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Summary 

Examination of  the interaction of  a number  of  structurally related polycy- 
clic aromatic hydrocarbons with the e ry throcyte  plasma membrane indicated 
that  the presence and position of  methyl  groups on the lipophilic hydrocarbon 
nucleus determined whether  the compound  acted as an inhibitor of  membrane 
function. 7,12-Dimethylbenz(a)anthracene, a potent  carcinogen, acted as a 
noncompeti t ive inhibitor of  membrane acetylcholinesterase. The inhibition 
depended on the anion composi t ion of  the buffer  at the t ime of  exposure of  
the cells to inhibitor, i.e., it was only manifest in the presence of  an anion gra- 
dient. The temperature dependence of  the intact cell enzyme in the presence of  
inhibitor was influenced by  the temperature at which the compound  was added 
prior to assay and may involve the perturbation of  tightly associated lipids. 
Glucose exchange across the membrane was inhibited by  the same compounds  
which inhibit acetylcholinesterase. The temperature dependence of  the 
exchange was not  grossly altered by  the presence of  7,12-dimethylbenz(a)an- 
thracene. 

The observed inhibition of  two membrane functions by the polycyclic aro- 
matic hydrocarbons does not  correlate simply with their theoretical octanol/  
water partit ion coefficients, water solubilities, or ability to confer  membrane 
stabilization against osmotic hemolysis. This demonstrat ion of  differential 
inhibition by  compounds  having the same overall hydrophobic i ty  was unex- 
pected and suggests a more complex mode of  interaction with the cell mem- 
brane. 

* Present address: The Rockefeller University, New York,.NY 10021, U.S.A. 
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Introduction 

The functional perturbation of biological membranes by small hydrophobic 
molecules leads to such pharmacological events as anesthesia, tranquilization, 
and narcosis by a mechanism(s) which is poorly understood at present. Upon 
interaction with red blood cell membranes, such lipophilic molecules usually 
protect erythrocytes from hypotonic lysis [1--3]. Quantitative studies indicate 
that the protective ability of hydrophobic compounds is related to the mole- 
cule's overall hydrophobicity rather than to its structure, suggesting that after 
partition into the membrane, alteration of membrane function proceeds by a 
common mechanism [3]. For a family of structurally related compounds, the 
concentration at which individual members protect erythrocytes against 
osmotic hemolysis should depend only on the change in overall hydrophobicity 
afforded by various substitutions in the molecule. Concomitant changes in 
functional properties of the membrane should be similarly affected. 

In the course of characterizing the interaction of plasma membranes with 
lipophilic carcinogens, Litman et al. [4,5] examined the stabilization against 
osmotic hemolysis afforded by a series of azo dye and polycyclic aromatic 
hydrocarbon carcinogens. Methyl-substituted derivatives of the azo dye carci- 
nogen, dimethylaminoazobenzene, exhibited protection which correlated with 
the octanol/water partition coefficients of the compounds. The polycyclic aro- 
matic hydrocarbons, however, conferred little, if any, protection even though 
these compounds have much higher partition coefficients and demonstrated 
considerably higher absolute binding to the red blood cells. The lack of a cor- 
relation between the partition behavior and erythrocyte stabilization led to the 
suggestion that polycyclic aromatic hydrocarbon carcinogens interacted with 
the membrane in a different fashion than the azo dyes [ 5 ]. 

An investigation of the perturbation of erythrocyte membrane function by 
this family of structurally similar antihemolytic azo dyes indicated that func- 
tional perturbation did not correspond with the ability of the dyes to protect 
erythrocytes against osmotic hemolysis [6], a property known to be correlated 
with the pharmacological potency of a variety of lipophilic compounds [3]. 
This unexpected behavior is apparently the result of a complex interaction with 
the membrane and suggested that further investigation of functional perturba- 
tion by other families of structurally related lipophilic compounds was neces- 
sary in order to evaluate the generality of this finding. 

This communication reports the functional perturbation which accompanies 
the binding of polycyclic aromatic hydrocarbons to the erythrocyte membrane. 
It was found that inhibition of two erythrocyte membrane functions, acetyl- 
choline hydrolysis and glucose exchange, depended on the presence and posi- 
tion of methyl substituents in a number of families of structurally related poly- 
cyclic aromatic hydrocarbons, some of which have been used as probes of 
membrane dynamics and many of which are carcinogenic. A preliminary report 
of  this work has appeared [7]. 

