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The thermodynamics of binding reactions is usually studied in the
framework of the linear van’t Hoff analysis of the temperature
dependence of the equilibrium constant. The logarithm of the
equilibrium constant is plotted versus inverse temperature to dis-
criminate between two terms: an enthalpic contribution that is
linear in the inverse temperature, and a temperature-independent
entropic contribution. When we apply this approach to a particular
case—blockage of the anthrax PA63 channel by a multicharged
cyclodextrin derivative—we obtain a nearly linear behavior with
a slope that is characterized by enthalpy of about 1 kcal/mol. In
contrast, from blocker partitioning between the channel and the
bulk, we estimate the depth of the potential well for the blocker in
the channel to be at least 8 kcal/mol. To understand this apparent
discrepancy, we use a simple model of particle interaction with the
channel and show that this significant difference between the two
estimates is due to the temperature dependence of the physical
forces between the blocker and the channel. In particular, we
demonstrate that if the major component of blocker–channel in-
teraction is van der Waals interactions and/or Coulomb forces in
water, the van’t Hoff enthalpy of the binding reaction may be
close to zero or even negative, including cases of relatively strong
binding. The results are quite general and, therefore, of impor-
tance for studies of enzymatic reactions, rational drug design,
small-molecule binding to proteins, protein–protein interactions,
and protein folding, among others.

protein-ligand binding | molecular docking

Motivated by the search for efficient small-molecule blockers of
“virulent” transmembrane channels (1–3), we investigated the

temperature behavior of the blockage reaction. The temperature
dependence of the equilibrium constant of blocker association with
the pore, that is, the reaction blocker(bulk) + channel(empty) ⇄
channel − blocker, was found to be surprisingly weak, with the
temperature coefficient jQ10j ’ 1.08. Applying the standard linear
van’t Hoff analysis to evaluate the enthalpy of an association re-
action (4) to that of channel blockage (5), we arrive at an estimated
enthalpy for the channel–blocker interaction of about 1 kcal/mol.
However, examination of blocker partitioning between the bulk and
the channel interior gives an estimate for the depth of the potential
well for the blocker in the pore of at least 8 kcal/mol. Although
these two estimates generally do not have to coincide, this im-
pressive difference compelled us to take a detailed look at the
assumptions that are often used in the thermodynamic analysis of
blocking reactions as well as at the possible physical forces involved
in the channel–blocker interaction. Our analysis is based on con-
sideration of a simple model of particle interaction with the channel
(6–8), which allows an explicit calculation of the involved thermo-
dynamics. As might be expected, in the case of the temperature-
independent flat potential well, the enthalpy of the binding reaction
is equal to the depth of the potential well. However, in the realistic

case of temperature-dependent interactions, the situation may be
drastically different. In particular, we demonstrate that accounting
for the temperature dependence of van der Waals and/or Coulomb
forces may lead to very small or even negative enthalpy values.
These conclusions go beyond the particular case of channel block-
age to being helpful in the analysis of other problems such as
protein–ligand binding, protein–protein interaction, and molecular
docking for drug design, to mention just a few.

Results
The blockage of the anthrax PA63 channel by per-6-S-(3-amino)
propylthio-β-cyclodextrin (AmPrβCD), a derivative of β-cyclo-
dextrin carrying seven positive charges (1–3), is temperature-
dependent. Fig. 1 gives three representative records of the ion
current through a single channel at 15, 23, and 40 °C (Top to
Bottom, respectively) in the presence of 0.3 μM AmPrβCD. It is
seen that higher temperatures (i) speed up the kinetics of the
blockage process and (ii) increase channel conductance. The
increase in the on- and off-rates of the reaction manifests itself in
the decrease of the average times spent by the channel in both
open and blocked states. As temperature is elevated from 15 to
40 °C the conductance of the channel grows by a factor of 2,
which is close to the effect of the temperature on ionic con-
ductance of other large channels (9).
Fig. 2 demonstrates the temperature dependence of the char-

acteristic on- and off-times of the blockage reaction. Both the av-
erage time between successive blockages, τon, measured at the fixed
blocker concentration of 0.3 μM, and the average time the blocker
molecule spends in the channel, τoff , decrease with increasing
temperature. The temperature-induced drop in τoff only slightly
exceeds that in τon. The times were calculated from the char-
acteristic corner frequencies of Lorentzian spectra and the in-
dependently measured probability of finding the channel in the
blocked state, as described earlier (3).
The plot of the natural logarithm of the equilibrium constant

