from ideaiity become quite large. The 
point b.-com.*s clearer as we proceed to higher pressures, Thus at 17 and 18 dynes/era 
the positive deviations become more pronounced and the negative deviations dis- 
appear as the pure 12-nitroxide steurie acid isotherm attains its short condensed 
region • 

At low probe concentrations, the mixed film behavior is dominated by that of  
myristie acid and, between 18 and 19 dynes/era, the delay oflts phase change produces 
a small sharp change in slope in the mean moleculur area plot. Above this pressure the 
increase disappears and the data indicate a shift to either identity or norL.mis~bil~ty 
with increasing surface pressure (21-32 dynas/em). This observation confirms our 
previous conclusion that wl~en the host lipid is in a condensed state, most oftha probe 
molceaies will b. ~ squeezed out, 
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Above approximately 19 dyues/cm, we no longer have data for pure 12- 
nitroxide stearic acid and, therefore have difficulty in placing the line representing 
ideal behavior. A reasonable procedure would he to extrapolate the condensed region 
of the pure 12-nitr~xide stearic acid isotherm to higher pressures to obtain the area/ 
molecule in mix~:d films (i.e,, to assume that the compressibility of 12-nltroxide 
stearic acid remains essentially at the '/alue obtained in the 18--19 dynes/era region). 
This gives us the o:.~etic~.l values of between 38 and 28 ]~2/12-nitroxide stearic acid mole- 
cule as the surfm:e pressure is raised from 21 to 32 dynes/era. Indeed, the data at 
21 dynes/era do appear to approach a limit of approximately 33A~/12-nitroxide 
stearlc acid molecule. However, the data at 26 dynes/era, particularly the point 
nominally at 48.~1 tool ~o 12-nitroxide stearic acid, would fall below a llne drawn to 
28 A.2/12-nitroxide stearic acid molecule and would seem to better approximate to the 
zero area value f¢sr 12-nltroxide stearin acid. All the 32 dynes/era data (three points) 
clearly extrapolate to a zero area value for 12-nitroxide stearic acid. We, therefore, 
conclude that sigrlificant amounts of 12-ultroxide stearin acid are lost from the film on 
compression at 2~i dynes/era and that the bulk of the 12-nitroxide stearic acid is lost at 
32 dynes/eat. The isotherm shap?s at these pressures (Fig. l )  indicate that the most 
likely mechanism for this loss is lateral diffusion followed by collapse of the 12- 
nitroxide stearic ~ i d  from the 12-nitroxide steari¢ acid rich phase. 

£ialogfcal implications 
Using the study of a monulayer mod?l m*~mbrane system, we have been able 

to demonstrate ti~ce interesting aspects of the use of a cell membrane spin-label 
probe (12-nitroxide stearlc acid). First of all, the probe clearly perturbs its own 
environment as irtdicated by the host lipid phase-change shift. The magnitude of this 
perturbation may be approximated by comparing the effects of  increasing temperature 
[7] and increasin[: probe content (Fig. I). The ,.rocedare we have adopted has been to 
observe the perturbation at low probe concentrations where most probe molecules 
are surrounded try host liplds (approx. 3 mul ~ ,  I~.nitroxldc stearic acid) and to 
extrapolate that effect to the concentration the probe "sees". One approximation to 
this concentration would be to consider only nearest aeighbours or a molar ratio of 
host lipid to probe of 6 : !. It is clear however that suc~.l probes can detect cooperative 
motion in lipide ~md hence can '*see" beyond nearest neighbour interactions. Klceman 
and McConuell lutve discussed such furious of decreasing p~urbatlon 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 be rapid arid that an 
equivalent molar ratio of b~weco ] 2 : 1 and 15 : I might be realistic. On this basis we 
find for this system a net perturbation equivalent to a temperature increase of 2-4 °C. 

The positi,rc deviations in the mean molecular ~.rea plots, particularly evident 
when considering an erect 12-nitroxide stearic acid molecule, indicate that there is a 
negative a~omm,xiation of the probe in the system following its insertion. Thus after 
the initial perturbation due to a differing shape of the prob," molecule, there ~s a 
further perturbation presumably due to its polar natu:c [12], 

The second interesting aspect is the ability of 12.nltroxide stearic a,:id to adopt 
a bent conformation at the alr-water interface° In mi~ ,'.d films only small ~tmonnts of 
myristi¢ acid are Inquired to erect the probe molecule, tt would seem llkel~ that under 
membrane like ccuditluns only a small fraction of the 17~nitroxide steari*: acid could 
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be in the bent conformation. However, it should be made quite clear that this observa- 
tion is made for this particular probe and this particular host lipid, Data to be pre- 
sente~, in a suceessive paper [13] will make it dear, that while such a conformation 
probably still plays only a minor role, with 12-nttroxide stearle acld in a lecithin, 
it should no longer be considered negligible. It would be reasonable to suggest that 
the presence of  a bent conformation for 12-nitroxi~ stearic ae~d would give rise, 
in part, to the "liquid llne" seen in many ESR sp-_¢'~ra [14], This cannot however be 
established since Butler et aL [15], have convincingly demonstrated that t ~  primary 
cause of such liquid liae~ are freely rotating probe, molecules in solution, It should 
also be noted that the stability of such a bent corJformation is clearly a fanct~on of the 
location of the oxazolidine ring on the hydrocarbon chain [16], 

Finally, we have once again ob~rved =vldence which indicates partial Jmmis- 
clbility o f  this prob. ~ in a lipid condene~l state and it would seem that when the host 
lipid is fully condensed only a few probe molecules can remain. This corresponds well 
with the report of Hubbell and McComtell [17] that probe concentrations of 12- 
nilroxide stearJe acid in condensed bilayers cannot exceed a molar ratio (host : probe) 
of 100 : 1. 
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