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Membrane proteins are known to be solvated and
functionally activated by a fixed number of lipid mole-
cules whose multiple binding can be described by Adair-
type binding equations. Lipophilic xenobiotics such as
general anesthetics may act by competitive displace-
ment of protein-bound lipids. A kinetic equation is now
presented for various binding stoichiometries of lipid
and xenobiotic, and microscopic binding constants of
anesthetics and organic solvents are derived from two
independent assay systems for the enhancement of ago-
nist binding to the nicotinic acetylcholine receptor.
These constants lead to the first available free energy
estimate (—6.4 kcal/mol) for the binding of membrane
lipid to an integral membrane protein.

The target sites of general anesthetics are still controversial.
Hydrophobic protein regions are now emphasized more
strongly than membrane lipids, the lipid/protein interface be-
ing a much less studied candidate target site (1, 2). Most
functional membrane proteins have an obligatory lipid require-
ment, and Adair-type equations have been developed for the
analysis of lipid activation on multiple protein binding sites
analogous to hemoglobin and soluble allosteric enzymes (3, 4).
This approach has led to the following main results. (i) The
characteristic positive kinetic cooperativity of lipid-dependent
enzymes could be reconciled with the lack of cooperativity
detected by electron spin resonance spectroscopy (3, 4). (ii) A
truly allosteric lipid activator (phosphatidylcholine) was iden-
tified for the first time in the case of the mitochondrial B-hy-
droxybutyrate dehydrogenase (5, 6), as recently confirmed with
improved techniques (7). (iii) The postulated highly allosteric
interaction of multiple phosphatidylserine molecules with pro-
tein kinase C (8, 9) was attributed to a kinetic artifact (10), as
confirmed more recently (11).

The present article introduces a new general kinetic equa-
tion and applies it to a well characterized gated channel protein
for anesthesia research, the Torpedo nicotinic acetylcholine
receptor (nAChR).! Many physical and biochemical techniques
have been applied to this membrane protein to elucidate target
sites of general anesthetics, but multiple mechanisms appeared

* This work was supported by the Bayerisches Staatsministerium fiir
Landesentwicklung und Umweltfragen. The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

9 To whom correspondence should be addressed: GSF - National Research
Center for Environment and Health, Institute of Biochemical Plant Pathol-
ogy, Ingolstadter Landstrafle 1, D-85764 Neuherberg, Germany. Tel.: 49-89-
3187-2285; Fax: 49-89-3187-3383; E-mail: sandermann@gsf.de.

! The abbreviations used are: nAChR, nicotinic acetylcholine recep-
tor; Dns-Cg4-Cho, [1-(5-dimethylaminonaphthalene)sulfonamido]-n-hex-
anoic acid B-(N-trimethylammonium bromide) ethyl ester.

This paper is available on line at http://www.jbc.org

to exist, and results have remained complicated (2). Progress
seems to depend on the further development of techniques. The
multiple-site kinetic approach developed in this article adds to
the experimental repertoire by allowing an assessment of the
lipid/protein interface as an anesthetic target site.

EXPERIMENTAL PROCEDURES

The experimental data were obtained with highly purified nAChR-
rich membranes isolated from electroplaques of Torpedo nobiliana (12,
13). About 200 lipid molecules per receptor molecule are known to be
present in such membranes (14). A data set for the enhanced binding of
[*H]acetylcholine to ~30 nm nAChR by ethanol, 1-hexanol, ether, and
methoxyflurane, respectively, was adopted from Ref. 12 (Fig. 1 therein).
The lower and upper plateau values of enhancement were set as 0 and
100%, respectively. An independent assay to determine enhanced ago-
nist binding by 1-butanol and isoflurane, respectively, employed the
fluorescent acetylcholine analogue, [1-(5-dimethylaminonaphthalene)-
sulfonamido]-n-hexanoic acid B-(N-trimethylammonium bromide) ethyl
ester (Dns-C4-Cho), using 200 nM nAChR (13). The data points of Ref. 13
(Fig. 6a therein) were used, again setting the lower and upper plateau
values as 0 and 100%, respectively. Analogous to extensive previous
work (4, 6, 15) lipid and xenobiotic concentrations are expressed as the
number of lipid or xenobiotic molecules per nAChR molecule. Under the
conditions of Ref. 12, 1 mM xenobiotic corresponded to 33,000 xenobiotic
molecules per nAChR molecule. Under the conditions of Ref. 13, 1 mm
xenobiotic corresponded to 5,000 xenobiotic molecules per nAChR mol-
ecule. The total lipid concentration was always set as 200 molecules per
nAChR molecule (14). Numerical computations and simulations were
performed with the MATHEMATICA 3.0 software package.

