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Hepatic microsomal membranes, prepared under various conditions that yield either 'intact' or 'disrupted' 
microsomal vesicles, have been labeled via the sulfhydryl groups of intrinsic membrane proteins using 
nitroxide analogs of N-ethyimaleimide. Electron paramagnetic resonance spectra revealed the presence of 
two dominant classes of bound label corresponding to differing degrees of  immobilization, the ratio of which 
were quantitated using a parameter designated the 'W/S' ratio. For latent microsomes, the value of this 
parameter was determined to be 0 . 6 5 _  0.02 and was influenced by factors such as label /protein ratio, 
incubation period, nitroxide structure, temperature and pH. The W/S ratio was also sensitive to the degree 
of membrane integrity as revealed by the latency of mannose 6-phosphate activity of  glucose-6-phos- 
phohydrolase. In addition, membrane disruption resulted in a corresponding decrease in the order parameter 
for nitroxide-labeled fatty acids intercalated within the lipid bilayer. The W/S ratio was observed to be 
dependent upon the method of microsome preparation yielding values of 1.02 + 0.02 for 'hypertonically 
disrupted' vesicles and 1.28 + 0.02 for 'mechanically disrupted' vesicles. Microsomal marker enzymes such as 
cytochrome P-450 and FAD-containing monooxygenase retained significant levels of functionality following 
nitroxide incorporation. 

Introduction 

Electron paramagnet ic  resonance (EPR) spectra 
of  stable nitroxide-free radicals, incorporated both  
covalently and noncovalent ly into either synthetic 
or biological membranes,  have been extensively 
applied to moni tor  alterations in bilayer fluidity or 
architecture [1]. 

Covalent  modificat ion of  intrinsic membrane  

* To whom correspondence should be addressed. 
Abbreviations: Bicine, N, N-bis-(2-hydroxyethyl)glycine; CAPS, 
cyclohexylaminopropanesulfonic acid; CHES, 2-(N-cyclohex- 
ylamino)ethanesulfonic acid; Hepes, N-2-hydroxylethylpipera- 
zine-N'-2-ethanesulfonic acid; Mes, 2-(N-morpho- 
lino)ethanesuifonic acid; Mal-6, 4-maleimide-2,2,6,6-tetrameth- 
ylpiperidinooxyl. 

proteins by spin-label analogs provides a conveni- 
ent method for investigating protein-protein and 
protein-lipid interactions and for moni tor ing 
changes in these interactions following membrane  
perturbation.  These types of study have been suc- 
cessfully used with erythrocyte ghosts to define 
changes in membrane  organization as a result of  
such phenomena  as membrane  damage by O 2 [2], 
hemoglobin binding [3], the occurrence of patho-  
logical states involved in neurological disease [4] 
and cellular aging [5]. More recently, it has been 
demonst ra ted  that the nature of  the nitroxide probe  
and the conditions used to incorporate  spin labels 
into erythrocyte ghost proteins can have a signifi- 
cant  impact  on the accuracy and reproducibili ty of  
these results [6]. 
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The attempt to correlate the influence of mem- 
brane structure on the associated enzyme activities 
is complex and requires both suitable enzyme as- 
says and an indicator of membrane integrity or 
organization. In contrast to the erythrocyte mem- 
brane, microsomal vesicles possess a number of 
well-defined membrane-bound enzymatic compo- 
nents such as the mixed-function oxidases. In this 
paper, we present details of the reproducible incor- 
poration of nitroxide spin labels into microsomal 
vesicles and demonstrate these probes to be sensi- 
tive indicators of changes in protein organization 
and membrane integrity. 

M a t e r i a l s  and M e t h o d s  

General. 4-Maleimido-2,2,6,6-tetramethyl- 
piperidinooxyl (Mal-6), the maleimide-pyrro- 
lidinyloxyl analogs shown in Fig. 3, 2,2,6,6-tetra- 
methylpiperidinooxyl (TEMPO), 5-doxyl stearic 
acid and the corresponding methyl ester were ob- 
tained from Aldrich Chemical  Company ,  
Milwaukee, WI and were used without further 
purification. Previous work by Butterfield and 
Markesbery [7] have shown Mal-6 to be devoid of 
the isomaleimide isomer. N-Ethylmaleimide, 
iodoacetamide, p-hydroxymercuribenzoate,  p- 
aminopheny lmercur i ace ta t e ,  Tr i ton  X-100, 
NADH,  NADPH,  sodium deoxycholate, mannose 
6-phosphate, EDTA, Bicine, CAPS, CHES, Hepes 
and Mes were obtained from Sigma Chemical 
Company, St. Louis, MO. All other reagents were 
of the best commercially available grade. 

