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SUM MARY 

ESR spectra and scanning electron micrographs of human erythrocytes spin 
labeled with the conventional stearic acid nitroxide substituted at the 5-position have 
been obtained over a range of label-to-lipid ratios. While morphological changes as 
previously reported (Bieri, V. G., Wallach, D. F. H. and Lin, P. S. 0974)  Proc. 
Natl. Acad. Sci. U. S. 71, 4797~,801) are reproduced, it is shown that at label-to-lipid 
ratios of 1 : 10 or less the basic ESR spectrum is not significantly affected. At low 
label concentrations the spirt labeling technique is a viable one and can be used 
to investigate membrane properties. 

INTROD UCTION 

The spirt labeling technique has been well established as a valuable tool in the 
elucidation of biological systems since its introduction by McConnell and his co- 
workers in the mid-1960's. The multitude of publications and review articles (for 
example refs. 1-4) shows that it has been applied with success to a variety of systems. 
Its limitations have been studied, its short-comings exposed and, generally, its cautious 
use has been heeded. Newer techniques such as improved N M R  studies [5] have been 
carried out, which involve a lower magnitude of perturbation; still, the utility of the 
spin label technique remains. Any foreign probe molecule will perturb a system, but if 
the labeling technique is properly handled much valuable information is derivable. 

Recently, Bieri et al. [6] have carried out a study in which the perturbing 
effects of nitroxide spin labels on the morphology of human erythrocytes are investi- 
gated. Some of the more common membrane spin labels were studied over a range of 
concentration and clearly observable changes in the external morphology of the cell 
were observed. There is no question of the general validity of this investigation, but it 
did seem to us that it did not address the apprproiate question insofar as the electron 
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spin resonance technique is concerned. Since these authors did not include the ESR 
spectra of  the altered cells, it is possible that the changes they observed may be inter- 
preted by others as invalidating this particular use of  ESR. The question we wish to 
address in this short paper is whether the information contained in the ESR spectra 
at the low label concentrations usually employed is or is not reflective of at least some 
of the true physical attributes of  the erythrocyte membrane. According, we have 
reinvestigated human erythrocytes in a range of label concentrations overlapping 
that of  Bieri et al. [6]. Our findings suggest that the morphological changes observed 
are not reflected in the ESR spectra at low label concentrations and, more importantly, 
that whatever model of  molecular motion one wishes to employ to analyse the ESR 
results valid data are obtainable at sufficiently low molar ratios of spin label-to-lipid. 

EXPERI MENTAL 

Freshly drawn heparinized blood from a single healthy male donor was used 
in all experiments. The blood was centrifuged at 3500 × g for 10 min and washed with 
phosphate-buffered saline (150 m M  NaCI, 5 mM phosphate, pH 8.0) four times, care 
being taken to remove the burly coat. 

A thin film of label (Syva Associates) was prepared by placing 0.25 ml of 
chloroform containing various concentrations of 5-doxylstearic acid in a small vial 
and evaporating the chloroform with a stream of N 2. 0.5 ml of  a 50 ~ hematocrit 
solution of cells in phosphate-buffered saline (containing 2.7. 199 cells [7]) was 
added and the vial shaken at room temperature for 15 min. ESR spectra were recorded 
on a standard Varian V-4502 12-inch system with care being taken to avoid modula- 
tion and saturation broadening. 

1 h after labeling, each cell suspension was centrifuged to remove unlysed cells, 
and the amount of  hemoglobin in the supernatant was determined by measuring the 
absorbance at a wave length of 541 nm in a Beckman DB-G spectrophotometer. 
The fraction of cells lysed was calculated from the hemoglobin released by 100 
lysis of  the appropriate volume of packed cells with hypotonic phosphate buffer. 

In order to observe the labeled erythrocytes by scanning electron microscopy 
two drops of  the spin-labeled cells were fixed in 10 ml of isotonic 5 mM phosphate 
buffer (pH 7.2) containing 2 ~ gluteraldehyde. The fixed cells were washed twice with 
de-ionized water and once with propylene oxide, air dried at room temperature and 
shadowed with gold/palladium (60 : 40). The micrographs were obtained at magni- 
fications of  1000-7000 × with a JELCO model JSM-SI scanning electron microscope. 