RESULTS AND DISCUSSION

Mathematical Model—The present mathematical formalism
is an extension of the Adair-type formalism for lipid activation
(3), which had already been extended to the inhibition of lipid-
dependent membrane proteins by lipophilic xenobiotics assum-
ing a 1:1 exchange between lipid and xenobiotic (15-17). The
lipid/protein interface is thought to consist of a lipid ring sur-
rounding a membrane protein, where a fixed number n of lipid
binding sites are present. This number has in many cases been
determined by electron spin resonance spectroscopy. According
to the general model (3), an integer number a of vacant sites is
tolerated so that the protein is fully functional if at least (n-a)
sites are occupied by lipid molecules and inactive with less than
(n-a) lipid molecules. When xenobiotic molecules also bind to
these sites, they contribute to inactivity or to new catalytic
properties of the protein.

The relative proportion r of functional protein is of central
interest, and we give a closed form expression for r. We assume
(as is customary) mass-action kinetics and microscopic revers-
ibility for the reactions, and moreover we assume that all
microscopic binding constants are equal and that binding is
noncooperative. We include the possibility of different stoichio-
metries between lipid and inhibitor; thus we allow one lipid
binding site to be occupied by up to ¢ inhibitor molecules. This
approach takes into account the fact that the sizes of the
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molecules in question are markedly different. Because little is
known about the precise binding kinetics near the lipid ring,
variations of and alternatives to the standard model have to be
considered. The model and the underlying assumptions are
presented in greater detail in the “Appendix.”

We consider two scenarios. In the first scenario, a lipid can
no longer bind to a site occupied by ¢ xenobiotic molecules but
can bind to all other sites. In other words, only receptor sites
completely filled to stoichiometric number g by xenobiotic mol-
ecules are not available for lipids. In the contrasting second
scenario, a lipid can only bind to sites not occupied by any
xenobiotic molecules.

Introducing the lipid concentration [L], the inhibitor concen-
tration [I], and the corresponding microscopic dissociation con-
stants K; and K, respectively, we abbreviate x = [L]/K; and
y = [I1/K;. Then the general expression for the relative propor-
tion r in the first scenario is given by Equation 1. (Also, see
“Appendix.”).

S (G- aer ey St (379

l=n—a

(42 - Q+y+...+y7H+y9)"

r=

(Eq. D

In the second scenario, one obtains the general expression
shown in Equation 2. (Also, see “Appendix.”)

Eﬂ <Z>'(y+..,+yf1)d_ E:ig(? 7d>.xl

d=0
I+x+y+...+y9)"

r= (Eq. 2)
Applied biochemically, r corresponds to relative effect or to
fraction activity, maximum activity being r = 1.0.

Enhancement of Agonist Binding—The above Equations 1
and 2 are applied to the anesthetic-induced and organic sol-
vent-induced enhancement of agonist binding to the nAChR.
This response closely parallels anesthesia induced in tadpoles
by the same compounds (12, 13) and therefore has special
functional relevance. Possible mechanisms of enhancement of
agonist binding have recently been discussed (18). The most
probable mechanism is binding of the xenobiotic to a large
number of noninteracting sites with an analogy of a “molecular
lubricant” (18). We therefore examined whether the lipid/pro-
tein interface could provide this “lubricant.”