Microsome preparation. All procedures were 
performed at 0 -4°C .  Microsomes were isolated 
from the livers of male Sprague-Dawley rats 
(125-300 g) and male Fischer F-344 rats (125-200 
g) maintained on a standard diet (Purina Rodent 
Chow No. 5001). Rats were killed by decapitation, 
the livers were rapidly excised and placed in 0.25 
M sucrose. Latent * microsomal vesicles were pre- 

* Latency: In this paper, latency is designed to convey a 
quantitative measure of the integrity of the microsomal 
membrane. The stereoselectivity of the glucose 6-phosphate 
transport system ensures only mannose 6-phosphate that is 
able to diffuse into the interior of the vesicle due to a 
permeant membrane will be subject to hydrolysis. Thus, 
latency is the ratio of the concentration of inorganic phos- 
phate produced by detergent-disrupted vesicles to that pro- 
duced in the absence of detergent. 

pared essentially as described by Phillips and Ness 
[8]. This procedure involves mild tissue homogeni- 
zation and avoids lysozome rupture and concom- 
itant proteolysis. Liver samples (1 g /10  ml 0.25 M 
sucrose) were homogenized by four or five passes 
of a Dounce homogenizer (small pestle) and 
centrifuged at 11000 x g for 15 min. The super- 
natant was decanted, centrifuged a second time 
under identical conditions and the upper 65% of 
the supernatant was retained. Microsomal vesicles 
were pelleted at 100000 x g for 45 rain, washed 
with 0.25 M sucrose and resuspended at a protein 
concentration of 20-25 mg/ml.  Microsomes pre- 
pared using this protocol, referred to as intact 
microsomes have been shown to be free of con- 
taminating lysozomes, as indicated by acid phos- 
phatase assays. Modified or disrupted microsomal 
vesicles, exhibiting a markedly decreased level of 
mannose-6-phosphatase latency, were prepared 
using alternative procedures. In these cases, not 
only is the degree of tissue disruption increased 
but the failure to completely exclude lysozome 
contamination may result in proteolysis. Liver 
samples (1 g / 4  ml buffer) were homogenized in a 
phosphate / sucrose /EDTA/KC1 medium, as de- 
scribed by Heller and Gould [9] and were termed 
hypertonically disrupted vesicles. Mechanically 
disrupted microsomes were prepared by homo- 
genization of tissue (1 g /3  ml 0.25 M sucrose) 
using a model PT polytron (speed 5 for 3 s, 
Brinkman Instruments Company, Westburg, NY). 
The homogenate was then spun at 10000 x g for 
15 min and the supernatant was retained. Micro- 
somal vesicles were then pelleted by centrifugation 
at 100000 x g for 40 min, washed with 0.25 M 
sucrose and resuspended at a protein concentra- 
tion of 15-20 mg/ml .  The integrity of the micro- 
somal preparations were determined using the 
latency of mannose-6-phosphate phosphohydro- 
lase activity of glucose 6-phosphate [10]. Resolu- 
tion of the intact microsomal vesicles into integral 
and peripheral protein components was achieved 
using a modification of the method of Fujiki et al. 
[11]. Microsomes were diluted to a final protein 
concentration of 1 mg /ml  with 100 mM sodium 
carbonate (pH 11.5) and incubated at 0 °C for 30 
min. The microsomal suspension was acidified to 
pH 6.5 with 1 M acetic acid and centrifuged at 
100000 x g for 45 min. The supernatant was de- 



canted, concentrated by pressure filtration and 
dialyzed against 0.25 M sucrose. The disrupted 
vesicles, indicated by the absence of mannose 6- 
phosphate latency, were washed and resuspended 
in 0.25 M sucrose. Protein was assayed by a Biuret 
method [12] using bovine serum albumin as stan- 
dard. 

Preparation of nitroxide-modified microsomes. 
Covalent modification of membrane proteins by 
nitroxide-maleimide analogs was achieved by in- 
cubating the microsomal vesicles with Mal-6 (1 mg 
Mal-6/25 mg protein) or alternative spin-labeled 
derivatives in the same molar/protein ratio, at 
4 ° C  for 16 h in the absence of light, following 
which, excess unreacted spin label was removed by 
centrifugation and the microsomes were washed 
twice and resuspended in sucrose at a protein 
concentration of 20-25 mg/ml .  