Materials and Methods 

Materials. Benz(a)anthracene, 7,12-dimethylbenz(a)anthracene, 3-methyl- 
cholanthrene, benzo(a)pyrene, pyrene and phenanthrene were obtained from 
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Eastman and recrystaUized from ethanol or benzene/ethanol. Anthracene, 
2-methylanthracene, 9-methylanthracene and 1-methylphenanthrene were pur- 
chased from Aldrich Chemical Co. 2-, 3-, 5-, 6-, 8-, 9- and ll-methylbenz(a)- 
anthracene, as well as 4-, 2,7- and 4,5-dimethylphenanthrene were the generous 
gift of Dr. M.S. Newman (Ohio State University). 4-, 10- and 3,9-dimethylbenz- 
(a)anthracene were kindly donated by Dr. R.G. Harvey (University of Chicago) 
and 7- and 12-methylbenz(a)anthracene by Dr. H. Marquardt (Sloan-Kettering 
Institute). All compounds were assayed for purity by thin-layer chromatogra- 
phy and ultraviolet spectroscopy and purified by recrystallization or thin-layer 
chromatography when necessary. 1 mM stock solutions were prepared by dis- 
solving the compounds in absolute ethanol and were stored at --20°C after 
flushing with N2. 

Methods. Human red cell suspensions were prepared and assayed for acetyl- 
cholinesterase activity as described previously [6] using a modification of the 
spectroscopic method of Ellman et al. [8]. Temperature-activity studies were 
also performed as reported earlier [6]. The effect of the different incubation 
procedures on the binding of 7,12<limethylbenz(a)anthracene (DMBA) to 
intact erythrocytes was assayed using 3H-labeled DMBA. 

The isolation of human erythrocyte acetylcholinesterase by affinity chroma- 
tography was performed as outlined by Niday et al. [9]. The high-salt method 
of Mitchell and Hanahan [10] was used to extract acetylcholinesterase from 
washed erythrocyte ghosts. 

Ghosts were prepared by the method of Dodge et al. [11] using hypo- 
tonic phosphate buffer. Protein was measured according to the method of 
Lowry et al. [12] using bovine serum albumin as a standard. 

Glucose exchange was measured exactly as described previously [6]. 

Results 

Fig. 1 illustrates the compounds which were tested for their ability to inhibit 
both erythrocyte membrane acetylcholinesterase and glucose exchange across 
the membrane. The results of the functional studies are summarized in Table I. 

A cetylcholinesterase studies 
In the benz(a)anthracene molecule, those positions marked T in Fig. 1 indi- 

cate that monomethyl substitution at this position resulted in a compound 
which inhibited both membrane functions, while those marked 'NI' as well as 
the nonmethylated parent compound, benz(a)anthracene, exhibited no inhibi- 
tion when tested at the same final concentration. 3,9-Dimethylbenz(a)anthra- 
cene was a non-inhibitor, whereas dimethyl substitution in the 7- and 12-posi- 
tions resulted in a compound which was inhibitory. 

In the anthracene series, 9-methylanthracene was inhibitory, while anthra- 
cene and 2-methylanthracene were non-inhibitory. Also shown in Fig. 1 are the 
structures of three additional non-inhibitory polycyclic aromatic hydrocar- 
bons: pyrene, benzo(a)pyr'ene and 3-methylcholanthrene. 

When tested at the same final concentration for their ability to inhibit red 
cell acetylcholine hydrolysis, the 4- and 4,5-methyl-substituted phenanthrenes 
were twice as inhibitory as the 1- and 2,7-methyl compounds, Phenanthrene 
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H 
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Fig. 1. S t ruc tu re s  of  po lycyc l i c  a r o m a t i c  h y d x o c a r b o n s  tes ted  as inh ib i to rs  of  m e m b z a n e  func t ion .  Posi- 
t ions  m a r k e d  ' I '  i nd ica te  t h a t  m o n o m e t h y ]  subs t i t u t ion  of  the  n o n m e t h y l a t e d  p a r e n t  m o l e c u l e  resu l t ed  in 
a c o m p o u n d  w h i ch  inh ib i t ed  b o t h  e r y t h r o c y t e  m e m b r a n e  ace ty lcho l ines te rase  and  glucose exchange  
across  the  m e m b r a n e .  Those  m a r k e d  ' N I '  e x h i b i t e d  n o  i n h i b i t i o n  w h e n  t e s t e d  at t h e  same  final c o n c e n t r a -  
t i on .  

was non-inhibitory at this concentration, although it was inhibitory when 
tested at 5- and 10-fold higher concentrations. 