-3 -2 -1 0

log [molarity of xenobiotic]

The above equations were employed for a 1:1 stoichiometry of
xenobiotic and lipid (g = 1) and the above two scenarios of the
1:3 stoichiometry (g = 3). The 1:3 stoichiometry was chosen in
view of the size difference between lipid and xenobiotics. The
analysis requires knowledge of the total number n of boundary
lipid binding sites around the nAChR. This number is well
known to be n = 40 on the basis of electron spin resonance
spectroscopy (19). Next, the microscopic lipid binding constant
derived from lipid activation curves (K ) needs to be known. This
constant had a rather uniform value of 3.75 = 1.43 phospholipid
molecules per protein molecule when lipid activation curves for
Na*K*-ATPase, cytochrome oxidase, and sarcoplasmic reticu-
lum Ca®*-ATPase were analyzed (15, 20). No precise phospho-
lipid activation curves are available for the nAChR, but a high-
resolution activation curve for cholesterol has been published
(21). Kinetic analysis of this curve by the regression procedure
used for phospholipid activation (15, 20) confirmed a value of K;,
= 3.75 lipid molecules per receptor molecule, the optimal number
of tolerated vacant sites being @ = 3 lipid molecules per receptor
molecule. Cholesterol in this system thus behaved like a phos-
pholipid activator. This result was consistent with the activation
potential of a cholesterol-phospholipid hybrid (22) and with af-
finity labeling of the lipid/nAChR interface by a radioactive cho-
lesterol analogue (23). In addition, a spin-labeled steroid deriva-
tive was found to occupy the same number of n ~40 binding sites
that were occupied by spin-labeled phospholipid derivatives (19).
The binding affinity of the steroid derivative to the nAChR was
about 4-fold higher than that of the phospholipids (19).

The microscopic inhibitor dissociation constant K; was deter-
mined by regression (least squares fit). For this purpose, the
above Equations 1 and 2 were applied to published dose-effect
curves for the enhancement of [*H]acetylcholine binding by the
anesthetic methoxyflurane and the organic solvents 1-hexanol,
ether, and ethanol (12). The same type of kinetic analysis was
performed on an independent data set for isoflurane and 1-bu-
tanol that caused enhanced binding of the fluorescent agonist
molecule, Dns-Cg-Cho (13). The regression analysis was done
using uniform concentration units of the number of lipid or
xenobiotic molecules per nAChR molecule. The assumption of a
1:1 stoichiometry between lipid and xenobiotic allowed a good
fit to the experimental data points, as shown together with the
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TABLE I
Results of the regression analysis

Calculated microscopic binding constants of xenobiotics K; and derived free energies AG, of the lipid relative to the binding of xenobiotic. The

standard relationship given in the text was used for calculation of AG,,.

Sum of squared deviations for the various stoichiometries®

Compound 1:3 1:3 K;-107% AGy
11 Scenario 1 Scenario 2

Ethanol 0.0875 0.0906 0.1724 23 —6.4
1-Butanol 0.0750 0.0536 0.0312 (55)* (-6.9¢¢
1-Hexanol 0.0157 0.0165 0.0461 0.55 —4.2
Ether 0.0181 0.0186 0.1469 4.9 -5.5
Isoflurane 0.0183 0.0218 0.1332 1.4 —4.8
Methoxyflurane 0.0094 0.0100 0.0923 0.098 -3.2

“ Best fit given in bold face; the corresponding regression curves are depicted in Fig. 1.

® Unit, number of xenobiotic molecules per receptor molecule.
¢ Unit, kcal/mol, calculated for a temperature of 20 °C.
< Value unreliable since based on the less favorable 1:1 stoichiometry.

regression curves for both scenarios of the 1:3 stoichiometry in
Fig. 1. For comparison with the original data presentations (12,
13), relative activities are plotted versus log (molar xenobiotic
concentration).

For five of the six xenobiotics discussed here, it can be seen
from the curves of Fig. 1 and the data summarized in Table I
that the first scenario of the 1:3 stoichiometry and the 1:1
stoichiometry yield very sound fits that are almost of the same
quality and markedly better than the fit corresponding to the
second scenario of the 1:3 stoichiometry. The fit derived from
the 1:1 stoichiometry is a little better in each of these cases, but
the difference in the sum of squared deviations is very small.
This may be viewed as a robustness property of the underlying
model. Different stoichiometries yield very similar results,
which is important to know because 1:1 stoichiometry only was
examined in Ref. 17. 1-Butanol behaves differently because the
second scenario of the 1:3 stoichiometry yielded the best fit.
The deviation was not due to a modeling artifact. Inspection of
the experimental data indicates a definitely higher kinetic
cooperativity of 1-butanol compared with the other xenobiotics.