Incorporation of 5-doxyl stearic acid or the 
corresponding methyl ester was achieved by 
evaporating a thin film of the fatty acid in ethanol 
on the inner surface of a glass vial using a stream 
of purified nitrogen gas, following which, the mi- 
crosomal suspension was added and gently 
vortexed for 5 min at 4 ° C. Fatty acid spin labels 
were added in the ratio 1 #g spin label /mg pro- 
tein. This ratio has been shown by Sauerheber et 
al. [13] to result in optimum incorporation of fatty 
acid spin labels. In addition, m values calculated 
for the 5-doxyl stearic acid label in intact micro- 
somes were consistently greater than 0.96, indica- 
tive of negligible probe-probe interactions. 

EPR spectroscopy. EPR spectra were recorded 
using either a Varian E9 or El09 spectrometer 
(Varian Associates, Palo Alto, CA) operating at 9 
GHz and equipped with a variable temperature 
accessory. Microsomal samples were routinely ex- 
amined, using either 1 mm diameter quartz EPR 
tubes (Wilmad Glass Company, Bueno, N J) or a 
standard flat cell, employing 14 mW microwave 
power and a modulation amplitude of 0.063 mT. 
Samples were prepared in duplicate and the aver- 
age of three scans was used for analysis. 

Order parameters were calculated from the 
spectra for 5-doxyl stearic acid using the equation 
[14]:  

TII - ( T  ± + 0 . 8 6 )  
S 

rzz - 0.5(rx~ + ryy) 
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where T N and T± are related to the maximum and 
minimum hyperfine splittings measured from the 
experimental spectra (see Fig. 7). Txx = 6.3 G, 
Tyy= 5.8 G and Tzz = 33.6 G [15]. The order 
parameter provides a measure of the mean angular 
deviation of the hydrocarbon chains from their 
time-averaged orientation in the lipid bilayer. High 
values of S reflect a highly ordered structure. 

Biochemical studies. Determination of FAD- 
containing monooxygenase activity was achieved 
as methimazole-S-oxidase activity by following 
N A D P H  oxidation as described by Cavagnaro et 
al. [16]. Cytochrome P-450 content was assessed 
by the method of Omura and Sato [17]. Aniline 
hydroxylase activity was determined according to 
the method of O'Brien and Rahimtula [18]. p- 
Nitroanisole-O-demethylation and arninopyrine- 
N-demethylation activities were assayed as de- 
scribed in the literature [19]. 

R e s u l t s  

Reaction of the spin label, Mal-6, with intact 
(greater than 90% latent) hepatic microsomes pre- 
pared using 0.25 M sucrose yielded the EPR spec- 
trum shown in Fig. 1. This type of spectrum is 
very similar to that obtained for other membrane 
systems, such as erythrocyte ghosts, following in- 
corporation of Mal-6 and shows the presence of 
two dominant classes of binding site. One exhibit- 
ing a high degree of immobilization, represented 
by the broad low-field peak labeled ' S '  and a 
second, less immobilized class, characterized by 
the relatively narrow feature labeled ' W '  *. Previ- 
ous work has demonstrated the ratio of the popu- 
lations of these two classes of bound label, typified 
by the relative peak heights and referred to as the 
W / S  ratio, to be an extremely sensitive indicator 
of changes in protein environment and thus mem- 
brane organization [6]. Analysis of the EPR spec- 
trum obtained for intact microsomes yielded a 

* In previous studies using Mal-6, the ' W/S' ratio has referred 
to the ratio of the signal amplitudes of the low-field features 
of both the weakly and strongly immobilized classes of spin 
label. However, owing to the incomplete resolution of the 
low-field feature of the weakly immobilized class of nitro- 
xides in intact microsomes (compare Fig. 1B and C), we have 
utilized the amplitude of the high-field peak, exhibiting 
increased resolution. 
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W/S  ratio of  0.65 + 0 . 0 2  at 1 9 ° C  in 0.25 M 

sucrose. Cont ro l  samples of  microsomal  vesicles 

subjected to identical  incubat ion  and washing 

steps, in the absence of  Mal-6, retained greater  

than 85% latency, whereas Mal-6-1abeled micro- 

somes exhibited greater  than 70% retention.  

Prior incubat ion  of  intact microsomal  mem- 

branes with non-spin- labeled reagents directed 

against  free sulfhydryl groups fol lowed by incuba- 

tion with Mal-6 resulted in changes in the ob- 

served E P R  spectra. Modif ica t ion  of  the vesicles 

with p -hydroxymercur ibenzoa te  (500/~M) for I h 

at 0 o C resulted in no apparent  b inding of  Mal-6, 

as evident f rom the absence of any detectable  E P R  

signal. Identical  results were obta ined  if the micro-  

somes were initially treated with p -aminophenyl -  

mercuriacetate .  In contrast ,  if the membranes  were 

pre incubated  with iodoace tamide  (500 /~M), the 

result ing E P R  spectrum was similar in l ineshape to 

those of  the control  Mal-6 membranes ,  but  with a 

decreased W/S ratio of  0.39. Prior t rea tment  of  
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Fig. 1. EPR spectra of free and membrane-bound Mal-6. (A) 
Free spin label (0.1 raM) in 0.25 M sucrose. (B) Spin-labeled 
intact microsomal vesicles (10 mg/ml) in 0.25 M sucrose. (C) 
Spin-labeled mechanically disrupted microsomal vesicles (15 
mg/ml) in 0.25 M sucrose. Spectra were recorded at 19 o C 
using 14 mW microwave power and a modulation amplitude of 
0.063 mT. 