The concentration dependence of the inhibition of acetylcholinesterase by 
DMBA and 9-methylanthracene is shown in Fig. 2.2-,  7- and 12-methylbenz(a)- 
anthracene exhibited the same concentration dependence as DMBA (not 
shown). The shift of  the 9-methylanthracene inhibition curve to higher concen- 
trations is consistent with the lower theoretical octanol/water partition coef- 
ficient of  this compound [13,14]. The increase in the theoretical partition 
coefficient (P) caused by dimethyl  substitution of  benz(a) anthracene is appar- 
ently not  reflected by a shift in its inhibition curve relative to those of the 
monomethylbenz(a)anthracenes,  probably beCause the difference is much smal- 
ler than the difference between DMBA and 9-methylanthracene (Alog P 
(octanol/water) = 0.5 and 1.27, respectively). 

The inhibition of  acetylcholinesterase by DMBA, a potent  carcinogen, was 
characterized in greater detail. An examination of  the dependence of  inhibition 
on the length of  time for which the cells were incubated with DMBA prior to 
assay showed that  maximum inhibition was reached at exposures as short as 
1 min. Although the standard incubation time for the assay of  acetylcholin- 
esterase was 15 rain, doubling this t ime had no effect on the amount  of inhibi- 
tion monitored.  

DMBA appears to act as a noncompetit ive inhibitor of acetylcholinesterase 
(Fig. 3). The kinetic parameters derived from a Lineweaver-Burk plot of  the 
activity as a function of  substrate concentration in the presence (2.0 ~M) and 
absence of  inhibitor are: Km= 108 pM; V = 1.0 • 10 -zs mol/min per cell; K i = 
4.2 ~M. 

The temperature behavior of  acetylcholinesterase in the presence of DMBA 
is illustrated in Figs. 4 and 5. There was no obvious discontinuity in the tem- 
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Fig. 2. C o n c e n t r a t i o n  d e p e n d e n c e  of  exytb-rocyte m e m b r a n e  ace ty lcho l ines t e ra se  inh ib i t ion  by  po lycyc l ic  
a r o m a t i c  h y d r o c a r b o n s .  The  e n z y m e  ac t iv i ty  of  i n t ac t  cells was  assayed  at  22°C.  Inh ib i t ion  is expressed  
as a p e r c e n t a g e  of  the  r a t e  of  hydro lys i s  of  an  e tha no l  c on t ro l  (final c o n c e n t r a t i o n ,  0 .33%,  v/v) .  Each  
po in t  r ep re sen t s  a t r ip l ica te  d e t e r m i n a t i o n  of  the  ra te  at  t ha t  c o n c e n t r a t i o n .  The  var ious  s y m b o l s  repre-  
sent  separa te  exper i rnen ts .  9 MeA,  9 - m e t h y l a n t b x a c e n e .  

Fig. 3. Kinet ics  of  e r y t h r o c y t e  m e m b r a n e  ace ty lcho l ines t e ra se  ac t iv i ty .  The e n z y m e  wa s  assayed  at  
21 .7°C  using an  ace t y l c ho l i ne  (ATC)  subs t ra te .  Each  p o i n t  represents  the  average  va lue  of  a t r ip l ica te  
d e t e r m i n a t i o n  + S.D. T h e  c o n t r o l  c o n t a i n e d  e tha no l  a t  a final c o n c e n t r a t i o n  of  0 .33% (v/v) .  DMBA was  
present  at  a final c o n c e n t r a t i o n  of  1 .98 pM.  

perature dependence of  the activity seen in either figure when compared with 
intact cells in the absence of  inhibitor. However,  the slope of  the line depended 
on the temperature at which the intact cells were incubated with buffer  prior 
to assay. When the cells were added to a solution of  buffer precooled to the 
assay temperature,  the enzyme inhibition decreased as the temperature was 
lowered (Fig. 4). When the cells were exposed to inhibitor at room temperature 
and then equilibrated at the assay temperature prior to the addition of  sub- 
strate, the increased amounts  of  inhibition at lower temperatures resulted in a 
slope increase, i.e., the dependence of  inhibition on the assay temperature was 
no longer evident. This temperature behavior of  the enzyme in the presence of  
DMBA was qualitatively similar to that  previously reported for the azo dye 
inhibitor, 2-methyldimethylaminoazobenzene [6].  

The temperature dependence of  DMBA inhibition was not  due to differential 
binding as a result o f  the incubation procedure.  When binding as a function of  
incubation was measured using 3H-labeled DMBA, 38.4 + 1.7% of  the added 
radioactivity (in cpm) remained in the supernatant when cells were added to 
precooled buffer  containing 3.3 pM DMBA, while 38.0 -+ 2.1% of the added 
radioactivity (cpm) remained in the supernatant when cells were incubated 
with inhibitor at room temperature prior to cooling. This agrees with the find- 
ing of  Harris et al. [15] who reported that  DMBA binding to the lipid envelope 
of  oncornaviruses was the same at 4°C as it was at 37°C. 