of the blocking reaction as a function of the inverse temperature,
1,000/T, the linear van’t Hoff plot (4), is given in Fig. 3. The
equilibrium constant is calculated from the probability of finding
the channel in the blocked state at a given blocker concentration,
as described earlier (3). It is seen that within the accuracy of our
measurements the dependence is linear and very weak. To il-
lustrate this point, the figure also shows the conductivity of salt
solution in the same temperature range, with Q10 ’ 1.18.
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Discussion
Temperature Dependence of the Equilibrium Binding Constant. Our
analysis of the data in Fig. 3 gives Keqð10 8CÞ=Keqð50 8CÞ ’ 1.38 for
the change of the equilibrium constant when the temperature of the
system is varied from 10 to 50 °C. This leads to a jQ10j value of about
(1.38)1/4’ 1.08 that is significantly smaller than even the Q10 for
solution conductivity. This weak dependence is usually interpreted
as an anomalously low binding energy, which would correspond to
a very shallow potential well for the blocker–channel attraction.
Indeed, if we fit the equilibrium constant data in Fig. 3 with

the linear van’t Hoff equation widely used for the thermody-
namic analysis of binding reactions (4, 10, 11),

ln  Keq = ΔH=RT − ΔS=R; [1]

where T and R are the absolute temperature and universal gas
constant, respectively, and, if both enthalpy ΔH and entropy ΔS
are assumed to be temperature-independent, we obtain ΔH ’
1 kcal/mol or about 2 kBT per molecule, where kB is the Boltzmann
constant. The enthalpy term is supposed to characterize the strength
of the blocker–channel interaction and be equal to the depth ΔU of
the temperature-independent flat potential well for the blocking
particle inside the channel (see model considerations below).
This energy estimate is drastically smaller, by more than 10

kBT, than the depth of the potential well estimated from blocker
partitioning between the channel lumen and the bulk. For the
depth of the potential well describing blocker partitioning under
the simplifying assumptions detailed below, we have

ΔU ’ kBT ln
�
Cch

Cb

�
; [2]

where Cch is the blocker concentration in the channel and Cb is
the blocker concentration in the bulk.

From the very beginning it is necessary to point out that Eq. 2
provides only the lower limit for the depth of the potential well
describing the blocker–channel interaction. The main reason, as
explained below, is that the notion of “blocker concentration in
the channel” is a simplification based on the assumption of
a homogeneous, square-well interaction potential for the blocker
within the whole length of the blocker-accessible part of the
channel. This concentration could be estimated by combining the
data in Fig. 1, showing that channel occupancy by the blocker
molecule is of the order of 1, with the existing predictions for the
channel structure (12) illustrated in Fig. 4. However, even with
the accepted simplifications, the estimate in Eq. 2 is inaccurate in
the case of high occupancy, because of the strong repulsion be-
tween blocker molecules. To escape this additional complication,
we make use of the data obtained at an order of magnitude lower
blocker concentration in the bulk, Cb = 3 × 10−8 M (3). In this
case the channel occupancy by the blocker, PbðCbÞ, which is
equal to the average number of blocker molecules in the chan-
nel, hNðCbÞi=PbðCbÞ= τoff=ðτoff + τonÞ, is much smaller than 1.
Taking the values of τon ’ 1.2 s and τoff ’ 0.11 s from figure 3 b
and c of ref. 3, for this blocker concentration we have hNðCbÞi ’
0.084. To calculate the blocker concentration in the channel,
hNðCbÞi=υch, we need an estimate for the volume υch available
for the center of the blocker molecule inside the channel lumen,
υch = πðRpore −RblockerÞ2 L, where Rpore is the pore radius, Rblocker
is the blocker radius, and L is the blocker-accessible channel
length; we assume that this part of the channel has a cylindrical
shape. Based on the structure of the blocker (2) and structural
predictions of ref. 12 for the PA63 pore reproduced in Fig. 4, we
accept the following values for the parameters: Rpore ’ 2 nm,
Rblocker ’ 1 nm, L ’ 4 nm. This leads to hNðCbÞi=υch ’ 0.7 × 1025

m−3, which translates into the molar blocker concentration in the
channel Cch ’ 1.2 × 10−2 M at Cb = 3 × 10−8 M in the bulk.
Substituting these concentrations into Eq. 2, we obtain ΔU ’ 13
kBT or about 8 kcal/mol. It has to be noted here that this value
gives only a lower estimate for the depth of the potential well,
because the effective “binding volume” (13) of the blocker
molecule can indeed be much smaller than the volume antici-
pated on the basis of the structure shown in Fig. 4.

