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Summary. Choline transport across the human erythrocyte mem- 
brane is irreversibly inhibited when N-ethylmaleimide (NEM) 
reacts with a carrier SH group which is located outside the sub- 
strate site, and which is exposed in the inward-facing form of the 
carrier but prevented from reacting in the outward-facing form. 
The location of the SH group with respect to the membrane has 
now been determined by studying the dependence of the NEM- 
alkylation rate on the intracellular and extracellular pH. The 
results show that the reactive SH group equilibrates with hydro- 
gen ions in the cytoplasm, but is completely isolated from hydro- 
gen ions in the external medium. With this added evidence it 
becomes possible to conclude that the SH group is located in the 
inner gated channel of the choline carrier. 
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Introduction 

To explain how an integral membrane-spanning 
protein can have the properties of the carrier model, 
with a substrate site alternately exposed on oppo- 
site sides, it is necessary to postulate that the trans- 
port protein contains channels which alternately 
connect a substrate binding region with the solution 
at the two membrane faces. In such a mechanism, 
which is illustrated in Fig. 1 (right), the channels on 
the two sides necessarily open and close in a coordi- 
nated manner, allowing the substrate site to be ac- 
cessible from only one compartmentminside or 
outside the cell--at a time. j As the channels exist in 

f In the choline system, diffusion of a substrate molecule 
from its binding site into the bulk solution (i.e. dissociation from 
the substrate site) is a rapid (nonrate-limiting) step in transport 
[3]. Passage through the channels may therefore be regarded as 
being relatively unhindered, and as in the model in Fig. I. the 
channels may be represented as being wide and as having smooth 
surfaces that do not interact with the substrate. This minimal 
physical model possesses the essential kinetic properties of the 
transport system: a rate-limiting carrier conformational change 

these two states, open and closed, they are said to 
contain gates. Thus the carrier protein alternates 
between two different conformations, one inward- 
facing, with the substrate site exposed inside the 
cell, and one outward-facing, with the site exposed 
to the external medium. Evidence showing that the 
choline transport system of erythrocytes operates 
in this way was summarized earlier [5]. 

Any investigation of the structure and action of 
the gated channels could be facilitated by reagents 
specifically bound in these regions of the protein. 
We have previously shown that such reagents 
should have characteristic properties, by which 
they could be identified [9]. In particular, we can 
predict that (1) a reagent of this kind would be 
bound outside the substrate site; (2) it would, when 
bound, interfere with substrate translocation; and 
(3) it would be able to bind, on one side of the mem- 
brane or the other, only when the substrate site is 
exposed on the same side (see Fig. 1). Here we wish 
to show that N-ethylmaleimide (NEM), which irre- 
versibly inhibits the choline carrier in erythrocytes, 
has exactly the characteristics predicted for a mole- 
cule binding in the inner gated channel. 

NEM reacts with a thiol group in the carrier, as 
shown by Martin [10]. The evidence is as follows: 
cystamine, a disulfide, also inhibits, and the inhibi- 
tion is reversed by dithiothreitol; furthermore, pre- 
treatment of the system with cystamine protects 

that alternately exposes substrate binding regions on opposite 
sides of the membrane, and relatively unimpeded diffusion of the 
substrate from the carrier site into the surrounding medium. The 
diagram in Fig. 1 should not be taken to imply that the actual 
carrier protein is perfectly symmetrical, that a single defined 
region in the carrier interacts with the substrate, or that the 
barrier described as a "gate" covers more than a fraction of the 
channel length. Evidence that the channel surfaces are partly 
nonpolar and are large enough to bind nonpolar inhibitors was 
discussed earlier [9]. 
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Fig. 1. The carrier model and the gated channel mechanism, in 
relation to the cell membrane. The carrier model (left) is a purely 
kinetic scheme defining the functional properties of the trans- 
porter but leaving the physical counterpart unspecified; C, and C~ 
are carrier states having a substrate site exposed to the outer or 
inner compartment, respectively, and forming a complex (C iS  
and C o S )  with the substrate in the same compartment. The gated 
channel mechanism (right) is a diagrammatic representation of a 
transport protein having functional properties defined by the ki- 
netic scheme on the left (i.e., by the carrier model); C,, and C~ are 
outward-facing and inward-facing conformations of the trans- 
membrane protein. The inner and outer channels contain recip- 
rocating gates, in the sense that the channels alternately open 
and close. Molecules that bind in the gated section of the inner or 
outer channel are expected to behave in identifiable ways ( s ee  
text) 

