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Abstract 

The reaction kinetics for drug blockade of postsynaptic channels at the mouse neuromuscular 
junction were studied. The activation energies associated with the onward and off-rate constants, 
from a sequential model, were measured for procaine, scopolamine, octanol, and heptanol, and from 
these the transition state thermodynamic parameters of free energy (AG$), enthalpy (AHI), and 
entropy (ASS) of activation were determined. All agents showed positive entropies of activation for 
the channel blocking rate constant kp, with the values for the alcohols significantly greater than 
those for the two positively charged local anesthetics. No significant differences in the activation 
energies for the off-rate constant ke2 were observed between any of the agents. The magnitude of 
k-, decreased as the hydrophobicity of the agent increased. The large activation energies measured 
for k2 and kp2 (in excess of 10 kcal/mol) are higher than expected for simple rate-limiting diffusion, 
and the possibility exists that channel blockade involves conformational changes in a protein 
segment, induced by a hydrophobic interaction between agent and intrachannel site or sites. The 
large entropy increase observed in the blocking step is indicative of the agent replacing structured 
waters of hydration near a hydrophobic region of a protein. 

A number of diverse agents cause the decay of minia- 
ture end-plate currents (MEPCs) to be divided into two 
exponential components. Considerable evidence has been 
presented which indicates that a sequential model can 
account for the biphasic MEPCs observed. The faster 
than normal component is due to “blockade” or “plug- 
ging” by the agent of ionic channels opened as a conse- 
quence of the combination of acetylcholine (ACh) with 
receptors, whereas the slower than normal component 
results from oscillation of the channel between open and 
“blocked” states (Adams, 1976, 1977; Pennefather and 
Quastel, 1980). The on- and off-rate constants, kp and 
ke2, for “blocking” of end-plate channels by positively 
charged agents (but not agents presumed to act in the 
neutral form) are sensitive to transmembrane potential 
(Pennefather and Quastel, 1980) and to raised concen- 
tration of Mg”+ or Ca2+ ions (McLarnon and Quastel, 
1983). 

In the present study, we have examined the tempera- 
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ture dependence of k2 and he2 for a group of agents which 
cause biphasic MEPCs, namely, the aliphatic alcohols n- 
octanol and n-heptanol, the local anesthetic procaine, 
and scopolamine, which, at the concentration employed 
(100 yM), acts like a local anesthetic on end-plate chan- 
nels. Analysis, in terms of the thermodynamic parame- 
ters of rate theory, indicates that the “blocking” of 
end-plate channels by these agents is determined by a 
rate-limiting entropy-driven step, indicating hydropho- 
bic interaction between agent and site(s). The measured 
activation energies for channel blockade by all agents (in 
excess of 11 kcal/mol) were higher than expected for a 
diffusion-limited process, and for the two alcohols they 
were significantly greater than for the two positively 
charged agents. The activation energies for kp2 were 
essentially the same for all of the agents, with the mag- 
nitude of kwp dependent upon the hydrophobicity of the 
agent. The large activation energies associated with k2 
and k-, could be due to the agents causing conforma- 
tional changes in an interfacial hydrophobic region of a 
protein molecule. 

Materials and Methods 

The preparation used was the mouse diaphragm; 
MEPCs recorded from voltage-clamped end-plates were 
recorded in the temperature range from 8°C to 25°C and 
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stored digitally on magnetic tape (Linder and Quastel, 
1978; Pennefather and Quastel, 1980). The apparatus 
included the superperfusion system described by Cooke 
and Quastel (1973) which allowed the application of 
drugs to the end-plate within seconds and a temperature 
cooling system incorporating a Peltier device with elec- 
tronic feedback control. 

The solutions used contained 150 mM Na’, 5 mM K’, 
2 mM Cazf, 1 mM Mg’+, 24 mM HCO,- buffer, 2 X 10mR 
gm/ml of tetrodotoxin, and 2 gm/liter of glucose equili- 
brated with 95% O2 and 5% CO,. NOa- salts were used 
to improve the signal to noise ratio of MEPCs (Linder 
and Quastel, 1978). In all experiments, paraoxon was 
used (4 pM applied for 4 min, then washed off) in order 
to prolong MEPCs. Poisoning of acetylcholinesterase 
results in a better definition (and computer fit) for the 
slow phase of the biphasic MEPC. The magnitudes of 
the onward and off-rate constants (kz and k-J are un- 
affected by the treatment with paraoxon (Pennefather 
and Quastel, 1980; McLarnon and Quastel, 1983). 