Fig. 1. Typical recordings of an ionic current through a single PA63 channel in
the presence of 0.3 μMAmPrβCD on the cis side of themembrane demonstrate
temperature-dependent amplitudes and kinetics. Measurements were per-
formed in 1M KCl (pH 6.6) bathing solution at 50-mV transmembrane voltage
and are presented at 10-ms time resolution. It can be seen that the current
through the open channel and the frequency of blockage events increase with
solution temperature, whereas the AmPrβCD binding time decreases.

Fig. 2. Kinetic parameters of AmPrβCD-induced current blockage depend
on the temperature of the bathing solutions. Both τon (time between suc-
cessful blockages) and τoff (binding time) decrease exponentially when the
temperature increases. Error bars show SDs.
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Thermodynamics of the Continuum Diffusion Model. The huge dif-
ference in the two estimates above suggests that the physical
forces responsible for the blocker interaction with the channel
are temperature-dependent. Our further analysis is based on
a simple model of particle interaction with the channel (6–8).
We assume that (i) the maximal occupancy of the channel by
a blocker molecule is one—to account for strong repulsion of
the molecules carrying seven positive charges—and (ii) the
blockage is a two-state Markov process, as is strongly supported
by the simple Lorentzian shape of the spectral density reported
earlier (3).
The equilibrium probability of finding the blocker in the

channel, Peq
ocðCbÞ, can be written as a function of blocker con-

centration in the bulk, Cb, and the equilibrium binding constant,
Keq, Peq

ocðCbÞ=KeqCb=ð1+KeqCbÞ. Therefore,

Keq =
Peq
ocðCbÞ�

1−Peq
ocðCbÞ

�
Cb

=
Peq
ocðCbÞ

Peq
empðCbÞCb

; [3]

where Peq
empðCbÞ is the probability of finding the channel empty.

On the other hand, Peq
ocðCbÞ= τoff=ðτoff + τonÞ, so that

Keq =
τoff
τonCb

=
kon
koff

; [4]

where kon and koff are the on- and off-rate constants of the
blockage, respectively, konCb = τ−1on and koff = τ−1off .

The equilibrium constant can also be expressed through the
partition functions in the blocker-occupied, Zoc, and blocker-
empty, Zemp, states of the channel. Taking advantage of the fact
that the ratio of the residence times entering into Eq. 4 is equal
to the ratio of the partition functions of the occupied and empty
states, τoff=τon = Zoc=Zemp, the equilibrium constant in Eq. 4 can
be written as

Keq =
Zoc

CbZemp
: [5]

The partition function for the empty state is given by

Zemp =
1
N!

ZN
1 ; Z1 =

�
mkBT
2πZ2

�3=2
V ; [6]

where Z1 is the partition function of a single particle (blocker
molecule) in the system of volume V (14) and N is the number of
particles in this system, so that the bulk blocker concentration is
Cb = N=V , m is the blocking particle mass, and Z is the Planck
constant. For the occupied state, the partition function is

Zoc =
1

ðN − 1Þ!Z
N−1
1 Zch; Zch =

�
mkBT
2πZ2

�3=2
Qch: [7]

Here Qch is the configuration integral (14),

Qch =
ZL

0

Aðx; βÞexpð−βUðx; βÞÞ  dx; [8]

where β= 1=ðkBTÞ, x is a coordinate measured along the channel
axis, 0 ≤ x ≤ L, Aðx; βÞ is the coordinate-dependent cross-sec-
tional area of the channel, and Uðx; βÞ is the coordinate-depen-
dent potential of mean force describing particle interaction with
the channel (6–8). Both the cross-sectional area and the potential
of mean force are, in general, functions of temperature. It should
be noted here that a rigorous evaluation of the configuration

Fig. 3. The equilibrium binding constant of AmPrβCD to the channel
shows only slight temperature dependence (solid circles), which is even
weaker than the temperature dependence of salt solution conductivity
(open squares). Error bars show SDs.

