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At high detergent concentrations, approximately the equivalent of 2 micelIes of TX-100 reversibly bid to acetyl- 
cholinesterase and fully inhibit the enzyme. This result sugests that the appropriate lipid environment might regulate this 
neuronal enmme’s function. 

1_ Introduction 

The etiology of the High Pressure Neurological 
Syndrome is not understood, but the general opinion 
is that pressue sensitive sites in neural tissue (mem- 
branes) are involved_ This is consistent with the idea 
of lipid-protein interactions being altered by hyper- 
baric environments [ I] . To investigate this possibility, 
knowledge of the lipid binding characteristics of 
essential neural proteins is required as a first step. 
We have recently reported that eel acetylcholinesterase 
(E.C.3.1 .I -7) binds little TX-100 when exposed to the 
low detergent levels used in tests designed to distin- 
guish integral from nonintegral membrane proteins 
[I ] _ At such levels, there was no detectable effect 
of detergent on enzyme activity. 

Here, we present evidence that acetylcholinesterase 
activity can be almost completely suppressed by high 
(20%) levels of 1x-100. This loss of activity is re- 
versible, does not appear to be a cooperative phenom- 
enon and occurs well beyond the CMC of TX-100 
suggesting micellar participation. 

2. Methods 

E. Electricus 11 S acetylcholinesterase was preparod 
by the method of Christopher et al. [23. Enzymatic 
activity was assayed at 20°C by Ellman’s method [3] 
in 0.1 hl NaCl, 0.1 M Nap, pH 8.0. The desired level 

of TX-100 i?z tl~e assqv was arrived at by substituting 
for assay buffer the appropriate volume of TX-I 00 
dissolved in buffer constituents to a final concentra- 
tion as above. Sedimentation velocity experiments 
were done at 20°C at a protein concentration of 1.5 
mg/ml in a Beckman-Spinco Model E analytical ultra- 
centrifuge. Apparent diffusion coefficients were cal- 
culated from these sedimentation velocity experiments 
according to Schachman [4] : 

D app = (I /4rr)(A/H,,)‘(l - m2 s St) 

where A is the area under the Schlieren curve estimat- 
ed by the trapezoidal rule, H,, is the peak height, t 
is time corrected for time to full speed, and the other 
symbols have their usual meanings. Molecular weight 
was calculated from S an-~ D values using the Svedberg 
equation [S] , assuming V, the partial specific volume 
of the native, uncomplexed enzyme to be O-731_ 

3. Results and discussion 

At levels of detergent greater than l%, enzyme 
activity was not initially linear with time. However, 

even at the highest concentration used (-20%), lineari- 
ty was achieved after six minutes of reaction had oc- 
curred_ Activity decrease was calculated from the 
linear portion of such curves and was reproducible 
within a few percent. Fig.. 1 shows the effect of TX- 
100 on the activity of acetylcholinesterase- It is 
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Fe. i. Inhibition of acetylcholinesterase activity by TX-IOO. (0) percent inhibition: the line connecting the experimental points 
is calculated from parameters derived assuming inhibition occurs by micelle enzyme interaction using the appropriate forms of eq. 
(12). The calculated mole fraction of micelle and monomer are also presented. TX-100 concentration is expressed as monomers. 
Details in text. 
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Fig. 2. Substrate inhibition of acetylcholinesterase enzyme activity at various detergent levels. rturdts, ML-’ min-r ; S units, ML-‘. I 