the membranes  with N-e thylmale imide  (500 v M )  

fol lowed by react ion with Mal-6 yielded a spec- 

t rum with a W/S ratio of  0.27 with only a minor  

componen t  due to the weakly immobi l ized  class of  

labels. Several exper imental  parameters  were ob- 

served to have a p ro found  influence on the E P R  

spectra of the labeled membranes .  Increasing the 

react ion t ime between the spin label and the mi- 

crosomes at a constant  p r o b e / p r o t e i n  ratio (1 mg 

M a l - 6 / 2 5  mg protein)  resulted in a progressive 

decrease in the W/S  ratio as shown in Fig. 2A. 

The W/S ratio was observed to decrease f rom 

1.33 following a 1-h incubat ion to a l imiting value 
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Fig. 2. Influence of incubation time and label/protein 
stoichiometry on the W/S ratio. (A) Intact microsomal vesicles 
were incubated with Mal-6 at a ratio of 1 mg/25 mg protein in 
0.25 M sucrose at 4 o C for varying time intervals. The micro- 
somes were extensively washed with sucrose and the W/S ratio 
was determined from the experimental EPR spectra recorded 
under conditions described in Fig. 1. (B) Intact microsomal 
vesicles were incubated for 16 h at 4 o C with Mal-6 at varying 
label/protein ratios in 0.25 M sucrose, extensively washed and 
the W/S ratio was determined from the experimental EPR 
spectra. 
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of  approx.  0.59 at  35 h. A similar  pa t t e rn  was 
observed  under  condi t ions  of  cons tan t  reac t ion  
t ime (16 h) and  a var iable  l a b e l / p r o t e i n  ra t io  (Fig.  
2B). M a x i m u m  and  m i n i m u m  W/S values of  1.69 
and  0.57 were ob ta ined  at  M a l - 6 / p r o t e i n  ra t ios  of 
2 and  8 0 / x g / m g ,  respectively.  

The  s t ructure  of  the n i t rox ide  spin label,  bo th  
in terms of  the n u m b e r  of  ca rbon  a toms  in the 
n i t rox ide  r ing and  the number  of  a toms  separa t ing  
the n i t rox ide  and  male imide  funct ions  was also 
found  to pe r tu rb  the W/S rat io.  Changing  the 
n i t rox ide  f rom a s ix -membered  p iper id inooxyl  
s t ructure  to a f ive-membered  pyr ro l id iny loxy l  de- 
r ivat ive resul ted in an increase in the W/S ra t io  
f rom 0.65 to 0.72. This ra t io  was also increased 
fol lowing inc lus ion of  add i t iona l  ' space r '  e lements  
be tween  the two funct ional  domains  of the spin 
label  as shown in Figs. 3 and  4. 

To a t t empt  to def ine  the loca t ion  of  the Mal-6-  
l abe led  proteins ,  we uti l ized ca rbona te  t rea tment  
of  the in tac t  labe led  microsomes  to separa te  the 
p ro te in  cons t i tuents  into integral  and  per iphera l  
components .  The E P R  spect ra  of  the resuspended  
ca rbona te - t r ea t ed  vesicles and  the resolved per iph-  
eral  pro te ins  are c o m p a r e d  in Fig. 5. Doub le  in- 
tegra t ion  of  the E P R  signal intensi t ies  ind ica ted  a 
l a b e l / p r o t e i n  rat io  approx.  10-times greater  for 
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Fig. 4. Effect of increasing chain-length on the W/S ratio of 
pyrrolidinyloxyl maieimide spin labels incorporated into intact 
microsomal vesicles. The inset shows the EPR spectra obtained 
from microsomes labeled with the shortest ( ) and longest 
( . . . . .  ) chain derivatives. The field marker represents 1 roT. 

the integral  p ro te ins  c o m p a r e d  to that  for the 
per iphera l  proteins .  
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3-Maleimido-3,3,5,5-tetramethyl-l-pyrrolidinyloxyl 4.4 0.70 