agains t  the i r revers ib le  inh ib i t ion  by N E M .  It is of  
in te res t  that cer ta in  highly po la r  d i su l f i de s - -d i t h io -  
cho l ine ,  cys t ine ,  and  6 ,6 'd i th ion ico t in i c  a c i d - - f a i l  
to inhibi t .  It has also been  shown  that  N E M  reacts  
ou ts ide  the subs t ra te  site, and  reacts  only  with the 
inward- fac ing  carr ier  form [3, 4, 7, 10, 11]. What  
r e m a i n s  to be  d e t e r m i n e d  is whe the r  the react ive  
thiol g roup  is exposed  to the so lu t ion  inside the cell, 
ou t s ide  the cell, both,  or  c o n c e i v a b l y  nei ther ,  as in 
the case  where  it is bur ied  wi thin  the t ranspor t  pro- 
tein.  N E M ,  s ince  it is so lub le  in a n o n p o l a r  env i ron -  
m e n t  and  freely pene t r a t e s  a lipid b i layer  by s imple 
d i f fus ion,  would  be p resen t  both  inside and outs ide  
the cell as well as wi th in  the m e m b r a n e ,  and  it 
should  also be able  to pene t r a t e  into n o n p o l a r  re- 
g ions  of  the p ro te in  s t ruc tu re .  H e n c e  it should be 
able  to react  with a lmos t  any  part  of  the carr ier .  

If N E M  reacts  specif ical ly  in the inner  gated 
c h a n n e l ,  as the p rev ious  f indings could suggest ,  
then  the  reac t ion  site should  be exposed  to the cell 
in t e r io r  but  n e v e r  to the ex te rna l  so lu t ion .  Our  test  
o f  the s i te ' s  loca t ion  d e p e n d s  on  the far grea ter  re- 
ac t iv i ty  of  the ionized  form of  a thiol group,  R S - ,  
than  of  the p ro tona t ed  form,  RSH,  and  the conse-  
quen t  inc reased  rate of  a lky la t ion  at r is ing pH. In 
the e r y t h r o c y t e  sys tem,  reac t ion  of  N E M  with the 
cho l ine  car r ie r  is indeed  pH d e p e n d e n t ;  and  fur ther-  
more ,  what  is essent ia l  for  ou r  purpose ,  the pH in- 
side the cell and  in the s u s p e n d i n g  m e d i u m  can be 
con t ro l l ed  i n d e p e n d e n t l y .  H e n c e  it should  be possi-  
ble to d e t e r m i n e  whe the r  the car r ie r  thiol group is 
sens i t ive  to, and  therefore  in equ i l ib r ium with, the 
in te rna l  or ex te rna l  pH,  and  so to decide  on its loca- 
t ion.  

This  expe r imen ta l  p rocedure ,  of vary ing  the 
pH,  entai ls  no d i s rup t ion  of the m e m b r a n e  struc-  
ture,  and is preferable  to any  approach  to the prob- 
lem involv ing  the p repara t ion  of resealed ghosts ,  for 
example  e x p e r i m e n t s  with impe rmean t  male imides .  
Equi l ib ra t ion  of  hydrogen  ions across  the red cell 
m e m b r a n e  d e p e n d s  on the opera t ion  of the an ion  
exchange  carr ier ,  where  HCO.7, after  being ex- 
changed  for CI - ,  takes  up a H + to give CO2 and 
water .  By inhib i t ing  the an ion  exchange r  with the 
specific reagent  4 ,4 -d i i so th iocyanos t i lbene-2 ,2-d i -  
su l fonic  acid (DIDS) ,  the in ternal  and externa l  com- 
pa r t me n t s  may be isolated with respect  to pH, as 
has been  shown  by Deut icke ,  Bayer  and Fors t  [I]. 

Materials and Methods 

Human blood, stored for under 4 weeks before use, was obtained 
from a blood bank. The red cells were washed several times in 
isotonic saline and packed by centrifugation. 

