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Summary 

The reaction of  trinitrobenzene sulphonic acid with amino phospholipids, 
and in particular phosphatidylethanolamine has been studied by the monolayer  
technique.  Injection of trinitrobenzene sulphonic acid under a monolayer  of 
amino phospholipid results in an increase in surface pressure. The rate and 
extent  of  the pressure change is greatly affected by  the initial surface pressure, 
the fa t ty  acid composit ion of the lipid, and the presence of other non-reactive 
lipids, especially negatively charged phospholipids. 

The extent  of  the reaction was measured with 32P-labelled phospholipids iso- 
lated from Bacillus subtilis. Only about  80% of the phosphatidylethanolamine 
in the monolayer  could be converted to its trinitrophenyl derivative. In the 
presence of negatively charged phospholipids such as cardiolipin or phos- 
phatidylglycerol,  a further 20% decrease in the trinitrophenylation of phos- 
phatidylethanolamine was found. The pressure increase occurring during 
tr initrophenylation could also be correlated with the extent  of the reaction by 
comparison of the force-area curves of  pure phosphatidylethanolamine, its 
tr initrophenyl derivative and mixtures of both compounds.  

The data may offer an explanation for the observation that incomplete 
labelling of amino phospholipids frequently occurs in natural membranes and 
furthermore indicate that  the use of chemical labelling techniques in the study 
of  lipid asymmetry in biological membranes must be approached with great 
caution. 
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Introduction 

The concept  of an asymmetric distribution of  lipids in biological membranes 
is now well established, and methods employed to assess asymmetry  have 
included the use of  specific lipid-hydrolyzing enzymes and chemical reaction 
with specific group reagents [1,2].  Trinitrobenzene sulphonic acid is a 
commonly  employed reagent for localization of amino groups and has been 
used to localize amino phospholipids in membranes of erythrocytes  [3--7] ,  
sarcoplasmic reticulum [8],  bacteria [4,7,9--12] and liposomes [13,14].  When 
such chemical labelling reagents are employed to measure lipid asymmetry,  it 
is necessary to establish that complete  reaction of the lipid with the reagent 
occurs under conditions where both sides of the membrane are accessible to the 
reagent. Such data have not  always been provided, and we have recently 
reported that  under conditions where both sides of  the cytoplasmic mem- 
brane of  Bacillus subtilis were exposed to trinitrobenzene sulphonic acid, only 
60--70% of the amino phospholipids present in the membrane reacted with 
the reagent [ 11 ]. Under the same conditions, complete  hydrolysis of  the amino 
phospholipids by phospholipase C could be rapidly obtained. It was concluded 
that the introduction of  the bulky trinitrophenyl group into both the proteins 
and lipids of  the membrane during labelling with trinitrobenzene sulphonic 
acid, and the concomitant  change in charge of the membrane components,  
precluded the reaction proceeding to completion. 

This communicat ion describes the reaction of trinitrobenzene sulphonic acid 
with phospholipid monolayers.  The results demonstrate that the reaction can 
give rise to a significant increase in the surface pressure of  the monolayer,  and 
that it does not  proceed to completion. 

Materials and Methods 

Monolayer measurements were performed at 24°C in a teflon trough with 
50 mM potassium phosphate buffer, pH 8.4. Monomolecular films were spread 
from a 1% solution of  the lipid in chloroform, and a 0.25 M solution of  
tr initrobenzene sulphonic acid was injected under the monolayer  to give a final 
concentration in the subphase of approx. 2 mM. Surface pressure increases 
were measured with a Wilhelmy type surface balance. Isotherms of  pure phos- 
phatidylethanolamine,  its tr initrophenyl derivative and mixtures of  both com- 
pounds (cf. Fig. 3) were recorded during continuous compression of the mono- 
layer which was formed on an initial surface of  553.8 cm 2. The compression 
rate was 79.3 cm2/min. For an extensive description of  the techniques involved 
see ref. 15. Phosphatidylethanolamine, lysyl phosphatidylglycerol,  cardiolipin 
and phosphatidylglycerol were isolated by CM-cellulose chromatography [16] 
and preparative thin-layer chromatography from the lipids of  B. subtilis grown 
in glucose-containing medium (if necessary in the presence of  [32P]phosphate 
[ 11]). Trinitrophenyl phosphatidylethanolamine was prepared by mixing the 
phospholipid with a large excess of  trinitrobenzene sulphonic acid in chloro- 
form and allowing the reaction to proceed overnight at room temperature.  
Other, highly purified lipids were provided by  Drs. van Dijck and van Zoelen. 