The microscopic xenobiotic binding constants derived from the
fitting procedure are summarized in Table I as are the sums of
squared deviations. To estimate the free energy difference be-
tween the binding of lipid and xenobiotics, the standard equation
AG, = —RT In(X;/K;) was applied to the K; values of Table I
using a constant K; value of 3.75 lipid molecules per nAChR
molecule. The AG, values obtained for a uniform 1:1 stoichiom-
etry are listed in Table I. As expected, the energetic difference
between lipid and ethanol was greater than that between lipid
and 1-hexanol. The energetic difference between ethanol and
1-hexanol amounted to —2.2 kcal/mol or —0.55 kcal/mol per
methylene group. The latter value is close to the known transfer
free energy value of —0.8 kcal/mol per methylene group (24).

The free energy value of —6.4 kcal/mol between ethanol and
lipid may present the approximate free energy for the binding
of membrane lipid to an integral membrane protein. It is gener-
ally not clear whether vacant lipid binding sites of membrane
proteins are empty, occupied by water, or occupied by protein/
protein interaction. The reference to ethanol may provide an
acceptable compromise for the uncertain standard state of an
“empty” lipid binding site. A preliminary estimate of lipid/protein
interaction energy has previously been derived from xenobiotic
inhibition curves of the synaptosomal CaZ"-ATPase (15). The
previous estimate of —7.1 kcal/mol (relative to chloroform) was
similar to the present free energy value of —6.4 kcal/mol. Lipid/
protein interaction thus fulfills the common textbook definition
(25) of a high energy bond. A recent review of helical membrane
protein folding (26) thoroughly discusses lipid/protein interac-
tions but contains no free energy estimates. In summary, the
present analysis lends indirect support to the lipid/protein inter-

face as the anesthetic target site and leads to the first available
free energy estimate of lipid/protein interaction in membranes.
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APPENDIX

In this Appendix we derive the equations used under “Re-
sults and Discussion” from basic principles. The formulas may
be used in a variety of scenarios, not just the one discussed in
the present article. The mathematics may be considered ele-
mentary, but necessary equations (and the model assumptions
underlying their derivation) are presented for the sake of clar-
ity and for easy reference.

Several Ligands Occupying One Binding Site—We consider
the following basic situation: A macromolecule P is equipped
with n binding sites, and a ligand I may bind to any of these
sites with a microscopic dissociation constant K;. We assume
that this constant is the same for each site and that binding is
noncooperative in the classical sense. In contrast to the classi-
cal model, we allow that each site can be occupied by up to ¢
ligands, with a fixed number ¢ > 0. Thus, the elementary
reaction at one site in such a scenario is the binding of an I to
a site not yet fully occupied, respectively the dissociation of an
I from a site. The basic approach is similar to the previous
discussion of the case ¢ = 1. (See Refs. 3, 15, 16, and 17.)

Numbering the sites from 1 to n, the state of P with some
ligands bound to it is described by a tuple (d;,. . .,d,,) of nonnega-
tive integers with d; denoting the number of ligands at binding
site j (thus d; lies between 0 and q). We introduce the notations
Py, . 4, tocharacterize a molecule of the corresponding binding
status and P;, ;) to denote the concentration of this type.

Mass action kinetics and microscopic reversibility lead to
Equation 3,

Pa,. gyt 1="Pe, . e (Eq. 3)

and Equation 4.

P, . d) 'Y = Dees, . ) (Eq. 4)

There is exactly one index % so that e, = d;, + 1, and all other
e; = d;. Here we have introduced the abbreviation y = [I]/K].
From this basic description, a more convenient one is derived
as follows.