The method for determining the ,'ate of inactivation of the 
choline transport system by NEM was described previously [3]. 
In brief, cells were incubated with 1 mm NEM at 37~ for w~rious 
periods of time, and the reaction was stopped by adding mercap- 
toethanol (final concentration 10.6 raM). The cells were washed 
and packed by centrifugation, and the residual transport activity 
was determined from the rate of uptake of [.6 p.M [methyP4C] - 
choline. Plots were constructed of the natural logarithm of the 
fractional transport activity v/vo, versus the time of treatment t 
(where v is the activity at time t and vr the original activity). 
From the slope of the predicted straight line in this plot, found by 
a least-squares analysis, the inactivation rate constant k was 
calculated, according to the following equation: 

ln( v/vo) = - k t .  ( I ) 

To set the pH. cells were suspended and washed several 
times in buffered saline solutions. These solutions contained 15 
mM NaHPO4 and 145 mM NaCI, and the pH was adjusted by 
addition of 280 mM NaOH. In experiments in which the internal 
and external pH were in equilibrium, the buffers contained 5 mM 
NaHCO3 (as well as 140 mM NaCI and 15 mM phosphate), in 
order to facilitate pH equilibration. 

At equilibrium, the relationship between the internal and 
external pH, pHi and pH,, ,  respectively, is given by Eq. (2): 

pH; = pH,, + Iog([Cl~]/[Cl,~j). (2) 

The ratio of internal and external concentrations of chloride ion 
[CI~]/[CI;,~] sets the membrane potential and therefore deter- 
mines the concentration ratio for other permeant ions, such as 
H +. The chloride ratio as a function of the external pH was found 
from the published values of Gunnet al. [8]. 

To fix the internal pH. DIDS was added to the buffered cell 
suspension at a final concentration of 208 p.M. The pH of the 
suspension was measured before and after addition of DI DS, and 
was found not to change. The internal pH was calculated from 
that in the external solution, using Eq. (2). 

After having been incubated with DIDS for I hr at room 
temperature, the cells were packed by centrifugation and sus- 
pended in buffered saline solutions containing 16 p.M DIDS (as a 
precaution to ensure that the anion exchanger remained inhib- 



R.M. Krupka and R. Devds: Location of a Carrier  Thiol Group 

PHo=6.8 
Olm^  ~ e , ' ' i 

t , ' ~ ~  6.1 

O 

< 

O 

(o  
t -  

)- -2 ~ H  i =7.5 
O)  
_o 

pH i =6.8 
I I 1 i 

el 
\ ' \  

%., 

o PHo=5.9 

�9 PHo=6.8 

�9 PHo=8.2 

t 
- 3  i i i i I i i r i i i 

0 2 4 ; 0 2 4 6 

Time Of Treatment With NEM ( min ) 

Fig. 2. The dependence  of  the reaction of  N-cthylmale imide  
(NEM) on the pH of  the suspending medium (pH,,) and on the pH 
inside thc cell (pHA. The suspending mcdium contained 385 ,aM 
choline and I mM NEM. The natural logarithm of  the fractional 
transport  activity is plotted against the time of t reatment  of  the 
cells with NEM,  according to Eq. (I): the rate cons lan ts  for 
carrier inactiwttion were calculated flom the slopes and are listed 
in Table I (Exper iments  3 and 4) 

(ted; at this stage the buffers were prepared with boiled water  in 
order  to minimize the HCO~ concentration).  The  cell suspcn-  
sion, pre-equilibrated at 37~ was then treated with NEM,  and 
the pl-t of  the suspens ion  was determined.  

Results 

The decline in transport activity during treatment of 
the cells with NEM is shown in Fig. 2 for two cases: 
first the external pH is held constant and the inter- 
nal pH varied; and second,  the internal pH is held 
constant and the external pH varied. It is seen that 
the reaction of  NEM depends on the internal but 
not the external pH. A summary of  experiments 
involving these and other conditions is given in Ta- 
bles 1 and 2. In the experiments listed in Table I, a 
saturating concentration of choline was present in 
the suspending medium while the cells were being 
treated with NEM; in those listed in Table 2, cho- 
line was absent. The effect of choline on the inacti- 
vation rate at 6.8 and 7.6 is given in Table 3, where 
the ratio of  the two inactivation rates is seen to 
agree with the flux ratio; (O/O)s~-,o, at the same pH, 
as predicted by the carrier model [3]. 