It is unlikely that  DMBA solubilized the enzyme upon interaction with 
intact erythrocytes,  since assay of  the supernatant remaining after removal of  
treated cells showed that it contained no acetylcholinesterase activity. Further- 
more, DMBA did no t  inhibit the enzyme activity when added to preparations 
of  washed ery throcyte  ghosts prepared by  hypotonic  lysis, nor when added to 
extracts of  the enzyme isolated by high-salt t reatment  of  the ghosts or by affin- 
ity chromatography.  
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Fig. 4. E f f ec t  o f  DMBA on t he  t empeza tuxe  d e p e n d e n c e  of  e r y t b x o c y t e  ace ty lcho l ines te rase  ac t iv i ty .  Incu-  
b a t i o n  a t  assay t e m p e r a t u r e .  I n t a c t  r e d  b l o o d  cells were  a d d e d  to  a b u f f e r  so lu t ion  con t a in ing  e thano l  
(0 .33%, v /v )  o r  1 .98  /~M DMBA wh ic h  ha d  b e e n  pre -equf l ib ra ted  to  the  t e m p e r a t u z e  at  wh ich  the  assay 
was  p e r f o ~ n e d .  The  red  cells we re  i n c u b a t e d  a t  this  t e m p e r a t u r e  for  15 ra in  b e f o r e  the  r eac t i on  was ini- 
t i a ted  b y  the  a d d i t i o n  of  subs t ra te .  Each  po in t  in the  p lo t  r ep re sen t s  the  average  of  a t r ip l ica te  d e t e r m i n a -  
t ion  -+ S.D. 

Fig. 5. E f fec t  of  DMBA on  the  t e m p e r a t t t t e  d e p e n d e n c e  of  e r y t h r o c y t e  ace ty lcho l ines te rase  ac t iv i ty .  Pre- 
i n c u b a t i o n  at  r o o m  t empe ra t t t r e .  Cells were  i n c u b a t e d  wi th  DMBA (1 .98  /~M) for  10 m i n  a t  r o o m  t em-  
p e r a t u r e  and  t h e n  equ i l ib ra ted  to  the  assay t e m p e r a t t t r e  for  15 ra in  p r io r  to the  add i t i on  of  subs t ra te .  
U n d e r  these  cond i t ions ,  inh ib i t ion  is inc reased  a t  low t empera t t t r e s  w h e n  c o m p a r e d  wi th  t h e  inh ib i t ion  
u n d e r  cond i t ions  desc r ibed  in  t he  p r e c e d ing  f igure.  

As previously reported for the azo dye inhibitor [6], acetylcholinesterase 
inhibition by DMBA was found to depend on the anion composition of  the 
buffer (Table IIA). No inhibition by DMBA was observed when the effect of  
inhibitor was assayed in buffers containing anions which are rapidly trans- 
ported across the red cell membrane, viz., HCO~ and C1-. When cells were 
incubated with DMBA in a buffer which allowed inhibition, and were pelleted, 
and then assayed in a buffer in which inhibition was not  usually seen, the com- 
pound still acted as an-inhibitor. When the incubation buffer did not  support 
inhibition, inhibition was not  seen when assayed in buffer which did support 
inhibition (see Table IIB). These results indicate that  the transmembrane poten- 
tial at the time of  exposure to inhibitor is the determining factor. A similar 
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T A B L E  II  

I N H I B I T I O N  OF A C E T Y L C H O L I N E S T E R A S E :  (A)  D E P E N D E N C E  OF I N H I B I T I O N  ON B U F F E R  
C O M P O S I T I O N ;  (B) D E P E N D E N C E  OF I N H I B I T I O N  ON C O M P O S I T I O N  OF I N C U B A T I O N  B U F F E R  
V E R S U S  A S S A Y  B U F F E R ;  (C) D E P E N D E N C E  OF I N H I B I T I O N  ON C E L L  I N T A C T N E S S  