To each state P,  ,, one can associate another tuple
[sgs- - .,sq] such that s; denotes the number of binding sites
holding exactly j ligands. Thus, all s; are nonnegative and s, +

. + s, = n. By repeated application of Equation 4 it follows

that pey,. . a) De,. ...y Whenever (d;...d,) and
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(eg,- - -,e,) give rise to the same tuple [s,. .
legitimate to introduce the state P,

.,sq]. Thus it is
s, and its concentration

p[so,. - osglt
Ifd,,. . ..d,) gives rise to [s,. . .,
imply the following Equation 5.

sq], then the above remarks

Piso,. . .5
S1 Sg Sg

To verify this, note that there are <Z1> possibilities for the sites

.t s,
Sa ”) -p(dsy. . d,)  (Eq.5)

with one ligand, after which there remain <52_ Sl) possibilities

for the sites with two ligands, and so on. The natural ordering
of the sequence 1,2,...,q is of no importance here, since the
formula also holds for any permutation of these integers.

Next, the counterpart of Equation 5 for the p, ., will be
derived. Adding one ligand to a state Py, ,; changes it to a
state P[to» ty] such that there is one index [ > 0 with ¢, = s; +
1,t_, = s;_; — 1 and all other ¢; = s;. (Explanation: If one
ligand is added to a site already occupied by [-1 ligands, there
will be / ligands at this site afterward. Thus s, increases by one,
and s;_; decreases by one.) Using Equations 4 and 5, and a
permutation of 1,2,. . .,q that has [ in the first position and /-1
in the second, we find the following,

n n—(s;+1) 7
s+1)\s ;-1 L Prsg,. s Y

n\(/n—s
= (31> (81,1 ) 'F'p[tﬂ,. | (Eq. 6)

where we have abbreviated F for a product of terms that appear
on both sides of the equation. Cancellation of terms leads to
Equation 7.

Si-1

s,Tllp[““" sl " Y = Pltg,. . ot (Eq. 7

Here the positive integer [ is distinguished by the property that

a ligand is added to a site occupied by /-1 ligands. For ¢ = 1 we

obtain the standard result (27), as should be expected.
Formulas and Recursions—We derive a number of closed-

form expressions for the concentration terms. The fundamental

formula is the following one for the py, . where for reasons

. . . "Sq],
of convenience one sets in Equation 8,

SQ=N —T0,51 =70 T, . 8-1="g2 " Tq1,5 =Tq-1, (Eq. 8)

withn=r,=zr,=... =71

o — ¢ and Equation 9 results.

Tq-2=Tq-1,Tg~1]

(Y (o), (Ta2) . ot b
= <r0> <7'1> (rqﬂ) Yy Pino,. . 0] (Eq. 9)

Here p* = pj,.0. . .0 is the concentration of macromolecules
with no ligand attached. (To prove this formula, use Equation
7 and mathematical induction.)

Next we present closed expressions for sums of certain con-
centration terms. (Since the proofs are elementary from a
mathematician’s perspective, and of little interest for nonmath-
ematicians, they are omitted.) The total concentration of those
molecules where exactly d (with 0 = d = n) sites are filled with
q ligands is given by the expression shown in Equation 10.

E DPln-roro—ri,. . org-2-d,dl
T0y « oTqg-2

Pln—roro—ry,. .

= (g) e (Lty+... 4yt (Bq. 10)

Lipid/ Protein Interface

Here the summation extends over all tuples (r,. . .,7, — ) such
thatd=r, —o=...=rp,=n.

The total concentration of molecules in states where exactly
n — d sites contain no ligands is given by the expression shown

in Equation 11.