3-(Maleimidomethyl)-2,2,5,5-tetramethyl- 
l-pyrrolidinyloxyl 

3-(2-(Maleimidoethyl)carbamoyi-2,2,5,5- 
tetramethyl-l-pyrrolidinyloxyl 

3-(2-(2-Maleimidopropyl)-carban:oyl)-2,2,5,5- 
tetramethyl-l-pyrrolidinyloxyl 

3-(2-(2-(Maleimidoethoxy)-ethyl)carban~yl)- 
2,2,5,5-tetran~thyl-l-pyrrolldlnyloxyl 

5.7 0.92 

9.3 2.64 

10.5 5.44 

12.9 13.87 

Fig. 3. Chemical structures of pyrrolidinyloxyl maleimide spin labels. Intact microsomes were spin-labeled and the EPR spectra were 
obtained as described in Materials and Methods. Label dimensions were taken from Delmelle and Virmaux [21]. 
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Fig. 5. EPR spectra of Mal-6-1abeled integral and peripheral 
microsomal proteins. (A) Mal-6-1abeled intact vesicles (32 mg 
protein/ml) in 0.25 M sucrose. (B) Integral labeled proteins 
present in carbonate-treated vesicles (21 mg protein/ml) resus- 
pended in 0.25 M sucrose. The insets, B' and B" represent the 
low- and high-field features of the spectrum recorded at higher 
gain. (C) Peripheral labeled proteins isolated from carbonate- 
treated vesicles (14 mg protein/ml) in 0.25 M sucrose. 

m M )  to Mal-6-1abeled intact  microsomes resulted 

in comple te  abol i t ion of  the E P R  spectrum, indi- 

cat ing reduct ion of  the ni t roxide to the corre- 

sponding hydroxylamine.  Similar results were ob- 

served following addi t ion of  dithionite.  However ,  

incubat ion of  the microsomes with either N A D H  

or N A D P H  (final concentra t ion  1 mM) appeared 

to have no effect. 

Storage of  labeled intact microsomes at 4 ° C  

showed no deter iorat ion in the E P R  spectrum up 

to 40 h. However ,  longer intervals resulted in a 

gradual  decrease in the W/S ratio, yielding a 

value of  0.55 at 64 h with apparent  microsome 

agregation. Labeled membranes  subjected to a 

simple cycle of freezing at 77 K followed by rapid 

thawing to room tempera ture  showed only a very 

slight elevation of  the W/S ratio to 0.67. Man-  

nose-6-phosphatase  activities of  unlabeled micro- 

somes subjected to an identical  cycle indicated the 
retent ion of  greater than 90% latency. 

A considerable  number  of  procedures  have been 

publ ished for the prepara t ion  of  microsomal  

vesicles, the major i ty  of  which utilize different  

methods  of  tissue homogeniza t ion  and al ternate 

media.  E P R  spectra were obta ined for Mal-6- 

labeled microsomes isolated by two different  

methods  that  result in part ial ly disrupted vesicles 

and the W/S ratios compared  with those of  the 

intact  form. The W/S ratio was significantly in- 

creased both  for hypertonical ly  disrupted and 

mechanical ly  disrupted vesicles, yielding values of 

1.05 + 0.02 and 1.28 + 0.02, respectively. In addi- 

tion, the latency of  mannose-6-phosphatase  indi- 

cated the retent ion of  approx. 52 and 34% of the 

integri ty of control  values. Hyper ton ic - t rea tment  

of  intact- labeled vesicles resulted in an increase in 

TABLE I 

ENZYMATIC ACTIVITIES OF SPIN-LABELED HEPATIC MICROSOMES 

Enzyme activity a Microsomes Mal-6-microsomes c Change d 
(n = 5) (n = 5) (from control) 

FAD-containing 
monooxygenase 2.11 + 0.18 1.49 + 0.18 - 29% 
Cytochrome P-450 
content b 0.57 + 0.05 0.49 + 0.04 - 15% 
Aniline hydroxylase 5.69 + 1.20 5.33 + 0.45 n.s. 
p-Nitroanisole-O- 
demethylase 0.78 + 0.15 0.67 ± 0.14 n.s. 
Aminopyrine-N- 
demethylase 4.65 ± 0.25 3.98 ± 0.40 - 14% 

a Enzyme activities are given in nmol/min per mg protein. 
b Cytochrome P-450 content is given in nmol/mg protein. 