At pH 6.8 and below, inactivation rates were 
determined with fair precision, but at pH above 7.5, 
especially in the presence of  external choline,  some 
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Table 1. NEM-inact ivat ion rate cons tan t s  (k) measured  in the 
presence of  external  choline (385 ,u, Mp 

Exper iment  DIDS External pH Internal pH k (min- r )  h 

I - 6.0 6.1 (I. 13 • 0.009 
- 6.7 6.8 0.30 -+ 0.015 
- 7.7 7.6 �9 0.9 

2 + 5.9 6.1 0.15 -+ (I.006 
+ 6.7 6.8 (1.30 -+ 0.005 
+ 8.1 7.6 I.I 

3 + 5.9 6.8 0.25 -- 0.(1(14 
+ 6.8 6.8 0.25 +- 0.003 
+ 8.2 6.8 (I.23 -+ 0.005 

4 + 6.8 6.1 0.14 --+ 0.012 
+ 6.8 6.8 0.27 + 0.(112 
+ 6.8 7.5 (1.9 

~' In exper iments  2, 3 and 4 cells were pretreated with 208 /xM 
DIDS to lock in the internal pH, which was calculated from Eq. 
(2) (see Materials and Methods).  The cells were then exposed to 
I mM NEM in buffered saline al wlrious pH wdues  containing 
385/,tM choline. Inactivation rate cons tan t s  were calculated, ac- 
cording to Eq. (I), from log plots (see Fig. 2). 

The  measurements  at high internal pH give min imum values,  as 
explained in the text,  

Table 2. NEM-inact ivat ion rate cons tan t s  (kobs) measured  in the 
absence  of  external  choline ~ 

Exp. DIDS External Internal k,h, ( r e in r )  Calculated 
pH plq k (rain I)h 

I - 6.2 6.3 (I.I() + 0.028 0.13 
- 6.9 6.9 1t. 16 + 0.003 0.30 
- 7.7 7.6 0.55 + 0.068 1.3 

2 + 6.1 6.7 (I.12 -4 0.018 (I.22 
+ 6.8 6.7 0.11 + (/.(124 (I.20 
+ 7.7 6.7 0.11 + 0.010 0.20 

3 + 7.1 6.3 0.10 + 0.020 0.13 
+ 7.1 6.8 0.19 -+ 0.004 0.34 
+ 7.1 7.7 0.36 + 0.(/25 0.95 

" The  exper iments  were done as described in Table I and in 
Materials and Methods.  
b The observed rate cons tant  is dependen t  on the partition of the 
carrier between inner  and outer  forms,  which is itself pH depen- 
dent;  the part i t ion-independent  cons tan t  was calculated from Eq, 
(3), using values o f  (g/g)s~o taken from reference {6]. 

Table 3. Effect of  external choline on the NEM-inact ivat ion rate 

External k,,~,~ (min -I) Ratio (O/O)s;_d' 
pH 

minus choline plus choline �9 
( 3 8 5 / , t M )  

6.8 0.19 - 0.023 h (I.33 -+ 0.019 h 1.74 1.8 
7.6 0.50 -+ 0.029 I. I I 2.2 2.4 

0.46 ~ 0.057 1.06 2.3 

~' Values taken from reference [61. 
Values taken from reference [3]. 
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uncertainty is introduced by the rapidity of the reac- 
tion, which causes the transport activity to become 
very low and hard to measure accurately. The diffi- 
culty is aggravated by a slight leakiness possibly 
induced in the cell membrane by the combined 
treatment with NEM and elevated pH. This degree 
of  leakiness would normally be unimportant but 
may be significant in relation to strongly inhibited 
rates of  transport, where it could account for the 
curvature which is sometimes seen in plots accord- 
ing to Eq. (1), with an approach to an apparently 
limiting inhibition. The calculated rates at high pH 
in the presence of  choline are therefore to be re- 
garded as minimum values, and on account of this 
uncertainty we have refrained from listing standard 
errors for these measurements.  

Discussion 

The ra[e constant for NEM reaction, we find, 
increases as the internal pH rises. This is true when 
the external pH is held constant and also when the 
internal and external pH are in equilibrium (experi- 
ments I, 2 and 4 in Table l; experiments I and 3 in 
Table 2). By contrast, when the internal pH is con- 
stant, changes in the external pH have no effect 
whatever  on the rate of NEM reaction (experiment 
3 in Table I; experiment 2 in Table 2). DIDS, which 
we have used in isolating the internal and external 
compartments ,  and which as noted above irrevers- 
ibly inhibits the anion exhanger, does not inhibit 
choline transport, and does not affect the reaction 
of NEM with the choline carrier or the pH depen- 
dence of  this reaction (compare experiments 1 and 
2, Table 1). 