Fig. 4. Schematic representation of the PA63 channel and AmPrβCD (β-CD)
drawn in CorelDRAW 11 (Corel Corporation) after the structure published in
ref. 12. The rectangular well, two-rectangular well, and “binding site” and
tilted potentials are plotted as explained in the Discussion. The vertical dashed
lines indicate the part of the channel lumen accessible to the blocker molecule.
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integral for a particular system must include the effects of the
changes in all internal degrees of freedom, including those of the
water molecules that are pushed out by the blocker molecule, the
change in blocker and channel hydration, and so forth. However,
for the purpose of the present analytical consideration, all these
effects can be packed into the cross-sectional area Aðx; βÞ and the
potential of mean force Uðx; βÞ, whose temperature dependences
would then account for the above-mentioned effects. From Eqs.
5–7 it follows that

Keq = Qch; [9]

and the van’t Hoff equation is

dln Keq

dβ
=

ΔH
NA

=
�

∂
∂β

½ln Aðx; βÞ− βUðx; βÞ�
�

B
; [10]

where NA is the Avogadro number and the angular brackets de-
note Boltzmann averaging over the channel,

hf ðx; βÞiB =

ZL

0

f ðx; βÞAðx; βÞexpð−βUðx; βÞÞdx

ZL

0

Aðx; βÞexpð−βUðx; βÞÞdx
: [11]

Temperature-Independent Rectangular Potential. We first consider
the case of a cylindrical channel of radius a and length L, as-
suming that the interaction with the blocker particle is described
by a square-well potential of depth ΔU, which is temperature-
independent (Fig. 4A). For such a channel, Eq. 10 takes the form
dln Keq=dβ=ΔU, leading to

ln
Keq

�
T
	

Keq
�
T0

	 =
�
1
T
−

1
T0

�
ΔU
kB

; [12]

where T0 is a reference temperature. It is seen that Eq. 12 yields
a linear dependence of ln Keq on the inverse temperature with the
slope equal to the well depth that characterizes the strength of
blocker–channel interaction, measured in kB units. Importantly,
in this case, ΔH=NA = ΔU, that is, the depth of the potential
well equals the enthalpy of the binding reaction.

Arbitrary Temperature-Independent Potential. The square-well po-
tential of mean force occupying the entire blocker-accessible
part of the channel represents a grossly simplified situation. We
will now consider a cylindrical channel with an arbitrary co-
ordinate-dependent potential. In this case, it is easy to show that
Eq. 1 does not hold true even for temperature-independent UðxÞ
and a constant cross-sectional area. Indeed, from Eq. 10 it fol-
lows that the derivative dln Keq=dβ is

dln Keq

dβ
= −hUðxÞi = −

ZL

0

UðxÞe−βUðxÞdx

ZL

0

e−βUðxÞdx

; [13]

where the Boltzmann-averaged potential hUðxÞi is a function of
temperature. This temperature dependence comes from the fact
that at different temperatures the blocker molecule explores
different parts of the potential well with different probabilities.

As an example, consider the case when the bottom of the
potential well occupying the entire channel is a step with the
parameters L1 and L2 and the corresponding depths ΔU1 and
ΔU2, as shown in Fig. 4B. In such a case, Eq. 10 leads to

dln Keq

dβ
=

ΔH
NA

=
L1ΔU1 expðβΔU1Þ+L2ΔU2 expðβΔU2Þ

L1 expðβΔU1Þ+L2 expðβΔU2Þ : [14]

This shows that ΔH=NA is a function of temperature unless ΔU1 =
ΔU2 and/or L1 or L2 is zero. As a consequence, Eq. 1 is inappli-
cable in this case.
Nevertheless, in many important cases of temperature-in-

dependent UðxÞ, the plot of ln Keq versus 1=T in the narrow
temperature range corresponding to functional protein states is
remarkably linear. One of them corresponds to ΔU1 >>ΔU2 or
ΔU1 <<ΔU2. Another one is the case of a localized potential
well—a narrow deep binding site, illustrated in Fig. 4C. Similar
close-to-linear behavior is found for a tilted potential (Fig. 4D)
when the slope of the tilt is large enough. Moreover, as we
demonstrate below, even in the case of a temperature-dependent
potential, which leads to ΔH ≠ΔU for the square-well potential
shown in Fig. 4A, the van’t Hoff plot may be nearly linear.