RESULTS A N D  DISCUSSION 

We have chosen to discuss our experimental arrangement in terms of the spin 
label-to-lipid ratio, a physically important quantity; in our investigation we cover a 
range of I : 83-12 : 1, while Bieri et al. [6], in their study, employ ratios of l : 25 500- 
39 : 1. Since the label employed is not soluble in buffer to any significant extent and 
since none of it remains in the vial after treatment with the cells, we presume all the 
label to be incorporated into the cell membrane. We use the averaged data given by van 
Deenen and de Gier [8] for lipid composition of human erythrocytes and, in order 
to calculate a molecular ratio, use cholesterol, phosphatidylcholine and N-acetyl- 
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Fig. 1. Scanning electron micrographs (700 x magnification) of human erythrocytes labeled with 
5-doxylstearic acid. The label-to-lipid molar ratios illustrated are (top row, left to right) 1 : 17, 1 : 1.7; 
(middle row, left to right) l : 83, 1 : 8.3; (bottom row) 0 (control). 

neuramic  acid to  ob ta in  mean  molecu la r  weights o f  the three  ma jo r  membrane  lipid 
const i tuents ,  namely  cholesterol ,  phospho l ip ids  and  glycolipids.  

The scanning e lec t ron micrographs  shown in Fig. 1 conf i rm the results ob-  
ta ined  by Bieri and  co-workers  [6] as a funct ion o f  the increase in concent ra t ion  of  
spin label accessible to the cell membrane .  Morpho log i ca l  changes are somewhat  
appa ren t  in the l : 83 ra t io  region and are definitely present  in the 1 : 17 case. At  higher  
label  concent ra t ions ,  the cells no t  only conta in  increasingly more  p ro tuberances  per  
cell but  also begin to  lose their  discoid shape in favor  of  a more  near ly  spherical  one. 
As ind ica ted  in Table 1, which describes the qual i ta t ive  presence o f  bo th  morpho log i -  
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TABLE I 

Q U A L I T A T I V E  PRESENCE OF M O R P H O L O G I C A L  C H A N G E S  ( S C A N N I N G  E L E C T R O N  
MICROSCOPY EFFECTS) ,  H E I S E N B E R G  E X C H A N G E  EFFECTS A N D  CELL LYSIS IN 
H U M A N  E R Y T H R O C Y T E S  AS A F U N C T I O N  OF THE SPIN LABEL-TO-LIPID RATIO 

Label-to-lipid ratio Scanning electron 
microscopy effects 

1 83  
1 17 

I 8 . 3  
I 1.7 
1.2:1 
12:1 

Exchange effects Degree of lysis 

Slight No ~ 2 % 
Definite, most N o  ~ 2 oo 

cells modified 
All cells modified No ~ 2 o<, 
All cell modified Yes ~ 10 ~i 
No intact cells Yes ~ 100 o} 
No  intact ceils Strong exchange ~ 100 o~, 

Ikl 

"~. / J  

206 
I 

Fig. 2. ESR spectra of  5-do×ylstearic acid incorporated in intact human erythrocytes with label-to- 
lipid molar ratios o f l  :83 (A), 1 : 17 (B), I :8.3 (C), I : 1.7 (D), 1 . 2 : ( E ) a n d  12 : 1 (F). 
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T A B L E  11 

E S R  S P E C T R A L  P A R A M E T E R S  A S  A F U N C T I O N  O F  T H E  S P I N  L A B E L - T O - L I P I D  R A T I O  

I N  H U M A N  E R Y T H R O C Y T E S  

Al l  p a r a m e t e r s  are  in gauss  (G)  excep t  the  d i m e n s i o n l e s s  o r d e r  p a r a m e t e r  S. The  s t a n d a r d  d e v i a t i o n s  
are  0.1 0.2 G a n d  a p p r o x i m a t e l y  0.02 for  S. S is c a l c u l a t e d  as ( T ' I I - - T ' ± ) / ( T I I  T±)~,  • a~,/a us ing  
the  c rys t a l  p a r a m e t e r s  of  Jos t  et  al.  [11 ]. a is the  i s o t r o p i c  c o u p l i n g  c o n s t a n t  (11/3 TrT) a n d  0.5 ']H~_ 
is the h a l f - w i d t h  at  h a l f - m a x i m u m  a m p l i t u d e  of  the  low field peak .  