Inactivation rates are higher in the presence 
than in the absence of external choline (Tables I and 
2), and a correction is required to bring the two 
measurements into line. It has previously been 
shown that the carrier-substrate complex moves 
much faster than the free carrier (based on the ob- 
servation of accelerated exchange [3, ! I]); hence, in 
the presence of external choline inward transloca- 
tion of the carrier, in the form of the carrier-sub- 
strate complex, is much faster than its return in the 
free form (J) ~> f_~ in Fig. 1), and as a result the 
carrier accumulates almost entirely in the inward- 
facing form Cs. As Ci is the carrier form with which 
NEM reacts, the inactivation rate constant found in 
the presence of  external choline is a direct measure 
of  the reaction under investigation: 

NEM + Ci ~ Cin~ctiv~- (3) 

The rate constant measured without substrate in the 
external solution should be lower than this, because 
here the carrier exists partly in the outward-facing 
form C,,, which does not react with NEM. As a 
further complication, the partition of the carrier be- 
tween these forms, C,, and C;, is dependent not only 
on the presence of the substrate but on the internal 
pH [6]. The required correction is found in the fol- 
lowing way. 

As NEM reacts only with the inward-facing car- 
rier form C; (Eq. 3), the observed rate constant for 
NEM reaction may be written as 

k[G] k[C,l k k 
k,,h, C, loll + tC,,I = I + lC,,I/[CA t + l'-,~fi (4) 

where [C,,]/[Ci], the carrier partition, is equal to f_ i/ 
f t  in Fig. I, and C, is the total carrier concentration, 
[C,,] + [Ci]. The required correction factor, I + f _ J  
f~, can be determined by experiment, for the flux 
ratio may be shown to have exactly the same depen- 
dence on the equilibrium carrier partition, f_  I/ft [2]: 

(OlO)si+o = I + f l/J]. (5) 

(OlO)si+o is the ratio of exit rates of a low concentra- 
tion of labeled choline into a medium containing 
saturating unlabeled choline or no choline, i.e., ex- 
change flux relative to zero trans flux. Another way 
of  expressing these relationships is to say that the 
ratio of inactivation rates in the presence and ab- 
sence of external choline is in theory equal to the 
flux ratio (O/O)si~t~, in agreement with observations 
on various substrates [3]. The results in Table 3 
show that the expected equivalence is found at dif- 
ferent pH values as well. 

From Eqs. (4) and (5) the partition-independent 
NEM-inactivation constant k is given by 

k = kobs" (O/O)si--,o. (6) 

Corrected values of the inactivation rates are listed 
in Table 2, based on estimates of the flux ratios 
reported earlier [6]; as noted above, the flux ratio 
varies with the internal pH, but is independent of 
the external  pH. The two sets of estimates of k, 
either in the presence or absence of external choline 
(Tables i and 2), are seen to be in reasonable agree- 
ment, and the trends are without any question the 
same. Clearly, the carrier thioi group reacting with 
NEM equilibrates with hydrogen ions in the internal 
solution, but is completely isolated from hydrogen 
ions in the solution outside the cell. 

The question posed at the beginning was this: is 
the NEM reaction site located in the inner gated 
channel of the choline carrier? By hypothesis, the 
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gate in the channel is that section that closes tightly 
enough to prevent even small molecules from pass- 
ing through, and opens wide enough to make an 
easy passage for the substrate (Fig, I) j. As we have 
already noted, NEM reacts outside the substrate 
site, the evidence being that the reaction rate in- 
creases rather than decreases when a substrate ana- 
log is bound [4]. Further, NEM reacts with the in- 
ward-facing but not the outward-facing form of the 
carrier, as shown by various observations [3, 4, 7, 
10, II]: (i) nontransported substrate analogs bound 
on the outer surface of  the membrane protect 
against NEM, and those bound inside increase the 
rate of  the reaction; (ii) the rate of  the NEM reac- 
tion is related in an exactly predictable way to the 
distribution of  a substrate across the membrane and 
to its maximum transport rate (where a series of  
substrafes is tested). We now find that the NEM site 
is exposed to the solution inside the cell but not 
outside. Thus all the criteria noted in the Introduc- 
tion for distinguishing a site in the inner gated chan- 
nel are fulfilled, and we may conclude that this is 
probably where the reactive thiol group is located. 
NEM can reach this site because, being lipid-solu- 
ble, it enters the cell by simple diffusion. The reason 
highly polar disulfides fail to inhibit [10] now be- 
comes clear; they cannot cross the cell membrane 
and are therefore restricted to the external solution. 
The disulfide, cystamine, though predominantly an 
ion in the protonated form, exists partly as a neutral 
amine capable of entering the cell in the same way 
as NEM, and it therefore inhibits [10]. 