apparent that no inhibition takes place until the TX- 
100 concentration increases well beyond the CMC. 
The possibility that substrate (acetylthiocholine) 
or Ellman reagent are sequestered by the hydrophobic 
interior of the TX-i 00 miqlle and that this is the 
cause of the apparent inactivation is eliminated by 
the experiments discussed below. That TX-1 00 
seems to alter the substrate inhibition of acetyl 
cholinesterase in a manner not consistent with the 
sequestration hypothesis is shown in fig. 2. Note that 
with increasing TX-100 concentration, the slope of 
the linear portion of the curve steepens, suggesting 
altered interaction of substrate with binding site. 
Further, if only sequestration did occur, then increas- 
ing TX-l 00 levels at high substrate concentration 
should relieve inhibition. It is seen that this is not so. 
The following experiment also indicates that it is 
interaction between TX-100 and the enzyme that is 
responsible for the apparent inhibition_ Enzyme was 
incubated at 20°C for 60 min in 10% TX-100,0.01 M 
Nap, pH 7.5. At the end of this time, aliquots were 
removed and activity measured either of two ways: 
(a) by adding an aliquot directly to assay medium, or 
(b) by first diluting an aliquot 1 OO-fold with assay 
buffer and then assaying the dilution. No TX-100 
was present in either assay buffer or assay medium. 
Assaying by method (a) resulted in continuously 
curving lines of increasing activity which achieved 
linearity after 5 min. If the sample was diluted into 
assay buffer (method (b)) and incubated 5 min and 
then the activity measured, linear assays resulted with 
values equal to those obtained with no dilution and 
5 min incubation in the assay buffer (in these experi- 
ments, appropriate alteration in ‘rhe size of the assay 
samples were made). For experiments of this kind, 
about 87-91% of the activity was recovered where- 
as in the control incubation (no TX-loo), 100% 
of the activity was recovered. These experiments sug- 
gest that sequestration is not contributory but that 
interaction of detergent with enzyme leads to altered 
enzyme activity and that this alteration is largely re- 
versible_ 

The Triton X-l 00 monomer-micelle association is 
now fairly well described in the recent literature [6,7]. 
but what may not be generally recognized is that on 
a moIm basis the concentration of monomer and 
micelle can be approximately equivalent even at de- 
tergent concentrations well above the CMC. Fig. 1 

Fig. 3. Plot of log {F/(1 - F)} versus log(TX-100) to determ- 
ine, n, the interaction parameter_ Details in test. 

also shows the mole fraction of each species versus 
total detergent (expressed as monomer) for TX-I 00 
in 0.01 M Nap, pH 7.0. The curves presented are 
calculated from the equilibrium association constants 
given by Biaselle and Millar [6] _ In these calculations 
it is assumed that the change in ionic strength does 
not significantly change the association mechanism for 
this non-ionic detergent_ As will be seen below, this 
distribution of species presents some interpretive em- 
barrassment. If one ignored the presence of the two 
physically distinct forms of the detergent, an analytical 
treatment could be obtained as follows: if detergent 
is S than enzyme (detergent/enzyme molar ratio = 
1 04-lo6 in the present experiments) and if E;, is the 
fraction of enzyme inhibited at infinite detergent (1.0 
in our experiments, see fig_ 1)1 and F is the fraction 
inhiiited at detergent concentration C, (where C, is 
the total molar detergent concentration expressed as 
monomers) one arrives at: log(FIF, - F) = ?z log lTt 
+ log K,. A plot of log(FIF, - F) versus log C, will 
have a slope of n, the number of moles of detergent 
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bound to a mole of enzyme. At the 50% inhibition 
point, log K, (Ka is the association constant for de- 
tergent to enzyme) is equal to -tr log Ct. Such a plot 
for our data is shown in fig. 3. We derive a value of 
2.04 for rz and a K, of 3.7 X 102. The obvious dif- 
ficulty here is that we simply do not know what the 
physical reality of ?I is since it is derived from the clear- 
ly erroneous assumption of uniformity of detergent 
species. The analytical ambiguity concealed in the 
above primitive treatment is explored in the following 
presentation. 

The simplest system of reactions which involves 
the least number of assumptions and remains tractable, 
follows. No claim for generality is made here; the 
equilibria considered only represent a superposition 
of two possible limiting situations_ These are: 1) the 
enzyme molecule P interacts with trI molecules of 
detergent monomer, M, to yield the inactive complex 

PM?1 * , and 2) enzyme molecule P interacts with rr2 
molecules of detergent micelle, D, to form inactive 
complex PD,,* _ It is assumed that the detergent con- 
sists of only two species, micelles of aggregation num- 
ber b and monomers. The equilibrium constants and 
conservation relations for these processes are here 
defined, with C, representing total molar concentra- 
tion of detergent again expressed as monomer and 
(P)t the total molar concentration of enzyme: 

P+rzlM==PM,r, lKa = (Phi,,, )/(P)(M)“’ , (1) 

P + jz2D = PD,,a , ‘K, = (PDzzZ )/(P)(D)“Z, (3 

bM=D, A’, = (D)lWb, (3) 

C, = ND) + (M), (4) 

(P)t = (P) + (PMn r ) l (PD,, )- (5) 

In what follows, F, wilI be again taken as unity; that 
is, the fraction of enzyme inhibited at infinite detergent 
concentration is unity. In the situation where both 
types of inhibition can occur the fraction F of enzyme 
Inhibited at finite detergent concentration may be ex- 
pressed: 

F = CG’Mn r ) -t (PDo2 H/(P), 

From eqs. (I) and (2): 

F= G?t 
L IIKaO@W l -t *K,(WD)“‘1, 

(6) 

(7) 

F= R {‘Ka(M)“r -i- *K,(D)“a}. 