In order to measure the extent  of  labelling, monolayers were collected after 
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the observed pressure change had ceased and the reaction had been stopped by 
the addiLion of 500 #1 2 M HC1 to the subphase. The lipids were extracted and 
separated by thin-layer chromatography [ 11 ]. Spots were visualized by iodine 
vapour and autoradiography, and the radioactivity was measured by scintilla- 
t ion counting. 

Results and Discussion 

The pressure changes observed when monolayers of  dioleoyl phosphatidyl- 
ethanolamine react with trinitrobenzene sulphonic acid are shown in Fig. 1. 
Over the range of  initial surface pressures tested, from 8 to 36 dynes/cm, a 
substantial rise in pressure was observed immediately upon addition of  trinitro- 
benzene sulphonic acid to the subphase. The greatest pressure increase occurs 
when the initial pressure of  the monolayer was in the range 15--25 dynes/cm, 
an increase of  8- -10  dynes being obtained within 15 min after the addition of  
the reagent, and subsequent experiments were therefore carried out  with mono-  
layers spread at an initial pressure of  25 dynes/cm. 
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Fig. 1. Increase  in sur face  pressure  of  a d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n c  m o n o l a y e r  by r eac t ion  wi th  
t r i n i t r o b e n z e n e  su lphonic  acid.  Monolayers  of  d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n e  were  spread at differ- 
en t  init ial  sur face  pressures  and  t r i n i t robenzene '  su lphonic  acid so lu t ion  was in jec ted  u n d e r  the m o n o -  
l aye r  at  zero t ime  to give a final c o n c e n t r a t i o n  of 2 raM. 

Fig. 2. Ef fec t  of  t r i n i t r obe nz e ne  su lphonic  acid on the  surface  pressure of  phospho l ip id  m o n o l a y e r s .  All 
m o n o l a y e r s  were  spread  a t  an init ial  sur face  pressure  of  25 d y n e s / c m .  The curves  show Pressure increases 
wh ic h  are ob t a ined  by  in jec t ion  of  t r i n i t r obe nz e ne  su lphonie  acid in to  the  subphase .  The  c o m p o n e n t s  are: 
1,  d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n e ;  2, d ipa lmi toy l  p h o s p h a t i d y l e t h a n o l a m i n e  (a similar  curve  was ob- 
t a ined  with phospha t idy l se r ine  f r o m  beef  brain) ;  3, d i m y r i s t o y l  phospha t idy l se r ine ;  4, B. subti l is  phos-  
pha t idy lg lyee ro l ;  5, d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n e ;  6, d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n e  + d io leoyl  
phos pha t i dy l cho l i ne  (4 : 1);  7, as in 6 b u t  at  a ra t io  1 : 1; 8, d io leoyl  p h o s p h a t i d y l e t h a n o l a m i n e  + cardio-  
lipid f r o m  b e e f  hea r t  (4 : 1);  9,  B. subtil is p h o s p h a t i d y l e t h a n o l a m i n e ;  10 ,  B. subti l is  l y sy lphospha t idy l -  
g lycerol ;  11,  p h o s p h a t i d y l e t h a n o l a m i n e  + cardiol ip in  b o t h  f r o m  B. subtilis; 12,  p h o s p h a t i d y l e t h a n o l a m i n e  + 
p h o s p h a t i d y l g l y c e r o l  b o t h  f r o m  B. subti l is  (4 : 1); 13, to ta l  l ipid ex t r ac t  f r o m  B. subtil is (for  c o m p o s i t i o n  
see Table  I). 
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The effect  of  tr initrobenzene sulphonic acid on monolayers of  various phos- 
pholipids and phospholipid mixtures is shown in Fig. 2. Monolayers of  phos- 
phatidylethanolamine,  phosphatidylserine, and lysyl phosphatidylglycerol show 
a pressure increase when trinitrobenzene sulphonic acid is added to the sub- 
phase. The maximum pressure increase as well as the rate at which this value is 
obtained differ greatly. The influence of  the fat ty acid composit ion of  the 
phospholipids is shown by the fact that  dioleoyl phosphatidylethanolamine 
shows a much higher increase in surface pressure than dipalmitoyl phos- 
phatidylethanolamine or phosphatidylethanolamine isolated from B. subtilis 
which contains mainly branched chain fat ty  acids [11] (Fig. 2A). This differ- 
ence is no doub t  due to the physical state of  the molecules in the monolayer,  
dioleoyl phosphatidylethanolamine being in the liquid crystalline state (transi- 
tion temperature --10°C) whereas the dipalmitoyl derivative is in the gel state 
(transition temperature 60 ° C) [17].  A similar result was obtained with the two 
phosphatidylserines, the reaction occurring with the saturated compound  
showing a smaller increase in surface pressure than that with the unsaturated 
compound.  No pressure increase was observed in monolayers of  phospholipid 
which lack amino groups, such as phosphatidylglycerol (Fig. 2A), cardio- 
lipin and phosphatidylcholine.  