The methods used for averaging of MEPCs and sub- 
sequent analysis have been described previously (Pen- 
nefather and Quastel, 1981; McLarnon and Quastel, 
1983). Briefly, parameters describing the time course of 
decay were determined from means of 25 to 40 individual 
MEPCs, aligned with respect to the point of maximal 
cross-correlation with a ramp function (0, 0 . . 0, 1, 2), 
and averaged “off-line” after careful exclusion of “unu- 
sual” MEPCs, artifacts, etc. It should be noted that in 
the present experiments, using “channel-blocking” 
agents, MEPCs recorded after poisoning of AChE did 
not show the large diversity in decay rates observed in 
the absence of channel blocker, i.e., the averages of 
MEPCs closely represent individual MEPCs. To obtain 
the fitting parameters for the model (i.e., kl, k2, k-*, k,), 
the decay phase of the MEPC was characterized as the 
sum of two exponential components, after digital correc- 
tion for recording filter and “deconvolution” of the 
MEPC using a 0.16-msec time constant, to eliminate 
components related to asynchrony in channel opening 
(Linder et al., 1983). 

The rate constants (kq and k-J for end-plate channel 
blocking and unblocking were determined assuming a 
cyclic model as shown: 

2ACh + R + D z& ACh,R* + D 
k-1 

k., It k-4 k-2 11 kz 

2ACh + RD 2 ACh,RD 
h3 

where the states ACh,R* and ACh,RD represent the open 
and the open-blocked channels, respectively. The con- 
version to another form from ACh2RD, other than the 
open channel, is introduced for two reasons: (a) to ac- 
count for a decrease in the total MEPC area with little 
or no change in peak amplitude caused by some of these 
blocking agents (Pennefather and Quastel, 1980; Mc- 
Larnon and Quastel, 1983), and (b) without this step the 
normal voltage dependence of k-, can appear to be di- 
minished or reversed by some channel blockers (Penne- 
father and Quastel, 1980; McLarnon and Quastel, 1983). 

The rate constant kez3 must be small since no triphasic 
decays (with low tail components) were observed. The R 
+De RD step corresponds to block of closed end-plate 
channels (Adams, 1977). However, an appreciable ratio 
k+[D]/k4 would be manifest in a reduction of initial 
(peak) MEPC height, which was not a prominent feature 
in the present results. The rate constants k2, k-?, and k3 
can be determined from kinetic analysis of the decay 
phase of the MEPC, on the assumption that the normal 
channel-closing rate constant k-, is not altered by the 
agent and that kp3, k--4, and k,[RD] are negligible during 
the decay of the MEPC. A least squares fitting program 
determined the slopes and intercepts of the fast and slow 
components of the MEPC (and the area under the 
MEPC), and from these the rate constants kp, kmr, and 
kti were calculated using the equations given in Mc- 
Larnon and Quastel (1983). Since the values of kz3 were 
generally small for the agents studied (co.4 msec-I), the 
values of k:! and kp2 given under “Results” are close to 
the values calculated using a simple sequential model 
with kc3 and k-, set to zero. 

The procedures followed in the thermodynamic analy- 
sis are outlined in Minneman et al. (1980) (see also 
Weiland and Molinoff, 1981). The transition state acti- 
vation energy E, was determined from the slope of an 
Arrhenius plot [ln(rate constant) versus T-‘1 for both 
the rate constants for channel blocking ( k2) and unblock- 
ing (k-J. The enthalpy and free energy of activation for 
the transition state were then found from AH+ = E, - 
RT and AG$ = -RT In k, + RT In kT/h, respectively, 
where k, is the rate constant, k is Boltzmann’s constant, 
and h is Planck’s constant. The entropy of activation 
(ASS) is then found using: AG$ = AH$ - TASS. Values 
for enthalpy (AH”), entropy (AS’), and free energy of 
activation (AGO) for the ACh2RD state (“associated 
state”) were then derived by subtracting the channel- 
unblocking transition state parameters from the chan- 
nel-blocking values. The associated state parameters are 
equilibrium values if the same rate-limiting step under- 
lies the channel-blocking and -unblocking processes. 

To obtain means and SEMs for thermodynamic pa- 
rameters, estimates were made individually for each junc- 
tion where MEPCs were recorded at four or more speci- 
fied temperatures. 