(A) Assay temperature: 22 ° C. All bu f fe r s  c on t a ine d  5 m M  p h o s p h a t e ,  pH 8. Cont ro l s  co n t a in ed  e thano l  a t  
a final c o n c e n t r a t i o n  o f  0 .33% (v/v) .  E n z y m e  ac t iv i ty  is expressed  in f m o l / m i n  per  cell. Values are  
r e p o r t e d  as the  average  o f  a t r ip l ica te  d e t e r m i n a t i o n  -+ S.D. Th e  stat is t ical  s ignif icanc e for  % inh ib i t ion  is 
ind ica ted .  (B) Cells were  a d d e d  to  i n c u b a t i o n  b u f f e r  con ta in ing  e th an o l  (0 .33%, v /v )  or  DMBA.  A f t e r  a 15 
rain i ncuba t i on ,  the  cells were  pe l le ted ,  r e s u s pe nde d  in assay bu f fe r ,  an d  the  ra tes  d e t e r m i n e d .  All proce-  
dures  were  c o n d u c t e d  at  r o o m  t e m p e r a t u r e .  Inh ib i t i on  is expressed  as a p e r cen t  of  the  con t ro l  values.  Th e  
s tat is t ical  s ignif icance for  % inh ib i t ion  is ind ica ted .  (C) Buffer :  100  m M  s o d i u m  p h o s p h a t e ,  p H  8. Assay 
t e m p e r a t u r e :  r o o m  t e m p e r a t u r e .  The  con t ro l s  c o n t a i n e d  e th an o l  at  a final c o n c e n t r a t i o n  of  0 .33% (v/v) .  
The  e n z y m e  ac t iv i ty  for  the  i n t ac t  a nd  lysed  cond i t ions  is expressed  in f m o l / m i n  pe r  cell. Gh o s t  ac t iv i ty  is 
expressed  in /1tool/rain per  m g  m e m b r a n e  p ro te in .  Cells were  lysed  a f t e r  exposu re  to inh ib i tor ,  b u t  pr ior  
to assay.  Ghos t s  were  p r e p a r e d  by  h y p o t o n i c  lysis a nd  a d d e d  to  assay f r o m  a d i lu t ion  of  the  ghost  pel let  
in h y p o t o n i c  buf fe r .  T he  s tat is t ical  s ignif icance for  % inh ib i t ion  is ind ica ted .  

(A)  Assay  b u f f e r  Cont ro l  ac t iv i ty  +DMBA (1 .98/~M) % inhib i t ion  

100 m M  s o d i u m  p h o s p h a t e  0 .88  ± 0 .04  0 .60  ± 0 .07  31 .8  (P ~ 0 .025 )  
100 m M  Na2SO 4 0.81 ± 0.01 0 .60  ± 0 .07  25 .9  (P ~ 0 .050 )  
150  m M  NaC1 0 .84  ± 0 .07  0 .82  ± 0 .02  - -  
150  m M  N aH C O  3 0 .90  ± 0 . 1 0  0 .93  ± 0 .04  - -  

(B) I n c u b a t i o n  bu f f e r  % inh ib i t ion  by  DMBA (3 .30/~M) 

Assay buf fe r :  100  m M  s o d i u m  p h o s p h a t e  150  m M  NaC1 

100 m M  s o d i u m  p h o s p h a t e  33 .5  (P ~ 0 .025 )  36.7 (P <: 0 .025 )  
150 m M  NaC1 0 0 

(C) Sta te  of  cells w h e n  Cont ro l  ac t iv i ty  +DMBA (3 .30  #M) % inh ib i t ion  
expos ed  to inh ib i to r  

I n t a c t  0 .85  + 0 .02  0 .56  ± 0 .07  33.6 (P <: 0 .025 )  
Lysed  1.07 ± 0.01 0 .67  ± 0 .08  37.1 (P <~ 0 .025 )  
Ghos t s  1 .59  ± 0 .04  1 .59  ± 0 .03  0 

result using linolenoyl sorbitol as an inhibitor of acetylcholinesterase was first 
reported by Livne and Bar-Yaakov [16], who also found that  inhibition could 
be measured in lysed cells if they were lysed after exposure to inhibitor in the 
presence of  a C1- gradient. Table IIC shows that  this, too, was the case for 
DMBA inhibition of  acetylcholinesterase. 

Glucose exchange studies 
The families of  polycyclic hydrocarbon, for which the inhibition of  acetyl- 

cholinesterase was reported above, were also tested for their effect on glucose 
exchange across the cell membrane (inhibition generally assayed at a final con- 
centration of  2.4 • 10 -s M). There was a direct correlation with acetylcholin- 
esterase inhibition: all compounds which inhibited acetylcholine hydrolysis 
also inhibited glucose exchange (50--100% increase in exit time), while those 
which were non-inhibitors of  the enzyme also failed to inhibit glucose 
exchange. 

The concentration dependence of  DMBA inhibition of  glucose exchange is 
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shown in Fig, 6. An Arrhenius plot o f  the rate of  glucose exchange as a func- 
tion o f  temperature is shown in Fig. 7. There was a change in the slope of  the 
plot at approx. 23°C seen both in the control and in the presence of  DMBA 
(1.5 • 10 -s M). As was the case with the temperature dependence of  the azo 
dye inhibition [6] ,  DMBA does not  appear to alter grossly the temperature 
characteristics o f  glucose exchange across the membrane, nor does the inhibi- 
tion appear to be affected by the incubation temperature conditions.  