The data in Fig. 2 also indicate that  phosphatidylserine reacts at a slower 
rate than phosphatidylethanolamine,  whereas lysyl phosphatidylglycerol reacts 
with a similar rate. This might indicate that the charge of  the lipids in the 
monolayer  is another rate-determining factor in the reactivity with trinitro- 
benzene sulphonic acid. The effect  of  the charge of  the polar headgroup was 
clearly demonstrated by mixing phosphatidylethanolamine with various neutral 
and negatively charged phospholipids (Fig. 2). The presence of  20 mol% of 
phosphatidylcholine in the phosphatidylethanolamine monolayer  had little 
effect  on the rate and extent  of  pressure increase (Fig. 2B) whereas cardio- 
lipin or phosphatidylglycerol decreased the rate and resulted in a very limited 
pressure increase (Figs. 2B and 2C). The isolated phospholipid fraction of  B. 
subtilis, which contains substantial amounts of  cardiolipin and phosphatidyl- 
glycerol [11 ], also showed only a small pressure increase. 

It is apparent therefore that  the rate and extent  of  the observed pressure 
increase are influenced by several factors such as: the initial surface pressure; 
the fat ty  acid composi t ion of  the lipids and the surface charge of  the mono- 
layer. We have used two different approaches to determine whether these 
factors also affect the extent  of  the labelling reaction. 

In the first approach we have measured the force-area curves of  egg-yolk 
phosphatidylethanolamine,  its tr initrophenyl derivative and a number  of 
mixtures of  these two compounds  (Fig. 3). From this data we have obtained a 
relation between the surface pressure increase and extent  of  labelling. As the 
initial tr initrophenylation experiments shown in Figs. 1 and 2 were carried out  
at a fixed surface area, the average area occupied by each molecule did not  
change during the course of the reaction. In the experiment shown in Fig. 3, 
however,  each monolayer  contains the same total number of  molecules, but  in 
different proport ions,  and the average area per molecule has been varied. The 
surface pressure corresponding to each area can be therefore measured. For 
example at 15 dynes/cm, pure phosphatidylethanolamine occupies an area of  
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Fig. 3. Force  area  curves  of  p h o s p h a t i d y l e t h a n o l a m i n e ,  its t r i n i t r o p h e n y l  der ivat ive  and m i x t u r e s  of  b o t h  
c o m p o u n d s .  Force  area  curves  are s h o w n  of the  pure  p h o s p h a t i d y l e t h a n o l a m i n e  f r o m  egg yo lk  (1) ,  pure  
t r i n i t r o p h e n y l  p h o s p h a t i d y l e t h a n o l a m i n e  (8) a nd  m i x t u r e s  con ta in ing  10 (2); 20 (3); 30 (4); 40 (5); 50 
(6)  and  90 (7) mo l% of the  t r i n i t r o p h e n y l  der iva t ive .  The  inser t  shows  the  cor re la t ion  b e t w e e n  the  
a m o u n t  of  t r i n i t r o p h e n y l  p h o s p h a t i d y l e t h a n o l a m i n e  (TNP PE)  p re sen t  and  the  increase  in surface  pressure 
w h e n  c o m p a r e d  wi th  pure  p h o s p h a t i d y l e t h a n o l a m i n e ,  at  a sur face  pressure of  15 dynes / e r a  (o - -o )  
and  25 d F n e s / c m  ( X - -  X). 

100 A2/mol, and the surface pressure created by the same number of molecules 
in varying mixtures of phosphatidylethanolamine and trinitrophenyl phos- 
phatidylethanolamine occupying the same surface area can be measured from 
the other  curves in Fig. 3. The increases in pressure due to the presence of 
tr initrophenyl phosphatidylethanolamine molecules are plotted in the insert to 
Fig. 3, for the two cases where the surface pressure of pure phosphatidyl- 
ethanolamine monolayers was 15 and 25 dynes/cm. It is clear that  the correla- 
tion between pressure increase and extent  of  labelling is not  linear and is depen- 
dent  on the initial surface pressure. This result also implies that  the correla- 
tion is valid only for the specific type  of  phosphatidylethanolamine used in this 
experiment and that any extrapolation of  this data to other types of  phos- 
phatidylethanolamines (or mixtures) is not  possible. 