Hepatic microsomes labeled with maleimide spin label as described in Materials and Methods. 
d Significance is where P < 0.05. n.s., not significant. 
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Fig. 6. Temperature dependence of the W/S ratio of Mal-6 
incorporated into intact microsomal vesicles. Microsomes in 
0.25 M sucrose were incubated with Mal-6 (1 rag/25 mg 
protein) for 16 h at 4°C, extensively washed with sucrose and 
the EPR spetrum was recorded as described in Materials and 
Methods. Membrane samples were maintained at the indicated 
temperatures for 10 min prior to spectra aquisition. 

the  W/S ra t io  to 0.78. However ,  in contrast ,  
mechanica l  t r ea tment  resul ted in no signif icant  
change.  

The  activi t ies of  representa t ive  microsomal  
m a r k e r  enzymes for in tac t  microsomes  pr ior  to, 
and  fol lowing Mal-6  incorpora t ion ,  are shown in 
Tab le  I. Both cy tochrome  P-450 conten t  and  
a m i n o p y r i n e - N - d e m e t h y l a s e  ac t iv i ty  were de-  
pressed b y  approx.  15% of  control ,  fol lowing 
n i t rox ide  modi f ica t ion ,  whereas  values for F A D -  
conta in ing  monooxygenase  ind ica ted  a 29% de- 
crease in activity.  In  contrast ,  ani l ine hydroxylase  
and  p -n i t roan i so le -O-demethy lase  activit ies re- 
m a i n e d  unchanged.  

The  influence of  t empera tu re  on the n i t roxide  
label  mobi l i ty  is shown in Fig. 6. The  W/S ra t io  
was rela t ively cons tan t  within the range 10-25  o C. 
However ,  above  3 0 ° C ,  the W/S ra t io  r ap id ly  
increased,  ref lect ing bo th  a change in the s t ructure  
of  the l ip id  b i layer  and  the poss ib le  onset  of  
the rmal ly  induced  p ro te in  dena tura t ion .  Increased  
t empera tu re  also resul ted in a decrease  in the 
separa t ion  of  the two ou te r  hyperf ine  lines f rom 
6.60 m T  at 20 o C to 6.39 m T  and  60 o C. 

The  p H  dependence  of  the W/S ra t io  for Mal-  
6- labeled  in tac t  microsomes  is shown in Fig. 7. 
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Fig. 7. pH Dependence of the W/S ratio of Mal-6-1abeled 
intact microsomal vesicles. Labeled vesicles (10 mg protein/ml) 
were suspended in 0.25 M sucrose containing various zwit- 
terionic buffers (final concentration 0.25 M). Buffers used and 
their respective pH values were: Mes, pH 5.5-7.0; Hepes, pH 
7.5; Bicine, pH 8.5; CHES, pH 9.5-10.0; CAPS, pH 10.5. 

Whi l s t  relat ively con tan t  at  values below p H  7.5, 
more  a lkal ine  condi t ions  caused a significant ,  irre- 
versible,  increase in the ratio.  To examine  whether  
these changes in the W/S ra t io  reflected al tera-  
t ions in membrane - l i p id  f luidity,  changes in the 
m e m b r a n e  in tegr i ty  or  p H - i n d u c e d  dena tu ra t ion  
of  selected proteins ,  bo th  l ipid f lu idi ty  and  vesicle 
in tegr i ty  were examined  using l ip id-soluble  n i t ro-  
xide  probes  and  the la tency of  mannose-6-phos-  
pha tase  activity,  respectively.  A t t e m p t s  to mon i to r  
changes  in m e m b r a n e  f luidi ty  via  the pa r t i t ion ing  
of  the spin label  T E M P O  between the aqueous  
and  h y d r o c a r b o n  phases  p roved  unsuccessful .  
A d d i t i o n  of  T E M P O  to in tac t  microsomes  resul ted 
in a spec t rum direct ly  comparab l e  to that  of  the 
spin  label  in an aqueous  envi ronment ,  ind ica t ing  
very l i t t le pa r t i t ion ing  of  the p r o b e  into  the l ip id  
bi layer .  In  contras t ,  add i t ion  of  the n i t rox ide  fa t ty  
ac id  derivative,  5-doxyl  stearic acid or  its corre- 
spond ing  methyl  ester, resul ted in near  comple te  
inco rpora t ion  into  the membrane ,  as shown in Fig. 
8. Exposure  of  the in tac t  microsomes  to progres-  
sively a lkal ine  condi t ions  resul ted in a decrease in 
the order  p a r a m e t e r  (S ) .  Similarly,  above  p H  8.5, 
there  was a progressive decrease  in the degree of  
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Fig. 8. Effect of membrane disruption on the EPR spectra of 
5-doxyl stearic acid and Mal-6 incorporated into intact micro- 
somal vesicles. (A) Microsomal membranes (29 mg protein/ml) 
were incubated with 5-doxyl stearic acid in the ratio 1.1 /tg 
fatty acid/mg protein in 0.25 M sucrose and the EPR spectrum 
was recorded as described in Materials and Methods. (B) 
Spectrum obtained following addition of deoxycholate (final 
concentration 2%, w/v). (A') Mal-6-1abeled microsomes (10 mg 
protein/m1) in 0.25 M sucrose. (B') Spectrum obtained follow- 
ing addition of deoxycholate (final concentration 2%, w/v). 

mic rosome latency.  However ,  at p H  10.5, the 
vesicles still re ta ined  approx.  78% of their  original  
integri ty.  