Antihemolysis studies 
The degree of  protection against osmotic  hemolysis  provided by the various 

families of  polycyclic hydrocarbons, of  which the effect on acetylcholine 
hydrolysis and glucose exchange were reported above, was examined over a 
concentration range which included the highest concentrations used to monitor 
inhibition of  both functions. The object was to ascertain whether a correlation 
existed between inhibition of  membrane function and membrane stabilization 
against osmotic  hemolysis.  

The concentration at which a compound provided a 50% reduction in 
osmotic  lysis when compared with a solvent control (AHs0) is shown in Table I. 
An examination of  these values indicates that there was not  an absolute correla- 
tion between inhibition and protection in the benz(a)anthracene series. Stabili- 
zation did correlate with inhibition for the substituted anthracenes which were 
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Fig. 6 .  C o n c e n t x a t i o n  d e p e n d e n c e  o f  th e  inh ib i t ion  o f  g lucose  e x c h a n g e  by D M B A .  The  e x i t  t i m e  (± S .D . )  
is p l o t t e d  as a f u n c t i o n  o f  the  f inal  c o n c e n t r a t i o n  o f  D M B A  and c o m p a r e d  w i t h  a co ntro l  conta in ing  the  
so lvent  e t h a n o l  at a f inal  c o n c e n t x a t i o n  o f  2 .4% (v /v) .  

Fig. 7.  E f f e c t  o f  D M B A  on  th e  t e m p e z a t u x e  d e p e n d e n c e  o f  g lucose  e x c h a n g e  across  the  e z y t h r o c y t e  m e m -  
brane .  S ince  the  rate  o f  "glucose e x c h a n g e  across  the  m e m b r a n e  is inverse ly  p r o p o r t i o n a l  to  the  ex i t  t ime ,  
this  q u a n t i t y  w as  used  d irect ly  for  c o m p a r i s o n  o f  the  rate  o f  e x c h a n g e  in the  presence  o f  D M B A  (final  
c o n c e n t r a t i o n ,  1 4 . 7  /~M) w i t h  th e  rate  o f  e x c h a n g e  in the  p r e s e n c e  o f  an e tha no l  c o n t r o l  (f inal  c o n c e n t r a -  
t i on ,  2 .4%,  v /v) .  Each p o i n t  represent s  a tr ip l icate  d e t e r m i n a t i o n  + S .D.  
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examined. For the phenanthrenes, however, it is evident that the degree of 
inhibition did not correlate well with the amount of osmotic protection 
afforded by these compounds. 

Binding 
Litman et al. [5] have shown that lack of  protection against osmotic hemol- 

ysis was not the result of lack of binding of the polycyclic aromatic hydrocar- 
bons to the red cell. Additional qualitative evidence of membrane binding by 
both inhibitory and non-inhibitory benz(a)anthracenes was the enhanced fluor- 
escence exhibited by all the compounds in the presence of red cell ghosts (data 
not shown). Furthermore, the main fluorescence peak of the compounds in the 
membrane was blue-shifted when compared with its position in the buffer spec- 
tra. Such shifts have been used to quantitate the transfer of benz(a)anthracene 
from particulates into phospholipid vesicles [17]. 

Discussion 

Systematic examination of the effect of polycyclic aromatic hydrocarbons 
on the function of two membrane proteins resulted in the unexpected finding 
that inhibition of these functions depended on the presence and position of 
methyl substituents. These results suggest that inhibition of membrane func- 
tion may depend on the shape of the hydrocarbon molecule. All substituted 
compounds which did not inhibit membrane function share the common struc- 
tural features: (1) three aromatic rings fused linearly, and (2) methyl substitu- 
ents located at the long axis ends of the molecule. 3-Methylcholanthrene 
appears to be an exception to this generalization and this may be the result of 
the different orientation of the cyclopentyl group compared with that of a 
methyl substituent. 

Although the phenanthrene molecule does not contain three linearly fused 
aromatic rings, it is interesting to note that the substituted phenanthrenes, 
though all inhibitors, showed a quantitative dependence on the substituent 
position. Intermediate inhibitors in the phenanthrene series were those with 
methyl groups at the ends of the parent molecule's long axis. 

A possible explanation for the dependence of the inhibition of membrane 
function on substituent position could be that the location of the methyl 
group(s) determines how the compound interacts with membrane lipids. Spe- 
cificity in the interaction of polycyclic aromatic hydrocarbons with lipid 
monolayers has been reported [18--24], and while the interaction of these 
compounds with a biological membrane is obviously more complex than that 
seen with simple monolayers, it is noteworthy that the position of aikyl substi- 
tuents affects the behavior of  polycyclic aromatic hydrocarbons with steroid 
films [18--20]. 