Temperature-Dependent Strength of the Interaction: Electrostatic,
van der Waals, and Hydrogen-Bonding Forces. In the considerations
presented above, we assumed that the physical interactions, de-
scribed by the potential of mean force, are temperature-
independent. However, for the water-filled channel pore under
consideration, this is hardly the case, and potential UðxÞ is
a function of temperature. Then, in the simplest case of a cylin-
drical channel with the square-well potential of depth ΔUðβÞ
(Fig. 4A), Eq. 10 leads to

dln Keq

dβ
= ΔU

�
β
	
+ β

dΔUðβÞ
dβ

: [15]

As we show below, the temperature dependence of the interactions
determining the depth ΔUðβÞ of the potential well is able to sig-
nificantly change the slope dln Keq=dβ and even invert its sign.
Experimental evidence, especially the strong reduction in bind-

ing strength with the increase in bathing solution salt concentration
(3), suggests that the channel–blocker interaction involves Cou-
lomb forces. If so, the depth of the potential is expected to be
temperature-dependent. This is due to the temperature de-
pendence of the water dielectric constant dln εðTÞ=dln T ’ −1.35
at room temperature (15).
Let us consider a hypothetical case wherein the depth of the

potential well is defined by Coulomb interactions between the
“fixed” charges on the channel lumen and the charge on the blocker
molecule. The interaction energy of two charges Q1e and Q2e po-
sitioned at distance r in 1:1 electrolyte with number concentration
c=CsaltNA103 m−3, where Csalt is the molar electrolyte concentra-
tion and e is the elementary charge, is given by

ΔU =
1

4π   εðTÞε0  
Q1Q2e2

r
exp

�
−

r
λDðTÞ

�
; [16]

where ε0 is the dielectric constant of vacuum, εðTÞ is the tem-
perature-dependent ratio of the dielectric constant of the me-
dium to that of vacuum, and λDðTÞ is the temperature-dependent
Debye length,

λD
�
T
	
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εðTÞε0kBT

2e2c

r
: [17]

Thus, the temperature behavior of the equilibrium constant,
Eq. 15, depends on both the changing dielectric constant and the
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distance between charges. The temperature dependence of the
dielectric constant for macroscopic samples of water is well-
studied. If the values of εðTÞ are taken for bulk water, which are
84.1 at 10 °C and 69.9 at 50 °C (15), then the expected tem-
perature dependence of ln Keq not only gets weaker but is re-
versed. We plotted this dependence in Fig. 5 (solid line) in
comparison with the dependence expected for the temperature-
independent rectangular potential well of depth ΔU = 13 kBT at
20 °C (dashed-dotted line). The solid line is calculated by
substituting Eqs. 16 and 17 into 15 and taking the temperature-
dependent εðTÞ from ref. 15. Other parameters are Q1 = Q2 =
7e, c = 6.02 × 1026 m−3 (1 M KCl), and r = 0.51 nm (to match 13
kBT at 20 °C for the dashed-dotted line). For both curves, we use
the same reference temperature, T0 = 20 °C, to facilitate their
comparison. It is clear that the formal application of Eq. 1 would
give a negative enthalpic contribution even in the case of very
deep potential wells, corresponding to the strong attractive
interactions between the channel and the blocker.
In the case of van der Waals forces at room temperature, the

corresponding ΔU is supposed to grow nearly proportionally to
the temperature (16). Then, Eq. 15 leads to dln Keq=dβ ’ 0,
and the enthalpy calculated from the linear van’t Hoff plot is
close to zero. On the contrary, the forces due to hydrogen
bonding may decrease linearly with temperature (17). Thus,
according to Eq. 15, the slope of the temperature dependence
of ln Keq will increase, as illustrated by the counterclockwise
arrow in Fig. 5. It should be noted that quantitative treatment
of these two cases is complicated. The point is that the depth of
the potential well for the blocker in the channel is the differ-
ence between the temperature-dependent van der Waals and
hydrogen-bonding interactions of the blocker molecule with water
in the bulk and with water and protein in the channel. Therefore,

the explicit calculation of the slopes is not as straightforward as for
Coulomb interactions in bulk water, and only tentative directions
of slope changes, assuming predominance of interactions with the
channel, are given in Fig. 5. The crucial importance of hydration
effects is commonly recognized in the wide spectrum of bi-
ologically relevant processes from simple binding reactions (18) to
macromolecular association (19) and protein folding (20).