n
Z Pln-dd—ri,. . rg-2—rg-1r0-11 — (d) : (y toee +yq)d ‘P* (Eq 11

T - oTg-1

Here the summation extends over all tuples (r,. . .,
thatd=zr,;=...=27r, ,=71,,

Two Types of Ligands (First Scenarw)—Now we introduce
another ligand, denoted L, that binds to the sites of P with a
dissociation constant K;. The standard assumption that only
one L may bind at each site leads to two types of elementary
reactions: First, binding of I to a site not yet fully occupied, or
dissociation of I from an occupied site. Second, binding of L to
a site where this is still possible, or dissociation of L from an
occupied site. Moreover, it is assumed that L may still bind to
a site already occupied by ligands I, provided that there are
fewer than ¢ ligands I at this particular site. (In other words,
only sites completely filled with I are inaccessible for L.) There-
fore, the states are described by classes Py, — ,, ., — »,. e
(with concentrations py, — vor, — ry. .., _ 1o Where the tuple
[n-ry, ry — .11 describes the blndmg state of ligands I,
whereas the 1nteger l,0=1l=n—r,_, denotes the number of
bound ligands L. Denoting x = [L]/K,, mass action law and
microscopic reversibility yield Equation 12.

. — 1 such

n—re1—1
Tl w1 Puerenr . 1% T Prifirenr, (Eq. 12)
(Note that this is a special case of Equation 7 for L, with g = 1.)
Therefore, Equation 13,

n—d

pl,[nfro,rofrl,. LA T <l > 'pO,[n,fro,rgfn,. . .d] 'xl (Eq 13)

follows by induction, and using Equation 9, we have Equation
14.

n n—d
z Piin-roro=ry,. . wre2=ddl = \ g ) "\

7oy - wTq—2

eyt L4y 4.y dopE (Eq. 14)

(Here [ and d are fixed, and summation extends over those
Toe  lq_gWithn=r,=...=r,_,=d.) Moreover Equation 15
holds,

E E Plin—roro-ru,. . sre-2-dd] = (Z).(l + )y

1=0 ro,. 2

A +y+...+yrypdpE (Eq. 15)

and the total concentration is equal to the following, shown in
Equation 16.

n n-d

E 2 E Pin-roro-ri,. . .rg-2-d.d)

d=0 1=0 ro,. . .,7q-—2

=((14+x)-A+y+...+y7H+y)"-p* (Eq.16)

In the model under consideration in this paper, there is a
positive integer a so that only the molecules with n-a or more
ligands L are active (and hence of interest). Their total concen-
tration can be found from the above as shown in Equation 17.

SIS0

d=0 l=n—a

d
>‘xl-yqd'(1 +y+.. oy Hdop (Eq. 17)

9T0Z ‘TT |11d UO YOUI01|q 10 IUSZ - UBLIUBN Al LUNJIUSZ Z}OYW PH T /B10°00 [MMAM//:01Y WO} popeojumod


http://www.jbc.org/

Lipid/ Protein Interface

To summarize, the relative proportion of the active molecules is
given by Equation 18.

a

E<g>-y4d.(1 +y 4., +yr . nii (?_d>-xl

d=0 l=n-a

((Q+x) A +y+...+yT ) +y9"

r= (Eq. 18)
This is Equation 1 from “Results and Discussion.”

Two Types of Ligands (Second Scenario)—We start as in A.3,
but now the basic assumption is that only vacant sites can
be occupied by L. Again we characterize molecule binding
states by classes Py, . .—r,. ] (with concentrations
Dl n—roro—ry. . _’,qilj), but in this situation onehas0 <=/ =n —r,,.

Similar to Equation 13, one derives Equation 19,

n—d

Plin-dd-ry,. . rg1] = <l (Eq. 19)

l
> ‘Pofn-dd-r, . .jq1] %

and with the help of Equation 11, one gets Equation 20.

n n—
z Pijn-dd-ri. .0 = \ g ) "\1

Pl oTg-1

d)-xl~(y+...+yq)d-p* (Eq. 20)

The total concentration is equal to the following, shown in
Equation 21.

2.2

Difn-dd-ri, . g = L +x+y+. . +y)"-p*
Tg-1

.

(Eq. 21)

1:

The relative proportion of active molecules here equals the
following, derived in Equation 22.

i(g)(y oy nii (? 7d>-xl
-0 I=n-a

I+x+y+...+y)"

. (Eq. 22)
This is Equation 2 from “Results and Discussion.” As is ex-
pected, in the case ¢ = 1, this is the same result as the one
provided by Equation 18.

=W

D ot

=
S © w3

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
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