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S U M M A R Y  

Di-tert-butylnitroxide dissolved in an aqueous suspension of egg yolk lecithin 
vesicles is distributed between the two phases. Partition coefficients of  the nitroxide 
between the lipid and the water, calculated from the nitroxide electron paramagnetic 
resonance (EPR) spectra, decrease with decreasing temperature until approximately 
the freezing point of the solvent. Below this temperature the nitroxide is detected only 
in the lecithin. The rotational correlation times of  the spin label present in the lecithin 
were calculated for the temperature range from +45  to --60 °C. At low temperatures, 
the EPR spectra are characteristic of a superposition of two spectra resulting from the 
nitroxide dissolved in the lipid in two environments with different rotational correla- 
tion times. 

IN TRODUCTION 

Nitroxide spin label studies have become a very convenient method for studying 
dynamic phenomena in membrane model systems [1 ]. We have extended the temper- 
ature range of such a study to subfreezing temperatures. When one studies dynamic 
processes, either in biological or artificial systems, which involve short lived inter- 
mediates, it is sometimes advantageous to monitor the processes at subfreezing tem- 
peratures where the dynamic events are generally slower or stopped completely. A 
better understanding of  the motional properties of a solute dissolved in an artificial 
membrane, above and below the freezing point of the solvent, might help to clarify 
some aspects of these kinds of studies. 

EXPERIMENTAL 

The nitroxide was synthesized according to Hoffman et al. [2] and purified by 
spinning band distillation and gas chromatography. Chromatographically pure egg 
yolk lecithin was obtained from the Grand Island Biological Co. 

A 10 ~ by weight aqueous suspension of lecithin in 10 mM Tris buffer, at pH 7 
with 0.15 M NaC1 and 10 -5 M EDTA was sonicated for 15 min at 0 °C under N2 to 
form a mixture of single wall and multilamellar vesicles. We did not attempt to 
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separate the two. The exact spatial arrangement of  the lipid had no influence on the 
results that will be present here. Identical results were obtained with unsonicated 
suspensions of  the lipid and with 30-min sonicated suspensions as with the 15-min 
sonicated samples. The nitroxide in water solution was added after sonication of the 
lipid. The results obtained were the same whether the nitroxide was added prior or 
after sonication. However, the high vapor pressure of  the nitroxide and the nitrogen 
purge caused decreased concentrations of  the nitroxide. 

Two concentrations of the nitroxide (0.66 and 3.3 raM) were investigated. 
The EPR spectra were obtained with a Varian E-3 spectrometer equipped with a 
V4500 variable temperature control unit. Temperatures were measured with a copper 
constantan thermocouple. These are accurate within 4 °C. Single scan EPR spectra 
were digitized using a TMC Cat 1000. Data were analyzed on an IBM virtual machine 
facility/370 model 168. The temperature range investigated was from +45 to 150 
°C. We arbitrarily divide this range into two regions with some overlap: the first region 
from +45  to ---20 °C; the second region from the freezing point of  the particular 
sample to -- 150 °C. Measurements in region I were made using the variable tempera- 
ture, aqueous cell which allowed measurements continuously through the freezing 
point. Measurements in region 2 were conducted using a 3-mm cylindrical EPR tube. 
This enabled us to detect the freezing point of  the solvent by the rapid change in the 
dielectric loss in the EPR cavity upon the formation of ice. 
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Fig. 1. EPR spectra o f  3.3 m M  di-tert-butylnitroxide in a suspension o f  10 ~o egg yolk lecithin in 
10 m M  Tris buffer at 45 °C, pH 7. (A) The  solid line is experimental ,  the  points  represent  the  spec- 
t r um obta ined by the  superposi t ion o f  B and  C. (B) Calculated spec t rum (see text) o f  the nitroxide in 
the aqueous  phase.  IC) Calculated spec t rum o f  the nitroxide in the lecithin. 
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Analysis of the spectra 

The observed spectra can be divided into two main groups. The first consists 
of  a series of overlapping spectra of the spin label partitioned between the phospho- 
lipid membrane and the aqueous phase. These spectra were analyzed [3] by the least 
mean square fitting of  the experimer tal spectra to a superposition of two sets of three 
first derivative Lorentzian curves. An example of such a fit is given in Fig. 1. The second 
group consists of spectra of  the spin label in one component only. Whenever possible, 
the required fitting parameters were taken directly from the experimental plot. 

We did not observe qualitative differences between spectra recorded with 
freshly sonicated samples and those recorded after freezing and thawing of the sam- 
ples. The slight changes that are observed can be explained as resulting from slight 
differences of  the temperature. Although the rate of cooling influences the extent of 
aggregation, freeze-thawing of  suspended vesicles causes them to aggregate and to 
precipitate. This also indicates that the spin label is not very sensitive to the geometri- 
cal arrangement of the phospholipid bilayers. 