To compare  the effects of  microsomal  mem- 
brane  integr i ty  on the pro te in  and  l ipid compo-  
nents,  Mal-6-1abeled vesicles and  vesicles incorpo-  
ra t ing 5-doxyl  stearic acid were d i s rup ted  by  deter-  
gent  addi t ion ,  vesicle in tegr i ty  be ing  mon i to red  by  
mannose -6 -phospha tase  latency. Represen ta t ive  
E P R  spectra  compar ing  in tac t  and  detergent-dis-  
rup ted  microsomes  are shown in Fig. 8, while the 
co r respond ing  var ia t ions  in the W/S rat io,  o rder  
pa r ame te r  and  relat ive mannose -6 -phospha ta se  ac- 
t ivi ty are shown in Fig. 9. Low levels of de tergent  
were observed to p roduce  a d rama t i c  increase in 
the W/S rat io,  reaching a l imit ing value of ap-  
prox.  1.64 at 0.5% deoxychola te  and  remain ing  
cons tan t  at higher de tergent  concent ra t ions  (Fig.  
9A). Al te ra t ions  in m e m b r a n e  f luidi ty  were also 
reflected in a cor responding  decrease  in the order  
parameter .  However ,  the order  pa r ame te r  was not  
as responsive to the ini t ial  phases  of  m e m b r a n e  
d i s rup t ion  and d id  not  a t ta in  a l imit ing value 
within the deoxychola te  concent ra t ions  examined.  
Vesicle d i s rup t ion  as ind ica ted  by  the decrease in 
mannose -6 -phospha tase  la tency is shown in Fig. 
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Fig. 9. Influence of membrane disruption on the spectroscopic 
properties of Mal-6 and 5-doxyl stearic acid spin labels incor- 
porated into intact microsomal vesicles and the latency of 
glucose-6-phosphatase activity. W/S ratios, the order parame- 
ter (S) and the mannose-6-pbosphate phosphohydrolase activ- 
ity of glucose-6-phosphatase were determined as described in 
the text. 

9B. Low detergent  levels caused a rap id  destruc-  
t ion of the m e m b r a n e  integri ty.  However ,  the 
inhib i t ion  of  mannose -6 -phospha tase  [20], evident  
at higher  de tergent  concentra t ions ,  resul ted in an 
appa ren t  par t ia l  res tora t ion  of vesicle integri ty.  

Discussion 

The preceding  results  demons t ra te  a rel iable  
and  reproduc ib le  technique for the covalent  incor-  
po ra t ion  of n i t roxide  spin labels into microsomal  
vesicles. Whi le  we have been unable  to ident i fy  the 
ind iv idua l  labe led  polypept ides ,  we have at- 
t empted  to define some of the character is t ics  of 
the labeled pro te ins  and  ident i fy  condi t ions  that  
pe r tu rb  the observed  EPR spectra.  The pr ior  reac- 
t ion of mic rosomal  membranes  with Hg  deriva-  
tives to effect modi f i ca t ion  of accessible sul fhydryl  
groups  (cysteine) fol lowed by  react ion with spin 
label  resulted in the absence of  any de tec tab le  
Mal-6  incorpora t ion ,  indica t ing  the n i t roxide  de- 
r ivat ive d id  not  react  with a l te rna te  pro te in  side- 
chains,  such as the amino  groups  of  lysine re- 
sidues, to any  signif icant  extent.  In  contrast ,  in- 
cuba t ion  of  the membranes  with ei ther N-ethyl-  
ma le imide  or  i odoace t amide  d id  not  prec lude  sub- 
sequent  Mal-6  incorpora t ion  under  the condi t ions  
used, a l though changes in the resul tant  EPR spec- 
t ra  suggested that  the nonpa ramagne t i c  com- 
pounds  ini t ial ly reacted with the more  mobi le  
sul fhydryl  components .  The results of  the t reat-  



ment of Mal-6-1abeled intact vesicles with 
carbonate demonstrated that both integral and 
peripheral membrane proteins were modified with 
a high proportion of the labeled sites occurring on 
integral proteins. Note, Fujiki et al. [12] have 
demonstrated that approx. 53% of the total protein 
(integral and peripheral) remains associated with 
the lipid bilayer following carbonate treatment. 
The resuspended, membrane-bound integral pro- 
tein fraction retained both strongly and weakly 
immobilized nitroxide labels. However, in con- 
trast, the peripheral proteins exhibited only the 
weakly immobilized component. 