An interesting phenomenon is observed in the force-area curve of pure 
tr initrophenyl phosphatidylethanolamine (Fig. 3) which shows a plateau, thus 
suggesting that the lipid is undergoing a lipid-phase transition. The occurrence 
of  a gel to liquid crystalline phase transition is excluded, however, by the ob- 
servations that  the force-area curve was nearly identical at 24 and 37 ° C, and 
that  differential scanning calorimetry of  the trinitrophenyl phosphatidyl- 
ethanolamine showed a lipid-phase transition below 0°C. An alternative 
explanation could be that  the plateau in the force-area curve is due to another 
type  of lipid phase transition caused by an alteration in the orientation of the 
bulky polar headgroup. At low pressures the trinitrophenyl group might be 
oriented parallel to the water surface whereas a compression of  the film could 
force the group to become oriented perpendicular to the surface. 

The second approach to determine the extent  of the trinitrophenylation 
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reaction utilized the more direct procedure of  chemical analysis by thin-layer 
chromatography.  Monolayers of 32P-labelled phospholipids isolated from B. 
subtilis were prepared at a pressure of  25 dynes/cm. After the complet ion of  
the pressure increase due to trinitrophenylation, the reaction was terminated 
by addition of  HC1 to the subphase and the monolayer  was collected. The lipids 
were extracted,  separated by thin-layer chromatography and radioactivity 
determined. The data obtained by this procedure showed that a maximum of 
80% of pure phosphatidylethanolamine in a monolayer  could be trinitro- 
phenylated.  The incorporation of  20 mol% phosphatidylglycerol or cardiolipin 
to the monolayer  resulted in a further decrease of about  20% in the labelling of  
phosphatidylethanolamine.  In a monolayer  containing a total lipid extract of  
B. subtilis it was found that both phosphatidylethanolamine and lysyl phos- 
phatidylglycerol were incompletely tr initrophenylated (Table I). 

The above data obtained with the monolayer  technique may offer an 
explanation for the incomplete labelling of  phosphatidylethanolamine [8,11] 
and phosphatidylserine [3,5] in some natural membranes. A high surface 
pressure as well as a negative surface charge clearly inhibit the reaction and it is 
obvious that  both parameters become more effective as more amino phospho- 
lipids are converted into the trinitrophenyl derivatives. The data presented here 
may also have implications for the interpretation of  data obtained when 
biological membranes are labelled with trinitrobenzene sulphonic acid. Differ- 
ent  rates of  tr initrobenzene sulphonic acid labelling can be the consequence of 
local differences in packing of  the amino phospholipids in the membrane.  It has 
been recently shown in this laboratory (Demant, E.J.F., unpub l i shed ) tha t  
whereas phosphatidylethanolamine in isolated membranes of  Bacillus 
megaterium is completely accessible to trinitrobenzene sulphonic acid at 37 ° C, 
the accessibility is reduced at temperatures below the onset of the liquid 
crystalline to gel phase transition in these membranes.  Trinitrobenzene 
sulphonic acid also reacts readily with protein amino groups and such a reac- 
tion with membrane proteins could conceivably affect the extent  of  the reac- 
tion with membrane lipids, due to the introduction of  further bulky trinitro- 
phenyl  groups and consequent  change in charge near the membrane surface. 

T A B L E  I 

R E A C T I O N  O F  T R I N I T R O B E N Z E N E  S U L P H O N I C  A C I D  W I T H  A T O T A L  L I P I D  E X T R A C T  O F  B. 
S U B T I L I S  S P R E A D  O N  A M O N O L A Y E R  

Data  are given as percentage o f  tota l  32p-label led phosphol ip id .  

Lipid c o m p o s i t i o n  

In i t i a l  F ina l  

C a rd io l ip in  27 30 
T rLn i t ropheny l  p h o s p h o l i p i d  - -  30  
Phosphat idy l e thano lamine  41 16 

Phosphat idy lg lycero l  15 14 
L y s y l  phosphat idy lg lycero l  15 6 

U n k n o w n  2 4 
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