RESULTS 

Nitroxide in vesicles in region 1 
(A) Partition coefficients and interphase transit. In this section we followed 

closely the procedure developed by Dix et al. [3]. As mentioned by these workers, the 
observation of two distinct spectra implies that the rate of exchange of the radical 
between water and lecithin is slow on the EPR time scale. Using the same nomen- 
clature as they used, the partition coefficient of the nitroxide between lecithin and 
water is given by: 

K = IELVH~o/I,2oVEL ( i )  

where/EL and IH~ o are the integrated EPR intensities of the nitroxide lines in lecithin 
and water, respectively, and VH2 o and VEL are the volumes of lecithin and water in the 
solution. We used a value of  V.~o/VEL = 9 (the densities are about the same [4]). The 
plot of log K versus 1/T is given in Fig. 2. Dix et al. [3] reported large discontinuities 
in the slope and the magnitude of log K near the transition temperature ( ~  41 °C) of 
the phospholipid (dipalmitoyl phosphatidylcholine in their study). In our system, 
discontinuities in these values were observed near the freezing point of the solvent, at 
approx. --9 °C. 

At approx. --9 °C there is a sharp discontinuity in the partition coefficient 
and a complete expulsion of  the nitroxide from the water into the lipid. The freezing of  
the solvent occurs also around the same temperature. As will be mentioned below, 
parallel experiments with the nitroxide in buffer show that below approx. --25 °C, 
the nitroxide crystallizes out of solution. This is approx. 25 °C below the freezing 
point of  the buffer. We do not know whether the mechanism operating in the buffer- 
nitroxide system at --25 °C operates at --9 °C in the lecithin buffer-nitroxide system. 
In the lecithin-containing system, the integrated sum of  the EPR line intensities re- 
mained constant within l0 ~o accuracy when measured above, at, or below --9 °C. 
This indicates that the discontinuity in K is not due to immobilization of  the nitroxide 
with concomitant, complete broadening of the spectra in the frozen aqueous solvent. 
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Fig. 2. The partition coefficient of the nitroxide between the aqueous and the lecithin phases as a 
function of temperature at two different nitroxide concentrations; ×, 0.66 raM; [], 3.3 raM. The 
dashed line represents the discontinuity in the partition coefficient at --9 °C. 

The experiments with the nitroxide in the solvent itself, also, support this conclusion. 
(B) Correlation times. The correlation times (re) of the spin label in the first 

temperature range were calculated according to the theory developed by Kivelson [5] 
and applied to spin label studies by Stone et al. [6]. Kivelson's treatment is valid only 
for a set of  well defined conditions (see refs 5 and 6). These validity conditions require, 
of  course, a priori knowledge of  the correlation times. However, a reasonably good 
test is that the spectrum can be analyzed in terms of three non overlapping Lorent- 
zians with linewidths dependent upon the nuclear quantum number. All the spectra 
of  the nitroxide in the lipid which are discussed in this section satisfy this requirement. 
The correlation times for the nitroxide in buffer are too fast for the theory to apply 
and they will not be treated here. The parameters required for Kivelson's theory were 
obtained by the following. 

The g values were measured relative to aqueous nitroxide solution for which 
the isotropic hyperfine interaction is 17.16 G and go = 2.0056 [7]. The hyperfine 
constants vary only slightly with temperature. The value of  Az~ was taken as the 
distance between the extreme peaks of  the spectrum of the "immobilized" radical. 
For the nitroxide in the lipid membrane we find: A... ~ 35.4 G; the isotropic hyper- 
fine interaction, a, was taken from the high temperature spectrum to be a .... 15.8 G. 



201 

F r o m  these values we get Axx = Art - -  6 G.  The g values were ca lcula ted  so 
that  the ra t io  g i g .  would  agree with the single crystal  values [8] and  the averaged 
sum would  agree with our  measured  value o f  g0 - -  2.0053. The values thus found  
were: gx - -  2.0082, gy = 2.0056 and  g= = 2.0021. The e r ror  in the g values is ± 0.0005 
and  in the hyperfine cons tant ,  4- 0.5 G. Wi th  these values,  the l inewidth o f  the radical  
E P R  lines as a funct ion o f  the ro ta t iona l  cor re la t ion  t ime (z¢) and  nuclear  spin quan-  
tum number  (M)  is given by the fol lowing:  

(Tz (M))  - t  = zc [ (1 .95--1.23 M4-1.49  M 2) X 1016]AvX (2) 

where (Tz(M))  -1 is expressed in M H z  and X represents  cont r ibu t ions  to the line- 
width  f rom other  b roaden ing  mechanisms which are independent  o f  nuclear  spin 
q u a n t u m  number .  