Results 

Figure 1 shows the modification of the time course of 
MEPCs with variation of temperature in the presence of 
a constant concentration of a drug. In each case, the data 
are from a single junction and each average is of 25 to 
40 MEPCs. It is clear from Figure 1 that both compo- 
nents of the MEPC decay phase are sensitive to temper- 
ature for all of the agents. 

The obvious differences in time course of the MEPCs, 
with different drugs and with varied temperature, reflect 
differences in the values of k,[D] and kp2 (Table I). For 
example, the large slow phase with scopolamine reflects 
a relatively high ratio of kw2 to kz[D], and the rise in the 
slow phase (relative to the fast phase) with lowering of 
temperature reflects a higher Qlo (and EJ for k,[D] than 
for k-2. Figure 2A shows Arrhenius plots for the averages 
of the channel-“blocking” rate constant (kJ for the four 
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Figure 1. MEPCs plotted linearly (lower traces) and semilog (upper traces) at -80 mV. A, Scopolamine (100 PM); B, Procaine 
(25 PM). C, Octanol (100 FM). D, Heptanol (250 PM). Data for each agent were obtained from the same cell at the temperatures 
shown. Each plot represents the average of 25 to 40 MEPCs. 

TABLE I 
Thermodynamic parameters associated with channel blocking and unblocking as determined from transition state analysis 

Associated state values were calculated from the differences between the transition state parameters for channel blocking and unblocking. 

Rate constants are values for T = 25°C and V = -80 mV. Each tabulated value is mean c SEM of values obtained separately for each end-plate 
studied. 

Agent 
No. of 

End-plates 

kg (lo6 M-’ set-‘) 

k+ (i&c-‘) 
E* AHS AGS TASS ASS 

entropy units kcal/mol kcal/mol kcal/mol kcal/mol 

Transition state: channel plugging (k,) 

Procaine 6 
Scopolamine 3 
Octanol 5 
Heptanol 5 

Transition state: channel unplugging (km*) 

Procaine 6 
Scopolamine 3 
Octanol 5 
Heptanol 5 

Associated state 
Procaine 6 

Scopolamine 3 
Octanol 5 
Heptanol 5 

29.7 + 2.9 
18.2 r 2.0 
17.4 + 0.9 

9.2 + 0.5 

12.0 + 0.9 11.4 + 0.9 7.3 + 0.2 4.1 + 0.4 13.8 +- 1.5 

11.6 f 1.3 11.0 + 1.2 7.6 + 0.2 3.5 + 0.5 11.7 f 1.8 
18.4 + 0.7 17.8 + 0.7 7.6 + 0.2 10.2 + 0.7 34.2 k 2.7 
18.1 + 0.7 17.5 + 0.7 8.0 + 0.2 9.5 -c 0.6 31.9 f 2.2 

0.77 t 0.05 
2.36 f 0.17 
0.55 f 0.05 
1.01 f 0.07 

10.0 + 0.6 9.4 + 1.0 
10.3 f 0.9 9.7 + 0.8 
10.4 & 0.8 9.8 + 0.8 
10.6 + 0.7 10.0 + 0.7 

AH” 
2.0 

1.3 
8.0 
7.5 

13.5 + 0.5 -4.1 z!z 0.6 -13.8 + 2.2 
12.9 f 0.5 -3.2 + 0.4 -10.7 + 1.4 
13.7 f 0.5 -3.9 f 0.4 -13.1 + 1.4 
13.4 + 0.5 -3.4 + 0.4 -11.4 + 1.4 

AG” T&S’” AS” 
-6.2 8.2 27.6 

-5.3 6.7 22.4 
-6.1 14.1 47.3 
-5.4 12.9 43.3 
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the similarity in the activation energies for the alcohols 

335 340 345 350 355 335 340 345 350 355 was again associated with a substantial difference in their 
TV' x IO' T-' x IO' rate constants as the octanol he2 value was about one- 

Figure 2. Arrhenius plots for the rate constants k, and k-, in half the corresponding value for heptanol. Thus, the 

the sequential model. A, Channel block (kJ. B, Channel un- more hydrophobic agent, octanol, is stabilized at the 
block (km2). The fits to the data were determined by linear binding site, relative to heptanol. The magnitude of her 
regression analysis. Plotted points are means, from all junctions 
studied, each with a standard error of about 0.2 log, unit. 

decreased in the order of increased hydrophobicity of 
agent, after correcting for the voltage dependence of km2 
for procaine and scopolamine action (Pennefather and 

agents studied and fits to these data using linear least 
Quastel, 1980). 