Using a cholestane spin label, Sanioto and Schreier [25] examined the effect 
of a number of polycyclic compounds on the physical state of artificial phos- 
pholipid bilayers. Dipalmitoyl phosphatidylcholine bilayers were fluidized by 
the added hydrocarbon as a function of size and angularity (pyrene < anthra- 
cene < benz(a)anthracene ~ phenanthrene < DMBA < 9-methylanthracene 
benzo(a)pyrene < 3-methylcholanthrene). These authors postulated that the 
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unexpectedly  great fluidizing capability of  9-methylanthracene was due to the 
position of  the methyl  substi tuent  in the anthracene molecule which allowed 
this compound  to cause greater disruption of  phospholipid-phospholipid side- 
chain interactions upon intercalation of  the compound.  

It is interesting to note  that  the inhibition of  e ry throcyte  membrane func- 
tion reported herein does not  correlate with the ability of  these compounds  to 
alter the fluidity of  phospholipid bilayers as measured by the spin resonance 
technique reported above. This suggests that  functional perturbation of  the 
erythrocyte  membrane by the hydrocarbons is more complex and may involve 
a direct interaction of  the compounds  with membrane protein. The possibility 
of  direct interaction of  polycyclic aromatic hydrocarbons with hydrophobic  
regions of  membrane protein is suggested by the albumin binding observed for 
a series of  carcinogenic hydrocarbons [26,27].  

The complexi ty  of  the membrane interaction was also underscored by a 
detailed examination of  DMBA inhibition of  two red cell membrane functions. 
DMBA is a po ten t  carcinogen and is known to interact with both  cholesterol 
and phospholipid [18--20,25] as well as to confer  a certain degree of  mem- 
brane stabilization against osmotic hemolysis [5].  

DMBA inhibited human erythrocyte  membrane acetylcholinesterase in a 
noncompeti t ive manner (Fig. 3), but  did not  inhibit the enzyme in unsealed 
erythrocyte  ghosts or a high-salt-extracted form of  the enzyme. The nature of  
the acetylcholinesterase inhibition is complicated by  the necessity for the pres- 
ence of  an anion gradient in order for the inhibition to be manifest (Table II). 
It is interesting that  even if the cells were lysed after exposure to inhibitor but  
prior to assay (Table IIC), which essentially results in a preparation of  unsealed 
ery throcyte  ghosts, the inhibition was manifest. Thus, the presence of  a trans- 
membrane potential  was required only at the time of  exposure to DMBA. 
Several recent reports indicate that  ion gradients affect the position of  proteins 
in the membrane [28,29] ,  and it is possible that  the presence of  the anion gra- 
dient across the membrane affects the interaction of  DMBA with either the 
enzyme itself or some other  membrane component(s)  involved in its regulation. 

In the presence of  DMBA the shape of  the Arrhenius plot  was found to 
depend on the method of  incubation of  the cells with inhibitor prior to assay 
(see Figs. 4 and 5). The difference in the plots for DMBA is not  due to a 
temperature-dependent  difference in the amount  of  DMBA bound to the cells 
under the two incubation conditions, in agreement with the report  by Harris 
et  al. [15] for DMBA binding to oncornaviruses. It must,  therefore, reflect 
some temperature-dependent  regulation of  the site where DMBA exerts its 
inhibitory effect.  If  the nonlinear Arrhenius plot  of  the enzyme in the absence 
of  inhibitor is due to a temperature-dependent  change in tightly associated 
lipids (suggested by  Beauregard and Roufogalis [30]) ,  then DMBA may be 
unable to perturb these lipids to the same degree when they are gelled (i.e., 
below 20°C) as it can when added to cells where the lipids are in a more fluid 
state (above 20°C). 

All polycyclic aromatic hydrocarbons that  were tested for inhibition of  
acetylcholinesterase, also inhibited glucose exchange across the membrane,  
which at first suggested that  the inhibition of  both  functions might have a 
common basis. However,  glucose exchange was measured in a buffer  in which 
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no inhibition of  acetylcholine hydrolysis was detectable (phosphate-buffered 
saline) and the conditions for assaying the temperature dependence of  glucose 
exchange were those which showed diminished inhibition at lower temper- 
tures. There is no evidence for this in the glucose temperature plot (Fig. 7). 
Glucose efflux from red cells is inhibited by a variety of  small hydrophobic mo- 
lecules [31,32] but the basis for such inhibition is unknown. 