Using eq. (5), 

F -= 
1-F 

1Ka(hl)7*1 -I- ‘K,(D)“? 

(8) 

(9) 

in the range of detergent concentration where inhibi- 
tion is observed, a very good approximation to (D) is, 
from eq. (4) 

CD) = C,/h 

Since, from eq. (3), 

(M) = {(D)/K,}l’b = {Ct/bKnJ1’b. 

Then eq. (9) becomes, 

(10) 

(Ii) 

F -.- = 
i-F 

In one limit where *Ka is zero (micelle and enzyme 
do not interact), the plot log {F/(1 - F)} versus 
log C, is a line of slope “1/b and ordinate intercept 
log (lKa/(bKr,ry’r~b}. In the other limit where mono- 
mer M and enzyme do not interact, lK, is zero, the 
same plot has slope rz2 and intercept log {2Ka/b”2}. 

In an intermediate situation where lKa and 2Ka 
are such that both types of interaction are significant 
and, for simplicity, that rzl/b e rz2 = II, then the equa- 
tion becomes: 

= I2 log(C,) -i log . 
(13) 

It is apparent that in this case, rz is mechanistically 
complex as is the intercept and thus the situation is 
analytically uninformative. 

With our experimental data, the first theoretical 
possibility leads to an nl/b = 2.04. Since we know b 
(b = 325) nl would equal 255 or nearly the equivalent 
of two bound micelles. In the case of the second limit- 
ing condition, the value n = 2.04 interprets as -2 
micelles binding to the enzyme_ This intriguing identity 
of values can be shown for theoretical model systems 
to be a consequence of the linkage between monomer 
and micelIe fundamentally expressed in eq. (3) and the 
fact that the enzyme is at near vanishing concentration 
compared to detergent. While the present treatment 
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does not normally allow an explicit choice of binding 
mechanism, it is superior to the first, spare treatment 
given above in that reasonable speculation about the 
physical significance of II can be made. Additionally, 
if information about the detergent association is avail- 
able, more meaningful interpretation is possible_ Thus, 
fig. 1 shows monomer mole fraction declining and 
micelle mole fraction increasing as inhibition occurs. 
If monomer were the inhibiting species, one might ex- 
pect some inhibition to occur below the CMC as the 
TX-l 00 enzyme ratio is of the order of 1 O5 _ This 
result is consistent with the conception that it is 
micelles which are the cause of enzyme inhibition_ 
For this mechanism, the *K, value is of the order of 
5.6 X 106. 

In either case, it may be calculated from the data 
of fig. 3 that at 10% TX-I 00 and enzyme at 1 S mg/ml 
and assuming that rr = 2, the enzyme is about 85% 
inhibited or has an average value of 1.7 equivalent 
micelles/mole. The molecular weight of such a com- 
plex is 4.4 X 105_ Calculating [5,6] the vof such a 
complex gives a value of 0.786. With values of S and 
D estimated from sedimentation velocity experiments 
at 20°C in 10% TX-100 to be 4.20 S and 1 .I 2 F 
respectively, we can compute a value of apparent com- 
plex hlW of 4.3 X IO’_ The close agreement tends to 
support the interpretations advanced above. The inter- 
action of acetylcholinesterase with TX-l 00 at very 
high detergent levels is of interest in terms of the 
topology of the enzyme and its membrane location_ 
It is clearly not an integral membrane protein, as 
defined by accepted criteria [I], but if there were 
some physical means to insert the enzyme near high 
concentrations of lipids, the well recognized pressure 
disruption of lipid organization might be expected to 
play a role in the alteration of this neural enzyme’s 

activity. 

The conclusion reached in earlier work [ 1 ] was 
that it seemed unlikeiy, in situations of normal mem- 
brane architecture, that the enzyme was deeply em- 
bedded in the lipid bilayer. With reference to the 
High Pressure Neurological Syndrome, the present 
results suggest that, in addition to neurological dys- 
function from direct pressure effects on membrane 
structure, other effects resulting from interaction 
between non-integral membrane proteins and the 
pressure disrupted lipid regions might also contribute. 
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