Conclusions
Evaluating the depth of the potential well describing the blocker
interaction with the anthrax channel, we have shown that the
linear van’t Hoff analysis of the temperature dependence of ln Keq
may be grossly misleading (21, 22) because of the temperature
dependence of the actual physical forces involved in the blocker–
channel interaction. The enthalpy of the reaction is equal to the
potential well depth only for temperature-independent inter-
actions and a simple shape of the well. Importantly, in the narrow
temperature range corresponding to the fully functional con-
formations of many proteins, ln Keq can be nearly linear in the
inverse temperature even if the interactions are temperature-de-
pendent. This is illustrated by a hypothetical case of purely
Coulombic interaction shown by the solid line in Fig. 5. We
conclude that in the case of van der Waals or Coulomb inter-
actions, one should generally expect a decrease or even a change
in the sign of the slope of the van’t Hoff plot. At the same time,
for interactions whose strength decreases with temperature, such
as hydrogen bonding, the slope of the plot characterizing the
apparent enthalpy increases.
Although the analysis given above deals with a relatively

narrow subclass of binding reactions, namely channel blockage
by a low–molecular-weight compound, the results obtained
clearly go well beyond this example. For example, in many
instances of theoretical analysis of experimental data on ion
channels, the temperature dependence of channel conductance
is used to estimate the number and structure of barriers and
wells for ion translocation. Our results clearly demonstrate that
a straightforward interpretation of the temperature effects in
terms of the rate theory may be misleading if the temperature
dependence of barriers and wells is ignored. In many cases of
practical interest, the energy landscape seen by an ion in the
channel is a sum of contributions due to interactions of dif-
ferent natures, as exemplified by the analysis of selectivity of
potassium channels (23). As many of these interactions, similar
to Coulomb forces in water, include an entropic component (24),
caution is needed in interpreting experimental results. Only highly
detailed approaches, such as all-atom molecular dynamics simu-
lations, where temperature effects on all of the elements of the
system are explicitly taken into account, can be free of this defect.
However, this is not necessarily true for methods of multiscale
modeling, which inevitably include certain simplifications of in-
teraction potentials.
For the AmPrβCD interaction with the PA63 pore studied here,

the involvement of electrostatics is made clear by the strong de-
crease in blocker binding at increasing salt concentration in the
membrane-bathing solution (3). According to the arguments
presented above, the temperature dependence of ln Keq could be
expected not only to be reduced but inverted. In reality, the
temperature dependence of the forces creating the potential well
for the blocker molecule in the channel is much more complex.
Even if long-range electrostatics were the major driving force of
the binding reaction, calculating the total electrostatic energy is
not an easy task (25). Several effects should be taken into ac-
count. First, the Debye screening in the channel must be different
from that in the bulk due to limitation of space and, therefore, of
the number of available counterions in the channel cavity. Sec-
ond, the dielectric behavior of water in the strong fields around
a 3-nm–diameter particle carrying seven positive charges and in
the predominantly negatively charged channel pore is significantly

Fig. 5. The van’t Hoff plots of the temperature dependence of the equi-
librium constant are very sensitive to a particular interaction responsible for
the depth of potential wells shown in Fig. 4. The dash-dotted line shows
ln½KeqðTÞ=KeqðT0Þ� calculated according to Eq. 12 with the temperature-in-
dependent potential well depth ΔU = 13 kBT using T0 = 20 °C as the ref-
erence temperature, indicated by the vertical dashed line. In the case of
Coulomb interactions, the temperature dependence of the dielectric con-
stant may significantly compensate the van’t Hoff slope and even lead to its
inversion, staying approximately linear in this temperature range. This is il-
lustrated by the solid curve calculated according to Eqs. 15–17, as explained
in the text. Temperature dependence of van der Waals (vdW) forces may
induce slope corrections in the same direction, whereas in the case of hy-
drogen bonding the slope of the temperature dependence is expected to
increase (arrows around the dash-dotted line).
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different from that of bulk water (26), including its dependence
on temperature. Third, as the binding reaction takes place within
the strong confinement of the channel-forming protein, protein
dielectric properties and its conformational dynamics are of im-
portance. Except for field-induced dielectric response saturation,
these effects are able to factor in both directions, either increasing
temperature sensitivity or decreasing it. Nevertheless, we hope
that our thermodynamic analysis of this particular case—blockage
of the anthrax PA63 channel by a cationic blocker—within the
framework of a simple model will provide valuable insights for the
broad community of researchers who work on similar problems,
including those of structure-inspired design of new efficient drugs.

Materials and Methods
Reagents, lipid bilayer technique (after ref. 27), and methods of channel
reconstitution were identical to those described earlier (3). Different tem-
peratures were maintained with a thermostatic bath connected to a water
jacket with the bilayer chamber (3) and controlled by a Cole-Parmer (model
92000-00) Digi-Sense scanning thermometer. AmPrbCD was custom synthe-
sized at CycloLab (Budapest, Hungary) with the details of the synthesis given
earlier (2).
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