As previously reported for three azo dyes [6], the ability of  a large number 
of  polycyclic aromatic hydrocarbons to inhibit membrane function does not 
correlate well with their ability to protect erythrocytes against osmotic hemo- 
lysis (Table I) and neither inhibitory ability nor membrane stabilization corre- 
lates with binding. These results were unexpected, since the octanol/water par- 
tition coefficients for a large number of lipophilic molecules correlated very 
well with the membrane stabilization afforded by the compounds [3]. Because 
the membrane interaction depended on overall hydrophobicity rather than 
structure, polycyclic aromatic hydrocarbons with identical theoretical octanol/ 
water partition coefficients [13,14] were expected to alter membrane function 

T A B L E  I I I  

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

Inh ib i t i on  - -  w h e n  all c o m p o u n d s  w e r e  t e s t e d  at  the  s a m e  final c o n c e n t r a t i o n :  ++,  m o s t  inh ib i tory;  +, 

i n t e r m e d i a t e  inh ib i t ion;  - - ,  non- inh ib i tory .  Water so lubi l i ty  values  ( T  = 2 9 ° C )  are tho se  repor ted  b y  Davis  
e t  al. [ 3 4 ] .  T he  values  in parentheses  w e r e  d e t e r m i n e d  by  May et  al. [ 3 5 ] .  

C o m p o u n d  Inh ib i t i on  Melt ing  p o i n t  log  P Water so lubi l i ty  
( ° C )  ( o c t a n o l / w a t e r )  (/~gfl) 

( R e f s .  1 3 , 1 4 )  

B e n z ( a ) a n t h r a c e n e  - -  1 6 0 - - 1 6 1  5 .91  11 ( 1 2 . 2 )  

1-Me n . t .  1 3 8 - - 1 3 9  6 . 4 1  5 5  

3-Me - -  1 6 3 - - 1 6 4  6 . 4 1  

4 -Me - -  1 9 7 - - 1 9 8  6 . 4 1  

5-Me - -  1 5 6 - - 1 5 7  6 . 4 1  

8 -Me - -  1 5 8 - - 1 5 9  6 . 4 1  

9 -Me - -  1 5 1 - - 1 5 2  6 . 4 1  

1 0 - M e  - -  1 8 3 - - 1 8 4  6 . 4 1  

2-Me ++ 1 5 1 - - 1 5 2  6 . 4 1  

6 -Me ++ 1 2 6 - - 1 2 7  6 . 4 1  

7-Me ++ 1 4 0 - - 1 4 1  6 . 4 1  5 5  

1 1 - M e  ++ 1 1 8 - - 1 1 9  6 . 4 1  

1 2 - M e  ++ 1 3 9 - - 1 4 0  6 . 4 1  6 6  

3 ,9 -Me  - -  1 8 6 - - 1 8 7  6 . 9 1  

7 , 1 2 - M e  ++ 1 2 3 - - 1 2 4  6 . 9 1  4 3  

A n t h r a c e n e  - -  2 1 6  4 . 6 4  7 5  ( 5 7 )  

2-Me - -  2 0 4 - - 2 0 6  5 . 1 4  2 8  * 

9 -Me ++ 7 9 - - 8 1  5 . 1 4  

Phenanthrene  - -  9 9 - - 1 0 1  4 . 6 4  1 6 5 0  ( 1 2 2 0 )  

1-Me + 1 1 8 - - 1 2 0  5 . 1 4  3 3 8  * 

4 -Me ++ 50---51 5 . 1 4  

2 ,7 -Me  + 1 0 0 - - 1 0 1  5 . 6 4  

4 , 5 - M e  ++ 7 6 - - 7 7  5 . 6 4  

Pyrene  - -  1 5 6  5 . 6 6  1 6 5  ( 1 6 2 )  

B e n z o ( a ) p y r e n e  - -  1 7 9  7 . 2 1  4 . 0  

3 - M e t h y l c h o l a n t h r e n e  - -  1 7 9 - - 1 8 0  7 . 3 6  1 .5  

* Values  ca lcu la ted  as descr ibed  in R e f .  35 .  
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in a predictable fashion. A number of  physical properties of  the polycyclic hy- 
drocarbons are listed in Table III along with a summary of  their effect on mem- 
brane function. For the limited data available, neither water solubility nor melt- 
ing point was correlated with a compound's ability to inhibit membrane func- 
tion. 

The data presented for several families of  structurally related polycyclic aro- 
matic hydrocarbons indicate that there is an unexpected dependence of  the 
ability to perturb membrane function on the presence and position of  methyl 
substituents. As a group, the polycyclic aromatic hydrocarbons have been 
widely used as fluorescent probes of  the dynamic state of  lipids in both artifi- 
cial lipid bilayers and biomembranes [33]. The results of  the present study sug- 
gest that such molecules should be carefully evaluated for their ability to per- 
turb membrane function. On the other hand, the unique shape dependence of  
the membrane functional perturbation caused by the hydrocarbons suggests 
that these molecules may be interesting probes of  the interaction between 
membrane proteins and lipids. 
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