squares regression. The activation energy E, for channel 
The thermodynamic parameters for the associated 

block is equal to the slope of the Arrhenius plot multi- 
state can be derived from the transition state parameters 

plied by the universal gas constant R; the values of E, 
(see “Materials and Methods”) assuming that the same 

obtained from the averages of k2 were the same as those 
rate-limiting step governs the kinetics for the on- and 

given in Table I, where the values are the means of E, 
off-rate constants. The data in Table I show reaction 

for individual junctions. For procaine and scopolamine, 
negative-free energies (AGO), positive enthalpies (AH”), 

the activation energies for channel blocking were in the 
and positive entropies (ASO). The profiles for the various 

range of 11 to 12 kcal/mol (Q10 values about 1.8 for the 
thermodynamic parameters are shown for octanol and 

temperature range 20°C to lO’C), whereas for the two 
procaine in Figure 3 as the dissociated state proceeds to 

aliphatic alcohols, octanol and heptanol, activation ener- 
an associated state through the formation of an activated 

gies were significantly higher, in the vicinity of 18 kcal/ 
complex. The free energy profiles for the two agents are 

mol ( Qlo > 2). Gage et al. (1978) found activation energies 
similar, whereas their respective enthalpy and entropy 

of 11.3 kcal/mol and 18.2 kcal/mol at two end-plates for 
plots are markedly different for both the transition state 

a single phase of decay, with 1 mM octanol, at the frog 
and the associated state. 

neuromuscular junction. It is likely that the inverse of 
It should be noted that temperature changes can alter 

their single time course corresponds to k2[D] in the 
present work since the initial decay of a MEPC in the 
presence of a channel blocker is given by $[D] + k-, 

t2Or A 

which, with octanol block, is dominated by the first term. 
It should be noted that the slow component for octanol 
has a low amplitude (Pennefather and Quastel, 1980) 
and can easily be obscured by baseline noise if high 
concentrations of octanol are used, giving a value of 
k,[D] that is high relative to kp2. 

The Arrhenius plots for the channel-blocking rate 
constant k--P are shown in Figure 2 B. Activation energies 
were determined in the same manner as for kp and are 
listed in Table I. The results show activation energies of 
about 10 kcal/mol with no significant differences be- 
tween any of the four agents studied. 

The transition rate theory parameters for free energy 
of activation, enthalpy, and entropy for channel blocking 
and unblocking (determined from the equations given 
under “Materials and Methods”) are also included in 
Table I. The results, for the rate constant kp, show that 
the enthalpies of activation and entropies of activation 

Figure 3. Profiles of thermodynamic parameters for enthalpy 

are substantiallv higher for the two alcohols. octanol and 
(AH), free energy (AG), and temperature x entropy (-TAS) 

” v  - for octanol (A) and procaine (B). 
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heptanol, than for the two local anesthetics, procaine 
and scopolamine. The very similar activation energies 
for octanol and heptanol action occur despite a 2-fold 
difference in their rate constants, with the higher rate 
constant corresponding to the more hydrophobic of the 
two, octanol. It is also notable that in each case both the 
enthalpy and the entropy change is positive, i.e., the 
channel-blocking step is “entropy driven,” which also 
suggests the participation of hydrophobic bond forma- 
tion (Kauzmann, 1959). 

No significant differences in the activation energies 
associated with the rate constant of channel unblocking 
( ke2) were observed for the four agents studied. However, 
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the degree of ionization for charged agents, which could, 
in turn, affect k, or kez. However, it is likely that any 
changes in the degree of ionization would be insignificant 
in the present work, since the temperature changes in- 
volved are relatively small and the Arrhenius plots are 
linear. 

Discussion 

In this study we have applied kinetic rate theory to 
the action of certain drugs to block end-plate channels 
(Adams, 1976). On this basis, the pseudo-first-order rate 
constant k, [ D ] in the cyclic model represents the binding 
of the agent to some site once a channel has been opened, 
and the rate constant k-2 represents channel unblocking, 
which presumably involves the dissociation of the block- 
ing agent from its binding site. 