This gives three equat ions  for  rc and  X, one for  each qua n tum state ( M  - -  1,0, 
- -  1 ). Due to the lack o f  knowledge  abou t  the funct ional  form or  physical  or igin of  X, 
Stone et al. [6] sub t rac ted  (Tz(O))- ~ f rom (T2(4- I ) ) -  1 and  ob ta ined  two independent  
equat ions  for  v~. The agreement  of  zc using these two equat ions  is an app rox ima te  
es t imate  o f  the appl icab i l i ty  of  Eqn 2. 

The spect ra  of  the n i t roxide  in the l ipid membrane  for  the t empera tu re  range 
discussed here is charac te r ized  by the s imilar i ty  o f  the widths o f  M 0 and M 1 
lines while the M = --1 line is cons iderab ly  broader .  In this case, the p rocedure  o f  
Stone et al. [6] gives unequal  weight to the exper imenta l  e r ror  when calcula t ing the 
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Fig. 3. Correlation times of the nitroxide as a function of temperature under different experimental 
conditions as follows: C), 0.66 mM nitroxide in buffer (To calculated by Eqn 2); ×, 0.66 mM nitroxide 
in a 10 % lecithin suspension (To calculated according to ref. 13); [Zl, 3.3 mM nitroxide in 10 % lecithin 
suspension (To calculated by Eqn 2), and O, 0.66 mM nitroxide dissolved in 10 % lecithin (T¢ calcu- 
lated according to Eqn 2). The correlation times in the lecithin suspensions are of the nitroxide in the 
lecithin phase. 
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two values of  To. We felt it to be more appropriate to subtract ( 7 " l ( -1 ) ) - J  from 
(T2(÷  1)) -1 and (T2(O)) -1. This procedure gives more equal weight to the errors in 
the data. These results are presented in Fig. 3, where the error marks represent the 
spread in re obtained from the M =- 0 and M = 1 peaks. It should be mentioned that 
this procedure assumes only that X is independent of the nuclear quantum number. 

In order to check the percentage contribution of X to the total linewidth and 
the dependence of X on re, we solved the set of three equations (Eqn 2) by least mean 
square and got X and z~. The results for % using this procedure are within the error 
boundaries of To obtained by the previous procedure, indicating that X is independent, 
at least to first order, on r~. The X, thus found, over the temperature range studied, 
range from 20 to almost 90 ~, of the observed peak width. This indicates that a signifi- 
cant portion of the linewidth is independent of the nuclear spin. The large uncertain- 
ties, and the deviation of the points inside the marked square in Fig. 3, are due in 
part to the lower K value and the resulting reduction in intensity of the lines in the 
membrane relative to those in water. 

The particular presentation in Fig. 3 was chosen to show the deviation from 
simple Stokes relation [9]: 

4zr/Jr 3 F4xr3/2o-] AE 
re 3 k T '  or, In [Trc] ..... In L_ 3 k -  J + RT (3) 

since /~, the viscosity of  the membrane, is given by / 2 -  I~oexp(AE/RT); r is the 
molecular radius. The deviations in the correlation times at high temperatures be- 
tween the two concentrations used, cannot be explained on the basis of  spin exchange 
interaction because this interaction is nuclear spin independent [5] and will enter into 
J( in Eqn 2. 

Di-tert-butylnitroxide in ice in temperature region 2 
The EPR spectrum of the nitroxide in Tris buffer was measured from the 

melting point to T z --150 °C. The spectra at temperatures 0 > T > -26 °C fall 
within the limits of  Kivelson's [5] theory and the correlation times at those tempera- 
tures were calculated. The results are included in Fig. 3. The z c at the freezing tempera- 
ture was found to be: z c 1.8± ! • 10-1o s while rc for the same temperature, using 
Eqn 3 with r 4A [10] and/ t  = 1.787 cP [11], was found to be 1.3. 10- t °  s. 

At approx. --25 °C there is a very sharp phase transition. The three sharp lines 
collapse to one broad line. The width of this line first increases upon decreasing the 
temperature but then starts to decrease with further decreases in temperature. This 
behavior is typical of high concentrations of  free radicals when the spin-spin exchange 
interaction is the dominant relaxation mode. There are no traces of solubilized, 
immobilized nitroxide, the total absorption is under the one line. The simplest ex- 
planation for this observation which correlates with what was observed with samples 
containing lecithin is that at T z --25 °C, the nitroxide was suddenly expelled from 
the buffer and formed microcrystals. 

Di-tert-butylnitroxide in vesicles in region 2 
As was mentioned above, when the temperature is less than --9 °C, all of  the 

nitroxide is concentrated in the vesicles. Several spectra obtained in this temperature 
range are shown in Fig. 4. 
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Fig. 4. EPR spectra of 0.66 mM nitroxide in 10 ~ lecithin vesicles at subfreezing temperatures. 