One last point is that the pH dependence of the 
alkylation reaction is distinguishable from that of  an 
ionizing group, of pK,, 6.8, previously shown to af- 
fect the mobility of  the free carrier [6]. At pH 6.1, 
6.8 and 7.6, the amounts of  the group of  pK, 6.8 in 
the unprotonated form would be in the ratio 0.33, 
1.0 and 1.7, respectively, while the relative rates of 
alkylation at these pH values are 0.5, 1.0 and 3. 
That the same ionizing group, a thiol, could be in- 
volved in both effects is therefore unlikely, a rea- 
sonable conclusion considering that a pK,, of 6.8 
would be unusual for a protein thiol group, with a 
typical value of over 9. 

We wish to thank Ms. M. Latoszek-Green for expert technical 
assistance. This work was supported by Grant BI540 to R.D. 
from the Departamento de Desarrollo de la Investigacion, Un- 
iversidad de Chile. 

References 

1. Deuticke, B., Bayer, E., Forst, B. 1982. Discrimination of 
three parallel pathways of lactate transport in the human 
erythrocyte membrane by inhibitors and kinetic properties. 
Biochim. Biophys. Ac'ta 684:96-110 

2. Dev6s, R., Krupka, R.M. 1979. A general kinetic analysis of 
transport. Tests of  the carrier model based on predicted rela- 
tions among experimental parameters. Biochim. Bh~phys. 
Acta 556:533-547 

3. DevEs. R., Krupka, R.M, 1981. Evidence for a two-state 
mobile carrier mechanism in erythrocyte choline transport: 
Effects of  substrate analogs on inactivation of the carrier by 
N-ethylmaleimide. J. Membrane Biol. 61:21-30 

4, Dev6s, R., Krupka, R. M, 198 I. Reaction of internal forms of 
the choline carrier of erythrocytes with N-ethylmaleimide: 
Evidence for a carrier conformational change on complex 
formation. J. Membrane Biol. 63:99-103 

5. Dev6s, R., Krupka, R.M. 1987. Effects on transport of rap- 
idly penetrating, competing substrates: Activation and inhi- 
bition of the choline carrier in erythrocytes by imidazole. J. 
Membrane Biol. 99:13-23 

6. Dev6s, R., Reyes, G., Krupka, R.M. 1986. The carrier reori- 
entation step in erythrocyte choline transport: pH effects 
and the involvement of a carrier ionizing group. J. Mem- 
brane Bh~l. 93:165-175 

7. Edwards, P.A. 1973. Evidence for the carrier modcl of trans- 
port from inhibition by N-ethylmaleimide of choline trans- 
port across the human red celt membrane. Bloc'him. 
Bh~phys. A ~.ta 311:123-140 

8. Gunn, R.B., Dalmark, M., Tosteson, D.C., Wieth, J.O. 
1973. Characteristics of chloride transport in human red 
blood cells. J. Gen. Physiol. 61:185-206 

9, Krupka, R.M., Dev6s, R. 1986. Looking for probes of gated 
channels: Studies of  the inhibition of glucose and choline 
transport in erythrocytes. Biochem. Cell Bh~l. 64:1099- I 107 

I0. Martin, K. 1971. Some properties of an SH group essential 
for choline transport in human erythrocytes. J. Physiol. 
(London) 213:647-664 

11. Martin, K. 1977. Choline transport in red cells. In: Mem- 
brane Transport in Red Cells. J.C. EIIory and V.L, Lew, 
editors, pp. 101-113. Academic, London 

Received 11 June 1987; revised 24 September 1987 