The results show that for all of the agents studied, 
channel blockade involves large positive entropy and 
enthalpy changes in the formation of a transition state 
or “activated complex.” Similar increases in entropy have 
been observed in other systems (e.g., Minneman et al., 
1980) and attributed to the formation of intermolecular 
hydrophobic bonds (cf. Kauzmann, 1959; Tanford, 1980). 
Data in Table I also point to the involvement of hydro- 
phobic bonds in the interaction of the agents with the 
end-plate channel. For the onward or blocking rate con- 
stant kZ, the alcohols, octanol and heptanol, have equal 
activation energies E, (within experimental error), al- 
though the rate constant for channel block for the more 
hydrophobic agent, octanol, is almost twice that for 
heptanol. In addition, the activation energies associated 
with the channel-unblocking step are also very similar 
for the two alcohols, although the ke2 value for octanol 
is less than one-half that for heptanol. A clear correlation 
between the degree of hydrophobicity of the agents and 
k-2 is evident from Table I; as lipid solubility of the agent 
increases, the magnitude of km2 is diminished. The ther- 
modynamic parameters for the association of agent with 
site show large positive entropy changes and smaller 
positive enthalpy changes, indicating that nonhydropho- 
bit interactions are not significant. The driving force for 
the overall process (negative free energy, AG”) is the 
large increase in entropy, AS’. 

The activation energies measured for the rate con- 
stants kp and km2 are higher than would be expected for 
simple diffusion in an aqueous medium, but it is conceiv- 
able that the high activation energies found here could 
be related to a high temperature sensitivity of the topog- 
raphy of the channel, leading to a correspondingly high 
temperature sensitivity of the rate of diffusion of the 
drugs to and from their site(s) of action. Alternatively, 
the high activation energies may reflect drug-induced 
conformational changes (unfolding and folding, respec- 
tively) of an interfacial region of a protein molecule. The 
unfolding step would be accompanied by a positive en- 
tropy change for the onward rate constant (kz), as is 
observed. Similarly, the folding of the molecule to a more 
ordered form would be accompanied by a negative en- 
tropy change, as is observed for kp2. The similar activa- 
tion energies for kp2 with all of the agents studied are 
consistent with a common site of action. If this is so, 
apparent lack of voltage dependence of kp and he2 for 

agents acting in a neutral form (Adams, 1976; Penne- 
father and Quastel, 1980) would imply that the confor- 
mational changes are voltage independent. The voltage 
dependence of the rate constants, for agents acting in 
the positive form, could then arise if the conformational 
change included the protein segment and bound agent. 
An increase in transmembrane potential could also act 
to diminish km2 by stabilization of attachment of a posi- 
tively charged molecule at the site of interaction and 
increase kg by increasing the access of the molecule to 
the site. 

It is of interest that the enthalpies in Table I, deter- 
mined from the activated state complex for the on-rate 
constant k2, are significantly higher for both alcohols 
than for procaine or scopolamine. This could arise if the 
interaction sites for the two groups were different, or, if 
diffusion of the drug to its site of action was rate limiting, 
it could reflect different pathways of action (i.e., nonpolar 
molecules acting from within the lipid phase). Alterna- 
tively, the differences in enthalpies could reflect a con- 
tribution of polar interactions between the positively 
charged local anesthetics and the channel site or its 
environment. The formation of ionic bonds would de- 
crease the transition state enthalpy and contribute to 
the blocking action for these agents. 

It is likely that the end-plate channel, for the most 
part, is a large aqueous pore (Linder and Quastel, 1978; 
Adams et al., 1980), and it is plausible that the environ- 
ment of the blocking sites is polar (McLarnon and Quas- 
tel, 1983). Thus, one can imagine the hydrophobic region 
of the agent “escaping” the energetically unpreferred 
hydrophilic environment of the channel by associating 
with a hydrophobic interfacial region of the receptor- 
channel protein. The consequent replacement of some of 
the structured water of hydration around the site by the 
hydrophobic portion of the drug would result in an in- 
crease in the disorder of the system and possible localized 
conformational change(s) in the protein molecule. A 
conformational change in the receptor is also suggested 
by the sequential model itself, in which the transmitter 
(ACh) must remain attached to the receptor for as long 
as the blocking agent is attached to the receptor-channel 
site (Adams, 1976; Pennefather and Quastel, 1980). 
Whatever the actual mechanism of channel “blockade” 
by drugs, it is apparent that the kinetic rate constants 
for the drug effects are strongly dependent upon a hy- 
drophobic interaction between agent and channel. Pre- 
vious studies at end-plates have also shown the presence 
of hydrophobic effects for organic cations (Adams et al., 
1981), rz-alkyl guanidine derivatives (Farley et al., 1981), 
and atropine and scopolamine (Adler et al., 1978; Mc- 
Larnon and Quastel, 1983). 
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