Exposure of the labeled intact vesicles to 
ascorbate effected total reduction of the nitroxides 
to their corresponding hydroxylamines, indicating 
the modified protein residues to be readily accessi- 
ble to solvent and thus presumably located on the 
cytoplasmic surface of the membrane. Increasing 
the separation between the nitroxide and the 
maleimide functions had a considerable influence 
on the resultant EPR spectrum. Chain-lengths 
greater than approx. 6 ,~ produced significantly 
higher W/S ratios, suggesting that some of the 
sulfhydryl groups could be situated either within 
protein clefts or on protein residues embedded 
within the membrane. 

The W/S ratio of the labeled microsomes was 
found to be highly dependent upon the conditions 
used to achieve Mal-6 incorporation. Of particular 
consideration were the results of the incubation 
time and label/protein ratio experiments. These 
data indicate a degree of differential reactivity of 
the accessible sulfhydryl groups, with the strongly 
immobilized sites exhibiting lower reactivity. Mal-6 
modification of both integral and peripheral mem- 
brane proteins had little effect on the integrity of 
the membrane structure, as judged by the reten- 
tion of mannose-6-phosphatase latency. However, 
the methods used to isolate the microsomal vesicles 
had a significant influence both on the integrity of 
the membrane and the observed EPR spectra. 
Decreased membrane integrity was found to result 
in elevated W/S ratios. The absence of any sig- 
nificant effect on the W/S ratio of intact micro- 
somes subjected to mechanical treatment suggests 
that the major changes in the W/S ratio and 
mannose-6-phosphatase latencies occurring during 
the preparation of vesicles using this technique are 
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probably due to proteolytic disruption of the 
membrane which may expose additional sites for 
Mal-6 reaction, including any located on the lumi- 
nal surface. In contrast, 'hypertonic'  treatment of 
intact nitroxide-labeled microsomes increased the 
W/S ratio. This presumably results from a combi- 
nation of the salt and chelation effects of the 
'hypertonic'  medium, resulting in a partial dissoci- 
ation of both labeled and unlabeled peripheral 
membrane proteins. 

Our results indicate that vesicle integrity could 
be maintained for a limited period of time at 4 o C, 
whereas microsomes were stable indefinitely if 
rapidly frozen and stored under liquid nitrogen. 
Similar results have been reported by Nordlie et 
al. [22]. 

The elevation of the W/S ratio with increasing 
pH indicated a significant, irreversible perturba- 
tion of vesicle organization, commencing at ap- 
prox. pH 8.5. Previous work has demonstrated the 
disruption of microsome integrity at alkaline pH 
[23]. However, although we observed a decrease in 
the latency of mannose-6-phosphatase above pH 
9, the membranes retained a high degree of integ- 
rity up to and including pH 10.5. Total abolition 
of mannose-6-phosphatase latency could be 
achieved by incubating labeled microsomes in 
Na2CO 3 at pH 11.5. In addition, the small de- 
crease in the order parameter for the 5-doxyl stearic 
acid probe intercalated within intact microsomes, 
compared with the magnitude of the changes ob- 
served during detergent disruption, indicates that 
the change in the W/S ratio with increasing pH 
may predominantly reflect an alteration in protein 
structure due to pH-induced denaturation. 

Incorporation of Mal-6 into intact vesicles re- 
suited in decreased membrane-associated enzyme 
activity. Both cytochrome P-450 and FAD-con- 
taining monooxygenase incorporate thiol groups 
near the catalytic site [24,25] and in the case of the 
former, this enzyme has been localized on both the 
cytoplasmic and luminal surfaces [26]. The small 
decrease in cytochrome P-450 content and 
aminopyrine-demethylase activity coupled with the 
unchanged aniline hydroxylase and p-nitroanisole- 
o-demethylase activities indicate only a minor al- 
teration in the structure of cytochrome P-450 fol- 
lowing labelling. However, the markedly increased 
inhibition of FAD-containing monooxygenase ac- 
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t iv i ty  m a y  r e s u l t  f r o m  m o d i f i c a t i o n  o f  e s s e n t i a l  

s u l f h y d r y l  g r o u p s  l o c a t e d  in  c lose  p r o x i m i t y  to  t he  

a c t i v e  site. 
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