It is clear that at these temperatures the analysis of  the spectra according to 
Kivelson's [5] theory is no longer valid. Recently a number of  experimental and 
theoretical studies [12] attempted to analyze EPR data for slowly rotating spin systems 
which cannot be treated by Kivelson's [5] theory. Comparing the spectra in Fig. 4 
with published experimental spectra of small spin labels with slow molecular re- 
orientation [1, 13] and with simulated spectra [12, 14] show clearly that the spectra 
of the nitroxide in the vesicles in this temperature range are more complicated than 
just to be caused by changes in correlation times. 

DISCUSSION 

Dix et al. [3] measured the partition coefficient of di-tert-butylnitroxide 
between dipalmitoyl lecithin and water and observed that the enthalpy (A H)  and 
entrophy (A S) of partition both increased by an order of magnitude when the lipid 
became ordered (the phase transition for dipalmitoyl lecithin is approx. 41 °C). For  
egg yolk lecithin, we do not observe a discontinuity in the temperature dependence of 
the partition coefficient except at approx. --9 °C when the nitroxide is expelled from 
the ice phase. The magnitudes of the enthalpy AH and entrophy AS, 5.8±0.3 kcal/ 
mole and 27~-3 cal/mol degree, respectively, calculated from Fig. 2, compared to the 
values obtained by Dix et al. [3], suggest that the egg yolk lecithin is in a "fluid" state 
at least to --9 °C. The nitroxide is expelled from pure buffer at approx. --25 °C. 
Although this transition occurs approx. 15 degrees below the temperature at which we 
observe the discontinuity in the partition coefficient between egg yolk lecithin and 
water, an ice-nitroxide interaction is probably responsible for both effects. 

Although broadened because of  the mixture of  fatty acid chains, the reported 
transition temperature of egg yolk lecithin occurs near 0 °C [15]. Thus the lecithin 
should be essentially ordered at the temperatures at which the spectra shown in Fig. 4 
were obtained. The nitroxide is present only in the lecithin at these temperatures. 
However, we still observed spectra indicative of the nitroxide in two environments. 
Although one could postulate that these two environments are due to the differences in 
phospholipid vesicle dimensions, we observe the same spectra in unsonicated lipid 
suspensions which contain large aggregates of lipid bilayers and in lipid suspensions 
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which were sonicated for times greater than those used to obtain the data in Fig. 4. 
The two environments appear to be a property of  the lipid itself and do not arise 
because of  the geometry of the bilayers formed in water. The spectra in Fig. 4 can be 
best described by a slow (on the EPR time scale) equilibrium & t h e  nitroxide between 
two environments, in which the nitroxide samples the environments at two different 
rates. The observation of both slow and fast rotating nitroxide in the phospholipids 
constitute an extreme example of  a "flexibility gradient" in phospholipid bilayers [16]. 
The slowly reorienting component  is most likely near the polar head groups while the 
faster moving one is concentrated mainly at the tails of  the hydrocarbon chains of the 
fatty acids. The temperature-dependent equilibrium concentrations of di-tert-butyl- 
nitroxide in these two environments demonstrates a continuous translational move- 
ment in the bilayers even at low temperatures. 

Assuming that the outer peaks in Fig. 4 arise due to a fraction of the radical 
which is "immobilized",  we can use the theory of McCalley et al. [14] and calculate 
the correlation times of the immobilized part. The correlation times obtained this way 
are shown also in Fig. 3. From the shape and width of the lines at plus or minus 15 G 
from the center field, it is clear that the correlation times of molecules in the less 
restrictive environment are at least an order of  magnitude faster than those in the more 
restrictive environment, the "immobilized part".  The exact values of the correlation 
times and the equilibrium coefficients between those two forms require full simulation 
of the spectra. A sufficiently good theory which describes this situation is not yet 
available in order to perform this task. 

Griffith et al. [17] have observed spectra similar to those in Fig. 4 for a system 
containing nitroxide, phospholipid and cytochrome oxidase. 

Our experiments with di-tert-butylnitroxide in buffer also confirm the results 
of  Goldman et al. [13] obtained with peroxylamine disulfonate. We also observe very 
fast rotation of a spin label just below the solvent freezing point. However, the correla- 
tion time that we find for the nitroxide is an order of magnitude slower than the one 
reported by Goldman et al. [13] for the disulfonate. The rotation time that we obtain 
agrees with one calculated from Eqn 3 using the macroscopic viscosity at the appro- 
priate temperature. As mentioned by Goldman et al. [13], it is possible that the fast 
rotation involves formation of clatherates [18] around molecules of  the spin label. 
The "freezing out" of  the nitroxide from the ice phase might also involve changes in 
clatherate structures. 

None of our observations confirm or deny the occurrence of bound water to 
egg yolk lecithin vesicles [i 9 ]. 
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