Labe l - t o - l i p id  ra t io  T'II T '±  S a 0.5 :IH{_ 

I : 83 29.2 8.8 0.70 15.6 - 
I : 17 28.8 9.1 0.68 15.7 3.2 
1 : 8.3 29.0 9.3 0.67 15.8 3.4 
1 : 1.7 28.9 - - 5.2 
1.2 : I - - 7.9 

1 2 : 1  - - 

cal and ESR effects, complete cell lysis is observed following the 1 h incubation period 
for spin label-to-lipid ratios greater than 1 : 1. Indeed, at these higher concentrations 
lysis is apparent after a few minutes. 

Fig. 2 shows the ESR spectra as a function of the label-to-lipid ratio over the 
range studied and exhibits the most important point to be made in this work. Exchange 
effects are clearly present when the label-to-lipid ratio is 1 : 1.7 or higher. Extensive 
exchange is present in the most concentrated solution having a ratio of 12 labels per 
lipid molecule. The inception of the exchange appears to coincide with extensive lysis 
of the cell and is also accompanied by the enhanced appearance of the so-called 
liquid lines superimposed on the spectrum of the immobilized label. An examination 
of the spectra where the label-to-lipid ratio is 1 : 8 and lower clearly indicates that the 
qualitative appearance of the spectrum is unchanged in that range of spin label 
concentration. 

Table 1I gives the usually measured spectral parameters [9]. The inception of  
exchange is also noted by an inability to measure/ '1 and an increase in the half width 
of the low field peak. In the low label concentration range the ESR parameters are 
essentially constant. There is some possible indication of a trend in the order param- 
eter which, if real, appears to result from a systematic variation in T±. It is conceivable 
that the apparent decrease in S with increasing label concentration is due to an 
increasing fluidity of the membrane. Our basic point, however, is not to interpret the 
present results in terms of any particular model but rather to point our that, 
so long as one has a label-to-lipid ratio less than 1 : 10, the ESR parameters are 
correctly reflecting basic properties of the membrane. Regardless of the possible 
significance of slight trends in the low-concentration region, it is obvious that an 
extrapolation to infinite dilution of the spin label is not going to result in significant 
spectral changes or in modification of the measured parameters. 

The morphological changes in the cell appearance and, in certain cases, the 
resulting lysis are probably a result of the high concentration of the amphiphilic spin 
label. For example, the data of Helenius and Simmons [10] show that a ratio of about 
four sodium dodecyl sulfate molecules per lipid molecule is sufficient to solubilize 
membranes. They also indicate, however, on the basis of permeability studies in the 
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presence of  detergents  and  f rom binding  studies o f  f luorescent probes  and anesthet ics  
(bo th  soluble amphiphi les) ,  that  if sufficiently small  amoun t s  of  detergent  are added  
they will be incorpora ted  into the membrane  bi layer  without  d is rupt ing  it. Our  results,  
which indicate the lack of  any significant change in the ESR spectral  pa ramete r s  of  the 
5-doxyls tear ic  acid label at label : l ipid rat ios of  I : l0 or  less, are consis tent  with 
this observat ion .  

The morphologica l  changes induced in human  erythrocytes  by label ing with 
5-doxyls tear ic  acid i l lustrate the need to a c c o m p a n y  spin label ing results whenever  
possible with da ta  compar ing  the relevant  proper t ies  of  the labeled and unlabeled 
systems. Nevertheless,  our  results indicate tha t  the val idi ty  of  the spin labeling method 
as appl ied  to cell membranes  cannot  be inval idated by morpholog ica l  changes alone 
and,  indeed, if one works  at sufficiently low label concent ra t ions  where exchange 
effects are absent  the technique remains  a viable one. 
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